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Loading and spatially resolved characterization of a cold atomic ensemble inside a hollow-core fiber
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We present a thorough experimental investigation of the loading process of laser-cooled atoms from a
magneto-optical trap into an optical dipole trap located inside a hollow-core photonic bandgap fiber, followed
by propagation of the atoms therein. This, e.g., serves to identify limits to the loading efficiency and thus optical
depth which is a key parameter for applications in quantum information technology. Although only limited
access in 1D is available to probe atoms inside such a fiber, we demonstrate that a detailed spatially resolved
characterization of the loading and trapping process along the fiber axis is possible by appropriate modification
of probing techniques combined with theoretical analysis. Specifically, we demonstrate the loading of up to
2.1 × 105 atoms with a transfer efficiency of 2.1% during the course of 50 ms and a peak loading rate of
4.7 × 103 atoms ms−1 resulting in a peak atomic number density on the order of 1012 cm−3. Furthermore, we
determine the evolution of the spatial density (profile) and ensemble temperature as it approaches its steady-state
value of T = 1400 μK, as well as loss rates, axial velocity and acceleration. The spatial resolution along the fiber
axis reaches a few millimeters, which is much smaller than the typical fiber length in experiments. We compare
our results to other fiber-based as well as free-space optical dipole traps and discuss the potential for further
improvements.
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I. INTRODUCTION

Since its proposal by Ol’shanii et al. [1] laser guiding
of atoms into or through hollow-core optical fibers [2] has
received increasing experimental interest over the past years
[3–31]. This is due to their potential for controlled guiding
of atoms over macroscopic distances for atom interferometry
[13,21] and quantum optics [10,32]. The latter application
requires long coherence time [23] and strong light-matter
coupling, i.e., transverse tightly confined atomic ensembles of
large optical depth dopt = σ0nL [15], where σ0 is the atomic
absorption cross-section, n is the atomic number density, and
L is the length of the ensemble. Therefore, efforts have been
devoted in recent years to load laser-cooled atoms from a
magneto-optical trap (MOT) located at some distance from
the fiber into their hollow core [9–31] by use of a standing- or
traveling-wave optical dipole trap [33].

After pioneering work on laser-guiding of atoms through
hollow fibers which had to rely on lossy glass capillaries
of large core diameters [3–8], later experiments employed
single-mode, low-loss photonic cyrstal fibers [34] due to
their more advantageous properties. Nowadays, basically two
types of fibers are applied. Kagome-structured fibers [35] and
hollow-core photonic bandgap fibers (HCPBGFs) [36]. The
first type of fiber provides single-mode guidance of light over
a large wavelength range, low birefringence, and low numer-
ical aperture for core diameters of several ten micrometers.
The large bandwidth and low birefringence make Kagome
fibers ideally suited for far-off-resonance guiding with on-
resonance probing and controlled manipulation of different

atomic species. Their low numerical aperture, and thus slowly
diverging laser beams, allow for direct transport from the dis-
tant MOT into the fiber core [17–21,27–30]. Experimental and
theoretical loading studies using Kagome fibers were reported
recently [18,20,28]. A drawback of these type of fibers is their
relatively large core diameter, resulting in weaker light-matter
coupling strengths, compared to HCPBGFs. HCPBGFs, how-
ever, are available with core diameters below 10 μm to enable
stronger light-matter coupling and suffer less from microlens-
ing [22,37], but provide smaller guiding bandgaps and larger,
uncontrolled birefringence [38]. Nonetheless, efficient load-
ing of atoms into such fibers [9,10,15] and quantum optics
experiments [10,39], even down to the quantum level [40],
were demonstrated recently. The larger numerical aperture of
HCPBGFs usually prohibits a direct transfer of atoms from
the MOT into the fiber, as the trapping potential (proportional
to the laser intensity) quickly decreases outside of the fiber.
Thus, a different approach to loading has to be chosen.

So far, only loading via free-fall, magnetic guiding, and
hollow-beam guiding was investigated experimentally by Ba-
jcsy et al. [11] for a HCPBGF. The more efficient loading
technique, using a dark funnel to guide the atoms into the
fiber [15,39,40], has however not yet been investigated thor-
oughly. Furthermore, spatially resolved detection within such
fiber has not been demonstrated so far. Such information is
however important for optimizing the loading efficiency and
minimizing losses within the fiber. We report in the following
on a detailed experimental study of loading atoms from a
MOT into a far-off-resonance trap (FORT) [41,42] located
inside a HCPBGF by using a dark funnel guide. Although
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FORTs in free space have been studied for years (see, e.g.,
Refs. [33,42,43]) and a variety of probing techniques are
available, there are some important differences compared to a
FORT located inside a hollow-core fiber. Loading and probing
is only possible along the direction of the fiber axis and the
axial extension of the FORT can be four orders of magni-
tude larger than the radial extension. The atoms are therefore
basically untrapped along the fiber axis and propagation of
the ensemble becomes relevant. We will present experimental
data along with comparison to theoretical models to charac-
terize the system–even spatially resolved along the fiber axis.
Specifically, we determine the loading efficiency into the fiber,
and loss rates, temperature, velocity as well as the spatial
density distribution inside the fiber. This allows us to identify
limits to the loading efficiency and possible improvements as
well as to compare our loading scheme to others.

This paper is organized as follows: In Sec. II we give an
overview of the experimental system and describe the probing
techniques applied in our work. In Sec. III A we study the
atomic ensemble inside the fiber with a focus on spatially
resolved measurements in both radial and axial dimensions.
Next, we study the number and propagation of atoms loaded
from the MOT into the FORT for various parameters with a
focus on efficient loading in Sec. III B. Finally, we present a
summary and outlook in Sec. IV.

II. EXPERIMENTAL DETAILS

Details on the experimental setup and sequence can be
found in our previous work using a HCPBGF [15,39,40].
Thus, we here only briefly summarize the setup.

A. Experimental setup and sequence

We first load laser-cooled 87Rb atoms into a cigar-shaped
vapor cell MOT located about 5.5 mm above the tip of the
vertically mounted HCPBGF (NKT Photonics HC800-02)
(see Fig. 1). The HCPBGF has a length of 14 cm and a
core diameter of dc ∼ 7 μm. The 1/e intensity mode field
diameter inside the fiber is around 5.5 μm. After the MOT
is loaded for about 1 s yielding typically around 107 atoms,
we shift the cloud down towards the HCPBGF tip during
the next 40 ms by applying a magnetic offset field in the
vertical direction. Simultaneously, we transfer the atoms from
the bright MOT into a dark funnel guide [15] by switching
off the MOT repumper and ramping up the quadrupole gra-
dient of the MOT coils which compresses the atom cloud
towards the HCPBGF. Also, the trapping detuning is increased
to −30 MHz for optimized cooling during the transfer. The
dark funnel guide consists of two nearly orthogonally aligned
repumper beams with a funnel-shaped shadow in their cen-
ter, termed dark funnel repumper (DFR) in the following.
This dark funnel is aligned from the side onto the HCPBGF.
To improve the density above the HCPBGF and confine the
atoms in F = 1 we use a depumper beam traveling upwards
through the HCPBGF [44]. The depumper is locked to the
cross-over transition 52S1/2 F = 2 → 52P3/2 F ′ = 2, 3. As the
effective transition light-shift by the FORT is estimated to be
near +130 MHz for our typical FORT depth, the depumper
is almost resonant within and slightly above the HCPBGF,

FIG. 1. (a) Schematic experimental setup. DM, dichroic mirror;
aHWP, achromatic half wave plate; PBS, polarizing beam splitter;
BS, beam splitter; APD, avalanche photodiode; SPCM, single-
photon counting module. (b) Coupling scheme. (c) Scanning electron
micrograph of the HCPBGF and false color intensity profile of the
FORT.

where loading and guiding is relevant. All trapping, MOT re-
pumper, and DFR beams have diameters of nearly 20 mm thus
covering the whole region of MOT and HCPBGF tip where
trapping and guiding is relevant. After the cloud has reached
the fiber tip we hold it for 10 ms in place. Here, the atoms are
transferred into a FORT of depth TF � 4.3 mK. The FORT
system consists of two independent unstabilized laser diodes
operating near 820 nm and of orthogonal linear polarizations,
combined at a polarizing beam splitter. Using a FORT system
operating at multiple frequencies was shown to improve the
loading efficiency into the HCPBGF as compared to single-
mode operation [15]. As the FORT beam quickly diverges
above the HCPBGF, its trapping potential decreases quickly
with the square of the distance from the fiber tip. A simulation
of the spatial trapping potential shows that the atoms have to
be brought within a distance of around 200 μm of the fiber
tip for the FORT being strong enough to guide the atoms into
the core. Thus, cooling and compression of the atom cloud
above the HCPBGF is crucial for obtaining a good loading
efficiency. Once the atoms are inside the fiber they can be
probed as described in the next section. To prevent detection
of atoms that might still be left above the HCPBGF during
probing, we use a strong repumper beam above the fiber to
purge the volume through which the probe beam propagates.
This confines the population in F = 2 above the HCPBGF,
whereas we always probe the atoms in F = 1 inside the fiber.
Except for the repumper, all laser beams are temporally mod-
ulated by acousto-optic modulators (AOMs).
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FIG. 2. (a) Level scheme for TROP on the D1 line. (b) Transmis-
sion for TROP with Na = 2.1(2) × 105 atoms ( ) and without atoms
(◦) inside the HCPBGF. The vertical axis is calibrated to show the
actual power inside the HCPBGF.

B. Probing techniques

1. Time-resolved optical pumping

The number of atoms inside the HCPBGF, Na, can be
inferred, e.g., by nonlinear saturation measurements [11] or
spectroscopic studies followed by comparison to a simulation
[20]. A simpler method infers Na from time-resolved optical
pumping (TROP) [15].

Here, population is first prepared in the lower ground state
F = 1. Then, the optical trap is quickly switched off and a
strong pump laser, tuned, e.g., to the transition F = 1 → F ′ =
2 [see Fig. 2(a)], is sent through the fiber and detected by
an avalanche photodiode (APD). This beam optically pumps
the population into F = 2 where it does not interact with
the pump anymore. The medium thus becomes transparent.
If the APD is calibrated and the transmission from the fiber
to the APD is known, then the difference of the temporally
resolved transmissions without and with atoms is a measure
for the energy absorbed by the atoms until they are in the
uncoupled level F = 2. With the branching ratio from F ′ = 2
into F = 1, 2, here 0.5, the number of photons an atom ab-
sorbs on the average before it ends up in F = 2 is 2. From
the known energy of a photon, hc/λ, we therefore get Na.
The result of such measurement is shown in Fig. 2(b). We
use this technique to study the loading efficiency for various
parameters as we will discuss in the following sections.

2. Electromagnetically induced transparency

The other technique suitable to extract information from
within the HCPBGF is electromagnetically induced trans-
parency (EIT) [45,46]. Here, a weak probe and a strong
control field couple two long-lived states |1, 2〉 via a decay-
ing intermediate state |3〉, e.g., in a � scheme. The strong
control field renders the previously opaque medium transpar-
ent for the weak probe within a frequency window around
two-photon resonance between the two long-lived states. The
width of the EIT window �ωEIT = �2

c/(�
√

dopt) depends on
the control Rabi frequency �c, the intermediate state decay
rate � and the optical depth dopt of the atomic ensemble.
The depth of the EIT window depends on the ground state
dephasing rate γ21 between states |1, 2〉 relative to �ωEIT.
This enables determination of γ21 from EIT spectra [47]. For

�-type coupling of nearly energetically degenerate ground
states and collinear probe and control beams with wavevec-
tors kp,c the two-photon resonance is not very susceptible to
atomic motion, as the corresponding Doppler shift (kp − kc) ·
va is very small, where va is the atomic velocity along the
laser beam direction. This allows for determining the effective
dephasing rate γ21 composed of transit-time broadening, two-
photon linewidth, and inhomogeneous transition shifts due to
the radially varying control field intensity [39]. For simplicity
we do not discriminate here between reversible dephasing
processes, e.g., due to a spatial magnetic field gradient and
irreversible decoherence, e.g., due to transit-time broadening.
For anticollinear probe and control beams, however, the two-
photon resonance is very susceptible to atomic motion as the
two-photon Doppler shifts is now (kp − kc) · va ≈ 2 · kp,c ·
va. This can be used in ultracold media to obtain information
on the atomic velocity (distribution) along the laser beam
direction [48]. Thus, EIT can be used to obtain information
on the magnetic field (gradient) and atomic velocities inside
the HCPBGF, depending on the configuration used.

III. EXPERIMENTAL STUDIES

In the following experimental studies we demonstrate how
to gain information on the atoms as they propagate through
the HCPBGF. This allows us to identify limits to the loading
efficiency, loss rates, and coherence time, which are important
parameters for applications. Unlike in free-space setups, opti-
cal access from the side is not possible for a hollow-core fiber.
Therefore, information on the number, position and velocity
of the atoms, temperature, radial distribution, and magnetic
field (gradient) have to be obtained from measurements per-
formed along the fiber axis only. A detailed characterization
of the FORT potential can be found in Appendix A, as it is
required for a quantitative analysis of the following results.

A. Spatially resolved characterization of the atomic ensemble

Typically, HCPBGFs are loaded with the aim to maximize
the number of atoms inside the fiber as to create the highest
possible dopt or to guide atoms with losses from the FORT as
small as possible. This is achieved when the fiber can be filled
over a length as large as possible. However, experimental
studies of the confined atomic ensemble thereafter only yield
an average over the ensemble length of several centimeters
(up to the length of the HCPBGF; 14 cm in our case). This
impedes gaining information on, e.g., possible magnetic field
gradients along the fiber, the axial atomic density profile etc.
Also the radial distribution of atoms is of interest. It relates to
the temperature of the atoms inside the FORT and affects in-
homogeneous broadening as the atomic density profile width
is typically comparable to the mode field diameter of the laser
beams. We thus describe in the following methods to extract
such information. To this end, we load the HCPBGF only with
a short pulse of atoms and interrogate them as a function of
time tif they have propagated inside the fiber. We do this by
switching on the FORT for only a short period of 1–3 ms
for loading. This creates an atomic pulse of 1–3 mm length,
as can be estimated from the most probable initial velocity
v0 ∼ 1 m/s due to the FORT depth TF (see Sec. III A 2). This
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FIG. 3. (a), (c), (d) Time-of-flight measurements to determine
the ensemble temperature inside the HCPBGF. The normalized atom
number (◦) is plotted vs the time after the FORT has been switched
off. The red solid lines show the results of a calculation based
on a Gaussian atomic density distribution [see Eq. (1)]. For max-
imum loading of the fiber (a) we determine the temperature as
T = 1.0(2) mK and a radial ensemble 1/e half width of σa = 1.1 μm
for TF = 3.8 mK. Due to the finite optical pumping time we in-
cluded a moving average over a ∼1 μs period in the calculation.
For a pulsed loading of 3 ms only, the results are shown for times
tif = 1.5(15) ms (c) and tif = 21.5(15) ms (d), respectively. The tem-
peratures obtained are T = 2.7(2) mK (c) and T = 1.0(4) mK (d). In
panel (b) we plotted the obtained temperatures (◦) vs the time tif. The
temperature from panel (a) is shown for reference (� and gray-shaded
area).

is significantly shorter than typical fiber lengths of several
centimeters used in experiments. Probing the atoms as a func-
tion of time therefore yields information at different positions
inside the HCPBGF.

1. Determination of the temperature inside the FORT

We start by determining the temperature of the atomic
ensemble inside the HCPBGF which affects the radial density
profile according to Eq. (A2) and thus inhomogeneous broad-
ening. This can be done by employing a time-of-flight (TOF)
measurement, e.g., via a release-and-recapture technique as
shown by Bajcsy et al. [11]. Here, we simply measure the
atom number by TROP after the FORT has been switched off.
If the pumping time is much shorter than the time the atoms
reach the fiber wall, we verified that this simple method yields
the same temperature as the release-and-recapture technique.
We assume that the atoms are not detectable once they reached
the fiber wall [6,49]. The result of such measurement, taken
at t = 1050 ms, i.e., 5 ms after loading has ended, is shown
in Fig. 3(a). Here, the fiber was loaded to its maximum by
keeping the FORT on during the transfer process from the
MOT. The atoms have therefore spent 5 ms � tif � 35 ms
inside the fiber at the time of the measurement (see Fig. 8).

Thus, and because we do not observe an increase of the tem-
perature for t > 1050 ms, the measured temperature for these
conditions ought represent the steady-state temperature. To
extract the temperature from this data we proceed as follows:
Using the measured FORT power, we calculate the FORT
potential and radial density according to Eqs. (A1) and (A2).
In good approximation, n(r) can be written as a Gaussian of
1/e-width σa [37]. After release from the FORT the density
evolves as

n(r, t ) = N0

πσ 2
t

exp

(
− r2

σ 2
t

)
, (1)

where σ 2
t = σ 2

a + v2
tht2 and vth = √

2kBT/m. The dependence
of n on the axial coordinate z is irrelevant for this measure-
ment and can therefore be neglected. Integration of Eq. (1)
over 0 � r � r f , where r f is the fiber core radius and nor-
malization leads to the solid red curve in Fig. 3(a). We obtain
a temperature of T = 1.0(2) mK for a FORT depth of TF =
3.8 mK. The ratio T/TF is larger than reported in Ref. [11]
but smaller than in Ref. [24] for a similar fiber. We note
that the temperature is the only free parameter in our model
after the FORT potential has been characterized as shown in
Appendix A.

Next, we performed TOF measurements with a variable
delay after the atoms are loaded for a short period of 3 ms
only. This enables measuring the temperature as a function
of time tif the atoms have spent inside the fiber. In Fig. 3(d)
we show the results for tif ∼ 21.5 ms. Comparison to the
simulation yields a temperature of T = 1.0(4) mK. The tem-
perature agrees well with the one obtained for maximum
loading, where the atoms have spent >5 ms inside the fiber. If,
however, we measure the temperature at the earliest possible
time tif ∼ 1.5 ms after the loading is finished, we obtain a
temperature of T = 2.7(2) mK. Figure 3(b) depicts the results
for the temperatures at different times tif (◦). The temperature
is initially much larger than the steady-state temperature (�)
from Fig. 3(a), but converges to this value with time spent
inside the fiber.

We believe this decrease of temperature during the course
of about 20–30 ms to be the result of free evaporative cooling
inside the FORT, as for instance observed in Ref. [50]. As the
atoms enter the FORT of finite depth TF , they are accelerated
and heated to a maximum of T ∼ TF . The trap is therefore
overheated and a significant fraction of atoms has a potential
energy close to zero. Thus, any heating process present leads
to immediate loss of high-energy atoms from the trap and
therefore cooling. The rate of evaporation due to elastic colli-
sions can be estimated [51] as �ev ∼ 2 s−1 for our estimated
in-fiber atomic density of 1012 cm−3 and trap depth TF . This
is too small to explain the observed decrease in temperature.
However, as discussed in Sec. III B 4, losses from the FORT
are currently dominated by heating due to an ellipticity of the
FORT polarization [52] leading to a loss rate of 40 s−1. This
rate matches quite well to the timescale of the here observed
decrease of temperature. Thus, experiments sensitive to the
ensemble temperature should be carried out with a sufficiently
large delay after loading of the fiber is finished to allow for
thermalization.
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We note that the observation of evaporation on such a
short timescale briefly after loading the FORT is facilitated
by the ability to selectively probe the atoms inside the HCP-
BGF. In free-space FORTs, probing is restricted to timescales
where the untrapped atoms have fallen out of the interaction
volume [50].

2. Axially resolved measurements: Velocity and acceleration

In deep, focused-beam FORTs, acceleration of the atoms
due to radiation pressure from the FORT or other laser beams
can be typically neglected as it is dominated by the steep gra-
dient of the FORT potential. In fiber-based FORTs, however,
the atoms inside the fiber are basically untrapped along the
fiber axis and even modest photon scattering rates can lead
to a significant acceleration, affecting the propagation z(t )
inside the fiber. Moreover, as the atomic transitions inside the
HCPBGF saturate already at a power in the range of a few
nanowatts, any not properly blocked beam (e.g., the 0th order
beams of the AOMs) can have a detrimental effect on the total
scattering rate. Thus, a careful study of the atomic motion is
advisable, showing, e.g., whether or not the loading efficiency
is affected by propagation effects. To this end, we recorded
EIT spectra with anticollinear probe and control beams for
pulsed loading of the fiber. Here, the spectra are maximally
susceptible to the atomic motion along the fiber axis as the
two-photon resonance is Doppler-shifted by ∼2kp,cva. This al-
lows to determine the average axial velocity va(t ) = v0 + aefft
as a function of time, and the effective acceleration aeff. In
the case of a cold atomic cloud held at rest above the fiber
tip, the most probable initial velocity after entering the fiber
can be estimated from the trap depth TF as v0 = √

2kBTF /m.
The position inside the HCPBGF is then simply given by
z(t ) = v0t + 1

2 aefft2.
For an atomic cloud entering the HCPBGF at a downward

velocity v0 > 0 and then experiencing solely a downward
acceleration in the earth’s gravitational field we expect to
observe EIT spectra where the two-photon resonance, i.e.,
the EIT dip, is increasingly shifted to positive detunings with
time tif inside the fiber for a downward propagating probe
beam. This is confirmed by EIT spectra taken at tif = 35 ms
(◦) and tif = 65 ms ( ) as shown in Fig. 4(a). The solid lines
show calculated spectra based on the theory in Ref. [39].
We then extracted the velocity as a function of ti f from a
series of measurements which is shown in Fig. 4(b) (◦). A
linear fit to the data yields v0 = 0.70(6) m/s which agrees
reasonably well with the expected value due to a FORT depth
of TF = 3.8 mK for this measurement. However, the accelera-
tion aeff = 6.8(15) m/s2 is smaller than expected from gravity
only (gray dotted line). Using this information, we can now
calculate the time-dependent position z(t ) of the atoms and,
e.g., reconstruct for the first time the density evolution inside
such a fiber (see Sec. III B 4).

As an interesting feature, the measured acceleration inside
the fiber is different from the case of free-falling atoms. Radia-
tion pressure from the FORT and depumper beams, which are
both aligned antiparallel to gravity and are typically on during
the loading and guiding period, are most likely the source of
a reduced acceleration. We therefore recorded spectra when
the depumper was switched on for only 200 μs just before the

FIG. 4. (a) EIT spectra with anticollinear probe and control fields
taken at ti f = 35 ms (◦) and tif = 65 ms ( ) after the atoms entered
the HCPBGF. The solid lines show the results from a numerical
simulation with dopt = (2.2; 1.3) (black; red), �c = 1.2(1)�D1 , va =
(0.86; 1.16) m/s (black; red), γ21 = (0.16; 0.07)�D1 (black; red),
T = 1 mK. (b) Measured velocities of the atoms (positive when
parallel to the direction of gravity) vs the time tif they have spent
inside the HCPBGF. The estimated uncertainty for determining the
velocities is ±0.05 m/s. For regular loading conditions (◦), we
obtain v0 = 0.70(6) m/s and aeff = 6.8(15) m/s2 from a linear least-
squares fit. When the depumper is turned on for only 200 μs just
before the measurement, the effective acceleration is larger ( ). The
black solid (red dashed) line shows the result of the rate equation
model (see Appendix B) when the depumper is on (off) during load-
ing. Here, we used the measured depumper power, �

(R)
F = 410 s−1,

and v0 = 0.74 m/s which are both within the experimentally deter-
mined uncertainties. If the acceleration were solely determined by
gravity, the gray dotted line would show the corresponding depen-
dence. When the notch filter used to suppress resonant scattering by
the FORT is removed and the depumper is continuously on during the
loading process (	), the atoms are effectively accelerated upwards.
The blue dashed-dotted line shows the least-squares linear fit yield-
ing v0 = 0.77(8) m/s and aeff = −23(2) m/s2.

measurement to avoid any influence on the atomic motion.
The extracted velocity is shown by the red square in Fig. 4(b).
It is consistent with the one expected for a purely gravitational
acceleration within the error bars. To further investigate the
acceleration, we employed a population rate equation model
(see Appendix B), which then allows for calculation of the
light pressure force via the photon momentum, excited state
scattering rate and population [53]. This model allows for
consistently reproducing the optical pumping by the FORT
and depumper discussed in Appendix A as well as the ve-
locities shown in Fig. 4(b) by the black solid line (depumper
always on) and red dashed line (depumper pulsed for 200 μs).
We suspect that the discrepancy between the measured and
simulated velocity without the depumper ( , red dashed line)
is due to a slightly higher initial velocity when the depumper
is not present, as it will be less-detuned from the cycling tran-
sition F = 2 → F ′ = 3 just outside of the HCPBGF where
the light-shift by the FORT is smaller and therefore slow the
atoms down when it is present. We thus conclude that the
effective acceleration inside the fiber is mainly determined by
gravity and radiation pressure from the FORT and depumper.
Other sources—if present—play only a minor role.

Notes: (i) To further illustrate the importance of photon
scattering on the propagation dynamics we show in Fig. 4(b)
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FIG. 5. (a) EIT spectra with collinear probe and control fields
taken at tif = 15(1) ms (◦) after the atoms entered the HCPBGF.
The solid line shows the result of a numerical simulation with
dopt = 2.0(1), �c = 1.4(1)�D1 , T = 1 mK, v0 = 1.0 m/s, γ21 =
0.07(2)�D1 . (b) Averaged dephasing rates γ21 vs tif as extracted from
multiple measurements such as in panel (a). The error bars represent
an estimated uncertainty of 0.02�D1 .

by blue diamonds the results when a notch filter, used to sup-
press resonant scattering by the FORT, is removed. This leads
to a reversal of the atoms’ propagation direction and prohibits
a proper filling of the fiber (see Sec. III B 4). (ii) Although
this EIT configuration with anticollinear probe/control beams
allows for determination of the thermal velocity distribution
along the beams’ direction, we refrain from a detailed anal-
ysis. As we will show in the next section, determination of
the ground state dephasing rate shows some irregularities
which also affect the precision of determining the tempera-
ture. Nonetheless, analysis of spectra such as in Fig. 4(a) show
that the temperature along the fiber axis is in the same range
of 1 mK as determined in Sec. III A 1 for the radial direction.

3. Axially resolved measurements: Dephasing

Information on the ground state dephasing rate γ21 is vital
for experiments requiring long coherence times [23,29,30].
This rate is, e.g., affected by transit-time-broadening, two-
photon linewidth of the probe/control beams, and inhomoge-
neous broadening due to the similar transverse dimensions of
the control and the atomic density distribution [39]. In addi-
tion, it could depend on the spatial position due to a possible
nonzero magnetic field (gradient) which changes across the
fiber length of 14 cm, leading to a spatially varying ground
state splitting. EIT spectra taken with collinear beams are
minimally sensitive to atomic motion. Thus, spectra taken
at different times tif potentially allow for spatially resolved
determination of the effective ground state dephasing rate γ21.

An EIT spectrum for collinear probe/control beams taken
at tif = 15(1) is shown in Fig. 5(a). As before, we adjusted
the parameters of a numerical simulation (solid line) until
we reached best agreement with the experimental data (◦)
[39]. Such spectra allow us to extract γ21 as a function of
tif (and therefore position) inside the HCPBGF as shown in
Fig. 5(b). The lower limit that can be expected for our ex-
periment is given by transit-time broadening leading to γttb ∼
vth/dc = 0.013�D1 . Obviously, the measured dephasing rates
are significantly larger than this lower limit, as already ob-
served in Ref. [40]. Additionally, for early as well as later

times tif, γ21 = 0.08(2)�D1 is roughly the same. For 20 ms
� tif � 35 ms, however, the dephasing rate increases up to
γ21 = 0.16(2)�D1 . We confirmed this behavior during several
measurement runs on different days and the data shown here
are averages of these multiple measurements. This only tem-
porary increase of the dephasing rate is again quite surprising
as we would have expected a steady increase for a spatially
varying magnetic field (gradient). This issue is yet undeter-
mined, but again shows the importance of a detailed analysis.

The data and simulations presented above show that it is
indeed possible to gain spatially resolved information along
the fiber axis on the radial distribution, axial position, and
ground state dephasing rate for an atomic ensemble loaded
into a HCPBGF. This information can for instance be used to
understand and optimize the loading of atoms into a fiber as
we will show in the following section. We note that for these
measurements to succeed with an acceptable signal-to-noise
ratio, we required to load around 5000–6000 atoms for a
pulsed loading of 2–3 ms duration.

B. Determination of the limits to the loading efficiency

In the following, we investigate the loading process of the
HCPBGF as to determine the current limits to the loading
efficiency and prospects for further enhancement. Contrary
to other fiber loading techniques [11,18,20], this has not yet
been reported using a dark funnel guide [15]. Specifically, we
investigate the transfer from the MOT to the HCPBGF, the
maximum number of atoms Na loaded into the HCPBGF, and
their spatiotemporal evolution.

1. MOT to HCPBGF atom transfer

In contrast to experiments loading laser-cooled atoms into
Kagome-structured hollow fibers of low numerical aperture,
we first have to transfer the atoms from the MOT near the
HCPBGF tip before the FORT potential is deep enough to
guide atoms into the fiber. We do this by employing a DFR
to maximize the atomic density above the HCPBGF (see
Sec. II A). We therefore first investigate the transfer of atoms
from the MOT (centered ∼5.5 mm above the fiber tip) down
to the HCPBGF by measuring the number of atoms trapped
above the fiber via fluorescence detection [54] with a cal-
ibrated CCD camera for different times during the transfer
period 990 ms � t � 1050 ms (see Fig. 6). As long as the
MOT repumper is on (t ′ � 0 ms) the number of atoms above
the fiber increases. After the MOT repumper is off, leaving
only the DFR on, the atom cloud transfer to the HCPBGF
occurs without significant losses as long as the cloud has not
reached the fiber tip (0 ms � t ′ � 15 ms). Once the lower
end of the cloud has reached the HCPBGF tip at t ′ ∼ 15 ms,
however, the number of atoms decreases quickly due to the
losses in the regions where the HCPBGF mount blocks the
trapping light. At t ′ = 45 ms, where the MOT quadrupole
field confining the atoms is switched off, basically no atoms
are left above the HCPBGF. These results show that the
magnetic offset field settings, which determine the position
where the cloud is held during loading, have to be carefully
optimized, or losses from the dark funnel guide will become
relevant. However, these magnetic field settings can also be
used to quickly change the number of atoms loaded into the
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FIG. 6. Measured number of atoms N (MOT)
a above the HCPBGF

vs time t ′ after start of the transfer from the MOT to the HCPBGF.
The atom number above the HCPBGF is measured by fluorescence
imaging. The error bars correspond to the standard deviation of
20 successive measurements. The MOT repumper is switched off
near t ′ = 0 ms. The atom cloud reaches the HCPBGF tip around
t ′ = 15 ms. The MOT quadrupole field is switched off at t ′ = 45 ms.
The insets show false color images of the atom cloud above the
HCPBGF tip (yellow structure at lower end) at two different timings.

HCPBGF while keeping all other parameters the same. For
this peak atom number of N (MOT)

a = 7(1) × 106 in the MOT
we detected Na = 1.5(1) × 105 inside the fiber. The loading
efficiency from MOT to HCPBGF-based FORT is therefore
roughly η = 2.1(3)%. The uncertainty of η is based on the
shot-to-shot fluctuations and does not account for an incor-
rect calibration of the fluorescence imaging setup. Therefore
we expect the uncertainty to be actually larger than 0.3%.
The efficiency is nonetheless roughly in agreement with our
previously estimated loading efficiency [15] and of similar
magnitude as in Ref. [20].

2. Dependence of the loading efficiency on the FORT power

Given that the MOT to HCPBGF loading efficiency is only
a few percent, we might expect that the loading efficiency
increases for a deeper FORT potential when the ensemble
temperature above the HCPBGF is kept constant. However,
we found that this assumption is only partially correct.

In Fig. 7(a) we measured Na as a function of FORT
power PF (∝ TF ) during the loading phase. Here we show
the results for the case where the trapping detuning is kept
constant at −2.5�D2 ( ) and when the detuning is ramped
down to −5�D2 during the loading process (◦) to optimize
sub-Doppler cooling above the HCPBGF. In both cases the
atom number initially increases nearly linearly with the FORT
power as expected. For PF /Pmax

F > 0.7, however, the atom
number saturates around Na ∼ 1.6 × 105 in the case where
sub-Doppler cooling is performed. The solid lines are linear
fits to the corresponding experimental data for PF /Pmax

F � 0.7
and are extrapolated until PF /Pmax

F = 1. Without sub-Doppler

FIG. 7. (a) Measured Na vs relative FORT power PF /Pmax
F with

(◦) and without ( ) sub-Doppler cooling above the HCPBGF. The
solid lines are linear fits to the corresponding experimental data for
PF /Pmax

F � 0.7. (b) Number of atoms Na loaded into the HCPBGF vs
the power PDFR of the DFR (of a single beam) for different depumper
powers. The error bars in the vertical direction correspond to an
estimated 8% uncertainty. The depumper peak Rabi frequency inside
the HCPBGF was around 1.4�D2 (◦), 2.9�D2 ( ), and 7.6�D2 (	),
respectively.

cooling, the linear region extends further, but also here Na

saturates near Na ∼ 1.0 × 105. We interpret these results as
follows: As the maximum atom number inside the HCPBGF
seems to saturate at different values for the two conditions,
and this maximum value can change from day to day (going
sometimes up to Na � 2 × 105), we believe that this limit is
due to the density and temperature of the atoms above the
fiber. Loading more atoms inside the MOT, better compres-
sion and/or cooling during the transfer should therefore lead
to a better loading efficiency and is only a technical issue. We
note that a similar saturation behavior has also been observed
for a different loading technique using a Kagome fiber [20].

3. Dependence of the loading efficiency on the repumper
power and configuration

The DFR [15] is at the heart of our loading method as it
guides the atoms and enhances their density near the fiber
tip. This distinguishes our loading technique from others and
therefore deserves a closer look.

First, we determine how much the DFR affects the loading
efficiency. To this end, we compare the loading using a DFR
to the case of a free-falling cloud as well as simple cooling
and compression during the transfer. For a free-falling cloud,
without any additional compression, cooling or guiding until
the fiber tip, we were not able to detect any atoms inside the
HCPBGF, in contrast to Ref. [11]. When we keep the MOT
repumper on during the HCPBGF loading phase and optimize
the MOT repumper power to 180 μW for a maximum Na

while the DFR is still blocked, we loaded Na = 6.6(7) × 104

atoms. This corresponds to a compression and cooling of the
cloud during the transfer as it is shifted towards the fiber.
Density-limiting collisions are here not suppressed. If, how-
ever, we guide the atoms in the dark funnel by switching
off the MOT repumper at the beginning of the HCPBGF
loading phase (t = 1000 ms) while keeping the DFR on at a
power of 25(1) μW per beam, then Na increases by a factor
of ∼2.7. This demonstrates the effectiveness of our guiding
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method based on the DFR. It also nicely matches the results by
Kuppens et al. who studied the loading of a free-space dipole
trap and reported a factor of two improvement in the loading
efficiency when using a shadow in the repumper [43].

Next, we consider the dependence of Na on the DFR and
depumper power. The latter one is relevant as it serves to con-
fine the atoms in F = 1. Inside the HCPBGF the depumper
compensates scattering by the FORT whereas outside of the
fiber it compensates scattering by repumper stray light [44].
The results are shown in Fig. 7(b) for three different depumper
powers. For all datasets Na first increases with DFR power
PDFR, reaches a maximum and then decreases again. We
achieve a maximum Na for PDFR ∼ 25 μW and a depumper
Rabi frequency of 2.9�D2 ( ). The position of the maximum
shifts to larger PDFR when the depumper gets stronger. How-
ever, the maximum Na for the strongest depumper (	) is lower
than for optimum conditions ( ). An exact interpretation of
this behavior is difficult, as the depumper beam serves to
pump the atoms both inside and outside of the HCPBGF
into F = 1 where the intensities are very different due to the
diverging beams above the fiber. Also, the loading process
temporally coincides with propagation of atoms already inside
the fiber and thus a temporal modulation of the depumper
power for the spatially separated regions is not possible.
An order-of-magnitude estimation however shows that even
for the weakest depumper in Fig. 7(b) its Rabi frequency
is at least comparable to stray light by the DFR over the
whole MOT-HCPBGF distance. Therefore, optical pumping
into F = 1 is in principle efficient due to the long pumping
times. For regions close to the fiber tip, where the depumper is
most crucial, we therefore expect the depumper to effectively
confine the population in the ground state F = 1. Near the
fiber tip, however, light-shifts induced by the depumper itself
might become relevant that could explain the decrease of the
maximum Na for a stronger depumper (	). A more detailed
modeling of the loading would be required for a detailed un-
derstanding, which is, however, beyond the scope of this work.
Nonetheless, by carefully adjusting the DFR and depumper
powers we can achieve optimum loading conditions into the
HCPBGF.

4. Temporal evolution of the loading process

Understanding the dynamics of the loading process is cru-
cial to optimizing the loading efficiency from the MOT into
the HCPBGF. As the atoms enter the deep FORT inside the
fiber their density increases and density-dependent losses be-
come relevant. The maximum Na that can be loaded therefore
depends on the relative loading and loss rates.

To study the loading process in time we modified the
sequence described above by adjusting the switch-off time
of the quadrupole field and the timings of all laser beams
corresponding to the time of each measurement shown in
Fig. 8 (◦). Here, a time of t ′ = 0 ms corresponds to t = 1000
ms after the MOT loading sequence has started, i.e., loading of
the FORT begins. At t ′ ∼ 15 ms the number of atoms inside
the HCPBGF rises rapidly with a rate of roughly 4000 ms−1.
According to images taken with a CCD camera (see Fig. 6
inset) this time coincides with the time the lower part of the
atom cloud reaches the fiber tip. During the next ∼20 ms

FIG. 8. Measured Na inside the HCPBGF (◦) vs time t ′ after
the start of the transfer from the MOT. The MOT quadrupole field
strength is schematically shown by the gray dotted line. The error
bars correspond to a 10% measurement uncertainty of Na. Numerical
results of the evolution based on Eqs. (3) and (4) for aeff = g =
+9.81 m/s2, �L = βL = 0 are shown by the gray dashed-dotted line
and for aeff = +6.8 m/s2, v0 = 0.8 m/s, �L = 40(5) s−1 and βL =
1(1) × 10−11 cm3 s−1 by the blue solid line. The loading rate R(t )
is taken from the data shown in the inset with an amplitude scaling
factor of Sf = 2 to account for losses during the initial 5 ms inside
the fiber. The red dashed line shows the results when an acceleration
of aeff = −23 m/s2 inside the HCPBGF is assumed (see text). Inset:
Na vs t ′ for a loading time of 1 ms. The error bars correspond to an
uncertainty in the measurement of 1300 atoms. The red solid line
shows the idealized evolution of Na used for the simulations.

the rate decreases while Na reaches its maximum value at
t ′ ∼ 50 ms. This agrees well with the data in Fig. 6 showing
the evolution of atoms above the fiber. The maximum Na

is reached around 5 ms after the quadrupole field has been
switched off. For times t ′ > 50 ms Na decreases during the
course of around 80 ms.

To understand this behavior we first need to determine
the HCPBGF loading rate. This rate obviously depends
on the evolution of the atomic density above the fiber where
the FORT potential is deep enough to guide atoms into the
HCPBGF. We estimate the region from which atoms are
guided into the HCPBGF to be in the range of 200 μm
(axially) and 50 μm (radially), respectively. As these values
are much smaller than the (initial) dimensions of the atomic
cloud above the HCPBGF (lz, lr ) ∼ (3000 μm × 300 μm) the
measured atom number inside the HCPBGF is proportional to
the local density ρtip of the atom cloud at the fiber tip. In our
case, the axial velocity of the cloud near the fiber tip can be
estimated as ∼0.33 m/s. Thus, by loading the HCPBGF for
only a period of 1–3 ms (by pulsing the FORT, see above) the
atom cloud moves much less than its length. Measuring Na

as a function of time t ′ therefore yields a value proportional
to the local atomic density ρtip(t ′) above the HCPBGF. The
result of such measurement is shown in the inset of Fig. 8
(◦). Na(t ′) increases from around 10 to 25 ms as the cloud
approaches the fiber. Then, the atom number stays roughly
constant (neglecting the data point at t ′ = 34 ms) for the next
∼25 ms as the cloud is held near the fiber tip. After the MOT
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quadrupole field is switched off at 45 ms Na(t ′) decreases
quickly for t ′ > 48 ms. We thus estimate the peak loading
rate as ∼4700 ms−1 which is in reasonable agreement with
the initial loading rate obtained from Fig. 8.

The data shown in the inset of Fig. 8 can now be used to
simulate how Na is expected to evolve in time. To this end we
used an idealized atom number/density evolution shown by
the red solid line. In regular focused-beam FORTs of large Na

the evolution of trapped atoms could be modeled according to

dNa

dt
= R′(t ) − �′

LNa − β ′
LN2

a , (2)

where R′(t ) is the time-dependent loading rate, �′
L describes

losses due to collisions with background gas as well as heating
and β ′

L describes two-body collisions, respectively [43]. In
the case of our extended fiber-based FORT, however, Eq. (2)
will not suffice. In addition, we have to take propagation of
the atoms through the fiber as well as their acceleration (see
Sec. III A 2) into account. We therefore employ the following
continuity equation with loss terms and consider a changing
atomic velocity due to an effective acceleration aeff as mea-
sured in Sec. III A 2

∂

∂t
n + ∂

∂z
(nva) = −�Ln − βLn2, (3)

∂

∂t
va = aeff. (4)

Here, the unprimed rates �L, βL refer to the loss of density
instead of atom number. Using the loading rate R′(t ) as shown
in the inset of Fig. 8 by the red line as initial condition at the
fiber input (after conversion into a density rate r(t ) using the
known FORT potential and atomic temperature), as well as
an initial velocity of v0 = +0.8 m/s [see Fig. 4(b)] we can
solve Eqs. (3) and (4) either numerically or analytically (see
Appendix C), yielding

n(z, t ) = e−�LT (z)

1 + βLr[t−T (z)]
v0�L

(1 − e−�LT (z) )

r[t − T (z)]

v0
, (5)

where the time T (z) is defined in the Appendix. Finally, the
density is converted into an atom number Na by integration
over the axial and radial dimensions. Since the data in the
inset of Fig. 8 was obtained 5 ms after the atoms entered the
fiber, losses are present during this period that have to be
accounted for by a scaling factor S f in the initial loading rate
for the simulations. This mainly affects the peak Na that can
be loaded.

The gray dashed-dotted line in Fig. 8 shows the result for
ideal conditions with an acceleration of +9.81 m/s2 due to
gravity and vanishing loss rates �L, βL. Initially, the agree-
ment with the measured data is reasonable. For longer times,
however, a huge discrepancy in terms of maximum Na and
decay is obvious that illustrates the importance of losses
and heating [43,52]. The result which matches our experi-
mental data (◦) best is shown by the blue solid line with
�L = 40(5) s−1 and βL = 1(1) × 10−11 cm3 s−1, and S f = 2.
An animation of the corresponding spatiotemporal density
evolution can be found at Ref. [55]. As we can see, even for
optimum conditions only about 30% of the fiber are filled with
atoms and the axial density is far from homogeneous. The

rate �L clearly dominates the losses, which is about 14 and
5 times larger than reported by Okaba et al. [17] and Hilton
et al. [20], respectively, for Kagome-structured fibers. It is
also significantly larger than reported by Kuppens et al. for
a free-space trap, where they found losses being dominated
by βL ∼ 4 × 10−11 cm3 s−1 while �L was found to be near
zero [43]. Due to the large �L in our case, we can only
determine the upper limit of as βL < 2 × 10−11 cm3 s−1. This
value is roughly in agreement with the lower limits reported in
Refs. [20,43] and could currently be limited by light-assisted
collisions due to the depumper.

The loss rate �L is determined by collisions of trapped
atoms with background gas inside the fiber as well as heat-
ing. In both studies using Kagome-structured fibers [17,20],
collisional losses due to residual gases inside the fiber were
assumed to dominate �L while heating was neglected. Heat-
ing by photon scattering of the FORT can be estimated for
our trap as Ṫ ∼ 10 μK s−1 [33] and is therefore negligi-
ble on the considered timescale. However, heating induced
losses due to a possible elliptical polarization of the FORT,
as discussed by Corwin et al. [52], resulting in a hopping
between Zeeman levels of different potential depths, can be
estimated as around 57(23) s−1. This fits quite well to the
loss rate determined above from Fig. 8. Here we assumed an
ellipticity of the FORT inside the HCPBGF of 0.9, a hopping
rate of 690(280) s−1 according to the results in Appendix A,
potentials for states F = 1, mF = +1 and F = 2, mF = +2
according to Eq. (A1), and initial and final temperatures of
Ti = 1 mK and Tf = 4.0 mK, respectively. The ellipticity of
the FORT is estimated and based on the fact that though
our fiber can maintain linear polarizations quite well at the
output for a certain input alignment, inside the fiber the po-
larization is slightly elliptical due to a circular birefringence
component [40].

Notes: (i) The agreement between numerical and exper-
imental results is quite good despite the simplicity of our
model. (ii) The loss rate �L, can be explained well by heating
and the rate βL is of similar magnitude as in other FORTs. It
also explains well the time required to reach the steady-state
temperature as shown in Fig. 3(b). (iii) Currently, Na is limited
by evaporation from the FORT. In-fiber cooling (during the
loading and guiding process) might therefore lead to a larger
loading efficiency. (iv) Optical pumping between the hyper-
fine ground states via a Raman coupling by the broadband
FORT (see Appendix A) significantly affects the acceleration
for our loading scheme. Employing a narrowband FORT is
therefore crucial when using such system for interferometry
[21]. (v) As was shown in Sec. III A 2, the atoms experience
an acceleration of a = −23 m/s inside the fiber and reverse
their direction when resonant scattering by the FORT is not
suppressed. This was the case in our previous work [40].
Suppression of resonant scattering surprisingly did not affect
the loading efficiency. We therefore tried to simulate these
conditions. However, the theoretical model used to simulate
the temporal and spatial density evolution can only be used
when the atoms are traveling into a single direction. To model
the case of direction reversal we had to employ a cruder
model which divides the initial loading rate into slices, each
assigned with a distinct velocity that would change in each
time step according to the acceleration. The results are shown
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in Fig. 8 by the red dashed line. Interestingly, the results are
quite similar to the case of a falling cloud without reversal of
direction. This is due to the fact that the atoms are pushed
out of the fiber only at late times where losses, dominated
by heating and collisions, have already significantly reduced
Na as illustrated in an animation [56] of the spatiotemporal
density evolution. Only up to 15% of the fiber are filled with
atoms under these conditions and the density is temporarily
increased significantly.

We conclude that the loading efficiency is currently limited
by the number of atoms and the density above the HCPBGF
as well as the loss rates inside the fiber. Using a deeper FORT,
however, will not lead to a further improvement. Especially
the loss rate �L seems to be dominated by heating inside the
slightly elliptical FORT. As this ellipticity cannot be avoided
for our fiber, in-fiber cooling seems to be the most effective
way to reduce the losses. According to the simulation, the
loading efficiency could be easily increased by a factor beyond
1.8 for loss rates such as reported in Ref. [57].

IV. SUMMARY AND OUTLOOK

We presented thorough experimental investigations, ac-
companied by theoretical calculations to carefully character-
ize and optimize the loading of laser-cooled atoms from a
MOT into a FORT inside a hollow-core fiber. Although optical
access in such a fiber is restricted to the input and output ports,
we demonstrated spatially resolved probing of the atoms in-
side the fiber with a resolution of a few millimeters using
EIT and a time-of-flight technique. We observed for the first
time a decrease of the atomic ensemble temperature during
the course of around 20 ms after entering the fiber, reaching
a steady-state value of about 1/4 of the trap depth. Also,
we determined an in-fiber acceleration slightly smaller than
expected from gravity which could be explained by radiation
pressure. Finally, we determined a peak number density of
∼1012 cm−3 and loss rates of 40(5) s−1, dominated by heating,
and 1(1) × 10−11 cm3 s−1 due to two-body collisions. Using
these results, we were able to reconstruct the spatiotemporal
density evolution inside such fiber for the first time. We found
good agreement between the experimental data and the simple
theoretical models used.

Although our results for our fiber-guided FORT basically
confirm the expectations for free-space FORTs, there are also
some significant differences. Most notably, propagation of the
atoms inside the extended fiber has to be taken into account,
which is not required for standard focused-beam FORTs.
Although the loading efficiency is currently not limited by
propagation through our fiber, it has to be considered for
shorter fibers or lower loss rates.

Our results allow for optimizing the loading efficiency into
such hollow-core fiber and thus have direct implications for
applications. First of all, the results on the loss rates show
that there is significant room for improvement on our record
dopt = 1000 achieved so far [15]. An even larger dopt would
be required for experiments on many-body physics with light
[32,58], which seems to be feasible. Secondly, as the loading
efficiency is in part limited by heating and density-dependent
losses, in-fiber cooling [31,59] will have to be applied with
care. On the one hand, cooling will lead to a reduction of

inhomogenous broadening and compensation of heating. On
the other hand, the atomic number density will also increase
if the FORT potential is kept constant, leading to increased
losses. Thus, careful modeling and characterization of the
loading will be required for achieving optimum conditions,
as we have done in our present work. Finally, our results
on the atomic velocity inside the fiber show that a careful
analysis is required when such a platform is used for atom
interferometry [21].
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APPENDIX A: CHARACTERIZATION OF THE FORT

We here summarize the results of the characterization
of the FORT guiding the atoms into the HCPBGF. Precise
knowledge of the FORT potential is required for a quantita-
tive analysis of the measurements shown in the main part of
the paper, as it affects the atomic temperature, peak number
density and its distribution, resonance shifts, scattering rate,
and collisions [33].

For far-detuned traps, where the FORT detuning is much
larger than the hyperfine and fine structure splitting, the
following radial potential is applicable for the ground state
[33,52]:

UF (r) = −πc2

2

[
�D2

(
2 + gF mF

√
1 − ε

)
ω3

D2
(ωD2 − ω)

+ �D1

(
1 − gF mF

√
1 − ε

)
ω3

D1
(ωD1 − ω)

]
I (r). (A1)

Here �D1,2 and ωD1,2 are the excited state decay rates and
corresponding transition frequencies, of the D1,2 lines, gF

is the Landé factor, mF is the magnetic quantum number,
ω is the frequency of the FORT field, and I (r) is its radial
intensity profile. The ellipticity ε of the polarization is de-
fined as ε = (Pmax − Pmin)/(Pmax + Pmin), where Pmax,min are
the maximum/minimum transmitted powers through a rotated
linear polarizer.

The FORT potential directly determines the atomic level
shifts via �ls(r) = UF (r)/h̄, with the reduced Planck constant
h̄, and also the thermalized atomic number density distribution
[33] (see also Sec. III A 1)

n(r) = n0 exp

(
−UF (r) − UF (0)

kBT

)
, (A2)

where n0 is the peak density and T < TF is the ensemble
temperature inside the deep FORT. Therefore, spectroscopy
of the atoms while the FORT is on will yield information on
the FORT depth, density distribution and temperature [14,27].
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We confirmed experimentally via light-shift spectroscopy [27]
that Eqs. (A1) and (A2) would predict the correct spectro-
scopic shifts for the measured FORT power, wavelength and
beam width.

An important set of parameters of a cylindrically symmet-
ric FORT are the trap frequencies ωr,z [33]. Already small
disturbances of the trapping potential occurring at frequen-
cies ωmod = 2ωr,z/n with n = 1, 2, ... will lead to parametric
heating and losses from the trap [60,61]. This is crucial in our
experiment, as we intentionally modulate the FORT on/off
for probing the atoms without inhomogeneous broadening
induced by the FORT [11,39,40]. This modulation frequency
should thus be chosen such that parametric heating and loss
does not occur. When the FORT is inside a HCPBGF, the
axial trap frequency cannot be defined due to the constant
potential along the fiber axis leaving only the radial fre-
quency where the potential is approximately harmonic. To
investigate the FORT trap frequency we followed the method
of Friebel et al. [61]. We modulated the trapping potential
sinusoidally with different modulation frequencies ωmod and
then measured the remaining number of atoms left in the
FORT. The experimentally observed resonances are slightly
red-shifted, but otherwise agree well with the calculated ra-
dial resonance frequencies at ωmod = (ωr, 2ωr ), where ωr =
2π × 51 kHz. Interestingly, we observed an additional less-
pronounced resonance near 4ωr . This resonance might be due
to the occupation of high-lying vibrational levels where the
harmonic approximation of the FORT potential is not valid
anymore, as known for optical lattices [62,63].

Photon scattering potentially results in heating and loss as
well as unwanted population dynamics. As to avoid hyperfine-
changing collisions [57] that could lead to additional losses
from the FORT inside the HCPBGF (h 6.835 GHz/kb =
328 mK � TF ) we keep a depumper beam, tuned near the
transition 52S1/2 F = 2 → 52P3/2 F ′ = 2, on whenever the
FORT is on. This confines the population in F = 1 inside and
outside of the HCPBGF. Population redistribution between the
two hyperfine ground states should therefore only be due to
the FORT and depumper. We thus measured the population
Na(t ) in F = 1 as a function of time after the depumper
had been switched off while only the FORT was on. As the
FORT couples both ground states off-resonantly to the excited
states, optical pumping occurs with an effective relaxation
rate γ , leading to total depolarization of the population ac-
cording to Na(t ) = N1 + N2 exp(−γ t ). A fit to the measured
data yields γ = 690(280) s−1, N1 = 0.34(8), N2 = 0.66(8).
Next, we measured the power spectrum of the FORT laser
system with an optical spectrum analyzer and calculated the
spontaneous FORT scattering rate according to

�F = πc2

2h̄

∫ (
2�2

D2

ω3
D2

(ωD2 − ω)2 + �2
D1

ω3
D1

(ωD1 − ω)2

)

I ′(ω)dω,

(A3)

where I ′(ω) = dI ′(ω)/dω is the intensity per frequency inter-
val dω, we assumed linear polarization and that the hyperfine
structure is not resolved. We obtained �F ∼ 186 s−1, i.e.,
smaller than γ . Care must be taken when comparing the
FORT scattering rate �F to the population relaxation rate γ .

As was first pointed out by Cline et al., the relaxation rate
can be orders of magnitude smaller than the total sponta-
neous scattering rate, due to an interference between the D1,2

lines suppressing Raman scattering [64]. When we consider
this interference effect, we obtain a relaxation rate of γrel =
0.07�F between F = 1, 2, i.e., about fifty times smaller than
measured. To solve this discrepancy, we note that our FORT
system is composed of two independent and unstabilized laser
diodes. As a result, the FORT field intensity shows fluctua-
tions, whose spectral components can drive Raman transitions
between F = 1, 2 without radiation of spontaneously emitted
photons. We will show and discuss the validity of this assump-
tion in Sec. III A 2.

APPENDIX B: SIMULATION OF OPTICAL PUMPING AND
ACCELERATION BY THE FORT AND DEPUMPER BEAMS

We here present the model used to simulate the data on the
axial velocity shown in Fig. 4(b). Both FORT and depumper
are basically always switched on during loading of the HCP-
BGF. Therefore, optical pumping by both fields has to be
considered as it affects the population redistribution between
the two ground states F = 1, 2 (see Appendix A) as well
as the acceleration a = F/m. Here, F = h̄k�ρee is the force
on an atom induced by absorption of photons followed by
spontaneous emission at rate � and ρee is the population in
the excited state [53].

To calculate the relevant state-resolved populations in our
multi-level system, we numerically solved the following pop-
ulation rate equations, where the index i corresponds to
the following hyperfine states in ascending energetic order
(ground states F = 1, 2, D2 line F ′ = 1, 2, 3). In this model
we assume that population is mainly redistributed between
F = 1, 2 by Raman scattering at rate �

(R)
F =690(280) s−1 (≡ γ

within the measurement uncertainty, see Appendix A) while
spontaneous scattering of the FORT at rate �F = 186 s−1

leads predominantly to Rayleigh scattering due to an inter-
ference effect between the D1,2 lines [64] and therefore does
not affect the populations. We thus only need to consider the
ground state populations as well as the excited states coupled
by the depumper at the D2 line. �d (δi ) are the depumper
Rabi frequencies depending on the detuning from levels F ′ =
1, 2, 3. The branching ratios are taken from Ref. [65]. Fur-
thermore, we assumed an unpolarized FORT and depumper,
i.e., we neglected the Zeeman substructure and only consid-
ered stimulated emission by the near-resonant depumper. The
population rate equations then read

Ṅ1 = �D2

(
5
6 N3 + 1

2 N4
) − 5

8�
(R)
F N1 + 3

8�
(R)
F N2, (B1)

Ṅ2 = �D2

(
1
6 N3 + 1

2 N4 + 1N5
) + 5

8�
(R)
F N1 − 3

8�
(R)
F N2,

−�d (δ1)(N2 − N3) − �d (δ2)(N2 − N4)

−�d (δ3)(N2 − N5), (B2)

Ṅ3 = −�D2 N3 + �d (δ1)(N2 − N3), (B3)

Ṅ4 = −�D2 N4 + �d (δ2)(N2 − N4), (B4)

Ṅ5 = −�D2 N5 + �d (δ3)(N2 − N5). (B5)
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The total FORT scattering rate �F has a direct influence on
the change of atomic momentum. The Raman pumping rate
�

(R)
F only affects the momentum if the depumper is on, as the

net momentum transfer of h/c 6.835 GHz is zero over many
pumping cycles. The rate Eqs. (B1)–(B5) can be either solved
numerically, where the effective acceleration aeff = g − F/m
of the atoms is then given by

aeff = g − h̄k

m

(
�F + �D2

5∑
i=3

Ni

)
, (B6)

or analytically by using the stationary solutions. Then, the
acceleration can be determined as

aeff = g − h̄k

m

(
�F + 5

8
�

(R)
F p0

)
, (B7)

where the first term is due to downward acceleration by
gravity and the other terms due to the upward directed light
pressure by the FORT and depumper beams. The parameter
p0 is between 1.5 and 2 and depends on the detuning of
the depumper from the transition F = 1 → F ′ = 2. For the
previously used FORT scattering rates we thus obtain aeff ∼
5 m/s2, close to the measured value.

APPENDIX C: ANALYTIC DERIVATION OF THE DENSITY
EVOLUTION INSIDE THE FIBER

We consider the propagation of an ensemble inside a fiber
where atoms are moving with positive acceleration into a sin-
gle direction, i.e., there is no change of direction. The atomic
number density n(z, t ) inside the fiber at time t in position z
is determined by the atomic number density at the beginning
n(z = 0, t ) at the previous time t − T (z), where T (z) is the
time to travel from z = 0 to z with the acceleration aeff . This

time is a solution of the equation

z = v0T + 1
2 aeffT

2, (C1)

where v0 is the initial velocity. The solution of this equation
reads

T (z) = z

v0

2√
1 + 2aeffz/v2

0 + 1
. (C2)

If the fiber is loaded with the density rate r(t ), then the density
n(z = 0, t ) is given by

n(z = 0, t ) = r(t )/v0. (C3)

Thus, the density n(z, t ) at time t and position z is equal to
the density n[z = 0, t − T (z)] but subject to collisional losses
during the time T (z). The differential equation for this density
ν(τ ) = n(z = 0, t − τ ) reads

dν(τ )

dτ
= −�Lν(τ ) − βLν2(τ ). (C4)

with the initial condition ν(τ = 0) = r[t − T (z)]/v0. The an-
alytical solution of this equation is given by

ν(τ ) = �Le−�Lτ ν(τ = 0)

�L + βLν(τ = 0)(1 − e−�Lτ )

= e−�Lτ

1 + βLr(t−T )
v0�L

(1 − e−�Lτ )

r(t − T )

v0
, (C5)

and the corresponding solution for n(z, t ) is

n(z, t ) = e−�LT (z)

1 + βLr[t−T (z)]
v0�L

(1 − e−�LT (z) )

r[t − T (z)]

v0
. (C6)

The total atom number Na(t ) is then given by the integral of
n(z, t ) along the radial and axial directions.
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