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Abstract

We report on an efficient and highly controlled cold atom hollow-core fiber interface, suitable for
quantum simulation, information, and sensing. The main focus of this manuscript is a detailed study
on transporting cold atoms into the fiber using an optical conveyor belt. We discuss how we can
precisely control the spatial, thermal, and temporal distribution of the atoms by, e.g., varying the speed
at which the atoms are transported or adjusting the depth of the transport potential according to the
atomic position. We characterize the transport of atoms to the fiber tip for these different parameters.
In particular, we show that by adapting the transport potential we can lower the temperature of the
transported atoms by a factor of 6, while reducing the transport efficiency only by a factor 2. We can
obtain a transport efficiency into the fiber of about 40% and we study the influence of the different
transport parameters on the time-dependent optical depth signal inside the fiber. When comparing
our measurements to the results of a classical transport simulation, we find a good qualitative
agreement.

1. Introduction

Cold atoms are an ideal system for quantum simulation, computation, and sensing due to the high degree of
control over their external as well as internal parameters. In the most common case, these atomic properties are
manipulated by coupling the atoms to alight field. Thus, for a precise control, a well-defined atom-light
interface is necessary. One possibility for an efficient atom-light interface are cold atoms inside a hollow-core
fiber. Here, both light and atoms can overlap tightly throughout the length of the fiber and hence the interaction
region can be several orders of magnitude larger than in free space where it is limited to the Rayleigh length. This
also increases the optical depth D,,,(, which is a figure of merit for the effective light-matter interaction strength
for an ensemble of atoms. Achievements with cold atoms in hollow-core fibers so far include ground-state
electro-magnetically induced transparency [1-3], used for example for an all-optical switch [1] and for light
storage [3], exciting and probing Rydberg atoms [4], precision spectroscopy [5], and atom interferometry [6].
One key prerequisite for these applications is the controlled preparation of the atomic sample inside the
hollow-core fiber. Different techniques have been demonstrated to load cold or ultracold atoms inside a hollow-
core fiber, including the use of a single-beam red-detuned dipole trap as a guide [7, 8], a hollow beam blue-
detuned dipole trap [9], free fall under gravity [9], a magnetic funnel [9], a dark funnel in combination with a
red-detuned dipole trap beam [10] or combinations of the above [6, 11]. The most controllable way to transport
atoms into a hollow-core fiber is to use a moving optical lattice, a so-called optical conveyor belt, first
demonstrated by Okaba et al [5]. A major advantage of this technique is that the atoms can be precisely
transported and held at a specific position. This can for example enable a systematic survey of the inner part of
the hollow-core fiber. Optical conveyor belts have previously been used to transport single particles [12, 13] and
Bose—Einstein-condensates [14], for the study of coherence properties during the transport [15] and to transport
cold atoms outside an optical nanofiber [16]. For long-distance transport in free space, Bessel beams [14] or
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Figure 1. Schematic of the experimental setup. The main part shows a sketch of the vacuum system and the important beam paths,
coupled through the hollow-core fiber. The inset shows a sketch of the optical lattice potential (lattice constant not to scale), which
increases from the MOT position to the fiber tip and stays at a constant depth inside the hollow-core fiber. The fiber edges are outlined
in blue and the expansion of the beam waist is indicated by the red curves.

movable lenses [17] have been used to overcome limitations of the transport potential given by the Rayleigh
range.

While transporting the atoms into the hollow-core fiber, a typical problem is heating of the atoms [4-6, 10],
for example due to their acceleration or due to the funnel shape of the transport potential, which increases
towards the fiber tip. However, low temperatures inside the fiber are advantageous, as they result e.g. in a longer
free expansion time and in less heating-induced losses of atoms which will be explained in more detail in the
following sections. To cool the atoms during the transport, so far Raman-sideband cooling [5] or continuous
cooling in the magneto-optical trap (MOT) until the atoms enter the fiber [ 10] have been employed.

In this manuscript, we introduce a method of controlling the atomic temperature by adapting the potential
depth of the optical conveyor belt according to the position of the atoms. We transport the cold atoms
horizontally over a distance of several millimeters towards and into our hollow-core fiber and characterize the
influence of both frequency (acceleration) and amplitude (trap depth) ramps. By optimizing these transport
settings, we show that we can realize a wide range of temperatures and corresponding particle numbers, which
we compare to the results of a classical transport simulation. Further, we analyze the influence of the fiber on the
transport process by studying measurements for atoms transported outside and inside the hollow-core fiber.

2. Materials and methods

2.1. Experimental setup

Our complete experimental setup has been described in detail in [4]. Figure 1 shows the details important for the
transport procedure. Weload a MOT of rubidium 87 atoms at a distance of |z,| = 5.9 mm from the tip of our
hollow-core fiber. The fiber used in this work is a hollow-core photonic crystal Kagomé type fiber [18] with a
length of 10 cm, a core diameter of 60 zm and a mode field diameter of about 42 pm. At the MOT position, the
cold atoms are loaded into a red-detuned optical lattice, which is created by two counter-propagating hollow-
core-fiber-coupled trap beams at 805 nm. In addition to standard absorption imaging on a CCD camera outside
the fiber, we have the possibility to detect the atomic absorption along the fiber axis using a resonant hollow-
core-fiber-coupled probe beam.

2.2. Highly controlled transport

While loading the atoms into the optical lattice, the relative frequency detuning Av between the two dipole trap
beams is set to zero. By increasing Av, we create an optical conveyor belt to transport the atoms towards and into
the fiber. The properties of this transport depend on the exact shape of the frequency ramp Au(f). In principle,
arbitrary frequency ramps are possible in our setup as we can control the two dipole beam trap frequencies
separately with two acousto-optical modulators which are driven by individual outputs of a programmable
arbitrary waveform generator (FlexDDS by WieserLabs). We typically accelerate the atoms by ramping the
frequency detuning of one of the beams linearly to a maximum value of a few hundred kilohertz. Given the
frequency detuning Au(t), we can determine the velocity of the moving lattice with wavelength A, which
corresponds to the transport velocity of the atoms, by

v(t) = %Al/(t), (1)
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Figure 2. Dipole potential shown on two different length scales. In the main figure one can see the potential depth (see (5)) as function
of distance from the fiber tip on a mm length scale for the case without laser intensity ramp down (solid line) and for the case of laser
intensity ramp down with n = 1 (see (7), dashed line). The inset shows the optical lattice created by the two counter-propagating
dipole trap beams (see (3)) close to the MOT position, resolved on a nm length scale given by the lattice constant.

then integrate or differentiate this equation to find position and acceleration of the atoms. For the example of a
linearly increasing frequency detuning, the final position of the atoms and the maximum acceleration during the
ramp are given by

AAUpax At and = A Ay ’ )

4 2 At
respectively, where z, is the initial atomic position, Avy,,, the maximum applied frequency detuning and At the
duration of the ramp. Before probing, we decelerate the atoms by ramping the frequency detuning again down to
zero. The associated position, velocity and acceleration can again be calculated by equations (1) and (2), where
Atnow describes the duration of the deceleration ramp. By choosing the appropriate frequency ramp, we can
thus precisely control the atomic position, velocity and acceleration.

z(At) = zo +

2.3. Adapting the potential depth
Atoms in the optical lattice experience the trapping potential [19]

2r
w(z (1))
where w(z(t)) = wy(1 + z(t)2/z3)"/?is the waist of the Gaussian beam at position z(f), with zz = 7w /A

being the Rayleigh range and w, being the minimal beam waist at the fiber tip. The time-dependent phase shift
A¢(t) depends on the frequency ramp Au(t) as

Ab(t) = f Av(t)dt, 4)

which in the easiest case of constant detuning Avreduces to A¢(f) = Avt. The potential depth for an optical
lattice is given by

U(r, z, t) = Usp exp( )cosz(ﬂ'Ang(t) — kz (1)), 3)

Udip(z)—mZ( 2o I )1(z), 5)

3 3
WhyApy wp1Api

where wpy /p; s the transition frequency from ground to excited state, Iy /pp, is the decay rate from the excited
state and Ap, /p, the detuning of the dipole trap beam from the transition frequency for the rubidium D1 and
D2 lines, respectively. The position-dependent maximum intensity of the dipole trap beams is given by

@)= —2 ©)

w(z(£))?
where Pis the power in each of the dipole trap beams.

Figure 2 shows the behavior of the trap depth Ug;p(2) between the MOT position and the fiber tip (main
figure, solid line). The inset illustrates the full lattice trapping potential U(r = 0, z,t = 0), which can only be
seen on a smaller length scale. For z < 0, the beam waist of the dipole trap beams, which have their focal point at
the fiber tip, increases and thus intensity I(z) and potential depth Uy;,(2) decrease. We define the two limiting
pointsas Uy = Ugip(z = z,,) for the potential depth at the MOT position and Up.x = Ugip(z = 0) for the
maximum potential depth at the fiber tip. Inside the fiber for z > 0, the trap depth will stay constant at Uy,,y,
when neglecting the coupling efficiencies of the dipole trap beams into the fundamental mode of the hollow-

3
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core fiber. These are typically above 90% for our setup. For our typical experimental parameters, we find
Unax =~ 5 mKand U ~ 400 uK.

To load the atoms into the optical lattice, Uy needs to be much larger than typical temperatures in the MOT
of tens of pK, which imposes requirements on the trapping parameters. For example, for a far-detuned dipole
trap at 1064 nm, achieving the same trap depth would require extremely high-power trapping beams of more
than 10 W per beam (see (5)). To keep the laser powers moderate, we therefore choose to work with a near-
detuned dipole trap at 805 nm. This, however, limits the lifetime of atoms in the dipole trap as will be discussed
later.

Apart from this natural change in potential depth given by the Gaussian beam propagation, we can
additionally modify the potential depth by changing the power P of our dipole trap laser beams. We change the
laser power in such a way that we adapt the potential depth to the position of the atoms, which inherently
depends on time for a given frequency ramp (see (2)). The time-dependent potential including the amplitude
ramp-down of the dipole trap beams has the form

2 2\~1
Usip 2> 1) = ”Uo(l + A(&) ](1 + (ﬂ) ] , @
ZRr ZRr

with

zz+ 1 — n)z2
A= TR ( )% (8)

2
nz;

asa correction factor to maintain the overall shape of the potential. Here, n controls the final potential depth as
Unax = 1Uy. For example, if choosing n = 1, the trap depth is being kept constant for all distances from the
fiber tip and thus for the duration of the entire frequency ramp (see figure 2, main figure, dashed line).

In addition to this overall change in the dipole trap powers, we further can include individual corrections for
each of the two dipole trap beam powers, e.g. to compensate for fiber coupling losses at high frequency detunings
or for different initial power levels of the two dipole trap beams.

2.4. Data acquisition and analysis

Outside the fiber, we characterize the atoms before and after the transport using standard absorption imaging on
a CCD camera perpendicular to the fiber axis. By fitting a Gaussian density profile to the atomic cloud, we
determine the number of atoms and the position of the atomic sample. We measure the radial temperature of
the atomic cloud using the standard time-of-flight expansion method.

For probing along the fiber axis and inside the hollow-core fiber, we use a circularly polarized probe beam
resonant to the 8Rb transition 58; /2(F = 2) — 5P5/,(F’ = 3) with an intensity much below the saturation
intensity. This probe beam is coupled through the hollow-core fiber and then into a single-mode-fiber-coupled
photomultiplier tube. With this second fiber-coupling, we select the part of the probe beam that has been guided
in the fundamental mode of the hollow-core fiber. To ensure that we only measure atoms transported inside the
hollow-core fiber, we apply a resonant push beam outside the fiber just before probing, which is perpendicular
to the fiber axis.

From the frequency-dependent absorption profile of the probe beam, we determine the optical depth D, bya
fit to the transmission T = exp(—Dqpi /[1 + 4(A/T)?]), where A is the detuning of the probe beam and I" the
natural linewidth of the excited state. These spectroscopy measurements are performed in a time-resolved pulsed
probing scheme, where the dipole trap is switched off for the duration of the probe pulses, as explained in detail in
[4]. To estimate the atomic temperature inside the fiber, we use a release-and-recapture fit, similar to e.g. [9]. We
assume that during the dipole trap off time t,¢ = 2 s the atomic cloud expandsto 73 = 73 + v2t%;, where
ro2 = WO2 (kgT) / (2Ugip) and vA = 2(kg T) /m, with T'assumed to be constant throughout the probing process. We
calculate the number of atoms recaptured by the dipole trap using the overlap integral of the probe beam intensity
distribution exp(—2r2/wg) with the atomic density distribution 1 (r) = 1 exp(—r2/r2) inside the fiber with
core radius R... Thereby we consider atoms which have collided with the inner fiber wall to be lost. After N of such
release-recapture cycles, the optical depth is given by

N
Ny oS 2w R? 2R?

Dope(N) = — i223 5 0 5|1 — exp| —— |exp| —— , )
TW; 215 + Wy Tat w,

where o is the resonant cross section and S,; the hyperfine transition strength [20]. We determine the initial
atom number N, for N = land r, = r,.
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Figure 3. (a) Absorption images of an exemplary transport process. (c)—(e) Frequency detuning as well as atomic center-of-mass
position, transport velocity and acceleration as a function of time. (Data points: experimental data, solid lines: theoretical model (see
section 2.2). Error bars represent statistical errors.)

2.5. Theoretical simulations
To model the atomic transport, we assume all rubidium atoms to be frictionless (very low temperatures) and
independent, i.e. we neglect particle—particle interactions (low atom density). Thus, the single particle dynamics
is solely governed by the dipole trap potential (see (3)), for which we solve Newton’s equations of motion
numerically by employing the implicit Adams integrator provided in the Python package SciPy [21].

To prepare the initial state, we position 1500 particles at x = y = 0 mm, while z-positions are drawn from
a Gaussian distribution according to the experimental parameters. In a second step, every particle’s z-position
is shifted such that it coincides with its closest potential energy minimum. To initialize a starting temperature,
the particle velocities are drawn from a Gaussian distribution with zero mean and width ¢, = oy, = 0y, =

z

(kg Tinie/m)'/2. Since all particles are positioned in potential energy minima, part of their average kinetic
energy is converted into potential energy. Assuming a quadratic form around the potential minima and
employing the equipartition theorem, the particle ensemble’s equilibrated temperature is given by ~1/2 T}
After ashort equilibration period of 20 ms we randomly select 1280 particles that did not escape the dipole
trap, which are then used as the initial ensemble for the transport simulations. This number of particles is
given by the available number of computational kernels.

To identify particles that have escaped the dipole trap, we monitor the total energy E;(¢) of every particle
individually. For E(f) > 0 the particle escapes the trap and is no longer considered when computing ensemble
averages. The loss of particles due to lifetime is taken into account at the final transport position. Finally, to
estimate uncertainties of the quantities of interest, e.g., temperature and fraction of trapped particles, we split the
full ensemble into 20 subensembles and compute the standard error.

3. Results and discussion

In this section, we present a thorough characterization of our transport method and discuss the influence of the
different transport parameters such as frequency and amplitude ramps on temperature and transport efficiency.
First, we will concentrate on atoms transported to the fiber tip just outside the fiber (section 3.1) to characterize
the transport itself, before investigating the influences of the hollow-core fiber by comparing the properties of
atoms transported inside the fiber (section 3.2).

3.1.Results outside the fiber

To set the stage, we first demonstrate the transport process with a simple example. Figure 3(a) shows absorption
images of an exemplary transport process for different time steps within the transport time. We determine the
center-of-mass position z(¢) of the atomic cloud for each time step, which we differentiate to calculate velocity
and acceleration during the transport. In this example, we use a linear frequency ramp Av (¢) of 0-200 kHz in
100 ms to accelerate the atoms and a linear frequency ramp of 200-0 kHz in 10 ms for deceleration, as shown in
figure 3(b). Figures 3(c)—(e) show both theoretical and experimental values for the position, velocity and
acceleration of the atoms during this transport procedure. The agreement between experimental data and
theoretical model confirms our high degree of control over the position of the atomic sample.
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Figure 4. Transport efficiency for different frequency ramps. (a) Frequency detuning as a function of time for different frequency
ramps. (b) Transport efficiency compared to initial particle number. (c) Transport efficiency corrected for atom-loss due to finite
lifetime in the dipole trap. (Error bars represent statistical errors.)

Table 1. Velocity and acceleration for different frequency ramps (see section 2.2).

Frequency ramp (Max.) Velocity (Max.) Acceleration Deceleration
1000 kHz constant 04ms* 400 m s 2 400 ms?
1000 kHz linear 04ms™" 20 m s> 400 m s
200 kHz linear 0.08 ms ™" 0.8ms 2 80ms >

3.1.1. Effect of frequency ramps on particle number
For characterizing the transport process, we use different types of acceleration and deceleration ramps and
discuss their influence on the transport efficiency without actively adapting the trapping potential. As a figure of
merit, we use the number of transported atoms relative to the initial particle number loaded into the optical
lattice at the MOT position. We detect the transported atoms directly after the end of the transport process
without additional holding time or time-of-flight. Figure 4(a) shows three different frequency ramps for
accelerating the atoms. Two ramps have a linear increase in frequency detuning, which corresponds to a
constant acceleration of the transported atoms as in the example shown in figure 3. The fastest ramp hasa 1 ms
frequency ramp-up and then a constant frequency detuning, which corresponds to a constant velocity of the
transported atoms. We choose the timings for the different ramps according to the maximum frequency
detuning in such a way that the atoms are always transported to the same final position 1.8 mm in front of the
fiber tip. The velocity and acceleration for the different ramps (see section 2.2) are given in table 1. As we
decelerate the atoms within 1 ms for all ramps, the magnitude of the deceleration is much larger than of the
acceleration. However, even for the fastest ramp we are still far below the maximum acceleration
Amax = Upk/m = 2.8 x 10° m s~2, for which the atoms are still transported in their potential wells [13]. Since
we detect immediately after the transport, the transport efficiency is mainly influenced by the acceleration ramp.
We observe that the fastest ramp with 1000 kHz constant detuning has the highest transport efficiency
(figure 4(b)). The efficiency decreases as the ramp time increases, that is for linear ramps and lower maximum
detunings. This effect is due to the finite lifetime of atoms held in the dipole trap of about 200 ms, which is for
example limited by scattering of the dipole trap beams, resonant light from the dipole trap tapered amplifiers [22]
and the background vacuum pressure. To correct our transport efficiencies for the finite lifetime in the trap, we
compare the number of transported atoms with the atom number at the initial position after the same holding time
(see figure 4(c)). Here, we observe that all studied frequency ramps show a similar lifetime-corrected transport
efficiency, with the slowest ramp showing the highest value. That means that within our experimentally possible
range of frequency detunings, the lifetime has the largest effect on the transport efficiency. Thus, for the highest
absolute final atom number, constant detuning ramps at high detunings are the best choice for our experimental
parameters due to their fast ramping speed. They are for example better suited for transporting atoms further into
the fiber. However, for higher detunings we observe a tail of atoms trailing behind the transported atoms, which
corresponds to atoms lost from the transport process. They may be the reason for the lower lifetime-corrected
transport efficiency for the two high detuning ramps. Thus, for experiments not limited by lifetime, slower ramps
might be preferable. We further note that all our transport ramps are fundamentally limited by a transport
efficiency of about 70%, even when taking the lifetime correction into account. It has been shown that amplitude
and phase noise are limiting factors for long-distance transport [ 14]. In our experiment, the intensity of the laser
beams increases towards the fiber tip, which can lead to position-dependent amplitude and phase noise as well as a
position-dependent lifetime. Further investigations beyond the scope of this paper will study these different loss
mechanisms in detail.
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Figure 5. Experimental and theoretical temperatures of atoms in the dipole trap (a) at MOT position, (b) after transport to the fiber tip
without amplitude ramp-down, (c) after transport to the fiber tip with amplitude ramp-down (n = 1). On the left-hand side of each
figure the trapping potential in radial direction is plotted with the experimentally measured temperature (data point) as well as the
theoretical mean temperature (red dashed-dotted line) and the temperature corresponding to the truncated Boltzmann distribution
(black dashed line). On the right-hand side of each figure, the energy density EP(E) corresponding to the theoretical mean temperature
is plotted. The dark-colored area indicates where the Boltzmann distribution is truncated by the trapping potential.

3.1.2. Effect of amplitude ramps on temperature

Next, we characterize the effect of our transport procedure and the trapping potential on the temperature of the
atomic cloud. After loading the atoms into the dipole trap, we measure a temperature of T & 100 pK. This
temperature corresponds to a specific energy level in the trapping potential, which we approximate as a two-
dimensional harmonic oscillator in the radial direction (see figure 5(a), left-hand side). The energy density EP(E)
(see figure 5(a), right-hand side) is then given by the Boltzmann distribution P(E) = exp(—E/kzT)/Z, where
Zis the partition function [23].

After being transported to the fiber tip, the atoms will experience an increased dipole trap potential U, (see
figure 5(b), left-hand side). Due to this, the trapping frequency of the harmonic oscillator will have increased and
the same energy level will have a higher energy and corresponding higher temperature T;. Thus, if we assume
entropy to stay constant during the transport so that the atoms still occupy the same energy level, the mean
atomic temperature will also have increased (red dashed-dotted line in figure 5(b)). However, for this given
mean temperature, not all the atoms will remain trapped. By using a so-called truncated Boltzmann distribution
[24], we calculate the mean temperature of the remaining atoms (black dashed line in figure 5(b)) as

L= (14 7+ 3P)e
Tabune = T 10
< 1>2D,tu C 1 1 — (1 T 77)6777 ( )

and the survival probability for the atoms as
PZSBI;"[Irunc(Ul) =1- (1 + 77)6717, (11)

where 7 = U, /(kg T). The theoretically calculated value for the temperature of about 510 K is in good
agreement with the value of 530(38) 1K measured experimentally for the 1000 kHz linear ramp (blue data point
in figure 5(b)).

When we keep the potential depth constant by applying an amplitude ramp-down, the atoms which are
transported to the fiber tip will nevertheless experience a change in trapping potential profile as due to the
smaller beam waist the shape of the potential will be compressed (see figure 5(c), left-hand side). Thatleads to a
large part of the Boltzmann distribution to be squeezed out of the trap (see figure 5(c), right-hand side). From
equation (11), we estimate a survival probability of about 40%, i.e. about 60% of the transported atoms are lost.
The mean temperature calculated from the truncated Boltzmann distribution of about 110 K is much lower
than the temperature obtained for transport without amplitude ramp-down and close to the initial temperature.
Again, the theoretical calculation is in good agreement with the experimentally measured value of 100(7) K.

We can thus control the atomic temperature by adapting the potential depth using amplitude ramps of the
dipole trap laser beams. This comes at the cost of losing atoms when aiming for low final temperatures.

3.1.3. Effect of combined frequency and amplitude ramps

Finally, we study the combined effect of different frequency and amplitude ramps on the transported atoms. We
exemplarily show the results for the 1000 kHz linear frequency ramp for amplitude ramps with different final
dipole trap depths, as shown in figure 6(a). For this, we measure both the transport efficiency compared to the
initial atom number and the final temperature of the atomic cloud (figure 6(b), solid data points). As discussed
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Figure 6. (a) Potential depth as a function of distance for different amplitude ramp-downs. The black dashed line marks the final
atomic position for the applied frequency ramp. (b) Experimental (filled markers) and theoretical (empty markers) results for
transport efficiency and temperatures for atoms transported to the fiber tip for the 1000 kHz linear frequency ramp and for different
amplitude ramp-downs. (c) Ratio of experimental and theoretical values for the transport efficiency. The black dotted line marks the
mean value for all different amplitude ramps. (Error bars represent statistical errors and errors from the fitting procedure.)

before, we achieve high transport efficiencies up to 55% for high final dipole trap depths, but at the same time the
temperatures are much higher than the initial temperature. When lowering the final trap depth, both efficiency
and final temperature decrease. For a final trap depth as low as 4U,, we still observe a transport efficiency of
about 45%. However, the final temperature is reduced by more than a factor of 3. For very low final trap depths,
the transport efficiency reduces to about 25%. Still, these ramps are a good choice if one is interested in obtaining
avery low-temperature final atomic sample, with temperatures even below the initial temperature and more
than 6 times lower than the temperatures without amplitude ramp.

We have confirmed that also the other two frequency ramps shown in figure 4(a) exhibit qualitatively the
same behavior as discussed above and that the qualitative overall trend for each ramp is robust with regards to
day-to-day performance fluctuations of the experiment.

The results from the theoretical simulation (section 2.5) are plotted in figure 6(b) (empty data points)
together with the experimental results. We note a very good agreement regarding the qualitative behavior of the
different ramps. When comparing the experimental and theoretical values for the temperatures, we see a very
good agreement for high final dipole trap depths. However, for small dipole trap depths, we measure a higher
temperature than theoretically expected. This can be due to fluctuations in laser powers as discussed above,
which most strongly influence lower trap depths. When comparing the experimental and theoretical values for
the transport efficiency, we find a constant correction factor of around 0.65 for the 1000 kHz linear ramp (see
figure 6(c)). In the same way, we determine a correction factor of around 0.75 for the 200 kHz linear ramp. This
confirms our previous observation of the limited maximum lifetime-corrected transport efficiencies (see
figure 4(c)), where the efficiency for the 200 kHz linear ramp was also higher than for the 1000 kHz linear ramp.
A constant correction factor further implies that the additional experimental loss mechanism does not depend
on the number of transported atoms, which would be consistent with loss due to laser noise as discussed above.
Opverall, we find that our model gives a good understanding of the transport mechanism and predicts the results
for the individual ramps well, except for correction factors for experimental imperfections.

3.2.Results inside the fiber
When transporting the atoms inside the hollow-core fiber, our figure of merit to characterize the transport is the
time-dependent optical depth Dy, which is proportional to the number of transported atoms, but additionally
depends e.g. on the overlap between atomic cloud and probe beam (see section 2.4). Due to a micro lensing effect
of the atomic cloud [25, 26], we find that calculating the optical depth for high atomic densities is not straight
forward. The details of this investigation are discussed elsewhere [27]. For the measurements to be discussed in
the following, we have therefore transported the atoms far enough (6 mm) inside the fiber where we have
observed [27] that these lensing effects play a minor role due to reduced atomic densities.

Figure 7(a) shows the behavior of the optical depth during the pulsed probing process (see section 2.4) for
three different final dipole trap depths for the 1000 kHz constant frequency ramp. We observe that the initial
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Figure 7. (a) Decay of the optical depth with a number of probe pulses for different amplitude ramp-downs (data points) and
corresponding release-and-recapture fit (equation (9), solid line). (b) Experimental (filled markers) and theoretical (empty markers)
results for transport efficiency and temperatures for atoms transported 6 mm inside the fiber for the 1000 kHz constant frequency
ramp for different amplitude ramp-downs. (c¢) Comparison of experimental and theoretical values for the transport efficiency. The
black dotted line marks the mean value for all different amplitude ramps. (Error bars represent errors from the fitting procedure.)

optical depth is highest for the transport without ramping down the potential and decreases for lower final trap
depths. This corresponds to our expectations from studying the transport efficiencies outside the fiber. We
further observe that with increasing number of probe pulses the optical depth decreases. In principle, this
behavior occurs for all amplitude ramps, but is most prominent for high final trap depths, for which the atomic
cloud has a higher temperature. We can determine this temperature using a release-and-recapture fit (see
section 2.4), which is also plotted in figure 7(a).

Figure 7(b) shows both the transport efficiency compared to the initial atom number and the final
temperature of the atomic cloud for amplitude ramps with different final dipole trap depths for the 1000 kHz
constant frequency ramp (solid data points). Here, the results inside the fiber are qualitatively very similar to the
results we have obtained outside the fiber. Without amplitude ramp-down, we obtain both higher transport
efficiencies and higher temperatures, while when ramping down the amplitude to lower final trap depths, both
transport efficiency and temperatures decrease. Also the overall shape of this decrease agrees well with the
measurements outside the fiber. Our transport efficiencies range from about 40% for an atomic ensemble at
about 940 K to about 10% for a very cold atomic ensemble atabout 70 K. Thus, by adapting the trap depth,
we can lower our final temperatures by more than a factor of 10, while only decreasing the transport efficiency by
afactor of 4.

As for the measurements outside the fiber, we note a very good agreement between experimental results and
the results from the theoretical simulation (section 2.5, shown in figure 7(b) as empty data points) regarding the
qualitative behavior of the different ramps. When comparing the experimental and theoretical values for the
transport efficiency, we again find a constant correction factor (see figure 7(c)). With a value of about 0.45, it is
lower than the correction factor measured outside the fiber. One reason for this is that the experimental
limitations for the transport as observed outside the fiber have a stronger impact for longer transport distances.
Another effect the theory does not consider is influences from the fiber itself other than keeping the trapping
potential constant. Thus, alower experimental transport efficiency points to an experimental limit when loading
the atoms into the fiber. We expect the main reason for this to be imperfect coupling of the dipole trap beams
into the fundamental mode of the hollow-core fiber as discussed in section 2.3, as we have observed that this
overlap strongly influences the transfer efficiency of atoms from outside to inside the fiber. This effect leads to a
lower effective trap depth, which can also accommodate for the experimental values for the temperatures lying
systematically below the theoretical values.

With our transport without amplitude ramp-down, we calculate a loading efficiency from the MOT into the
hollow-core fiber of about 2.5%, which is very comparable to values reported in other groups (2.5% in [10] and
3% in [11]). We also would like to point out that this number represents a lower limit for our loading efficiency,
as we measure atoms transported already 6 mm inside the fiber.
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4. Conclusion

In conclusion, we have presented a detailed study on the transport of cold atoms both inside and outside a
hollow-core fiber using an optical conveyor belt. We have found that by applying optimized frequency and
amplitude ramps we can control a wide range of transport efficiencies and final atomic temperatures. In
particular, we can prepare final atomic ensembles at the same temperature as before the transport. Depending
on the individual experimental requirements, we can find a compromise between the final number of atoms and
their temperature. While for atoms with a higher mean temperature, we can achieve higher absolute transport
efficiencies, colder atomic ensembles show an extended observation time before colliding with the fiber walls,
which is advantageous for in-fiber experiments. We further find that our experimental results agree qualitatively
well with the theoretical simulation and we have a good understanding of the correction factors between
experiment and theory. Our high degree of control over the atom-fiber interface will for example allow for
experiments to systematically survey the inner part of the hollow-core fiber. We also expect our results to be of
importance for other conveyor belt or atoms-in-fiber experiments for reducing heating during transport.
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