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Abstract: Cold atoms trapped and guided in hollow-core photonic crystal fibers provide a scalable
diffraction-free setting for atom-light interactions for quantum technologies. However, due to the
mismatch of the depth and spatial extension of the trapping potential from free space to the fiber,
the number of cold atoms in the fiber is mainly determined by the loading process from free space
to waveguide confinement. Here, we provide a numerical study of the loading dynamics of cold
atoms into a hollow-core photonic crystal fiber. We use the Monte Carlo method to simulate the
trajectories of an ensemble of cold atoms from free space trapping potential to optical potential inside
a hollow-core fiber and calculate the temperature, loading efficiency, and geometry of the ensemble.
We also study the noise sources that cause heating and a loss of atoms during the process. Our result
could be used to design and optimize the loading process of cold atoms into a hollow-core fiber for
cold atom experiments.

Keywords: cold atoms; hollow-core photonic crystal fibers; optical dipole trap

1. Introduction

Recent activities, coupling cold atoms with hollow-core photonic crystal fibers (HCPCFs) [1,2],
aim to scale up atom-light interactions for quantum experiments, eventually leading to compact
devices. Cold atoms are one of the compelling candidates for quantum engineering because of their
universality and long quantum coherence time. Conventionally, cold atoms could be trapped by
optical potential [3] in free space. However, the diffraction of light limits the scalability of the trapping
volume and the miniaturization of the apparatus. Hollow-core photonic crystal fibers provide an
alternative solution to trap atoms via diffraction-free optical potential using light guided by the
fiber. The development of low-loss HCPCFs could also facilitate the guidance of cold atoms in the
fiber over a macroscopic distance, which could potentially bring new applications to the cold atom
quantum technology.

Various cold atom experiments have been demonstrated with different types of photonic crystal
fibers. The mechanism of loading and guiding cold atoms into the fibers through the optical potential
created by the optical guided mode has been investigated experimentally. The small mode field
diameters of photonic bandgap fibers are used to boost nonlinear interactions for optical switching [4].
They are also used for loading the large aspect ratios atomic ensembles in order to achieve a high
optical depth of atoms for light storage experiments [5-7]. For Kagome lattice fibers, demonstrations of
the inertia-sensitive atom interferometer [8] and long quantum spin coherence time [9] in the fiber show
the potential of fiber-based cold atoms for applications in quantum sensing. Moreover, by designing
multiple low-loss transmission bands in the fiber, Rydberg atoms are excited by 780 nm and 480 nm
light, which are simultaneously guided through the fiber [10]. On the fundamental physics side,
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the collective emission of light from an atomic ensemble has also been observed and studied in the
fibers [11,12], and could potentially be used to study the long-range interactions of neutral atoms.
Despite the above experimental progress and a preliminary study of atom loading [13-17], a detailed
understanding of the dynamics under different loading parameters would facilitate the design of cold
atom experiments in the fibers. Here, we simulate the loading process of cold atoms into a fiber with

different loading parameters and calculate the distribution, efficiency, and temperature of atoms inside
the fiber.

2. Materials and Methods

The parameters in the simulation are based on the experiment in [8]. A cold 8Rb atomic ensemble
is prepared from the background atomic vapor by Doppler and sub-Doppler laser cooling in a
three-dimensional magneto-optical trap (MOT) [18]. After the cooling process, there are ~108 atoms
in the trap. The atomic cloud is trapped a few millimeters above a piece of 4-cm-long hollow-core
photonic crystal fiber. The configuration of the experiment is shown in Figure 1. The fiber has a
mode field radius of 22 um. Atoms in the trap are considered under thermal equilibrium and follow a
Maxwell-Boltzmann distribution. The probability density function has the form:

mv2

32
flo) = (w) e 8T, (1)

where m is the mass of ®Rb, kg is the Boltzmann constant, v is the velocity of atoms, and T is
the temperature.
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Figure 1. Configuration of the model for the simulation. The magneto-optical trap (MOT) has a radius
of 2 mm, and the atomic cloud expands when released from the MOT.

The number density of atoms in the MOT is assumed to be in the low-density range, which follows
the Gaussian distribution. Our simulation starts by switching off the MOT and switching on the optical
dipole beam. The optical dipole beam, with a wavelength of A = 821 nm, is coupled from the bottom of
the fiber, and the profile of the optical dipole beam exiting the top facet is assumed to be a Gaussian
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distribution whose beam waist is located at the fiber tip. The intensity profile of the optical dipole

beam can be expressed as:
2 2
wo —2r
I(r,z)= Io( ) ex ( } 2)
w(z) P w(z)?

where I is the intensity at the center of the beam, wy is the beam waist, w(z) = wy(1 + (z/zr)*)V? is the
radius of the beam along the propagation direction, and zg = mwy?/A is the Rayleigh range. The optical
dipole beam causes a position-dependent energy shift (AC Stark shift) of atoms, which results in a
dipole force that attracts atoms into the high-intensity region when the wavelength of the optical
dipole beam is longer than the atomic transition wavelength (795 nm). The trapping potential U can be
written as [3]:

() = 3nc® T

2wod A
where c is the speed of light in a vacuum, wy) is the optical dipole beam frequency, I' is the excited state
decay rate of atoms, and A is the frequency detuning of the optical dipole beam below the atomic
resonance. The potential U is defined in terms of temperature U = kgT in this article.

We use Monte Carlo simulation to study the trajectories of an ensemble of atoms. Atoms are
randomly selected from the MOT and subjected to the dipole force, scattering force, and gravity.
The dipole force attracts atoms into the fiber and causes atoms to oscillate in the radial direction.
The scattering force is due to the absorption and the scattering in the random direction of the dipole
beam by atoms. The trajectories of atoms are firstly obtained by solving the differential equation:

I(r), 3)

d’r  VU(r)
dr m 8

4)

where r = XX + yy + 7z, and g is the gravitational acceleration.
We solve the equation numerically, and the position and velocity of atoms in the x, y, and z-axis

can be obtained as:
riv1= rit oAl + abE
Viy1= 0; + %At,

©)

where v; is the velocity, and a; is the acceleration at the time step i. The time resolution At of our
simulation is chosen to be 2 x 107> s, which is smaller than the time between scattering events of 0.14 s
and the oscillation period ~107* s of atoms in the radial direction.

For the scattering force, atoms gain a speed change of fik/m in the z-axis from every absorption
and another speed change fikp;/m by spontaneously emitting a photon into random directions, where k
is the wavenumber of the optical dipole beam and kp; = 271/795 nm™ is the wavenumber of the Rb D1
line. The velocity change due to random scattering in our simulation is assigned as:

AU :EZ+75, (6)

where ( is a unit vector pointing to a random direction.

If atoms collide with the fiber wall, we assume they are thermalized to the room temperature and
escape the 4-cm long fiber through the axial direction. Atoms undergoing this process are considered
lost during the loading process. The number of atoms in MOT is set to be 1 million. The origin of the
coordinate system is located at the center of the fiber tip, as shown in Figure 1. We neglect atom—atom
collisions in our simulations. The overall simulation time for one set of parameter runs is 37.5 h using
32 cores, 2.6 GHz CPU.

In our simulation, we also consider the effect of the first higher-order mode of the fiber for the
loading process. In a circular symmetrical optical waveguide, linearly polarized (LP) modes are
radially symmetric. In the simulation, for simplicity, we only consider the two lowest order LP modes
(LPp; and LP;7) because high-order modes in the optical fiber decay much faster than lower-order
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modes [19]. Here, we set the polarization of the fundamental mode along the y-axis. The electric field
of the LPy; mode can then be expressed as:

Ey = Jo(ko+/x2+y2)e(Boz= o)y, 7)

where ] is the Bessel function of the first kind, ky determines the size of the LPy; mode, ¢ is the
propagation constant, and y is the unit vector pointing in the positive y-direction. ky and g are
determined by the geometry of the design and the material of the fiber.
The LP1; mode is the linear combination of four basic modes, the electric field of which can be
expressed as [20]:
exo=J1 (k1x) cos(0)el(P1z=wot) x
eyo= J1(kyy) sin(0) ' P1= 00y
exe= J1 (k1) sin(0)el(P1z-wot)x ®
eye= J1(k; y) cos(0)e P10y,

The subscripts 0 and e represent odd and even symmetry, respectively, and 0 is the angular coordinate.
J1 is the Bessel function of the first kind, k; determines the size of the LP;; mode and 37 is the
propagation constant. In our simulation, we consider two cases. One is with just the fundamental
mode in the fiber, and the other one is with both the fundamental mode and the ey, component of the
LP1; mode in the fiber.

3. Results and Discussion

3.1. LPy; Mode of the Optical Dipole Beam

The atom loading efficiency is defined by the ratio of the maximum number of atoms in the
fiber and the total number of atoms in the MOT. We first study three parameters, including the atom
temperature in the MOT, the depth of the dipole potential, and the position of the MOT in the x—y
plane. A list of simulation parameters is shown in Table 1.

Table 1. A list of the reference parameters for the simulation and comparison with other works.

Parameters Our Work Reference [13] Reference [16]
MOT temperature 10 uK 5 uK 40 uK
MOT center position (0,0,5) mm (0,0,25) mm (0,0,6) mm
MOT 1/¢? radius 2 mm 1 mm N.A.
Dipole beam power 0.5W (313 uK trap depth) 1W (14 mK trap depth) 25 mW (10 mK trap depth)
Dipole beam wavelength 821 nm 797.25 nm 802 nm
Length of the fiber 4 cm 10 cm 3cm
Core diameter 64 um 45 um 7 um
Efficiency 0.19% (simulation) 3.2% (experiment) 3% (experiment)

We only vary one parameter in Table 1 for each simulation of atom loading. The results of the
atom loading simulation are shown in Table 2. When we reduce the MOT temperature from 10 pK
to 1 uK, the atom loading efficiency doubles. This can be explained by the increase in the number of
atoms in the phase space volume. When the dipole beam power is lower, fewer atoms are loaded as
the capture volume in phase space is smaller. In the atom loading experiment, it is hard to position
the MOT right above the hollow-core fiber tip, so we give the MOT position a small lateral offset.
The result shows that the loading efficiency is not sensitive to the position shift of 10%.
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Table 2. Atom loading efficiency with different parameters. The first row refers to the parameters from
Table 1, and the other rows differ from the first row by the parameter indicated.

Parameters Loading Efficiency
Reference parameters 0.19%
MOT temperature: 1 uK 0.39%
Dipole beam power: 0.17 mW (106 pK trap depth) 0.1%
MOT position: (0.28, 0, 5) mm 0.17%
MOT position: (0.42, 0, 5) mm 0.18%

Figure 2a shows the atom distribution along the x-axis with the reference parameters. Atoms nearly
follow a Gaussian distribution, which can be explained by the Gaussian profile of the dipole beam inside
the fiber. The mean and standard deviation of atoms’ positions are found to be 0.06 pm and 11.14 pm,
respectively, by fitting a Gaussian function. Because of the symmetry of fundamental mode, the atoms’
distribution along the y-axis shows similar results, with a mean of 0.04 pm and a standard deviation of
11.21 um. The atoms’ velocity distribution along the x-axis is shown in Figure 2b, which also follows a
Gaussian distribution. The standard deviation o is used to calculate the temperature as T=0?mj/kp,
and the result is 72 pK. For the experiment in [8], the temperature was measured as 100 pK using the
release-and-probe method.
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Figure 2. (a) Histogram of atom distribution in the x-axis. The curve is a Gaussian fit to the histogram.
The mean and standard deviation of atom position are found to be 0.06 pm and 11.14 um, respectively.
(b) Histogram of velocity distribution along the x-axis. The curve is a Gaussian fit to the histogram.
The mean and standard deviation of atom velocities are found to be —0.0029 m/s and 0.0840 m/s,
respectively. The standard temperature is calculated to be 72 pK.

The atoms’ velocity distribution along the z-axis is shown in Figure 3a. The distribution does
not follow a Gaussian distribution well. This is due to the convergence of the dipole beam into the
fiber that attracts atoms along the z-axis. The atoms’ distribution in the x—z plane after exiting the
bottom facet of the fiber is shown in Figure 3b. This corresponds to 105 ms after release from the
MOT. After atoms exit the fiber, the atomic cloud expands quickly, in a similar manner to the diverging
profile of the dipole beam.

3.2. Superposition of LPy; and LP1; Modes of the Optical Dipole Beam

Due to the imperfect coupling of the optical dipole beam into the hollow-core fiber, there is
a non-negligible amount of excitation in the higher-order modes. The fundamental mode and the
high-order mode tend to have different indexes of refraction in the hollow-core fiber, resulting in
intensity modulation on the guided light. For atoms traveling in an optical dipole potential, this intensity
modulation will cause the heating of the atoms, which leads to the loss of atoms in the trap. We study
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this effect on the loading of atoms by introducing the superposition of the LPy; and LP;; modes,
as shown in Figure 4. The power ratio of the LPy; and LP; mode is set to 9:1 in the simulation.
The beating period of two modes is determined by propagation constants in Equations (7) and (8).
Here the difference of the effective refractive index is 15 X 1074, It is clear that the minimum potential
is wiggling along the z-axis.
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Figure 3. (a) Histogram of atoms’ velocity distribution in z-axis 45 ms after release. (b) The atoms’
distribution in the x-z plane after exiting the fiber. The bottom facet of the fiber is at a position of
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Figure 4. Intensity distribution in the fiber with a superposition of linearly polarized (LP)y; and LPy;
modes. The power ratio of the LPjy; and LP1; mode is set to be 9:1. (a) Intensity distribution on the y—z
plane. The interference of the two modes gives an intensity modulation with a period of difference in
the wavenumbers on the z-axis. The origin of the coordinate is set at the upper tip of the fiber; (b) and
(c) are the intensity distribution in the fiber cross-section at different z positions. The position of the
peak intensity shifts along the z-axis.

The simulation of the atoms’ distribution along the x and y axes with time is shown in Figure 5a.
The plot starts 40 ms after the time of release, because it is the time when nearly all atoms enter the fiber.
At each time, we use a Gaussian function to fit the histogram of the atoms’ spatial distribution in order
to obtain the standard deviation. The standard deviation along the y-axis is around 10.5 pm. However,
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the standard deviation along the x-axis decreases from 10 pm to 6.5 um, which means that the atomic
cloud shrinks asymmetrically in the fiber. The shrink could be due to the temperature decrease in
the atoms. The 1/e radius of the atomic cloud size in an optical dipole trap can be determined by the
temperature of the atoms, the size of the trap, and the potential of the trap as (w?kgT/2U)"2.
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Figure 5. (a) The standard deviation of atom distribution versus time. (b) The temperature of the atoms
in the x and y directions versus time.

The temperature of atoms in different directions is calculated from the velocity distribution and is
shown in Figure 5b. The temperature along with the y-axis increases as expected from the intensity
modulation along the y-axis. The decrease in the temperature along the x-axis is due to the coupling
between the x and y axes.

Figure 6a shows the number of atoms in the fiber versus the loading time with the different energy
ratios of the LPy; and LP;; modes. With the LPy; mode at 100%, all atoms enter the fiber after 40 ms,
and the number of atoms from 45 ms to 95 ms remains constant, which means all of them stay in the
dipole trap. After 95 ms, atoms start to exit the fiber. If the LP1; mode and the LPy; mode mix together,
the interference pattern in the fiber causes a heating effect. The atom loading efficiency decreases with
the decrease in the ratio of the LPy; mode, which is similar to the experimental data shown in [8].
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Figure 6. (a) Number of atoms in fiber versus time with different energy ratio of LPy; mode. (b) The
number of atoms in the fiber versus time with different effective refractive index differences.

We also study the effect of the difference of the refractive index between the LPy; mode and the
LP;; mode on atom loading, as shown in Figure 6b. With a difference in the effective refractive index
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of 9 x 1074, two decay trends can be found. The first decay trend is caused by the heating effect.
The second one is caused by the fact that atoms have exited the fiber. As the difference in the effective
refractive index increases, atoms are heated more rapidly due to the shorter period of modulation (see
Figure 4). With a larger difference in the effective refractive index, the curve shows a steeper slope.

4. Conclusions

We numerically simulated the loading dynamics of cold atoms into a hollow-core fiber and
studied their efficiency with different parameters. Our results show that the heating due to the
intensity modulation from the higher-order modes is the main loss mechanism. To avoid this effect,
one can use a longer fiber to filter out the higher-order modes, as they tend to decay faster than the
fundamental modes. One could couple the optical dipole beam at one end and load atoms at the other
end. In addition, a smaller fiber core can be used to minimize the higher-order modes as well. An
active way to avoid the heating loss is to cool the atoms while they are inside the fiber. This can be
implemented with Doppler or sideband cooling [21]. With an improvement in loading efficiency and
the minimization of heating loss, one could envision guiding a quantum particle over a long distance,
in a similar manner to the way in which light is guided through the optical fibers, making this method
effective for quantum engineering applications.
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