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ABSTRACT
We present the design, implementation, and detailed experimental characterization and comparison with numerical simulations of two-
dimensional magneto-optical traps (MOTs) of bosonic 23Na and 39K atoms for loading the cold atomic mixture in a dual-species 3DMOT
with a large number of atoms. We report our various measurements pertaining to the characterization of two 2D+MOTs via the capture
rate in the 3DMOT and also present the optimized parameters for the best performance of the system of the cold atomic mixture. Under
the optimized condition, we capture more than 3 × 1010 39K atoms and 5.8 × 108 23Na atoms in the 3DMOT simultaneously from individ-
ual 2D+MOTs with a capture rate of 5 × 1010 and 3.5 × 108 atoms/sec for 39K and 23Na, respectively. We also demonstrate improvements
of more than a factor of 5 in the capture rate in the 3DMOT from the cold atomic sources when a relatively high-power ultraviolet light
is used to cause light-induced atomic desorption in the 2D+MOT glass cells. A detailed study of the light assisted interspecies cold colli-
sions between the co-trapped atoms is presented, and interspecies loss coefficients have been determined to be βNaK ∼ 2 × 10−12 cm3/sec.
The cold atomic mixture would be useful for further experiments on quantum simulation with ultra-cold quantum mixtures in optical
potentials.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0154985

I. INTRODUCTION

Ultra-cold quantum gases in optical potentials offer a versatile
platform for quantum simulation,1–5 precision measurements,6 and
quantum technologies7 due to the high degree of controllability of
such systems such as inter-atomic interaction, dimensionality, spin
states, and external potentials. This makes ultra-cold atomic ensem-
bles an ideal “quantum toolbox,” leading to unprecedented progress
in this research field.

Quantum gas mixtures with dual atomic species have attracted
considerable interest since they offer a wealth of novel possi-
bilities. Quantum degenerate mixtures realized by using single
atomic species in different Zeeman sub-levels,8–10 multiple iso-
topes of the same species, or different atomic species11–26 can
be used to investigate novel quantum phases hitherto unexplored
in single atomic species. For example, the physics of impurities

coupled with degenerate gas27–29 is of fundamental importance in
condensed matter systems. Novel exotic quantum phases such as
quantum droplets in a spin mixture of Bose gases were recently
proposed30 and observed in homo- and hetero-nuclear quantum
mixtures.31–33 Quantum mixtures can also be used to create hetero-
nuclear stable polar molecules,34–36 which is useful to study con-
trolled ultra-cold chemistry37 as well as long-range anisotropic
dipolar interactions.38–41

A quantum degenerate mixture of sodium and potassium is an
attractive combination for a hetero-nuclear quantum mixture exper-
iment. Both the Bose–Bose mixture (23Na–39K and 23Na–41K) and
Bose–Fermi mixture (23Na–40K) can be obtained, opening up a myr-
iad of possibilities for exploring the many-body physics arising due
to the interplay between inter-species and intra-species interaction,
with quantum statistics playing a significant role. Another impor-
tant advantage of the combination of sodium and potassium for
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the hetero-nuclear quantum mixture is that the Na–K ground-state
polar molecules42,43 are chemically stable compared to other combi-
nations of inter-species hetero-nuclear molecules, with a large dipole
moment of ∼2.72 Debye paving the way to exploring long-range
dipolar interaction for quantum simulation.44

In this article, we describe our experimental setup to realize
an ultra-cold atomic mixture of 23Na and 39K atoms in a dual-
species magneto-optical trap (3DMOT) loaded from cold atomic
beams produced via two independent, compact, and efficient two-
dimensional magneto-optical traps (2D+MOTs) of 23Na and 39K.
We also present the detailed characterization of the performance of
the cold atom sources of both 23Na and 39K atoms to obtain the opti-
mized experimental parameters for the best possible performance of
the cold atomic beam sources.

The various sections in this article are organized as follows: In
Sec. II, we provide a detailed description of the experimental sys-
tem including the ultra-high vacuum assembly and laser systems. In
Sec. III, we focus on the characterization and performance of the
cold atomic beam sources. In Sec. IV, we give a detailed theoret-
ical description of the numerical simulations performed in order
to compare with the experimental results of the atomic sources.
We have provided a complete system performance study in Sec. V.
Finally, we discuss the interspecies light-assisted collisions between
hetero-nuclear cold atoms in Sec. VI.

II. EXPERIMENTAL SETUP
In this experimental setup, a large number of 23Na and 39K

atoms are simultaneously captured in a dual-species 3DMOT from
two independent sources of cold atomic beams. There are stringent
requirements for the design of the apparatus, such as good opti-
cal access for trapping laser beams as well as detection, ultra-high
vacuum to ensure longer trap lifetime of the atoms, and a high mag-
netic field gradient for magnetic trapping. Our experimental setup is

designed and built to fulfill these requirements and enables further
experiments on the quantum degenerate mixture in both magnetic
and optical potentials.

The conflicting requirements of having a large number of
atoms for experiments on degenerate quantum gases as well as a
long lifetime of the atomic cloud have led to the design of multi-
chamber vacuum systems for such experiments where the MOT is
loaded from a cold atomic beam source instead of the background
vapor. Examples of such cold atomic beam sources are the Zeeman
slower,45 low velocity intense source,46 2DMOT,47 2D+MOT,48,49

and pyramidal MOT.50 Among such possibilities, the 2D+MOT
offers the most compact design with the most efficient performance.
For 23Na and 39K atoms, Zeeman slowers45,51,52 and 2DMOTs52–55

have been realized. In the case of a hetero-nuclear atomic species
mixture, to the best of our knowledge, our experiment is the first
demonstration where both the atomic species are simultaneously
derived from compact 2D+MOT configurations.

A. Vacuum assembly
A schematic view of our vacuum system is shown in Fig. 1. A

spherical octagon-shaped chamber for the 3DMOT, made with non-
magnetic stainless steel (Kimball Physics-MCF600-SphOct-F2C8)
placed at the center of the vacuum manifold, is attached with
two independent 2D+MOT glass cells (Precision Glassblowing, CO,
USA). For both 23Na and 39K atoms, the vacuum chamber of the
2D+MOT consists of a cuboidal glass cell (dimensions 85 × 40
× 40 mm3), whose longitudinal axis is aligned horizontally and
placed along the axis of a differential pumping tube connecting the
2D+MOT glass cell and the 3DMOT chamber. The atomic beam
is prepared along the longitudinal axis of the glass cell. The differ-
ential pumping tube was made from a single block of oxygen-free
highly conductive (OFHC) copper. One end of the tube is a 45○-
angled polished mirror with a round surface of a diameter of 18 mm
and placed inside the glass cell. The other end of the tube has a disk

FIG. 1. Schematic of the vacuum assem-
bly. The two-species MOT is loaded from
two independent 2D+MOTs as sources
of cold 23Na and 39K atoms. The dual-
species 3DMOT is produced in a spher-
ical octagonal chamber. The UHV side
is pumped by three large-capacity ion
pumps whereas the two independent
source regions are pumped with two
20 l/s ion pumps. Coils made of hollow-
cored water-cooled copper tubes placed
outside the 3DMOT chamber are used to
generate the quadrupole magnetic field
for trapping of atoms. A single-arm mag-
netic transport allows transferring the
cloud to the “science cell” with large
optical access.
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shape of a diameter of ≈ 48 mm and a thickness of 10 mm. This disk
acts as a gasket between the two CF40 flanges of the 2D+MOT and
the 3DMOT chamber. The 45○ surface of the copper tube allows the
alignment of the longitudinal cooling laser beams, as described later
in this article.

The differential tube has a hole that originates at the center of
the 45○ surface and runs along the axis of the tube and ends up at the
UHV side of the 3DMOT chamber. The differential pumping hole
starts with a diameter of 2 mm and then widens up in two steps over
a total distance of 270 mm. The hole reaches a diameter of 8 mm
(6 mm) after the first 20 mm length and subsequently widens up to
14 mm (12 mm) after the next 120 mm length for 23Na (39K) tubes.

The differential pumping tube has a conductance of 0.043 l/s
(0.038 l/s) for the 23Na (39K) side. The two 2D+MOT glass cells
are individually pumped using two 20 l/s ion pumps. The 3D-MOT
chamber is pumped by a 75 l/s ion pump, and the generated pressure
ratio between the two chambers is 1200 (1400) for the 23Na (39K)
side.

In addition, our experimental system includes a magnetic
transport tube and a glass cell (“science cell”) of a dimension of
85 × 30 × 30 mm3 pumped by two more ion pumps with 40 and
75 l/s pumping speeds. We also occasionally use a titanium subli-
mation pump to maintain the base pressure below 10−11 mbar near
the “science cell.” The base pressure near the 3DMOT chamber is
measured using an ionization gauge to be ∼7 × 10−11 mbar, which is
also consistent with our observed cold atom trap lifetime of ∼48 s.
On the other hand, both the 2D+MOT glass cells are maintained at
a base pressure below 10−9 mbar.

We have used a natural abundance source (ingot) of sodium
[Sigma-Aldrich (262714-5G)]. The ingot is placed inside a CF16 full
nipple and attached to the glass cell through a CF16 angle gate valve
(MDC Vacuum). Heating tapes are wrapped around the full nipple
and the gate valve in such a way that a temperature gradient could be
maintained from the oven toward the glass cell, which ensures that
the sodium drifts into the cell and remains there. The purpose of
the gate valve is two-fold. First, it determines the amount of flow of
sodium vapor into the glass cell, and second, during replenishment
of the source, it would allow us to isolate the oven from the rest of
the vacuum system.

We have also used a natural abundance source (ingot) of potas-
sium from Sigma-Aldrich (244856-5G) as the source for loading
atoms into the 39K 2D+MOT. The design of the potassium oven is
similar to the sodium one. Here, we have kept natural abundance
potassium and enriched 40K (10% enrichment from Precision Glass-
blowing, USA) inside two different CF-16 full nipples, followed by
respective CF-16 angle gate valves. These two ovens are connected
and integrated with the 2D+MOT glass cell.

B. Laser systems
The cooling and repumping beams for laser cooling of sodium

atoms were derived from a frequency-doubled diode laser system
(Toptica TA-SHG pro), which typically gives a total output power of
1100 mW at 589 nm (23Na D2 transition). The laser beam from the
TA-SHG pro is divided into several beams. A low-power beam (typ-
ically 5 mW) is fed into an acousto-optic modulator (AOM) (AA
Optics, center frequency of 110 MHz) double-pass assembly and
subsequently directed into the saturation absorption spectroscopy
(SAS) setup. The spectroscopy for sodium is realized using a vapor

cell of 75 cm length from Triad Technologies (TT-NA-75-V-P),
which is heated to 150 ○C to create a sufficiently high vapor pressure
for absorption.

The cooling beams for the 2D+MOT as well as the 3DMOT
are generated using two independent AOM (Isomet 110 MHz)
double-pass setups and tuned appropriately (red-detuned) from
the 32S1/2∣F = 2⟩→ 32P3/2∣F′ = 3⟩ transition. The repumping beams
are tuned in resonance with the transition 32S1/2∣F = 1⟩→ 32P3/2∣F′

= 2⟩, bypassing the cooling beams through two independent electro-
optic modulators (EOM) (QuBig-EO-Na1.7M3). The EOMs are
powered by two independent drivers (QuBig-E3.93KC), and each
sideband has typically 20% of the power of the carrier (cooling)
frequency. The co-propagating cooling and repumping beams are
injected into their respective polarization-maintaining (PM) fibers
and transferred to the experimental optical table for the realization
of the 2D+MOT and the 3DMOT.

For potassium atoms, we use two independent External Cavity
Diode Lasers (ECDLs) from Toptica Photonics for deriving the cool-
ing (DL pro) and repumping (DL 100) laser beams. Each of these
laser outputs is amplified using two independent tapered amplifiers
(Toptica BoosTA pro), with the maximum output power reaching
2 W. The output of each of the potassium lasers is divided into two
beams. The one with a low power of ≈5 mW is fed into the SAS setup.
The spectroscopy is realized with a glass vapor cell of 5 cm length, in
which a K-sample with natural abundance is heated to 50 ○C. The
other output beams from the two potassium lasers are injected into
the Tapered Amplifiers (TAs). The amplified output beams of the
TAs are split into several beams and sent through the correspond-
ing AOM (AA Optics, 200 MHz) double pass configurations to
prepare the beams at appropriate frequencies to be used as the cool-
ing and repumping beams for the 2D+MOT and the 3DMOT. The
K- cooling laser is offset-locked to the 4S1/2∣F = 2⟩→ 4P3/2∣F′ = 3⟩
transition of 39K atoms, while the repumping laser is locked to the
4S1/2(∣F = 1⟩, ∣F = 2⟩)→ 4P3/2 crossover transition.

The laser beams transferred to the main experimental table
using PM fibers (Schafter+Kirchhoff GmbH) are out-coupled by
the corresponding fiber-collimators, which provides a collimated
Gaussian beam of 1/e2 diameter of 12 mm.

III. ATOMIC BEAM SOURCE
The 3DMOT can be loaded efficiently from a cold atomic beam

with a high capture rate of atoms. The preparation of an atomic
beam requires high atomic vapor pressure (in the range of 10−8–10−6

mbar). Generally, it is prepared in a section spatially separated
from the 3DMOT section (which requires a UHV environment).
The atomic beam is directed through a differential pumping tube
into the 3DMOT section, which maintains a pressure difference of
a few orders of magnitude between the 2D+MOT region and the
UHV 3DMOT region. This atom loading scheme not only keeps
the 3DMOT in the UHV range to minimize the collisions with the
room-temperature atoms but also loads the 3DMOT with a large
number of atoms. This creates a favorable starting point for pro-
ceeding toward evaporative cooling of the cold atomic mixture to
quantum degeneracy.

We have employed two independent and spatially separated
2D+MOTs as the cold atomic beam sources for 23Na and 39K, which
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provide cold collimated atomic beams to load the 3DMOT in the
UHV chamber through two opposite ports.

A. 2D+MOT
The 2D+MOT is created by two orthogonal retro-reflected

elliptical (circular) laser beams in the presence of a two-dimensional
quadrupole magnetic field for 39K (23Na) atoms. The elliptical beams
chosen are slightly convergent with the 1/e2 diameter of the incident
beams by 36 mm (24 mm) along the atomic beam direction and by
24 mm (24 mm) normal to the atomic beam axis at the 2D+MOT
cloud position for 39K (23Na) atoms. The circularly polarized trans-
verse cooling beams are retro-reflected using right-angled prisms,
which preserves the helicity of the beams via two total internal reflec-
tions. The degree of convergence has been chosen to accommodate
the reflection of the uncoated glass cell surfaces (typically, each sur-
face has 4% reflectance) such that we obtain the same intensities
of the incident and the retro-reflected beam at the position of the
atomic cloud. The 2D quadrupole magnetic field is realized by two
pairs of racetrack coils in an anti-Helmholtz configuration, which
creates a line of zero magnetic fields along the center of the magnetic
coil configuration. The atoms cooled in the transverse direction are
confined around the zero magnetic field line of the 2D quadrupole
magnetic field.

The performance of the 2D+MOT is enhanced by integrat-
ing a pair of counter-propagating laser beams with a Gaussian
width of 12 mm along the atomic beam direction, which forms
a longitudinal optical molasses cooling configuration. In this con-
figuration, the optical molasses reduces the longitudinal velocities
that allow the atoms to spend more time in the transverse cooling
region. This reduces the transverse velocities of the atoms, thereby
reducing the divergence of the cold atomic beam. As a result, the
atoms go through the differential pumping tube without much loss
of atoms, thereby increasing the cold atomic beam flux loading

the 3DMOT. The longitudinal cooling beams are referred to as
pushing and retarding beams, as shown in Fig. 2. The retarding beam
is aligned counter-propagating to the direction of the cold atomic
beam. The longitudinal cooling using optical molasses reduces the
longitudinal velocity of the cold atomic beam within the capture
velocity of the 3DMOT in the UHV chamber, thereby increasing
the atoms captured in the 3DMOT. The retarding beam has a dark
cylindrical region due to the hole in the mirror overlapping with
the pushing beam in the counter-propagating direction, which cre-
ates an imbalance in radiation pressure along the shadow region
and helps in pushing the cold atomic beam to the UHV chamber
through the differential pumping hole. An additional pushing beam
with a Gaussian width of 1.15 mm (1.3 mm) for 23Na (39K) was
aligned along with the pushing and retarding beams, which pushes
the atomic cloud into the 3DMOT chamber.

Two pairs of race-track-shaped magnetic coils in an anti-
Helmholtz configuration are placed around the 2D MOT glass cell
symmetrically. The transverse magnetic field gradient is 21 G/cm/A
(12 G/cm/A) for 23Na (39K).

We use a LabVIEW interfaced PXIe system (NI PXIe 1062Q
chassis) containing a digital card (NI 6535) and an analog card (NI
6538) to precisely control the intensity as well as the detuning of the
cooling and repumping laser beams through AOMs. In addition, all
the trigger lines (required for the camera trigger, RF switches, and
IGBT gate trigger for magnetic field switching) are drawn from the
digital channels, which have 100 ns time resolution. Acquisition of
experimental images is done through a Thorlabs scientific camera
(Thorlabs CS2100M) of high quantum efficiency (61% at 600 nm),
integrated with LabVIEW.

IV. NUMERICAL SIMULATION
A numerical simulation has been performed to model the char-

acteristics of the 2D+MOT as an atom source to load atoms into the

FIG. 2. Schematic diagram of the
2D+MOT. Two transverse cooling beams
are retro-reflected using two helicity-
preserving right-angled prisms. In addi-
tion, a pair of longitudinal cooling beams
(pushing and retarding beams) are
aligned along the line of the zero mag-
netic field created due to the configura-
tion of the four race-track-shaped coils.
The copper tube with a differential pump-
ing hole connecting the 2D+MOT and
the 3DMOT sides is cut at an angle
of 45○ and mirror-polished to facilitate
the passage of the retarding beam.
An additional pushing beam is used
to direct the cold atomic beam to the
3DMOT chamber through the differential
pumping hole.
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3DMOT in UHV. In this simulation, the trajectory of each particle
captured from background vapor is calculated using their equations
of motion. The initial position of the atoms is chosen randomly
within the 2D+MOT glass cell excluding the portion containing the
copper tube’s end that protrudes into the glass cell. The velocities
of the atoms are chosen according to the Maxwell–Boltzmann dis-
tribution at a certain temperature T (in Kelvin) using the Monte
Carlo method. It is assumed that all the particles we will consider for
mapping their trajectories have velocities within the capture velocity
of that atomic species in the 2D+MOT at that particular temper-
ature. The capture velocity is determined by the temperature of
the atoms as well as the intensity, detuning, and size of the cool-
ing beams of the 2D+MOT. After assigning an initial position and
velocity to each particle, each of their trajectories is mapped out
using the RK4 (Runge–Kutta 4) method in the presence of radiation
force due to the cooling laser beams and the magnetic field gradi-
ent in the 2D+MOT. While calculating the force, a simplified model
of two-level atoms was assumed where the atoms are subjected to
the cooling beams, with the frequency red-detuned to the cooling
transition. The velocity-dependent force on the atoms is imparted
by the four transverse cooling laser beams and a pair of longitu-
dinal cooling beams along the line of the zero magnetic field axis
within the 2D+MOT glass cell along the longitudinal Y-direction.
The magneto-optical trapping happens only in the transverse direc-
tions, determined by the intensity and polarization of the transverse
cooling beams as well as the corresponding magnetic-field gradient
in the transverse (XZ) directions.

For each axis, the total force on each atom in the 2D+MOT
glass cell is contributed from two directions denoted by “+” and the
“−” directions of a particular axis. The detuning of the cooling laser
beams plays a very important role in determining the force on the
atoms. The effective detuning δ± of the beams is given by

δ± = δ ± k ⋅ v ∓ μegB(r)/h̵, (1)

where δ is the detuning of the laser beam from the atomic resonance.
The total magneto-optical force on the atoms is given by F = F+
+ F−, where

FIG. 3. Final position of the particles on the transverse plane (i.e., XZ plane) at the
end of their trajectories at the 3DMOT position.

F± = ±
h̵kΓ

2
s0

1 + s0 + (2δ±/Γ)2 , (2)

where k is the wave vector of the laser beams, h is Planck’s constant,
Γ is the natural linewidth of the cooling transition, v is the velocity
of the atoms, μeg is the effective magnetic moment for the cooling

FIG. 4. Trajectory of all the particles coming out of the 2D+MOT glass cell.
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transition, B(r) is the magnetic field along the particular axis, and s0
is the saturation parameter, given by s0 = I/Isat , where I is the inten-
sity of the cooling beams and Isat is the saturation intensity of the
atomic transition. Along the longitudinal Z axis, B(r) = 0, and for

the transverse axes(i.e., X or Y), B(r) =
√

B2
x + B2

y . The “+” and the
“−” signs in the force equations are chosen according to the direc-
tion in which the force is calculated on the atoms with respect to the
center of the 2D+MOT glass cell,

μeg = (gemFe − ggmFg)μB, (3)

where gemFe(g gmFg) is calculated for the excited state (ground state)
and μB is the Bohr magneton. The value of (gemFe − g gmFg) is
obtained as 1 for the D2 cooling transition of both 23Na and 39K
atoms, and hence, μeg = μB for both the atomic species.

A. Simulation results
In this section, we present the results obtained from the numer-

ical simulation. The final positions of the particles at the end of
their trajectories obtained from the numerical simulation are shown
in Fig. 3. The trajectories of all the particles coming out of the
2D+MOT glass cell are shown in Fig. 4. The results of the numerical
simulation for the capture rate of the 39K-MOT and the 23Na-MOT
as a function of the corresponding 2D+MOT cooling intensity per
beam are compared with the corresponding experimental results,
as shown in Fig. 7. Since we have performed the simulation by
considering typically 105 atom trajectories in the cooling volume,
whereas the total number of atoms in 2D+MOT cooling volume
is governed by the partial pressure, an overall scaling factor is
used accordingly. Using the same numerical technique, we have
also compared the 2D+MOT flux as a function of the magnetic
field gradient with the experimental measurements, as shown in
Fig. 10.

TABLE I. Optimized parameters for the 2D+MOTs.

2D+MOT parameters 23Na 39K

δ2D
cooling (Γ) −1.8 −6.5

I2D
cooling per beam (IS) 7 10

I2D
repumping/I

2D
cooling 0.18 0.75

I2D
pushing/I

2D
retarding 3.6 8.1

∂xB, ∂zB (G/cm) 26 9

Iadditional − push (IS) 7.7 5.38

Vapor pressure (mbar) 1.4 × 10−8 2.2 × 10−7

3DMOT capture rate (atoms/s) 3.5 × 108 5 × 1010

V. EXPERIMENTAL RESULTS
For our experiment, the essential parameters that characterize

the performance of the two 2D+MOTs are the loading rates into
the corresponding 3DMOT for 23Na and 39K atoms. We experimen-
tally studied its dependence on several 2D+MOT parameters, such
as the vapor pressure in the 2D+MOT glass cell, the total cooling
beam intensities, the 2D+MOT magnetic field gradient, the detun-
ing of the cooling and repumping beams, and the intensity ratios
between the repumping and cooling beams, as well as the pushing
and retarding beams. The optimized values of these parameters are
displayed in Table I. In addition, we have also observed a signif-
icant enhancement in the performance of the 2D+MOT for both
the atomic species when we use Light Induced Atomic Desorption
(LIAD)56,57 in both the 2D+MOT vacuum manifolds.

We determine the capture rate of atoms in the 3DMOT using
fluorescence measurements. We present our typical measurements
from the 39K (23Na) 3DMOT using fluorescence images recorded
using a CCD camera, as shown in Fig. 5(a) [femtowatt detector in
Fig. 5(b)]. The number of atoms in the 3DMOT as a function of the

FIG. 5. Number of atoms captured in the (a) 39K-MOT and (b) 23Na-MOT as a function of time for various detunings of the cooling beam of the corresponding 2D+MOT.
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FIG. 6. Capture rate of (a) 39K-MOT and (b) 23Na-MOT as a function of the detuning of the corresponding 2D+MOT cooling beams. The 3DMOT cooling beam detuning
was kept fixed at −6.8Γ and −1.4Γ for 39K and 23Na atoms, respectively.

loading time is calculated using the expression for the scattering rate,
where the experimental parameters are saturation intensity58,59 and
laser detuning (calibrated using a weak probe beam to determine the
exact resonance frequency). The number of atoms captured in the
39K-MOT and 23Na-MOT as a function of time for various detun-
ings of the cooling beam of the corresponding 2D+MOT is shown
in Figs. 5(a) and 5(b), respectively. For optimized parameters, we
observe a fast loading of 5 × 1010 atoms in 800 ms for 39K atoms. In
the case of 23Na atoms, we observe a loading of 5 × 108 atoms in 1.2 s
limited only by the two-body collisional loss rate in the bright 23Na
3DMOT.

Figure 6 shows the dependence of the capture rate of the
39K-MOT and the 23Na-MOT on the detuning of the corresponding
2D+MOT cooling beams. The curve has a maximum at detunings
of −6.5Γ and −1.8Γ for 39K and 23Na atoms, respectively. The max-
imum capture rate in the 3DMOT as a function of the detuning of
the 2D+MOT cooling beams is the result of two opposing effects:
the scattering force of the 2D+MOT beams decreases with increas-
ing detuning, implying a less efficient transverse cooling for higher
detuning, whereas the capture velocity increases with higher detun-
ing, which increases the atomic beam flux.60 The detuning at which
the maximum capture rate in the 3DMOT is obtained represents

FIG. 7. Experimental measurements and comparison with numerical simulation of the capture rate of (a) 39K-MOT and (b) 23Na-MOT as a function of the corresponding
2D+MOT cooling intensity per beam. The intensity ratios between 2D+MOT repumping and cooling beams were maintained at 0.75 and 0.18 for 39K and 23Na atoms,
respectively.
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FIG. 8. Capture rate of the (a) 39K-MOT and (b) 23Na-MOT as a function of the intensity ratio between the corresponding 2D+ MOT repumping and cooling beams. In the
case of 39K atoms, a relatively large repumping to cooling intensity ratio of around 0.75 is required for the optimized operation of the 2D+MOT due to the narrow spacing of
the excited state hyperfine splitting. On the other hand, the 23Na source works well with a relatively low repumping to cooling intensity ratio of around 0.18.

the detuning for the most efficient transverse cooling of the atoms,
which produces a cold atomic beam with high flux and narrow veloc-
ity distribution so as to pass through the differential pumping hole
with minimum divergence.

An additional factor affecting the behavior of the plot shown in
Fig. 6 is that we measure the 39K-MOT and 23Na-MOT capture rate
rather than the 2D+MOT atomic beam flux. The scattering force of
the pushing beam depends on the cooling beam detuning, which is
one of the factors that determines the mean velocity of the atomic
beam; as a consequence, it has an effect on both the atomic flux53

and the loading rate of the MOT.52

The dependence of the capture rate of the 39K-MOT and the
23Na-MOT on the cooling beam intensity of the corresponding
2D+MOT is depicted in Fig. 7. The curve almost linearly increases
with the beam power without a clear indication of saturation. The
increase is due to two effects: First, the 2D+MOT capture veloc-
ity increases with laser power due to the power broadening of the
atomic spectral lines. Second, the scattering force increases, result-
ing in steeper transverse confinement, which facilitates the injection
of the atoms into the differential pumping tube. The absence of
saturation demonstrates that light-induced collisions for the used
range of laser powers are negligible. As the rate for light-induced

FIG. 9. Capture rate of the (a) 39K-MOT (b) 23Na-MOT as a function of the intensity ratio of the pushing and retarding beams of the corresponding 2D+MOT. The optimum
value of the intensity ratio is experimentally obtained at 8.1 (3.6) for 39K (23Na) atoms. The data presented in this graph are recorded at a reduced oven temperature whereas
we have experimentally checked that the optimum intensity ratio remains the same as a function of partial vapor pressure for both 39K and 23Na atoms.
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FIG. 10. Experimental results and comparison with the numerical simulation for the capture rate of the (a) 39K-MOT (b) 23Na-MOT as a function of the magnetic field
gradient of the corresponding 2D+MOT. At a low magnetic field gradient, the experimental data match well with those of the model developed with simple two-level atom
approximation. However, at high field gradients, expectedly, the results deviate especially for potassium atoms where the excited state splitting is less than that of sodium
atoms, as elaborated in the text.

collisions depends on the atom number density in the 2D+MOT,
the absence of the saturation effect implies that the atomic density
in the 2D+MOT is low due to the absence of three-dimensional con-
finement. This qualitative description given above is supported well
using our numerical simulation results, which agree well with the
experimental observation, as evident in Fig. 7. The capture rate of
atoms in the 3DMOTs is limited by the available laser power in our
experiment.

Figure 8 shows the dependence of the capture rate of the
39K-MOT and the 23Na-MOT on the intensity ratio between the
cooling and repumping beams of the corresponding 2D+MOT.

The graph shows that the 39K-MOT and 23Na-MOT capture rate
increases with increasing repumping intensity and that it saturates
at high intensities of repumping beams. The dependence of the cap-
ture rate on the repumping beam intensity can be attributed to the
branching ratio of the transition probabilities for the correspond-
ing atomic transitions in 39K and 23Na atoms. In the case of 39K
atoms, the hyperfine splitting of the excited states (dipole allowed
from the ∣F = 2⟩ hyperfine ground state) is small (37.2 MHz), thereby
increasing the probability of optical pumping to the lower hyperfine
state ∣F = 1⟩ and removing the atoms from the cooling transition.
Hence, a relatively large intensity ratio between the repumping and

FIG. 11. Capture rate of the (a) 39K-MOT (b) 23Na-MOT as a function of the vapor pressure of 39K and 23Na in their respective 2D+MOTs. We observe a monotonic increase
in the 3DMOT capture rates as a function of the 2D+MOT vapor pressure for both species. For 39K, the data indicate a saturation of the capture rate above 2 × 10−7 mbar
partial pressure whereas the capture rate for 23Na is only limited by the available partial vapor pressure.
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cooling beams is required for the 39K atoms as compared to 23Na
atoms where the same excited state hyperfine splitting is relatively
large (92.6 MHz).

The dependence of the capture rate of the 39K-MOT and the
23Na-MOT on the intensity ratio between the pushing and retard-
ing beam of the corresponding 2D+MOT is depicted in Fig. 9. The
curve has a maximum at Ipush/Iretard = 8.1 for the 39K-MOT and
3.6 for the 23Na-MOT. The difference observed between the opti-
mized ratio of the pushing and retarding beams for 39K and 23Na
2D+MOTs can be attributed to the following argument. The 23Na
atoms tend to diffuse out of the cooling volume due to lower mass
and larger scattering rates than the 39K atoms. Therefore, we need
to also efficiently cool the 23Na atoms in the longitudinal direc-
tion so that they spend a longer duration in the transverse cooling
region. This is achieved by a smaller Ipush/Iretard ratio than the
39K atoms.

The dependence of the capture rate of the 39K-MOT and the
23Na-MOT on the magnetic field gradient of the corresponding
2D+MOT is shown in Fig. 10. The curves show a maximum cap-
ture rate of the 3DMOT at the 2D+MOT magnetic field gradient
of 8 and 25 G/cm for 39K and 23Na atoms, respectively, depict-
ing the optimized 2D+MOT magnetic field gradient for efficient
magneto-optical confinement in the transverse direction so as to
pass through the differential pumping hole with minimum loss of
atoms. We have compared this observation with the numerical sim-
ulation results and found that at low magnetic field gradients, the
agreement is good for both species. However, at a high field, the sim-
ple two-level model is no longer a valid approximation because the
excited state manifold (spacing between ∣F′ = 1⟩ and ∣F′ = 3⟩ states)
in the case of potassium is pretty small (∼31 MHz) while it is around
∼93 MHz for sodium. Therefore, the force on an atom away from
the 2D-MOT center axis is significantly high for the high gradient
case compared to what is calculated using a simple two-level model.
This effect, in turn, increases the atomic beam divergence, limiting
the capture rate into the 3DMOT. Expectedly, this effect is more

TABLE II. Optimized parameters for the 3DMOT.

3DMOT parameters 23Na 39K

δ3D
cooling (Γ) −1.4 −6.8

Total I3D
cooling (IS) 10 22.7

3DMOT field gradient (G/cm) 17.6 18.5
I3D

repumping/I
3D
cooling 0.225 0.75

Total number of atoms 5.8 × 108 3 × 1010

serious in the case of potassium than sodium, as is evident from
Fig. 10.

Figure 11 shows the dependence of the 39K-MOT and
23Na-MOT capture rate on the vapor pressure of 39K as well as 23Na
atoms in the 2D+MOT cell. The vapor pressure was measured by
recording the absorption profile of a low-intensity probe, fitting it to
Beer’s law and applying the ideal gas equation. For the fit, the iso-
topic abundance in the cell needs to be taken into account as small
hyperfine splittings and isotopic shifts of the potassium atoms lead
to a single Doppler absorption profile induced by different transi-
tions. As evident from the plots in Fig. 11, the capture rate in the
3DMOT increases linearly with vapor pressure in the 2D+MOT glass
cell for both 39K and 23Na atoms for low partial vapor pressures. We
observe an indication of saturation in the capture rate for the 39K
source at around 2 × 10−7 mbar vapor pressure. The capture rate for
the 23Na 3DMOT is only limited by the available partial vapor pres-
sure of 23Na atoms in the 2D+MOT glass cell. The 23Na partial vapor
pressure was not measured using the weak probe absorption tech-
nique; rather it was inferred from the temperature of the air around
the glass cell.

The optimized experimental parameters for the 39K and 23Na
2D+MOTs are summarized in Table I, and the optimized parameters
for the 39K and 23Na 3DMOTs are summarized in Table II.

FIG. 12. Total number of atoms captured in the (a) 39K-MOT (b) 23Na-MOT as a function of time, demonstrating the effect of switching on the LIAD (light-induced atomic
desorption) for the corresponding 2D+MOT.
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In order to vary the vapor pressure in the 2D+MOT side for
39K atoms, the oven temperature was varied between 50 and 130 oC.
The metal parts near the 2D+MOT glass cell were kept mildly heated
to 40 oC so as to prevent coating of 39K atoms there and to facili-
tate 39K atomic vapor coming into the glass cell. In the case of the
23Na 2D+MOT, the oven was heated to 300 oC, and the metal parts
near the glass cell were heated to 100 oC. The region around the 23Na
2D+MOT glass cell was kept heat-insulated using a heat-insulation
blanket and two layers of aluminum foil while keeping sufficient
openings for the cooling laser beams. Heating rods were inserted
inside the insulated region to keep the air temperature around the
2D+MOT glass cell between 60 and 75 oC. In the case of Na, this
special arrangement is done (in contrast to 39K) because 23Na atoms
have a particular tendency to stick to glass surfaces and the melting
point of 23Na is also relatively high (98 oC). We have avoided heating
the glass cell to a higher temperature so as to prevent degrading the
vacuum at the 2D+MOT side.

The total number of atoms captured in the 39K-MOT and
23Na-MOT as a function of time demonstrating the effect of switch-
ing on LIAD (light-induced atomic desorption) for the correspond-
ing 2D+MOT is shown in Fig. 12. In our experiment, LIAD plays
a significant role in increasing the vapor pressure of 39K and 23Na
atoms in their respective 2D+MOT glass cells by increasing the
atomic beam flux and thereby the capture rate of atoms in the cor-
responding 3DMOT. We use commercially available high-power
UV Light-Emitting Diodes (LEDs) (center wavelength of 395 nm)
(Thorlabs M395L5) for the 39K side and a 100 low-power UV LED
array for the 23Na side. Both 39K and 23Na atoms are efficiently des-
orbed from the glass surface upon shining the UV light, thereby
increasing the partial pressure of the atoms without affecting the
overall vacuum in the 2D+MOT glass cells. This results in a signif-
icant increase in the 2D+MOT flux as well as the 3DMOT capture
rate, as shown in Fig. 12. This is particularly useful because apart
from the improved performance of the cold atom sources, the UV
light also prevents the glass surface from being coated by 39K and
23Na atoms.

VI. LIGHT-ASSISTED INTERSPECIES COLD COLLISIONS
Finally, we report on the effect of cold collisions between

23Na and 39K atoms while they are simultaneously captured in the
3DMOT. The effects are considerable and may cause significant
atom loss from the trap, as evident from the typical experimen-
tal data shown in the inset of Fig. 13, where we monitored only
the number of 23Na trapped atoms while loading the 39K 3DMOT,
which overlaps with the 23Na 3DMOT in space. From a series of
such data recorded with different 39K loading rates, we experimen-
tally found an interspecies loss-coefficient (βNaK). We present the
results as a survival probability of one species (reported for 23Na) in
the presence of the other species by calculating the total trap loss in
the asymptotic limit (Fig. 13). In this context, the survival probabil-
ity is defined as the fraction of atoms remaining after the interspecies
light assisted collision is turned on.

It is worth noting that we observe as much as nearly 50% loss
of 23Na atoms due to interspecies light assisted cold collisions. As
the 39K numbers are increased in the trap by increasing the 39K
2D+MOT flux, the interspecies collisions result in further loss of
23Na atoms, which saturates above a mixture ratio (the ratio of the

FIG. 13. Survival probability of 23Na atoms as a function of the “mixture ratio” (ratio
between the number of 39K and 23Na atoms). Inset: Typical data of the 23Na atom
number in the 3DMOT in the absence and presence of 39K 3DMOT loading.

number of 39K atoms to the 23Na atoms in the trap) of 5. In this high
mixture ratio, 39K can be considered a bath in which 23Na atoms
move as “impurities”. As the bath size is increased, we reach a con-
stant density limit for the 39K cloud, and the interspecies collision
also reaches a steady state value. For typical dual species overlapping
3DMOTs of 23Na and 39K, we find the interspecies loss co-efficient,
βNaK = 2 × 10−12 cm3/sec (using the semi-classical approach
described in Ref. 61). In comparison, the intra-species light-
assisted collision rate for 23Na–23Na is βNaNa = 2.1 × 10−11 cm3/sec,
and that for 39K–39K is βKK = 3 × 10−11 cm3/sec. These measure-
ments are performed using the typical single species loading curves
in the 3DMOT using a similar measurement technique described in
Ref. 62.

In order to verify the above-mentioned argument physically,
we varied the interspecies loss-coefficient (βNaK) by varying the
excited state population of the bath atoms (39K). Experimentally,
this is performed by controlling the repump laser power in the
3DMOT, which regulates the population of the 39K atoms in the
∣F = 2⟩ state. The resulting data are presented in Fig. 14. The obser-
vation indicates that as the excited state population is increased,
the interspecies collision rate also increases, resulting in further
decrease in the number of minority species (23Na) atoms. Inter-
estingly, beyond a certain excited state fraction of around 1.75%
in 39K atoms, the survival probability of the 23Na atoms actually
increases again. This is because at such high 39K excited state popula-
tion, 39K–39K collisions (governed by the C3/R3 potential) dominate
the 23Na–39K collisions (which are governed through C6/R6 poten-
tial).63 Here, R is the inter-atomic separation, and C3 and C6 are
the resonant and off-resonant dipole–dipole interaction coefficients,
respectively. This effect results in the decrease in the density of the
majority species (39K) and hence the interspecies collision rates. This
observation suggests that the interspecies collision can be tuned and
significantly reduced by controlling the excited state population of

AIP Advances 13, 065317 (2023); doi: 10.1063/5.0154985 13, 065317-11

© Author(s) 2023

D
ow

nloaded from
 http://pubs.aip.org/aip/adv/article-pdf/doi/10.1063/5.0154985/17981505/065317_1_5.0154985.pdf

https://scitation.org/journal/adv


AIP Advances ARTICLE scitation.org/journal/adv

FIG. 14. Survival probability of 23Na atoms as a function of the excited state
population of the 39K atoms.

the bath. This way, we could vary βNaK in a range between 1.7 and
3.3 × 10−12 cm3/sec.

VII. CONCLUSION AND OUTLOOK
We report the design, implementation, and characterization

of two 2D+MOT sources of a cold atomic beam for 39K and 23Na
atoms. We characterize the performance of the two 2D+MOTs via
measurements of the capture rate of atoms in the corresponding
3DMOT. We studied both experimentally and using a comprehen-
sive numerical simulation the dependence of the capture rate of
cold atoms in the 3DMOT on the various 2D+MOT parameters for
both 39K and 23Na atoms. In this way, we obtain the optimized val-
ues of these parameters to ensure the best performance of the cold
atomic beam sources. Joint performance of the overlapping 23Na
and 39K MOTs has been studied, and interspecies light-assisted col-
lisional processes are reported along with the interspecies collision
rates.

The cold atomic mixture will be cooled further via sub-Doppler
cooling and loaded into a magnetic trap. Subsequently, the atoms
would be transported to a “science cell” located at a distance of
about 51 cm from the MOT center using a magnetic transport
and thereafter loaded into a QUIC magnetic trap for RF evapo-
rative cooling to reach simultaneous quantum degeneracy of 23Na
and 39K atoms. The quantum degenerate mixture would thereafter
be transferred into optical traps and optical lattices64 for further
experiments on quantum simulation of interacting many-body sys-
tems.2 The response function of the cold atoms65 can be studied
in the presence of inter-species interaction, exploring a rich para-
meter space for the measurements. The spin-exchange interaction
between hetero-nuclear cold atomic mixtures can be studied using
Faraday rotation fluctuation measurements.66 Our compact and ver-
satile setup for realizing cold atomic beam sources of 39K and 23Na
atoms will be useful for experiments on a quantum degenerate mix-
ture of 39K and 23Na atoms, and it can be utilized for a variety of

quantum technology experiments, such as quantum metrology,67

quantum simulation,68 and quantum sensing.69
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