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Magneto-Optical Trap with Millimeter Ball Lenses
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We present a magneto-optical trap (MOT) design based on millimeter ball lenses, contained within a
metal cube of 19-mm side length. The ball lenses create highly divergent conical MOT trapping beams. In
our experiment and in trajectory simulations, we study the effect of beam divergence and light-intensity
gradients on MOT performance. We trap approximately 4.2 x 10° ®Rb atoms in our ball-lens MOT at
a density of 3.2 x 10° cm—2 and a loading time of 1.3 s. Experimental measurements and the trajectory
model are used to calibrate the trapping efficiency in the highly divergent light fields of the ball lenses. The
advantages of the design include small lens and chamber sizes favorable to miniaturization, the absence of
large-diameter optical-beam pathways, and a low laser-power requirement. These features are conducive
to atom-trap geometries with well-defined electromagnetic boundary conditions, as required for ion and
plasma traps, and for efficient shielding of black-body and dc stray fields.

DOL: 10.1103/PhysRevApplied.14.044013

I. INTRODUCTION

The invention of the magneto-optical trap (MOT)
[1-3] has brought forth a variety of innovations in physics
research, as it has allowed researchers to cool atoms to pre-
viously unattainable temperatures. Multiple groups have
created MOT designs that use the same tangible principles
but feature different optical configurations, often for the
sake of miniaturization, portability, and/or ease of setup.
These include grating MOTs [4,5], pyramidal MOTs [6-9],
low-velocity intense-source (LVIS) MOTs [10], and five-
beam MOTs [11]. While implementations of the classic
six-beam MOT design suffice for many cold-atom exper-
iments, some applications require electromagnetic bound-
ary conditions that are better defined than what is afforded
by the broadly optically accessible structure of a standard
MOT.

Here, we realize a MOT design that uses millimeter-
sized ball lenses that are held in place in a cubic metal
frame with a side length of 19 mm, contained inside a
vacuum chamber. Ball lenses have well-known optical
properties [12,13] and are typically used for optical tweez-
ers [14,15] but they are not traditionally used in MOTs.
In our design, six collimated laser beams pass through
1.5-mm-diameter ball lenses and diverge into light cones
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with a full divergence angle of approximately 35°. The
conical MOT beams differ from collimated beams in that
they exhibit longitudinal intensity gradients and position-
dependent k vectors. We quantify the effects of these beam
properties by measuring the key characteristics of a MOT
formed at the intersection of the conical beams. In our
computational analysis, we explore laser cooling in inho-
mogeneous highly divergent light fields and we address
challenges associated with the specific geometry and beam
alignment.

The ball-lens MOT design has specific advantages over
the standard six-beam MOT. The trap center is enclosed
in a small metal box and the ball lenses subtend a total
solid angle of only a few 4w x 10~3 steradians from the
MOT location. Such systems can serve as an experimental
platform to configure atom traps with embedded electrode
structures, which may have to be mostly closed off in order
to provide well-defined electromagnetic boundary condi-
tions. Embedded electrodes with a high degree of symme-
try are needed, for instance, in cold-atom-loaded Penning
[16,17] and Paul traps [18]. Further, atoms trapped in a
metal-box ball-lens MOT are Faraday shielded from stray
electric fields and perturbations of the black-body radi-
ation field caused by fields entering through apertures
are minimized. This property can be useful in precision-
measurement and atomic-clock experiments that employ
MOTs and that are susceptible to black-body radiation
shifts [19-22] and/or dc Stark shifts [23]. The divergence
of the light cones generated by the ball lenses makes this
MOT operate best at low laser powers. Because of these
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features, ball-lens atom traps can be of value in future
quantum-technology applications [24].

II. IMPLEMENTATION

Six 1.5-mm-diameter N-BK7 ball lenses are held in
place with a custom-made ball-lens optical box (BLOB).
Figure 1(a) shows a rendering of the BLOB and Fig. 1(b)
a picture of the physical part. The BLOB is a hollow
cube with an inner side length of 16 mm that is manufac-
tured from six 1.6-mm-thick steel plates. Each ball lens is
implanted in a counterbore at the center of a cube face,
where it is held in place by a metal flap spring, at a dis-
tance of approximately 8 mm away from the cube center
and trap location. The flaps have 1.3-mm-diameter holes
at the location of each lens for the MOT beams to pass
through. The counterbores have inner and outer diameters
of 1.3 mm and 2.0 mm, respectively. The flap springs push
the lenses from the outside of the BLOB against 0.5-mm-
deep ledges on the inside of the cube faces, resulting in
a simple, secure, and vibration-resistant lens mount. The
BLOB cube is welded onto a piece of steel square tubing
that is attached to the inside of a high-vacuum (approx-
imately 10~® Torr) chamber used for MOT testing. The
BLOB has eight extra 4.0-mm-diameter holes on its edges
and faces as shown in Fig. 1(a), which have been added
for the ease of MOT analysis and for applications requiring
additional laser beams.

A sketch of the trapping fields inside the BLOB is
shown in Fig. 1(c). Unlike in standard six-beam MOTs,
in ball-lens MOTs the laser beams cannot be recycled by
retroreflection because, due to the strong divergence of the
beams in the trapping region, only a minute fraction of the
trapping light is collected by the opposite ball lens [see Fig.
1(c)]. Instead, six independent collimated cooling beams
(waists of wg ~ 0.6 mm) are directed onto the ball lenses
from the outside of the BLOB. Inside the BLOB, the beams
focus into spots at a back focal distance of approximately
350 pm and emerge as conical beams. We experimen-
tally profile the divergent light fields inside the BLOB and
determine a numerical aperture NA =2 0.3, corresponding
to a full opening angle of the light cones of approximately
35° [full width at half maximum (FWHM) of the intensity].
The beams have an approximately Gaussian profile in the
directions transverse to the beam axes, with a 1/e? drop-off
radius of the intensity at the MOT center of wg = 4 mm.
This is in agreement with a ray-tracing analysis using the
Zemax OpticStudio software.

The ball-lens MOT is tested with ®*Rb. The MOT
beams have a wavelength of 780 nm and are detuned from
the 5S812F =3 — 5P3F’ = 4 hyperfine cycling transi-
tion by —14 MHz, with an uncertainty on the order of
1 MHz (F and F”’ denote the lower- and upper-state hyper-
fine quantum numbers, respectively). The power of each of
the six cooling beams before entering the vacuum chamber
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FIG. 1. (a) A computer rendering of the ball-lens MOT design,

including the incident cooling beams. The ball lenses are located
at the centers of the cube faces. The larger holes are for additional
optical access. (b) A picture of the physical ball-lens optical
box (BLOB). The right-facing side shows the exposed milled
holes before insertion of a ball lens, while the upward-facing side
shows an installed ball lens and retaining flap. (c) A cross-section
sketch of fields within the ball-lens MOT.

is < 5 mW. With the above value of wp, the upper limit
of the peak intensity of the individual beams at the MOT
center is approximately 12 Iy (the saturation intensity
Iat=1.6 mW/cm2 for the MOT transition [25]). The true
intensity is slightly less due to reflection and other losses
(such as Rb absorption and possible beam clipping). Den-
sity images of the atom cloud in the MOT are obtained
with a collimated MOT probe laser resonant with the

044013-2



MAGNETO-OPTICAL TRAP WITH MILLIMETER...

PHYS. REV. APPLIED 14, 044013 (2020)

F =3 — F' = 4 transition (FWHM of 2.5 mm and cen-
ter intensity 0.23 mW /cm?). The probe beam is directed
through the center of the BLOB and the emerging out-
put beam is aligned into a CCD camera (Pixelfly Model
270 XS). The camera is used to take both shadow images
with the probe beam on and MOT beams off and fluores-
cence images with the probe beam off and MOT beams
on. An additional camera, mounted on an axis perpendic-
ular to that of the Pixelfly camera, is used to ensure that
the trapped-atom cloud is approximately spherical. Further
details of the setup are given in Appendix A.

III. MOT ANALYSIS

The main quantities of interest in our experimental
characterization of the MOT are the atom number, atom
density, and loading time. The atom number and density
are dependent on the particular design of this MOT and
the experimental laser parameters, while the loading time
is mostly dependent on the background pressure in the
chamber and is similar to other MOTs.

The atom number, the most important metric in our com-
parison with our theoretical model in Sec. IV, and the
number density of the MOT are measured using shadow
imaging. In this configuration, the MOT cooling beams are
briefly turned off and a probe beam pulse is sent through
the MOT and into the Pixelfly camera. The MOT and
probe beams are switched with acousto-optic modulators
(AOMs). Figure 2(a) shows an area-density shadow image
for a MOT single-beam intensity of / ~ 8.5 mW/cm? (5.1
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FIG. 2. (a) A shadow image of the MOT showing the area den-
sity [the integrand in Eq. (B1)] versus the position in the MOT
plane. (b) The timing diagram for the shadow imaging. When the
MOT light is turned off, the camera is gated on for 90 us. Fol-
lowing a wait time of T = 20 us after the MOT light is turned
off, the probe pulse is turned on for a duration of 50 us.

90 us

Isat) and Fig. 2(b) shows the corresponding timing details.
With the probe beam carefully tuned on resonance with the
F = 3 to F' = 4 transition, we find the atom number in our
MOT to be NmoTep =42 x 10° (for additional details,
see Appendix B). Assuming that the MOT fills a cubic
volume with a side length of 0.5 mm, the typical linear
size of the MOT observed with both of our perpendicu-
larly mounted cameras, the atom density in the MOT is
estimated to be 3.2 x 10° atoms/cm?®.

The loading time, required for calibration of the the-
oretical atom-number estimate in Sec. IV, is determined
with fluorescence imaging. In this configuration, the MOT
light is periodically switched on for 4.0 s to allow the trap
to accumulate atoms and then off for 1.0 s to empty the
trap. The camera records images of the atom cloud, with
exposure times of 10 ms and camera-gate starting times
of 1; = i x 0.25 s relative to the turn-on of the MOT light
(i=0,1,...,12). Figure 3(a) shows a fluorescence image
of the atom cloud after 3.0 s of loading, along with a timing
diagram in Fig. 3(b) for the fluorescence imaging pro-
cedure. In our analysis, we fit the background-subtracted
fluorescence images with two-dimensional Gaussians, the
pixel-sum areas of which are taken to be proportional to
the atom number. The conversion factor from pixel sum
to atom count is obtained as follows. A collimated 780-
nm test laser test beam (power 1.134 nW) is passed in its
entirety through the camera lens and is imaged into an out-
of-focus nonsaturated disk with a diameter on the order of
that of the MOT. The pixel sum of the test-beam image
then corresponds to 1.134 nW, allowing us to convert
MOT-image pixel sums into light power radiated from the
MOT. The given camera geometry (lens aperture and dis-
tance from the MOT), the photon energy at 780 nm, and the
photon scattering rate per atom in the MOT, y = 107 s~!
(known from the model results in Sec. V) then allow us to
convert fluorescence into an atom count. We estimate the
calibration uncertainty to be 30% due to the uncertainty in
y and in the geometrical parameters. The uncertainty in
y arises from the detuning uncertainty (a few MHz). We
note that shadow imaging with a low-intensity on-resonant
probe beam (see Fig. 2) results in a more accurate atom
count.

Figure 3(c) presents the atom count obtained from fluo-
rescence images versus the loading time, along with error
bars from the fits that represent the statistical error (the
uncertainty of the fluorescence-to-atom-count scaling is
not included). Applying an exponential rise time fit to
the data, we calculate a time constant of 1.3 £ 0.1 s. The
residuals between the data and the fit can be attributed to
the effects of intensity and frequency fluctuations of the
cooling laser on the experimental data. The vacuum cham-
ber pressure as read from the ion pump attached to the
chamber is 10~* Torr. The observed loading time is in
line with values observed in conventional MOTs at that
pressure.
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FIG. 3. (a) An inverted fluorescence image of the MOT taken through one of the 4.0-mm viewports in the BLOB, with a length

scale bar. (b) The timing diagram for the loading-time measurements. The loading time t is stepped in units of 0.25 s and the camera
exposure time is 10 ms. (c) The atom count versus the loading time. The application of an exponential fit to the data yields a time
constant of 1.3 & 0.1 s. The atom count scales linearly with the trap fluorescence. (d) The measured trap atom count (left axis, circles)
and the simulated trapped-atom number (right axis, linked squares) versus the central single-beam intensity at the trap center location,
averaged over the six MOT beams. The asymmetric horizontal error bars reflect a potential 15% reduction of the beam intensity due
to reflection and other losses, while the vertical error bars are the standard deviations of the data sets for each beam intensity. The
variance in the MOT atom counts is due to shot noise as well as nonstatistical fluctuations such as radiation-pressure effects.

In our performance evaluation, we also study the depen-
dence of the atom number on the MOT beam intensity.
In Fig. 3(d), we show the atom count versus the central
beam intensity. The result indicates an optimal trap per-
formance at an intensity of approximately 6/g; at higher
intensities, the atom number drops. This behavior con-
trasts with standard six-beam MOTs, in which the atom
number keeps increasing to considerably higher intensities
before reaching a plateau. The peculiar intensity depen-
dence of the ball-lens MOT is reproduced by our model,
as shown by the simulated data in Fig. 3(d). The simulated
data are for d = 7.5 mm, MOT detuning of —15 MHz, a
MOT magnetic-field gradient of 15 Gauss/cm along the
field’s symmetry axis, and a MOT beam diameter of 6 mm
(FWHM of the intensity). The model is described in the
following sections.

IV. THEORETICAL MODEL OF BALL-LENS MOT

The objective of our model is to determine the depen-
dence of the number of captured atoms in steady state

on ball-lens MOT parameters. Further, we study how the
atom-capture behavior differs from that of a standard six-
beam MOT and how that translates into ditferences in the
steady-state trapped-atom number and into guidelines for
the best operating conditions for ball-lens MOTs.

Briefly, the capture efficiency is studied by simulating
atom trajectories that are propagated with a fourth-order
Runge-Kutta algorithm, where the six diverging ball-lens
MOT beams give a spatially varying radiation pressure.
In addition to the usual transverse intensity variations in
the beams, we also account for the longitudinal inten-
sity gradients and the variation of the k vectors within
the individual highly divergent beams. We assume a fixed
thermal atom flux incident from the spherical surface of
the simulation volume, with random atom positions and
velocities following kinetic-gas theory. Time-incremented
atom positions are tracked until the atoms either exit the
simulation volume or suffer a collision with a fast back-
ground atom. The trapped atoms are counted and their
phase-space parameters are recorded at user-defined times.
Further model details are given in Appendix C.
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(a) A depiction of three atom trajectories. The relative speeds of the atoms are indicated by the thickness of the arrows. Atom

1 is successfully trapped in the MOT. Atom 2 is not trapped because it is moving too slowly and atom 3 is not trapped because its
collision parameter by is too large. (b) The number of trapped atoms versus the distance d of the ball lenses from the MOT center and
I /L. (c) The root-mean-square (rms) value of the incident collision parameters by of the captured atoms versus d and I /I . (d) The
rms value of the incident speed vy of the captured atoms versus d and [ /1.

The MOT parameters for the simulation in Fig. 4 include
a MOT magnetic field gradient of 15 G/cm along the field
axis and a laser detuning of —15 MHz from the MOT tran-
sition, corresponding to typical Rb MOTs and close to our
experimental value. We vary the distance d of the ball-lens
focal spots from the MOT center from 6 mm to 50 mm.
To study the transition between a regular and the ball-lens
MOT, we assume that the transverse intensity distributions
of the beams are Gaussians with a fixed, d-independent
FWHM of 6 mm at the MOT center, as measured for the
ball lenses used in the experiment. The FWHMs of the
beams are proportional to the distance from their respective
focal spots. For large d, the system approaches a regular
six-beam MOT with near-zero-NA collimated beams. As d
is reduced, the MOT gradually transitions into a ball-lens
MOT with large-NA beams. The smaller d is, the more
the divergence and the longitudinal intensity gradient of
the MOT-beam light cones affect the MOT performance.
Here, we restrict ourselves to the case in which all six opti-
cal axes pass through the center of the MOT and in which
all lenses have the same distance from the MOT center.

For each set of parameters, we evaluate the trajectories
of 107108 thermal atoms impinging into the MOT region.
Every atom that enters gets tagged with its initial speed
vg and collision parameter bg relative to the MOT center
[see Fig. 4(a)]. Most atoms do not become trapped (red
trajectories), while some do (blue trajectory). Any atom the
speed of which drops below 1 m/s, within 2 mm from the
MOT center, is considered trapped. We have verified that
the exact values of these trapping criteria are not important.
We log the root-mean-square (rms) velocity and rms radius
of the trapped-atom cloud in the MOT, the trapped-atom
number, the average photon scattering rate of the atoms,
and the rms values of the initial speed v and the collision
parameter by of the atoms that become trapped.

V. RESULTS OF THEORETICAL MODEL

A. Survey of relative performance

In Fig. 4, we present a survey of ball-lens MOT perfor-
mance as a function of the ball-lens-to-focal-spot distance
d and the single-beam peak intensity I at the MOT center.
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In the simulation, the MOT loads for 0.9 s, the half-life for
the collision time constant of 1.3 s measured in the experi-
ment. The simulated impingement flux into the MOT cell,
Fsim, 1s taken to be 50 atoms per microsecond [the trapping
results can be scaled up to the actual impingement flux;
see Eq. (1) below]. Figure 4(a) shows a diagram of typi-
cal atom trajectories in the MOT, two of which fail while
one is successful in becoming trapped. Figure 4(b) displays
the number of captured atoms Nyor versus d and [ /Igy.
From this simulation, it is determined that in the experi-
ment we are operating the MOT near the lower bound in
d at which the ball-lens MOT becomes viable. Atd < 7
mm, the ball-lens MOT does not capture experimentally
useful numbers of atoms. The usual six-beam MOT with
collimated beams is near equivalent with the right mar-
gins in Figs. 4(b)}-4(d), where d = 50 mm. The numerical
data show that, at —15 MHz MOT detuning and other
parameters as stated, our d &~ 8 mm ball-lens MOT cap-
tures approximately 6%—14% of the number of atoms that
one would find in a regular six-beam MOT, with the high-
est ratio at [ = 4/,;. It is also noted that at small d values
the performance is best at lower intensities and degrades
at high intensities. This accords with the trend measured in
Fig. 3(d). For completeness, we also report that the tem-
perature of the trapped atoms is, universally for all cases
in Fig. 4, near the Doppler limit (here, 150 ©K), and the
diameter of the trapped-atom cloud near 0.25 mm.

In Fig. 4(c), it is seen that the rms incident collision
parameter by of the trapped atoms drops from about 5 mm
for the regular MOT (d = 50 mm) to about 1.5 mm for
the case of extremely divergent beams (d = 6 mm), with
a minor variation as a function of the intensity. Figure
4(d) shows that for the standard MOT (d = 50 mm) the
rms capture velocity ranges between 15 m/s at low and 25
m/s at high intensity; this range is generally as expected.
Interestingly, for extremely divergent beams (d < 8 mm),
the rms capture velocities increase to about 17 m/s at low
and 30 m/s at high intensity. A closer study, shown in
Appendix D, reveals that MOTs with extremely divergent
beams do not capture significant fractions of slow incident
atoms at all. This behavior may appear counterintuitive,
but we offer an explanation for this in the discussion and in
Appendix D.

B. Quantitative model for the number of trapped
atoms

Next, we perform an order-of-magnitude comparison
between experimentally observed and simulated trapped-
atom numbers. The Rb vapor pressure inside the BLOB is
assumed to be negligible; the atoms to be trapped impinge
from the larger vacuum chamber (“outer vacuum cham-
ber”) via the apertures into the interior of the BLOB. The
atom flux impinging from the outer vacuum chamber into
the BLOB cell is given by Fgyx, = (4/4)nyv, where A is the

surface area of the cell that is exposed to impinging thermal
atoms, ny is the vapor volume density in the outer vacuum
chamber, and v = /8kzT/(wM) with vapor temperature
T'=293 K and atom mass M = 85 amu is the average
thermal speed. It is invalid to set ny equal to the room-
temperature equilibrium density of Rb, because the outer
vacuum chamber is not saturated with Rb vapor. For a
good comparison, it is essential to perform an in situ refer-
ence absorption measurement, from which ny is inferred.
For the necessary calibration of ny, we perform a refer-
ence absorption measurement with a Gaussian-profile test-
beam diameter < 1 mm (central intensity 11 mW/cm?,
tuned to the MOT transition) propagating through a 40-
cm-long segment of the outer vacuum chamber, with the
MOT magnetic field off. The observed absorption is 3.6 £
0.2%. Using a calculation described in Appendix E, we
find ny = 6.3 x 10'® m—3, which yields an experimental
impingement flux Fg,, = Avny/4 = 4.3 x 101 51,

In the simulation, the impingement flux into the MOT
cell is assumed to be Fsiy = 5 x 107 s~!. Therefore, if
the simulation shows a trapped-atom number Nyort sim, the
number of trapped atoms expected for our experiment is

F Exp

NMOTExp = NMOT,SimT = 8600NMvoTSim- (1)
We run the simulation for a best estimate of our exper-
imental conditions (d = 7.5 mm, beam FWHM of 6 mm,
MOT decay time of 1.3 s, magnetic-field gradient along
the field axis 15 G/cm). Over the parameter ranges and step
sizes investigated in our simulations, the best performance
is seen for a MOT detuning of about —15 MHz and I =
6l Under these conditions, the simulated steady-state
atom number is 220 + 4. The theoretically predicted value
for the trapped atom number then becomes NmoT,sim =
1.9 x 10°. This number can be compared with the num-
ber of MOT atoms that we have experimentally observed

under good conditions, NMoT,Exp = 4.2 X 10°.

VI. DISCUSSION

The picture that emerges from the combined results of
the survey study is that ball-lens MOTs with highly diver-
gent trapping beams (d < 8 mm, NA 2 0.3) only capture
atoms that are pointing toward an “active” trapping cen-
ter that is about 4 mm across [the gray region in Fig.
4(a)]. Atoms traversing through an outer belt of radia-
tion pressure, ranging in diameter from about 4 mm to
the outer reaches of the trapping beams, become blown
out on their approach toward the MOT center [trajectory
3 in Fig. 4(a)]. Ball-lens MOTs with highly divergent trap-
ping beams therefore only capture atoms with velocities
between 20 m/s and 30 m/s and collision parameters less
than about 2 mm. It is particularly noteworthy that atoms
slower than about 15 m/s and with collision parameters
less than about 2 mm do not become trapped [trajectory
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2 in Fig. 4(a)]. For an atom to become trapped, it has to be
fast enough that its inertia carries it through the outer belt
of radiation pressure, slow enough that it becomes trapped
within the inner region of “good” radiation pressure, and
the trajectory of the incident atom also has to point at the
center of the MOT to within about 2 mm tolerance. In
Fig. 4(a), only trajectory 1 meets all criteria. Additional
details presented in Appendix D confirm this picture.

The agreement between experimental and simulated
trapped-atom numbers is within about a factor of 4. Four
of the eight 4-mm holes on the BLOB have a small
clearance from the glass windows, which are part of the
outer vacuum chamber, and one window is hidden in
the BLOB’s support tube. The accessible opening of the
BLOB where Rb may effuse is only 3/8 = 1/2.7 of the
area assumed in comparison, leaving a disagreement in
trapped-atom number of less than a factor of two. The
remaining disagreement may, in part, be attributed to Rb
vapor-density variations near the BLOB, caused by the
complex molecular-streaming behavior of the Rb vapor
from the source, which is attached to the outer vacuum
chamber, to the BLOB region. The ball-lens MOT’s atom
collection efficiency could also be reduced by MOT beam
aberrations and imperfections that we are not able to quan-
tify but that are usually present in most MOT setups.
Finally, there may be a small difference between the
assumed J = 0 — J' = 1 MOT transition and the actual
8$Rb F =3 — F' =4 transition in terms of trapping effi-
ciency. Studies into the detailed origins of the remaining
factor of 2 of unaccounted-for disagreement are outside
the scope of the present study. Regardless, we are confident
that we capture the essential physical principles of the ball-
lens MOT and that our work presents a valuable guide for
research elsewhere toward implementation of this design.

VII. CONCLUSION

We implement a magneto-optical trap within a small
metallic cube using 1.5-mm-diameter ball lenses and we
develop a kinetic model that describes atom trapping and
cooling in MOTs with highly divergent trapping beams.
The simulated results are in good agreement with our
experimental observations and parametrize the range over
which this MOT should work well.

While this design of the BLOB is successful in forming
a MOT, there are several changes that we will implement
for subsequent versions. The simulations indicate that our
ball-lens-to-focal-spot distance d from the trap center is
near the lower edge of viability. In view of Fig. 4, in appli-
cations one might want to use d values in the range of 2
cm, where the BLOB dimension is still conveniently small
and the atom number is 2 50% of that of a similar-sized
standard six-beam MOT.

We will be remiss if we do not mention the disadvan-
tages of this MOT design. Unlike standard designs, it is

difficult to counter-align the beams that lie along the same
axis, making the initial alignment more difficult. Due to the
dependence of the central intensity in the MOT region on
the incident angle on the ball lens, the setup has a higher
sensitivity to relative beam powers than a standard MOT.
Nevertheless, once we observe trapped atoms within the
ball-lens MOT, the design provides a sizable range of sta-
bility over both the relative beam powers and angles of
incidence for each ball lens.

Now that the viability of a ball-lens MOT is demon-
strated, the design may be applied in experiments. The
compact BLOB provides well-defined electrostatic bound-
ary conditions and provides a platform to install addi-
tional electrodes. This feature makes the BLOB design
attractive for research on cold plasmas generated from
trapped-atom clouds, where uncontrolled dc electric fields
can be a problem. Further, other groups have recently
performed work on compact ion traps and trapped-ion
laser cooling [26—28]. The advantages of the ball-lens
MOT would coincide well with some requirements of
these types of experiments. The well-defined electrostatic
boundary conditions minimize stray electric fields inside
the trapping region and eliminate dc Stark effects [23].
A BLOB enclosure with six isolated walls connected
to electrodes would afford full three-dimensional electric
field control. This type of BLOB architecture could allow
stray-electric-field control in precision spectroscopy exper-
iments with dipole traps [29] and single ion traps [30].
As another example, cylindrically symmetric implementa-
tions of BLOBs, with segmented electrode rings and disks,
would be compatible with the symmetry requirements of
Penning traps [31].

We note that the velocity range of cold-atomic-beam
sources, such Zeeman slowers and LVISs [32,33] with an
optional pusher beam, can be matched with the veloc-
ity capture range of the ball-lens MOT, which ranges
from 20 m/s to 30 m/s. A matched-velocity configura-
tion would allow for more efficient loading of a ball-lens
MOT.

Finally, the BLOB also provides an effective shield
against radio-frequency, thermal, and optical radiation
entering the box, because the solid angle subtended by the
ball lenses from the center of the box can be made less
than one thousandth of 4 and the hole sizes for the ball
lenses are only about 1 mm in diameter. A BLOB design
may therefore aid in controlling ac Stark and pondero-
motive shifts in high-precision spectroscopy work with
Rydberg atoms [34,35]. It may also help in addressing
ac Stark shifts induced by black-body radiation [19-22]
and dc Stark shifts [23] in optical-lattice optical clocks. In
some of these applications, it will be necessary to eliminate
the unused 4-mm apertures we have implemented for flex-
ibility in diagnostic tests of our MOT or to replace them
with pinholes, so as to not compromise the integrity of the
electromagnetic boundary with large apertures.
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APPENDIX A: EXPERIMENTAL DETAILS

The BLOB is tightly mounted between two large-
diameter re-entrant vacuum windows that are part of a
larger outer vacuum chamber that houses the BLOB. The
two MOT coils are placed close to the outsides of the re-
entrant windows, so that the separation between the inner-
most windings of the coil pair is approximately 40 mm.
The MOT coils run at a current of approximately 6 A
and are air convection cooled. The experiment is equipped
with bias field coils to adjust the zero position of the MOT
quadrupole field.

The MOT cooling laser is locked to a hyperfine com-
ponent of the 5S8i/; — 5P3; transition of 85Rb using
saturation spectroscopy in a Rb vapor cell [36]. The cool-
ing beam passes through an AOM for switching and for
frequency tuning close to the F = 3 — F’ = 4 hyperfine
transition. A repumper laser drives the F =2 — F' =
hyperfine transition. The power of each cooling beam
before entering the vacuum chamber is S 5 mW. The setup
also has a probe laser used for shadow imaging. This laser
is on resonance with the F = 3 — F’ = 4 hyperfine transi-
tion and also passes through an AOM for frequency tuning
and for switching.

APPENDIX B: SHADOW IMAGING

The value for the atom number in the MOT, NMoT Exp, 1S
found by evaluating

1 (hy) = IGy)
e = [ 50 (T ey ) et B

over the MOT object plane, where I(x,y) is the shadow
image with MOT atoms present, Iz(x,y) is a background
image with the probe beam off but all other light sources
left on, and Iy(x, y) is an image with the probe beam on but
without MOT atoms. Since the light is unpolarized and the
MOT magnetic field is left on, we use the isotropic absorp-
tion cross section o = 1.246 x 10~? em? [25]. The integral
is evaluated as a discrete sum over a two-dimensional array
of CCD pixels, with the pixel area given by the CCD pixel
area projected into the object (MOT) plane.

APPENDIX C: MODEL DETAILS

In our kinetic laser-cooling model, we assume a spher-
ical MOT cell volume of radius R = 1.0 cm, which has a
volume similar to that of the BLOB used in the experiment.
Thermal atoms are generated at a fixed rate Fsin, on the cell
surface with fixed radial coordinate R and random polar

and azimuthal angles (6, ¢pg), with the coordinate system
defined by the magnetic field symmetry axis (Z) and the
axes of the cooling beams. The inward velocity distribution
is known from gas kinetics:

P(v,0,¢) = %P(U) sin(@) cos(), (C1)
with a normalized effusive Maxwell distribution P(v) and
spherical angular coordinates relative to the normal of
the impingement surface [which depends on the position
angles (6o, ¢o) of the atom]. The atomic trajectories are
propagated with a fourth-order Runge-Kutta routine in
which the atoms are subjected to the net radiation pressure
force from the six MOT beams. The actual position r(f)
of an atom determines the position-dependent beam inten-
sities, the beam k vectors, and the local MOT magnetic
field. Due to the conical nature of the light fields, the k
vectors of a given beam depend on the position within the
beam and cover an angular range that depends on the NA.
Along the optical axis of a beam, the transverse FWHM
increases linearly with distance from the ball lens and the
intensity decreases quadratically with distance. Further,
the polarization of each beam is locally decomposed into
three polarization components (linear, left-handed circular,
and right-handed circular) relative to the local direction of
the magnetic field. Hence, the six MOT beams together
give rise to 18 radiation-pressure force components act-
ing on the atom, where each component has the described
dependencies on position. Saturation of the assumedJ = 0
to J'=1 MOT transition (wavelength 780 nm, satura-
tion intensity 1.6 mW /cm?, upper-state decay rate 2 x 6
MHz) is taken into account. To account for spontaneous
emission of the atoms on the laser-cooling transition, the
program implements photon-recoil kicks in random direc-
tions, chosen with random numbers. Further, every atom
carries a lifetime clock that measures the time elapsed after
entry of the atom into the simulation. The time elapsed
governs the exponential decay of the atom. Physically, an
atom decay is a collision of a MOT atom with a fast back-
ground gas atom. A collision effectively removes the atom
from the simulation. Atom decays are implemented using
random numbers. The 1/e atom decay time is chosen to be
1.3 s, the value observed in our experiment.

APPENDIX D: TRAPPING STATISTICS IN MOTs
WITH HIGHLY DIVERGENT CONICAL BEAMS

To further exhibit the trapping behavior in MOTs with
highly divergent beams, we perform a study in which both
the collision parameter, by, and the incident velocity, vy,
are kept fixed, while the polar and azimuthal angles of
approach of the incident atoms relative to the z-axis, Oinc
and ¢y, are chosen at random. The results shown in Fig. 5
demonstrate that in the MOT with highly divergent laser
beams, atoms with incident velocities vp < 18 m/s become
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FIG. 5. (a),(b) Trajectory samples in cylindrical coordinates
for I = 61y, d =7 mm, by = 1 mm, MOT detuning of —15
MHz, and initial speeds of vy = 22.5 m/s and vy = 25.0 m/s,
respectively. Many trajectories that are strongly curved are asso-
ciated with repulsion by radiation pressure, while trajectories that
are approximately straight and end at the origin show trapping
events. (c) The statistics of the trapped-atom counts versus the
polar and azimuthal angles of approach, 6, and @iy, of the
incident atoms, for the same parameters as in (b) and on a lin-
ear scale. The angular regions of no trapping (white) correspond
with the directions of the MOT laser beams, indicated by the
coordinate-axis labels.

repelled and are not trapped due to radiation pressure.
Atoms that do become trapped have velocities vy ~ 25 m/s
and collision parameters by < 2 mm. The trapping behav-
ior as a function of the angle of approach of the impinging
atoms, Gy, and ¢, displayed in Fig. 5(c), further shows
that atoms approaching from directions that are in between
the MOT laser-beam directions have a much higher chance
for trapping than atoms approaching from a direction that
is close to one of the MOT-beam directions [see the beam
labels in Fig. 5(c)].

The above-described features differ starkly from the case
of a regular MOT, in which practically all atoms with
vo < 30 m/s and by < 6 mm are collected. The contrast
in trapping behavior of MOTs with highly divergent and

12d=?mm 12 d =50 mm
104 10
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E €
E & 5
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4
2.

0
5 10 15 20 25 30 35
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ol "
5 10 15 20 25 30 35
vy (mis)

FIG. 6. The probability of trapping on the indicated linear
scale averaged over 6y, and ¢ versus the incident atom veloc-
ity vp and collision parameter by for a highly divergent ball-lens
MOT with d = 7 mm (left) and for an essentially regular MOT
with d = 50 mm (right).

regular MOTs with collimated beams is shown quanti-
tatively in Fig. 6, where we display the relative capture
efficiencies versus by and vy for the casesd = 7mm (MOT
with highly divergent beams) and d = 50 mm (near-ideal
regular MOT). While both MOTs are capturing atoms up to
about 30 m/s, the MOT with highly divergent beams fails
to capture slow atoms and atoms with collision parameters
larger than about 2 mm. This behavior is due to repulsive
radiation pressure at distances larger than about 2 mm (see
Fig. 5).

APPENDIX E: VAPOR DENSITY CALIBRATION

To calibrate the Rb vapor density in the outer vacuum
chamber that houses the BLOB, we apply a numerical
absorption model in which we assume a thermal Rb vapor
with a Maxwell velocity distribution for 293 K and an
unknown volume density ny. In the model, the Gaus-
sian probe beam is segmented into annular rings with
given intensities, radii, and radial step sizes. The velocity-
averaged absorption coefficient, which depends on inten-
sity due to saturation of the transition, is calculated for
each ring. There, we use the intensity measured at the
probe-beam center of 2.8 I, ;, with the isotropic satura-
tion intensity Jg; = 3.9 mW/cmz, and the isotropic on-
resonance absorption cross section o = 1.246 x 10~° cm?
[25]. The beam power transmitted through the 40-cm-
long beam path through the outer vacuum chamber is then
found by integration over the annular rings. The calcu-
lation yields the beam-power absorption percentage as a
function of the atom volume density, ny. We find that the
experimentally observed (3.6 £ 0.2)% power loss requires
ny =63 x 101® m=3, with a 6% relative uncertainty.
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With the average thermal speed of v =270 m/s, the
impingement flux density then follows as vny/4 = 4.3 x
101 m=2 s~!. Multiplication of this value with the cross-
section area A of all apertures leading into the BLOB (eight
4-mm-diameter holes in our experiment) then yields an
exli»l:rin}ental impingement flux Fg,, = Avny/4 =43 x
10" s—.

It is noted that the measured value of ny represents
an average over the length of the probe beam and that
the uncertainty of the local ny value at the location of
the BLOB access holes may be greater than that of the
beam-averaged ny. Based on visual observation of the flu-
orescence glow along the probe beam path with an infrared
viewer, we see no evidence for density variations. Never-
theless, Rb adsorption on the BLOB metal walls, in close
proximity to the BLOB access holes, could locally reduce
the atom density in a way that is hard to see.
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