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SUMMARY

The utilization of thermal atoms can enable further miniaturization and scalability of
atomic devices and facilitate more applications of quantum information science in daily
life. Thermal atomic beams can be easily generated and maintained compared with cold
atoms. They also offer a longer coherence time and transverse Doppler-free interaction
compared with thermal vapor. However, thermal atomic beams are rarely utilized in small-
scale atomic devices. This thesis discussed novel approaches to generate miniature atomic
beams and demonstrated their application in the eld of quantum optics.

We rst introduced the chip-scale collimator based on etching microchannels on a sil-
icon wafer. The generated atomic beams were characterized, and a six-month continuous
test was conducted to determine this device's long-term performance and robustness. In
another approach, the collimator is fabricated by laser etching collimating channels on a
stainless steel plate using femtosecond laser micromachining techniques. This collimator
is then integrated into a rubidium dispenser to create an atomic source with an overall size
ofonly 18 mm 12 mm 2 mm. Through time-of- ight measurements, we found that the
collimator also greatly reduced the temperature of atoms emitted from the dispenser.

We then studied the combination of our chip-scale atomic beams with nanophotonic
resonators to achieve strong coupling in the cavity QED eld. Master equation simulations
are implemented to understand the dynamics of ying atoms interacting with microres-
onators. The prospect and expected signal of magnetically trapped cold atoms interacting
with resonators on-chip were also discussed. An edge coupling strategy was experimen-
tally demonstrated to enable an ef cient coupling between the free space laser beam and
silicon nitride waveguide on the chip. Furthermore, the characteristics of a slot resonator
designed for achieving unprecedented single atom cooperativity with atomic beams were
discussed.

In another direction, a customized photon time tagging system with an accura&pof
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ps is built. A novel two- ber photon correlation method is implemented to characterize the
velocity of single atoms in our miniature atomic beam. Through velocity selection, slow
single atoms in our miniature atomic beams were isolated, and atoms with velocity 20 times
smaller than the mean velocity were observed. Photon statistics from single atoms in our
atomic beam were measured and studied theoretically. High values of the second-order and
third-order correlation functions were found, which indicate its potential to be a source of
photon pairs or triplets. Our observations showed the prospect of a bottom-up approach to

building a thermal quantum system with trackable slow single atoms in an atomic beam.
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CHAPTER 1
INTRODUCTION

1.1 Background and motivation

Alkali atoms offer an excellent platform for studying light-atom interaction and atom-atom
interaction. Their simple electronic structure and energy levels allow scientists to easily
control and manipulate them with lasers. The isolated alkaline atoms are well-de ned
guantum systems, and every atom of the same kind in the universe has identical dynamics
that depend only on fundamental constants. This property leads to countless novel funda-
mental studies and quantum technologies in atomic optics.

One research direction in this eld points to better control and precise manipulation of
neural cold atoms in a laboratory environment. Some examples are quantum gas micro-
scope [1, 2], trapped atoms with a cavity [3, 4, 5], and optical tweezers [6, 7, 8]. Ultra-cold
atoms are utilized and are well-controlled and manipulated with minimum noise. However
high-performance devices in this regime are usually bound to a laboratory environment due
to their complicated system, core component size, and high power consumption. Along
with the requirement for ultra-high vacuum (UHV), they are not ideal for miniaturization
and scalability.

In another direction, tremendous efforts have been made in recent years to make portable,
scalable, and chip-scale atomic devices[9, 10]. Their performance might not be the best
compared with lab-environment setups, but they can provide adequate functionality to gen-
eral users and make a more signi cant technological and economic impact.

In this direction, the semiconductor industry's technology, advances in microelectrome-
chanical systems (MEMS), and the dramatic progress made in atomic optics are combined.

Numerous research has been done to bring cold atoms into chip scale [10, 11]. Magneto-



optical traps (MOT) with a single laser beam are demonstrated with pyramidal mirror struc-
tures [12, 13], and planar diffraction patterns [14, 15, 16]. Microfabricated wires on the
chip are used to create localized magnetic traps to control cold atoms and even a Bose-
Einstein condensate (BEC) [17, 18]. But these localized traps still need to be loaded from
a separate big vacuum apparatus.

The complication and high power consumption of magneto-optical traps (MOT) make
them hard to miniaturize. In addition, because of the Helium permeation and long-lasting
outgassing, ion pumps are usually connected to the package to meet the requirement of
UHV for cold atoms. With these burdens, full chip scale cold-atom devices remain elusive
[11].

On the other hand, more and more attention has been drawn to miniature atomic devices
using thermal atoms. Thermal vapors can be easily generated and maintained using simple
heaters, running current through alkaline dispensers [19] or focusing the laser beam on
an alkali pill [20]. Many miniature atomic devices have been demonstrated using micro
vapor cells [9], for example, miniature alkali vapor cell clocks [21, 22], laser frequency
reference [23], magnetometers [24, 25, 26]. The micro vapors cells suffer from broad
doppler broadening and fast decoherence from collisions with the wall. The inclusion of
buffer gasses and wall coatings can mitigate the decoherence process but will create a much
broader homogeneous broadening, and the characteristics can change over time [9, 11].

Atomic beams can achieve transverse doppler-free interactions with simple passive col-
limation. It has a longer coherence time compared with vapor cells and can also offer
continuous operation and high atom density. These advantages of the atomic beams make
them promising for miniature atomic devices. For example, atomic beam clocks can have a
better performance than their vapor cell peers [9]. The atomic beams are also widely used
in the quantum optics eld to interact with cavity to measure vacuum Rabi splitting [27],
achieve quantum memory[28], study Rydberg atoms [29, 30] ,test fundamental science [31,

32, 33] and study quantum computing [34, 35].



However, the atomic beam apparatus used to be bulky and not scalable, hindering its
implementation in portable atomic devices. This thesis presents three important contribu-
tions we made in utilizing atomic beams for a new generation of miniature atomic devices.
The rst part of the thesis will discuss our work in making atomic beams miniature and
versatile. With our chip-scale atomic beams, the third chapter of the thesis will discuss our
efforts to demonstrate the scalable platform for strong atom-photon interaction with mi-
croresonators. Then, the fourth chapter will focus on our research in isolating and utilizing

single atoms in a thermal atomic beam for chip-scale quantum devices.

1.2 Thesis outline

This thesis is organized as follows:

In chapter two, two approaches to generating miniature atomic beams are discussed, and
the properties of the atomic beams are characterized. In the rst approach, microchannels
are etched on a silicon wafer to create highly collimated rubidium atomic beams. The
guiding microchannels are precisely de ned by lithography and can be tailored to speci c
applications. The lifetime and robustness of the device are tested over six months. The
second approach combined femtosecond laser micromachining techniques and versatile
alkali dispensers. A collimator is fabricated by laser drilling 46 collimating channels on a
600 m thick stainless steel plate. The rubidium dispenser and collimator plate are bonded
together by ceramic adhesive to create an atomic beam source with an overall size of only
18 mm 12 mm 2 mm. The temperature of the atomic beams is also much lower than
the dispenser because of their collision with the collimator plate, which mitigated a big
drawback of alkali dispensers. This approach provides less collimation compared with the
rst one, but it does not require special handling of pure rubidium, and the overall size is
much smaller.

The third chapter of the thesis will focus on the efforts to combine our chip-scale atomic

beams with nanophotonic resonators to achieve strong coupling in the cavity QED eld.



Our chip-scale atomic beams can be delivered by lithographically de ned microchannels.
We proposed to integrate the atomic channels and microresonators on the same silicon
wafer, and the nanometer level alignment is naturally satis ed. High quality factor micror-
ing resonators were fabricated by Ali Dorche from Prof Ali Adibi's group and were care-
fully characterized. Extensive master equation simulations are implemented to understand
the dynamics of ying thermal atoms with resonators. We studied the expected signals and
possible constraints for experiments. Besides thermal atoms, simulations were conducted
to study the dynamics of trapped cold atoms with microring resonators. Both grating cou-
pling and edge coupling are explored to couple light in and out of the resonators. An edge
coupling method was demonstrated to enable an ef cient coupling between the free space
laser beam and silicon nitride waveguide on the chip. Besides resonators with a microring
structure, horizontal slot resonators are also studied. More simulations and experimental
efforts are discussed to understand its interaction with atomic beams and to extract the
gure of merit for cavity QED — single atom cooperativity.

In the fourth chapter, the experimental setup we built for enabling single-photon time
tagging and correlation analysis is discussed. Single atoms in our miniature atomic beams
are isolated, and their photon statistics are characterized. We used velocity selection to
select the slow atoms in a thermal atomic beam and implemented a novel two- ber photon
correlation method to measure their velocity. Our correlation method is able to distinguish
the slow atoms with velocities around 15 m/s, which constitute a ratio of bl of
the thermal atomic beam. Photon statistics from single atoms in our atomic beam were
also measured by using the Hanbury Brown and Twiss con guration. We observed high
values of the second-order and third-order correlation functions, which indicate its potential
to be a source of photon pairs or triplets for quantum optics. The theoretical analysis of
the observed data was explained. Monte Carlo wave function simulations mimicking our
experiment were also conducted to compare with our theory. Our work paves the way for

a bottom-up approach to building thermal quantum systems.



CHAPTER 2
MINIATURE ATOMIC BEAMS FOR PORTABLE ATOMIC DEVICES

2.1 Introduction

Generating thermal atomic beams is one of the rst approaches scientists utilized to study
atoms' properties and their interactions with external elds. Itis a great atomic source that
can provide continuous, directional, and isolated atoms that do not suffer from transverse
Doppler shifts and atom collisions.

Usually, to generate an alkali atomic beam, an oven containing pure alkali metals will
be heated, and high atomic vapor pressure is created. Then the vapor passes through a
collimator to form a highly directional beam. Two typical types of collimators often used
by atomic physicists are shown in Figure 2.1. The rst type is constructed by aligning two
small coaxial apertures in a bigger tube. The vacuum wall between two apertures is usually
actively cooled to low temperatures. As a result, the off-axis atoms will be trapped on the
cold walls, and only on-axis atoms can pass. Recirculating ovens [36, 37] are designed to
cool the off-axis atoms into liquid form and return them to the oven. However, most of
these designs add too much complexity to the oven.

The second type of oven composes of one or an array of long channels aligned in
the same direction. The channels are heated to the same or higher temperature than the
oven. Off-axis atoms hit the wall, are diffusively re ected in all directions and have a high
probability of returning to the source oven. The bigger the divergent angle, the higher the
probability of returning to the source. The collimation is thus achieved, and the divergence
angle HWHM (half-width at half-maximum of the ux angular distribution)-, roughly
equals to0:8d=L [38, 39]. The total number of atoms enters the entrance of a channel

per second equa@wAs, wheren is the atom density in the oven,is the average atom



Figure 2.1: (a) Aperture collimator. The wall between two apertures is usually cooled to a
low temperature to trap the off-axis atoms. (b) Channel collimator. The off-axis atoms will
collide with the wall, and diffusive re ect in all directions.

velocity, andAs is the cross-section area of the channel. For a transparent channel which
means the mean free path of the atom is longer than the channel lentta total ux
exiting the channels is [39]:

F= %1WnVAs (2.1)

With W being the transmission probability or Clausing factor [40]. The factor W depends
only on the geometry of the channel, the aspect rakih.). For circular channelg/ %
For a channel collimator with an aspect ratiodsfL = 1=30, we getW  0:04, meaning
that around 96% atoms are re ected back to the source while the on-axis ux remains the
same. Since for most of the applications, only on-axis ux is useful. Channel collimators
provide a huge advantage because they will elongate the oven lifetime by a fattdv of
L=d without harming the performance. Capillaries formed by stacking thin stainless tubes
have been used as the collimator to extend the estimated lifetime of a lithium oven to 50
years [41].

The mentioned collimator designs are mostly bulky and used together with big vacuum

apparatus. In the following sections, we will discuss our efforts in building miniature and

scalable channel collimators for portable atomic devices with a long lifetime.



Figure 2.2: Fabrication procedure. (a): Grow Oxide (b): Pattern PR and Etch Oxide (c):
Silicon DRIE (d): Strip PR/oxide mask (e): Evaporate Au (f): Si/Au Eutectic Bonding.
Figure taken from Ref [38].

2.2 Atomic beams on silicon chips

When | joined the lab, Chao Li was in charge of the silicon collimator project. Planar col-
limation arrays in silicon are fabricated to create chip-scale collimators that allow for great
exibility and control over the array elements. Besides the normal long-channel design,
a special cascaded collimator is achieved by creating two gaps on the channels to allow
off-axis atoms to escape.

The properties of the generated beams are measured and analyzed. | helped with some
of the characterizations. Then, | conducted the lifetime and robustness test of this silicon
collimator. The results of our silicon collimator have been published in Ref [38] and Ref
[42], in which | am a co-author. Some of the sentences and gures in this chapter are from
these two publications.

The fabrication of the silicon collimator is done by our collaborator—Prof. Ayazi's
group. The fabrication process is described in Ref [38], and | repeated it here for the
reader's convenience. The fabrication process (see Figure 2.2) includes two silicon wafers

bonded together to form an enclosed structure. First, about »f oxide was grown on



Figure 2.3: (a) The image of a cascaded collimator with a penny. (b)Microscope image of
the cascaded collimator in the top view showing the two gap regions g1 and g2, where the
capping wafer was removed. Atoms propagated through the channels in the direction of
the arrow. Some of the channel walls are still visible after dicing due to the asymmetry of
the dicing blade. The widths of the gaps g1 and g2 are around B0Qrigure taken from

Ref [38].

the base wafer (a). Then, about 81 of positive photoresist was patterned, and the oxide
was etched in an RIE process, which formed the mask for the collimators (b). After the
oxide etching, the collimators were etched using the Bosch DRIE process up to the required
depth of 100 m (c). The wafer was then cleaned, and the remaining oxide was etched
away in 49% HF solution to form the completed base wafer (d). Gold was evaporated on
the capping wafer (e). The two wafers were then bonded together using a Si—Au eutectic
bond at 450 C. Finally, the different dies were diced across the wafer according to the
length of the collimators to give us a completely sealed structure with access to the two
ends of the collimator lengths (f). The cascaded collimator was realized by partially dicing
through the bonded wafers in two places (see Figure 2.3(b)). The diced region widths were
g1, g2 =510, 500 m. Some of the channel walls are still visible after dicing due to the
asymmetry of the dicing blade. The image of the cascaded collimator with a penny is shown

in Figure 2.3 (a). The size of the collimatorisonly L mmbmm 3 mmh w |).

Figure 2.4 (c)-(d) shows the front-view images of the bonded collimator and Figure 2.4



(e) shows the scanning electron microscope images of the fabricated channels before bond-
ing. Each channel has a lendth= 3 mm and a cross-section area of 106 100 m.

The bonding of the two wafers provided an array of long channels with an aspect ratio of
L=d = 30. One end of the array was connected to a rubidium source and the output ux
of the channels were probed on the other end in the vacuum using free space uorescence
detection. Figure 2.4 (b) shows a top view uorescence image of 20 individually visible

atomic beams generated by a cascaded collimator.

Figure 2.4: The planar concept for atomic beams. (a) In a fully planar vision, atoms prop-
agate from a source region into a planar device that has been lithographically etched into
a silicon chip. Shown schematically are multiple sequential operations, including beam
formation by collimation, laser deceleration and/or cooling, atom interferometry or other
sensing protocols using guided atoms, followed by detection. Blue arrows indicate the di-
rection of the atomic beam propagation. (b) Rubidium atom beam collimation as the rst
nontrivial element demonstrated in this work. The adjacent image shows the experimen-
tally observed uorescence output of 20 individually resolved collimation channels. (c)
Optical and (d) scanning electron micrograph (SEM) end images of the channels show the
etched base wafer and sealing capping wafer. (e)—(g) SEM top images before bonding the
capping wafer showing microchannels that (e) collimated the atomic beam, (f) produced a
focusing beam, and (g) created two beams propagating at a relative angle of 12 degrees.
Channel dimensions in (e) are 10h x 100 m x 3 mm (h x w x |) dimension, with 50

m wall thickness between channels. Figure taken from Ref [38].



Figure 2.5: A picture of our atomic oven for our silicon collimators using rubidium am-
poules. A copper tube going through an aluminum blank KF40 ange forms the main part
of the oven. The parts on the right of the ange will be in the vacuum. A rubidium ampoule
has been inserted into the copper tube near the left end. The left end of the tube has been
pinched off to make a seal. Rubidium vapors can be generated by heating the copper tube
on the left. Image taken by Chao Li.

2.2.1 Setupand uorescencespectroscopy

We used pure rubidium metal contained in sealed ampoules to introduce rubidium vapors
into the silicon collimator chip. A custom-made oven is designed to accommodate the
silicon chip and the ampoule. As shown in Figure 2.5, a 101 copper tube going through
a KF40 ange is used as the oven body. After loading the ampoule, the left end of the
tube is sealed by pinching it off with the cold welding technique. The right end of the
tube is terminated with a special holder to hold the silicon collimator. A nichrome heater
is wrapped around the holder to keep the collimator temperature higher than other parts
of the oven to prevent clogging. After installing it in the vacuum chamber and pumping
the chamber to a high vacuum, the copper tube near the ampoule is clamped down with
pliers to break the ampoule. In order to remove possible cold spots, thermal breaks with
low thermal conductivity (Ultem plastic) are also used between the copper tube and the KF
ange.

The oven with our collimator is installed in a 6-inch by 6-inch cubic vacuum chamber
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that can reachO ’ torr. The oven is heated to 10C to generate enough rubidium vapor
pressure. A Toptica external cavity laser is used to probe the atoffiR@D2 line. The

probe laser is kept linearly polarized by passing- @ waveplate and a polarizing beam
splitter. The laser is placed to probe the atoms onfymm away from the channels to
capture the atoms with all angular divergence. Careful alignment is done with the probe
beam to maximize the uorescence peak height and minimize the full-width half maximum
of the uorescence spectrum. By doing this, we make sure the probe beam is perpendicular
to the atomic beam to eliminate the effect of the longitudinal velocity distribution. Atomic
uorescence was collected by two f = 75 mm 2-inch diameter plano-convex lenses and
then focused onto a photodiode (Thorlabs DET100A2). The photocurrent is ampli ed by a
current preampli er (DL Instrument Model 1211, with a GainId® V/A) realizing a rise

time of 0.04 ms. The laser is scanned at a frequency of 5 Hz to make sure the signal rise
time is much longer. Both the saturated spectroscopy from the rubidium reference cell for
the frequency calibration and the uorescence spectrum from the atomic beam are recorded
and averaged over 64 traces by an oscilloscope (TDS2024C).

The spectral data of the ordinary collimator and the cascaded collimator is shown in

Figure 2.6(a). They are taken with the same oven temperature, laser size, and laser power
(saturation parameter s equals 1.2). Multiple hyper ne resonances betwe€RHES, -,
F = 2 ground state and tf#;-,, F'=1,2,3 levels appeared as narrow peaks as a function of
the probe frequency. The strongest such peak is the F'= 3 level, centered at zero frequency
offset. The natural linewidth of this transition is 6 MHz, while our laser linewidth is less
than 1 MHz. The width of this peak is wider because of the power broadening and the
Doppler broadening due to the transverse velocity distribution of the emitted atoms. For
the single straight collimator, this peak has a full width half maximum (FWHM) of 42
MHz, but contains broad wings visible up to 400 MHz detuning.

As a comparison, the data for the cascaded collimator only has a FWHM of 18 MHz.

The collimation is greatly improved, and the off-axis atoms are suppressed with our cas-
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Figure 2.6: (a) Measured atomic uorescence spectra versus excitation laser frequency
showing the transverse Doppler distribution of the atomic beam. Peaks at 0, 267, and -424
MHz correspond to transitions between the hyper ne F = 2 ground level and F' = 3, 2,

1 excited levels if’Rb, respectively. The data from the ordinary collimator (blue) and
the cascaded collimator (red) are shown. The saturation parameter is around 1.2. Solid and
dashed lines are corresponding theoretical calculations. (b) Transverse velocity distribution
of the cascaded collimator derived from the measurement by deconvolution, along with the
theoretical prediction from Monte Carlo simulations. Figure taken from Ref [38].

caded design. Using a deconvolution procedure, we estimated that the transverse Doppler
broadening had a HWHM =4 m/s, which implies a very narrow beam divergence angle
= 0.013 rad. The transverse velocity distribution by deconvolution is shown in Figure 2.6

(b). The details of the theory and more data can be found in Ref [38].

2.2.2 Long-timecharacterization

A crucial metric for any atomic source is the lifetime. For portable atomic devices, their
lifetime is usually determined by the lifetime of the oven because it is very dif cult to
change the oven without introducing contamination or degradation. There are two concerns
about this silicon collimator that we would like to address.

First, the microchannels have a cross-section of 10 100 m and a length of 3
mm. Such a small cross area and a big aspect ratio (30) bring concerns that the rubidium
atoms may accumulate on the wall and clog the channels. Second, the silicon wall between

each channel is only 50m thick. The thickness of the gold layer for Si/Au Eutectic
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Figure 2.7: A typical uorescence spectrum with 10D oven temperature. The blue dots
are the uorescence signal. The red curve is the tted curve using two Gaussian peaks
centered at 0 and -267 MHz.

bonding is only around 1 m. Therefore, the robustness of the delicate structures under
intense rubidium vapor exposure also needs to be tested. We performed a lifetime test
under continuous operation for a period of 6 months at various xed temperatures with a
focusing type collimator as shown in Figure 2.4 (f). The focusing-type collimator has 29
channels pointing to a focal point that is 2 cm away from the nozzle exit, with a maximum
angle of 0.1 rad. It doesn't have the gaps as the cascaded collimator. We used this focusing
type collimator because its structure is essentially the same as other types of collimators,
and it is not needed for other projects. The same cubic vacuum chamber is used, and a
stainless steel plate with a 9 mm diameter hole in the center is placed around 2 cm away
from the collimator. The size of the stainless steel is 9 cm in width and 5 cm in length.
The plate allows the atomic beam to pass but will block the potential vapor build-up in
our probe region over time. The laser is placed 6 cm away from the collimator. The laser
and the collecting setup are the same as what we mentioned in subsection 2.2.1. The laser
power was kept the same throughout the test, with a saturation parameter of 3.9.

We recorded the uorescence spectrum around three times per week to monitor both the

peak height and the spectrum shape. We also used a CCD camera to take an image near the
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Figure 2.8: (a) A uorescence spectrum with 150 oven at 1450 hours. The total signal

is tted with three Gaussian peaks representing the contribution from vapor, atomic beams
F=2to F'=3, and F=2 to F'=2, the tted amplitudes are 0.1591, 0.3840 and 0.0077 respec-
tively. (b) A CCD camera image of the vapor and the atomic beam with €50ven at

2050 hours. The vapor component was getting higher. The brighter region in the center is
the beam component, and the vapor makes the laser path visible.

collimator to check the output of every individual microchannel. The oven temperature was
set at 100 C at the beginning and increased to 125at 1150 h and 150C at 1320 h. The
vapor accumulated quickly at 15C. Thus, we reduced the temperature back to 12&t

2390 h to lower the vapor pressure. Figure 2.7 shows a typical spectrum witlCl@@&n

where the vapor is negligible. TRéRb D2 line F=2 to F'=3 is centered at zero frequency.
The FWHM of the peak is much wider compared with the result in subsection 2.2.1 because
the focusing type collimator makes the longitudinal velocity component contribute to the
spectrum. On the other hand, the tail is not as pronounced compared with the ordinary
collimator because the laser beam is much farther away from the collimator (6 cm vs 6
mm), and atoms with large divergent angles won't be detected. The height and HWHM of
the F=2 to F'=3 peak are extracted by tting the spectrum with two Gaussian peaks. One
Gaussian peak centered at 0 frequency represents the contribution from F=2 to F'=3, and
another Gaussian peak center at 267 MHz represents the contribution from F=2 to F'=2.
When the oven was increased to 1%8) the emitted atoms fully coated the inner surface

of the vacuum chamber, and the background rubidium vapor pressure slowly built up. As
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Figure 2.9: (a) The calculated total throughput over the continuous test. The temperature
is 100 C from 0 to 1150 h, 125C from 1150 to 1320 h, 150C from 1320 to 2390 h,

and back to 125C from 2390 h to the end. (b) Black dots connected by lines show the
measured HWHM of the atomic beam uorescence spectra. The blue dashed lines show
the benchmarks that are scaled to 1€5and 150 C using the averaged value at 1@D.

shown in Figure 2.8, the vapor component is handled by adding another Gaussian peak
centered at zero and a HWHM around 260 MHz into the tting process. The heights and
HWHMs of all three Gaussian peaks are tted and extracted from the signal when the vapor
component started to show up. To prove that the vapor was not from a broken collimator,
we turned the oven off for a day to get the vapor pumped away. Then in the next spectrum
data, the vapor component became negligible again.

A cameraimage as aninsetin Figure 2.9 (a) for the atomic beam uorescence right after
the channel exit indicates all 29 channels are working well (no clogging). The white arrow
on the inset marks the propagation direction of the atomic beams. Three black arrows mark
the time at 454, 1120, and 1510 hours in Figure 2.9 (a) and Figure 2.9 (b) when we took
camera images for the collimator output. None of the channels was clogged or showed any
problem.

The total throughput vs time is shown in Figure 2.9 (a). The details of how to calculate
the total throughput will be discussed in the next section. As we mentioned above, the
oven temperature is set to 10Q at the beginning, 125C at 1150 h, 150C at 1320 h,

and 125 C again at 2390 h. Before we had to stop and disassemble the setup for another
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project, this oven had run for over 4200 h, and none of the microchannels showed any sign
of clogging. It can be noticed in Figure 2.9 (a) that the throughput is decaying slowly within
the same temperature, which might result from the migrating of Rb inside the oven from
hotter spots to colder spots. The coating of Rb on the vacuum windows over time and the
drift of laser alignment may also contribute to this decaying effect. Since the ux is around
an order of magnitude higher at 150 and three times higher at 128, our results imply

a continuous operation time at 100 of over 19000 hours, more than two years, without
failure. This test proved that our microfabricated atomic beams are reliable and robust at
different temperatures and can have a very long lifespan. This validated the advantage of
long-channel collimators. Because the off-axis atoms will tend to return back to the source,
the transmission probability or Clausing factor Wiiblv nvAs; makes the lifetimel=wW

times longer.

While the total ux might be constant, an open question is whether the collimator an-
gular divergence might experience long-term drifts. To address this, in Figure 2.9(b), we
have plotted the extracted HWHM of the measured uorescence spectrum over the same,
roughly six months, time period. It is seen to be quite constant over this time period, ruling
out severe long-term degradations or changes in the MEMS fabricated structures due to
interaction with rubidium. For reference, we have plotted dashed lines that shcl?wﬁhe
variation of the most probable atomic velocity, where T is the temperature in Kelvins. If
the transverse velocity distribution is only in uenced by temperature, the HWHM should
follow the dashed line.

Our data after 1320 h are approximately 10% higher than this line. The possible reason
is that the mean free path of the atoms is smaller than the 3 mm channel length when the
temperature is at 125C and 150C [42]. The collisions between atoms will make the

transverse distribution broader. But their in uence, if any, is relatively stable over time.
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Figure 2.10: The diagram for atomic beams and our collection region.

2.2.3 Totalthroughputcalculation

In this section, we will discuss the procedure to calculate the total throughput from the
spectrum data. As shown in Figure 2.10, our laser beam and the imaging system's eld
of view de ne a collection region where atoms are excited, and the emitted photons are
collected by our photodiode. The laser beam has a Gaussian beam waistwaalioisg the
atomic beam direction anal, in the perpendicular direction (into the page). The diameter
of the eld of view de ned by the imaging system is. The volume of the collection region

isV = w ,aw, L,and the cross-section of the regiorsis 2wyL . We will show later that

L doesn't affect our calculation.

The photon scattering rate for one atom is [43]:

S

RelW)= 317 svammy

(2.2)

Where 2 6:06 MHz is the natural linewidthyy, is the resonance frequenay,
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is the laser frequency is the saturation parameter. The total scattering photon rate is a
convolution between the transverse velocity distributjg(w,)) and the scattering rate [44]:

Z,

(w=nV dvip(Vi)Rsc(W  kvt) (2.3)
1

Wheren is the averaged density of atoms in the collection voliumé is the wavevector
for the laser. The detected voltage on our oscilloscope is:

Z,

Vout(W) = hWO (W) R reSpG = hWO R respG nv thp(Vt)Rsc(W kVt) (2-4)
1

WhereResp = 0:6 A/W is the responsivity of the photodiod&, = 108 V/A is the gain

of the current ampli er, and = 1:2% s the overall photon collection ef ciency that is
subjected to the transmission of optics and the solid angle over which the emitted photons
could be collectedV, (w) is the spectrum data shown in Figure 2.7. By using the whole
spectrum datd/,,:(w) and combining a Fourier transform routine with Tikhonov regular-
ization [38], we can do a deconvolution and get the velocity distribuypig). With the
extracted velocity distribution, we can calculate an averaged photon scattering rate at zero
detuning: z
Rec(Wo) = . dvip(Vi)Rsc(Wo  kvi) (2.5)
Then, we can calculate the average atom dermsiby just utilizing the voltage at zero
detuningVoyt (Wo):

Vout(Wo) = hwp R 1espG TV ﬁsc(WO) (2.6)

q
The atom ow (atoms/s)i& = n S v, where v is the averaged veIoc:ityS"%T (kg Boltz-
mann constant, oven temperaturen rubidium mass). Thus we can write the measured

Oow as:
Vout (WO)
hWO R respG V Rsc(wo)

S v (2.7)
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By usingV = w ,w, L andS =2wyL, we get the measured ow:

- Vout(WO) \
hWO RrespG % Rsc(WO)

(2.8)

After getting the measured ow, we still need the fractiorof the total throughput travel
through our collection volume to calculate the total throughput. Monte—Carlo simulations
with our collimator structure and probing con guration are done by utilizing the Mol ow+
package [45]. The collection region is the cylindrical region formed by our probe laser.
By counting the atoms entering our collection region and dividing it by the total emitted
atoms (total throughput in the simulation) from our channels, we can get the fraction of
the total throughput that ies into our collection volume The is around 1.2% with

the con guration of our long-time test because the probe laser is 6 cm away from the
collimator. Furthermore, the measured ow is &b atoms in F=2 ground states. For
natural rubidium sample§/Rb has an abundance of 27.83%. The rati§’&b atoms in

F=2 ground states 5=8. By setting , = 27:83% 5=8 to be the total ratio, we get the

total throughput:
F

(2.9)

Frotal =

2.2.4 Summary

In summary, we have discussed atomic beam collimators on silicon chips, the rst element
in a fully planar atomic device for integrated atomic quantum technologies. The cascaded
collimator design offers a very narrow beam divergence angle= 0:013rad within a 3

mm distance. Our collimators can greatly reduce the size of quantum devices that utilizes
atomic beams. The long-time performance is also tested by running continuously for over
4200 hours. The robustness and reliability of the collimator make it suitable for portable

devices like atomic clocks, gyroscopes, atom-photonic devices, etc.

19



2.3 Miniature atomic beams with alkali dispensers

We have discussed our silicon collimators in the last section. But one drawback for the
silicon collimators is that the size of the associated oven is still big (see Figure 2.5). The
length of the oven is around 20 cm, and it is hard for mass production. The ampoule can
contain a large amount of rubidium which provides a very long lifetime, but it can also
make the whole oven more complicated and bulky.

Therefore, although the collimator has been made miniaturized, a good atomic source
besides rubidium ampoules is also vital for portable atomic devices. Alkali-containing
compounds can also produce pure alkali vapor by reacting with reducing agents at a high
temperature. For example, rubidium pills are an alternative atomic source based on rubid-
ium chromate. It can be handled in the ambient air and activated by heat. Many researchers
are able to put the alkali pills in bonded silicon-glass microcells and use a high-power laser
for activation [11]. IfZrAl , is used as the reducing agent, the chemical reaction below can

happen with heat to release pure rubidium vapor [11]:

2Rb2CI’O4 + ZrAl 2! 4Rb+ Cr,0O3+ A|203 + Zr0O>, (210)

Alkali metal dispensers [46] holds a mixture of rubidium chromate and a reducing
agent within a metal container, which has a trapezoidal cross-section with a small slit to
allow alkali metal vapor to exit (see Figure 2.11). They are sold commercially, usually for
alkali coating applications, such as producing photocathodes. These dispensers have been
adapted by atomic physicists to load magneto-optic traps (MOT) [47, 48, 49, 19]. A current
of several amps is passed through the dispenser to generate heat. Once the temperature is
high enough, the chemical reduction reaction process will start producing alkali vapor. The
reaction rate is sensitive to the temperature. Thus changing the supply current can easily
control the atom ux. They are small in size and can be handled in ambient air. The active

area of the dispenser we used (SAES RB/NF/3.4/12 FT 10) is around 6 rmm. These
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Figure 2.11: A drawing of the SAES alkali dispenser from ref [46].

properties can signi cantly reduce the complexity of the atomic oven and make it suitable
for miniature atomic devices.

However, the high temperature needed to initiate the reactions that produce alkali vapor
(550-850 C) creates signi cant challenges for integration into a chip environment, as they
present a considerable source of radiative heat that can in uence other chip components.
Moreover, at such elevated temperatures, the emitted atomic ux from a dispenser has a
substantial longitudinal velocity and must rst thermalize with room temperature surfaces
in order to be captured in a magneto-optical trap [19]. For this reason, dispenser activation
and subsequent utilization of the rubidium vapor are often performed in two separate steps.

In this section, we demonstrate a compact technique for the generation of directed
atomic beams from an alkali dispenser, which can be useful for miniature applications
demanding line-of-sight to the alkali source. For such applications, the broad angular dis-
tribution of alkali vapor emitted from a bare dispenser is unacceptable since it can degrade
the signal-to-noise ratio as well as contaminate nearby electronic or photonic components.
In our approach, laser micromachined holes in a collimator plate deliver atoms primarily in
the forward direction. We also nd that as the beam is generated, atoms rapidly thermalize

with the collimator to a considerably lower temperature, as determined by measurements
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Figure 2.12: Femtosecond laser machining set up. The nozzle on the left side is connected
to aN, cylinder to blow the vaporized material away from the material and toward the
vacuum tube. The sample is xed on the translational stage by a tape.

of the longitudinal velocity. Combined with its small size, this collimated source can be

easily packaged close to other chip-scale components. Our device will nd application in
the targeted delivery of neutral atoms to microscope volumes on-chip, including on-chip
cavities or nanophotonic devices for cavity QED [50, 51]. Our results have been published

in Ref [52].

2.3.1 Fabrication

We drilled microchannels in a 600m thick stainless steel plate to collimate the emitted
rubidium atoms. This collimator plate is fabricated using the femtosecond laser microma-
chining technique (OPTEC WS-Flex USP). Femtosecond laser machining uses ultra-short
laser pulses with a wavelength of around 1030 nm to ionize and remove the material via
photo-ablation. The laser beam waist at focus is aroundriplimiting this machine’s
capability to fabricate smaller-scale structures. The shortest pulse length is around 222 fs
and is tunable to 7 ps. With a maximum power of 4 W or the pulse energy ofi6this

laser machining technique is effective on polymers, metals, ceramics, glass, silicon, single

crystals, polymorphic crystals, etc. A picture of the setup is shown in Figure 2.12. Since
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Figure 2.13: The fabricated stainless steel collimator. The diameter of the holes is around
100 m, and the spacing is 160n. The size of the plate is 18 mm12 mm.

the material is vaporized and ionized by the laser pulse, we need to use nitrogen air blow
combined with a simple vacuum hose to blow them away. Otherwise, the vaporized ma-
terial will drop back to the surface and block further processing. For the laser machining
settings, the cutting works by de ning lines for the laser to pass. To cut a cylindrical mi-
crochannel with the stainless steel plate, one cutting layer is achieved by adding circles and
hatching lines spaced by 10n within them to cut all the material within the circles. One
layer is repeated ten times to remove at leastRof the tough stainless steel. Because

of the Gaussian beam divergence, the focus of the laser beam cut the fastest and needs to
be tuned to cut through the plate. Thus, after nishing a layer, the focus of the laser is
moved down 1 m to move the focus of the laser beam into the material and cut deeper.
Furthermore, 300 such layers are created in the software to cut through thenstblick
stainless steel plate. As for the diameter of the channels, we triedr6@00 m, and

150 m. The channels with 50m diameter, corresponding to an aspect ratio of 12, will
provide better collimation. With that high aspect ratio and small diameter, the fabricated
dimension of the channels is 72n on top and 40 m on the bottom. However, a portion

of the fabricated channels is still opaque (not through holes) because the femtosecond laser
beam got blocked by the melted stainless steel. Thus, we choose to test the collimator with

a diameter around 100m.
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The plate we eventually used is shown in Figure 2.13. We cut 46 channels in the center
of the plate with a spacing of 160m that fully covers the active length of the dispenser
(The active length is around 6 mm). The aspect ratio of the channels is around 6:1. As a
result of this aspect ratio and the nature of laser micro-machining, the fabricated channels
have varying diameters across the plate. As shown in Figure 2.14(b), the entrance diameter
isaround 115 mwhile the exitisan ellipse witBa 45 mand2b 70 m. The plateis
positioned with the entrance facing the dispenser to achieve better collimation. The overall
device dimensions are around 18 mni2 mm 2 mm and could be further reduced.
Then, a high-temperature ceramic adhesive (PELCO) is applied between the dispenser and
the collimator to hold them together while serving as an insulating spacer. Applying the
ceramic adhesive is done in ambient air, and after the adhesive is dried for 20 minutes, the
device is putinto an oven to cure for 1 hour at 1@0 This adhesive provides both ultra-low
electrical and thermal conductivity so that the current mostly runs through the dispenser and
creates a temperature difference between the dispenser and the collimator. The adhesive
also seals the space between the dispenser and the collimator to avoid leakage, thereby
creating a small cavity that acts as a rubidium reservoir. The off-axis atoms are more likely
to return to this reservoir and be saved. Although this procedure requires handling the
dispenser in ambient air, we have noticed that the dispensers are not noticeably degraded.

The apparatus is shown schematically in Figure 2.14(a).

2.3.2 Transverseelocity distribution

The device was put inside a cubic vacuum chamber that reached a pressure ardQnd 4
torr. The two terminals (leads) of the dispenser are connected to a two-pin Con at electric
feedthrough through electrical inline connectors. Then, a high current supply (0-30 A) is
used to supply current to the dispenser.

The device was activated by running an 8 A current for around 10 minutes. After

activation, the current was lowered to around 6 A, and a relatively steady ux of rubidium
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Figure 2.14: (a) Overview of the atomic beam apparatus. The length of the collimator plate
is 18 mm, and 46 channels span across 7.2 mm to cover the active length of the dispenser.
(b) The detailed view of the entrance and exit channel shape and the length of the scale bar
is 100 m. The entrance faces the dispenser. (c) The CCD camera image of the atomic
beams uorescence. The laser beam enters from the right, and the atomic beams travel
toward the top. A white line is added at the position of the collimator edge. It also shows
the initial span of the atomic beamsT.2 mm).

atoms was produced. The generated miniature atomic beams can be seen in Figure 2.14(c).
The operating current is greater than the bare dispenser because of the small exit area
( 0.12 mn?) and the extra heat load from the collimator plate and ceramic adhesive.

A laser beam was sent perpendicular to the atomic beam direction. Laser spectroscopy
at the®’"Rb D2 line is used to measure the transverse speed distribution. A current of 6.5 A
was run through the dispenser, and the uorescence was collected by using a 2 inches lens
set with a numerical aperture of around 0.24 and a silicon photodetector (Thorlabs Model
DET100A2). The photocurrent passes through a current preampli er (Model 1211 DL
Instruments) with a gain df® V/A. Figure 2.14(c) is the image of the beam uorescence
with our laser locked to th#Rb D, F = 2 to F°= 3 transition. All 46 channels are clearly
visible.

The atomic beam uorescence spectrum is shown in Figure 2.15 (a) together with the
saturated absorption spectrunf@Rb from a reference cell for identi cation of the spectral
lines. The full width at half maximum (FWHM) is 220 MHz. The spectrum is a convolution

between the scattering ra. and the atoms' transverse Doppler distributign;). Using
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