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If one hadn’t accomplished what one wished by six o’clock, it was unlikely that one

would do so thereafter. It would be better to go home and think about what one had done

today and what one was going to do tomorrow [1].

It’s time to go home and think [2].

Ernest Rutherford
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SUMMARY

Atomic beams are a key technology for realizing navigation-grade timekeeping and

inertial sensing instruments. Miniaturization of atom beam technology can enable new

quantum sensor architectures bene�tting from foundry production and microfabrication ap-

proaches. This thesis paves the way towards future quantum sensing devices using thermal

atomic beams on-chip enabled by Micro-Electro-Mechanical Systems technology in three

steps – chip-scale atomic beam collimation, brightness enhancement, and vacuum pack-

aging. We �rst demonstrated using a microfabricated thin capillary array to create highly

collimated, continuous rubidium atom beams traveling parallel to a silicon wafer surface.

Lithographic de�nition of the guiding channels allowed us to shape and tailor atoms' ve-

locity distributions in ways not possible using conventional machining. We developed �u-

orescence spectroscopy, Monte Carlo, and master equation simulations for a thorough un-

derstanding of their collimating performance. We then performed beam brightening via

blue-detuned optical molasses following pre-collimation given by these microchannel ar-

rays. Stimulated forces reduced the transverse velocity spread to below 1 m/s within a

total travel distance of 4.5 mm upon a silicon substrate, consuming a cooling power of

only 8 mW, 9 times lower power than earlier free-space experiments on cesium. Our two-

photon Raman velocimetry well-characterized the laser-cooled atomic beams' transverse

velocity distribution with high resolution and validated beam brightness enhancement by

more than a factor of 3. Finally, we achieved a fully chip-scale atomic beam system con-

taining an atom vapor reservoir and atomic beam drift region bridged by those thin silicon

microchannels for differential pumping, in conjunction with graphite and non-evaporable

getters embedded in the anodically bonded silicon-glass cell for sustaining the vacuum. In

addition, we also performed free-space Ramsey interferometry with a two-zone separation

as short as 8 mm, which mimicked the conditions and constraints for its future implementa-

tion on this chip-scale platform to unleash its potential in inertial sensing and timekeeping.

xvii



CHAPTER 1

INTRODUCTION

1.1 Background

Earlier work on atomic/molecular beams dated back to 1911 by Louis Dunoyer [3, 4],

where a blown glass vessel with a few narrow bottlenecks prototyped the primitive archi-

tecture of an atomic beam apparatus. Dense atomic vapors were:

1. ejected along the axial direction from the source chamber;

2. passively �ltered multiple times as they transited through ori�ce-shaped impedances;

3. �nally deposited in a localized region when condensing at the destination.

Soon after, Otto Stern and coworkers matured the molecular beam technology for quanti-

tative studies of beam velocity distribution [5]. As a workhorse for physics and chemistry,

this simple but powerful platform supplied a continuous stream of highly-directional well-

isolated atoms or molecules that could be sequentially addressed by, e.g., electromagnetic

waves and read out downstream without suffering from Doppler shifts and interspecies col-

lision. Over the last century, it witnessed several Nobel Prize-winning experiments such as

Stern–Gerlach experiment [6], nuclear magnetic resonance [7], Lamb shift [8], magnetic

moment of an electron [9], optical pumping [10], separated oscillatory �elds methods [11],

laser cooling [12], and even the realization of the new state of matter – a Bose-Einstein

condensate (BEC) [13, 14], where one of the teams used a sodium atomic beam to load the

BEC [15].

Apart from further deepening our understanding of atomic and molecular properties in

the �eld of precision measurement, many techniques and protocols developed during the

course of the activities above have been used to create different types of frequency stan-
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dards and clocks, such as listed in Table 1.1. State-of-the-art optical lattice clocks possess

Table 1.1: Different clocks with their accuracy, size, power, and cost are listed. Laboratory-
scale apparatuses play a crucial role in fundamental physics research, while miniature and
low-cost products have more signi�cant economic impacts. This table is extracted from a
seminar presentation slide [16].

Optical
Standard

Microwave
Standard

Atomic Beam
Clock

Vapor Cell
Atomic Clock

Precision
Quartz

Wristwatch
Quartz

Accuracy � 10� 18 � 10� 16 � 10� 13 � 10� 10 � 10� 7 � 10� 5

Size [cm3] 107 107 104 100 1 10� 3

Power kW kW 100 W 10 W 100 mW 10� W
Cost $ 50k $ 1000 $ 300 $ 0.1

such an unprecedented accuracy that they only lose or gain less than 1 second over the age

of the universe, assuming such a clock had existed at time zero [17, 18]. Microwave stan-

dards such as atomic fountain clocks and hydrogen masers �nd their applications ranging

from United States' primary time and frequency standard (NIST-F2) to European Union's

Galileo satellite navigation system [19, 20]. Different application scenarios need differ-

ent levels of clock performance. For example, satellite-based global positioning systems

(GPS) require very accurate clocks since a 1 ns error can correspond to a 30 cm navigation

offset, which can accumulate if timekeeping error continues to add up. Telecommuni-

cation networks and cell phone base stations require clock accuracy at the level of 100

ns and 10 us for short-term synchronization and long-term holdover [21, 22, 23]. Ocean

bottom seismic survey and geodesy for resource exploration desire to deploy thousands

of battery-powered clocks in a network for retrieving high-resolution seismic images to

an underwater depth of> 3000 m, where GPS signal is inaccessible [24]. Atomic beam

clocks with unsurpassed performance meet the stringent demand for 1 ns accuracy (e.g.,

Microsemi 5071A [25, 26]). Chip-scale atomic clocks (CSAC) have been developed for

other scenarios mentioned above to meet less-stringent timekeeping needs and can easily

guarantee 10 us accuracy [23, 27]. We compare and look into the working principles of

these two types of atomic clocks in detail in the following.

Atomic beam clocks have a continuous stream of thermal atoms well-isolated from the

2



environment under a high vacuum transiting two Ramsey zones [28]. Microwave cavities

measure atomic resonance within the hyper�ne ground state manifolds split by� 10 GHz

with a linewidth of 1 kHz, limited by the transit line of a cesium beam tube about 40 cm

long [29, 28]. Such an atomic resonance already possesses a quality factor (Q) of107.

Besides, the high signal-to-noise ratio (SNR) enabled by the high atomic �ux allows one to

determine better the center of the resonance giving an accuracy at the level of5� 10� 13. A

back-of-the-envelope estimation for the shot-noise-limited clock stability can be obtained

according to� y(� ) = ( �Q )� 1
p

Tc=�
p

1=Nat , whereTc is the clock cycle time,� is the av-

eraging time, andNat is the atom number per cycle of measurement [30, 31]. Then,Nat =Tc

would simply be the atomic �ow rate (unit: atoms/s) for a continuous stream of thermal

atoms. A short-term frequency accuracy of� 5� 10� 13 indicates roughly� 4� 109 atoms/s

contribute to the clock measurement (also see an estimation given in section 5.7.3 of Ref.

[29]). Despite the simple architecture compared to cold-atom systems where sophisticated

laser cooling and ultra-high vacuum are needed, a beam offers an idealistic decoupling from

any ambient perturbation, allowing one to achieve long-term stability better than1� 10� 14

[26]. Unfortunately, these incredibly accurate and stable timekeeping machines are rack-

mount size, consume 100 W power, and weigh 30 kg, hindering their portability and mass

production. However, end-users such as those in the underwater resources exploration in-

dustry and those requiring carry-on GPS receivers in harsh environments or anti-jamming

communication devices are thirst for atomic clocks with small size, weight, and power

consumption, because small clocks can be deployed in large quantities covering a broad

seismic surveying zone and can be battery-powered [32, 33, 24]. Besides, miniaturized

or chip-scale devices employing microfabrication techniques can bene�t from a foundry

production in large volume, reducing manufacturing costs by orders of magnitude per unit

[34, 35].

CSACs are based on thermal atomic vapor, typically cesium or rubidium, and have a

completely different architecture compared with a bulky cesium beam tube. Atoms in the

3



thermal vapor phase inside a mm� cm cell follow the Maxwell Boltzmann distribution.

Mean speed is typically around hundreds of meters per second at room or elevated tem-

peratures, leading to� MHz transit-time broadening. High-pressure inert buffer gases are

hence �lled into these cells to suppress the thermal motion reducing the mean free path

of atoms down to 1 um. On the one hand, transit time through the sub-centimeter laser

interrogation region is increased from microsecond level to millisecond range due to much

slower diffusion to the walls. On the other hand, collisions between alkali species and inert

gases depolarize the quantum states of alkali atoms at much lower rates compared with wall

collisions. Therefore, the introduction of buffer gas boosts the Q of a hyper�ne resonance

from 104 to 107, given transit time broadening< 1 kHz, comparable to that of cesium

beam clocks. However, the buffer gas does deteriorate the long-term stability causing the

vapor cell clocks to drift about10� 11 per month [27]. Nevertheless, microfabrication of

these miniature timekeeping devices brings the costs down to� 1.5k dollars per unit, with

a footprint of 17 cubic centimeters, and they can be battery-powered [36]. Comparing the

above two types of clocks reveals that a centimeter-sized beam clock can lose its short-term

stability due to a shorter transit time but surpass CSAC's long-term stability if it does not

drift when averaging over long periods [37].

Other than serving as the “working medium” inside atomic clocks, thermal atoms' role

is not con�ned to timekeeping. They also �nd applications ranging from quantum informa-

tion processing/computing [38, 39, 40, 41] to a wide variety of exquisite sensing [42, 43,

44, 45, 46]. One remarkable example is the laboratory demonstration of a Sagnac atom-

interferometer gyroscope early in 2000 [47, 48]. The apparatus has a bandwidth of� 100

Hz, bias stability< 70 � degree/hr, scale factor stability of< 5 ppm, and angle random

walk � 3 � degree/
p

hr, superior to many �ber-optic and micro-electromechanical systems

(MEMS) gyroscopes [49, 50, 51]. Unfortunately, such powerful but gigantic atomic sens-

ing instruments �nd no prospect of deployment outside the laboratory. Reducing its size,

one encounters unavoidable sacri�ce on performance. For example, shrinking a 2-meter-
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sized apparatus to a 2 cm pocket-sized portable device immediately worsens the perfor-

mance by a factor of104, according to the sensitivity scalingv=(
p

Nkef f L2). Here,v is the

beam velocity,N is the number of atoms participating in the sensing protocol,kef f is the

effective momentum exchange splitting the atomic wave packet, andL is the interferometer

arm length. However, other bene�ts accrue from a chip-scale approach. These include a

higher bandwidth of operation and the possibility of integrating multiple sensors on-chip

together for multiple axis measurements that are typically challenging to achieve in free-

space atom interferometer setups. In addition, microfabrication methods ease the alignment

between atomic and laser beams and can achieve delivery of atoms to the targeted region

with pinpoint accuracy. In principle, heaters, temperature sensors, laser sources, optics, and

atom or �uorescence detectors can all be integrated on-chip. This signi�cantly improves

the manufacturability of an atomic beam system compared with manual assembly [52, 53].

Moreover, many viable thermal atomic beam manipulation techniques, e.g., stimulated

cooling, adiabatic cooling, and bichromatic slowing [54, 55, 56], developed over the past

few decades can be implemented to enhance/preserve the sensing performance after minia-

turization. Rapid exchange of photon momentum along the longitudinal direction can slow

down the atoms from� 300 m/s to� 10 m/s within� 10-centimeter distances. Active

laser transverse collimation can dramatically enhance the beam brightness further improv-

ing the atom-shot-noise-limited SNR. Once the transverse temperature is cool enough, one

can potentially extend large-momentum-transfer protocols to thermal atomic beam systems

further boosting the effective momentum exchange between atoms and light �elds [57, 58,

59], thus increasing the Sagnac loop area by another two orders of magnitude. Besides,

nanometer-sized diffraction slits as matter-wave beamsplitters that are capable of exchang-

ing more than 100~k, in units of photon recoil momentum, have been demonstrated and

can �nd their usefulness for such purposes as well [60, 61]. Lowering the transverse tem-

perature would also allow light or magnetic �elds [62, 63, 64] with large gradients to guide

thermal atoms better facilitating atom interferometry. Counting these gain factors endowed
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by various approaches, we envision boosting the performance of a thermal atomic beam

interferometer to< millidegree/
p

hr – a minimum requirement for navigation grade gy-

roscopes [51] – is still within reach after we shrink them to chip-scale. Even with worse

short-term sensitivity, their long-term stability is still a huge asset and might bene�t other

types of miniature inertial measurement units via the hybridization of the two [65]. Most

importantly, continuous mode operation well places them as a navigation candidate for

moving platforms, compared with a cold-atom inertial sensing instrument that suffers from

low bandwidth and dead time [66].

1.2 Thesis outline

This thesis presents three important steps toward future atomic sensing devices using ther-

mal atomic beams on-chip enabled by MEMS technology – chip-scale atomic beam colli-

mation, brightness enhancement, and vacuum packaging. An outline of this thesis and an

abstract of each individual chapter are given as follows.

(a) (b)

Figure 1.1: (a) The �rst-ever microfabricated silicon collimator (width� length� thickness
= 5� 3� 1 mm), with femtosecond-laser-machined cascading features, sits on a penny. (b)
A typical 2-meter-long free-space atomic beam apparatus in our lab for generating cold
atoms [67]. Two apertures with a diameterD of a few millimeters are on two ends of the
differential pumping and collimation region separated by a length ofL, tens of centimeters
away from each other. The aspect ratioL=D roughly de�nes an atomic beam with a diver-
gence angle of� 10 mrad before entering the Zeeman slower.

In the second chapter, we demonstrated microfabricated planar devices for thermal
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atomic beams. Etched microchannels were used to create highly collimated, continuous

rubidium atom beams traveling parallel to a silicon wafer surface. Precise, lithographic def-

inition of the guiding channels allowed for shaping and tailoring the velocity distributions

in ways not possible using conventional machining. Multiple miniature beams with indi-

vidually prescribed geometries were created, including collimated, focusing and diverging

outputs. A “cascaded” collimator was realized with 40 times greater purity than conven-

tional collimators (see Figure 1.1(a)1). These localized, miniature atom beam sources can

be a valuable resource for a number of quantum technologies, including atom interferom-

eters, clocks, Rydberg atoms, and hybrid atom-nanophotonic systems, as well as enabling

controlled studies of atom-surface interactions at the nanometer scale. Figure 1.1(b) shows

how bulky a laboratory-scale conventional atomic beam apparatus could be as a compari-

son.

For future applications employing these miniature atomic devices outside of a labo-

ratory, we also studied the long-term behavior of these beam sources to prove their ro-

bustness and reliability. We did so by monitoring a collimator's output �ux and spectral

width under a 24-hour-per-day, 7-day-per-week regimen. These microfabricated rubid-

ium beams worked stably over six months at different temperatures above 100 C. At an

oven temperature of 150 C, the calibrated throughput of the miniature source was7 � 1011

atoms/s/channel with a typical beam brightness of6 � 1014 atoms per second per steradian

per unit source area [s� 1sr� 1mm� 2]. In addition, we also developed a recipe for evaluating

the �uorescence spectra given a Monte Carlo–simulated angular distribution function. A

notable consequence of this �uorescence computational formulism is the agreement be-

tween theory and experimental data that has allowed �ne details of the angular distribution

of the collimator to be resolved over three decades of dynamic range of atomic beam output

�ux. Three research articles associated with this chapter are listed as follows:

1Drs. Jeremy Yang and Anosh Daruwalla at Prof. Farrokh Ayazi's group did the fabrication of the silicon
collimator. Dr. Mikkel Thomas at the GT IEN cleanroom did the eutectic wafer bonding. Chao Li did the
femtosecond laser micromachining.
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• Bochao Wei, Alexandra Crawford, Yorick Andeweg, Linzhao Zhuo,Chao Li, and

Chandra Raman. “Collimated versatile atomic beam source with alkali dispensers.”

Applied Physics Letters120, no. 14 (2022): 144001.

• Chao Li, Bochao Wei, Xiao Chai, Jeremy Yang, Anosh Daruwalla, Farrokh Ayazi,

and C. Raman. “Robust characterization of microfabricated atomic beams on a six-

month time scale.”Physical review research2, no. 2 (2020): 023239.

• Chao Li, Xiao Chai, Bochao Wei, Jeremy Yang, Anosh Daruwalla, Farrokh Ayazi,

and C. Raman. “Cascaded collimator for atomic beams traveling in planar silicon

devices.”Nature communications10, no. 1 (2019): 1831.

Figure 1.2: A chip-scale transverse laser cooling assembly. The microfabricated silicon
collimator directs an array of twenty thermal atomic beams to the laser cooling region
with pinpoint accuracy. Future microfabrication endeavors can integrate collimators and
micromirrors replicating an identical architecture and allowing mass production.

In the third chapter, we achieved stimulated laser cooling of thermal rubidium atomic

beams on a silicon chip. Following pre-collimation via a silicon microchannel array, we

performed beam brightening via a blue-detuned optical molasses. Due to the small size of

the chip elements, we needed only 8 mW, or 9 times lower power than earlier free-space

experiments on cesium. Silicon micromirrors with proven alkali resistance were fabri-
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cated and hand-assembled (see Figure 1.22) to precisely overlap a strong elliptical standing

wave with the sheet-shaped atomic density distribution, with dimensions chosen precisely

to match the two. We reduced the transverse velocity spread to below 1 m/s within a total

travel distance of 4.5 mm upon a silicon substrate. We use Doppler-sensitive two-photon

Raman spectroscopy to characterize the cooling. In contrast to time-of-�ight methods uti-

lized previously, this approach requires a much shorter apparatus, although its resolution is

similar. This hybrid of passive and active collimation paves the way toward building full-

�edged atomic instruments, such as atomic beam clocks and gyroscopes, entirely on-chip

through batch-fabricated processes. A manuscript of this chapter has been completed and

is under revision.

Figure 1.3: Fingers hold the �rst-ever microfabricated chip-scale atomic beam system with
self-sustained vacuum given by graphite rods and circular-shaped non-evaporable getters.
Atomic beams formed by embedded thin microcapillary arrays ballistically transit down-
stream allowing one to implement various types of quantum sensing protocols.

In the fourth chapter, we designed a centimeter-sized planar atomic beam platform with

a self-sustained vacuum given by graphite and non-evaporable getters. This chip-scale
2Drs. Ardalan Lot�, Benoit Hamelin, and Anosh Daruwalla fabricated many iterations and variations

of micromirrors. Chao Li designed and manually assembled mirror prototypes aiming for their use in the
context of chip-scale atomic devices.
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atomic beam system enclosed four functional regions (see Figure 1.33) – an atom reservoir,

a microchannel array for atomic beam collimation, a drift region for its ballistic propaga-

tion, and �nally a vacuum maintenance region in the periphery. We achieved this design

using MEMS micromachining and hermetic vacuum packaging techniques, such as deep

reactive ion etching and anodic bonding. Preliminary absorption and �uorescence spec-

tra possessing narrow Doppler features indicated the ballistic transport of atomic beams in

the drift region. To our knowledge, this is the �rst-ever demonstrated chip-scale atomic

beam system using microfabrication. In parallel with the microfabrication endeavor, we

also benchmarked two-zone Ramsey interferometry on a free-space apparatus with a short

two-zone separation, mimicking the conditions and constraints for our future implemen-

tation of atom interferometry on this chip-scale platform. A manuscript of this chapter is

under preparation.

3Chao Li designed the device and performed the Monte Carlo simulations for atomic beam formation
and graphite pumping, and contributed to developing the process �ow for fabrication. Embedded microchan-
nels were fabricated by Dr. Durga Gajula at Georgia Tech. DRIE of wafers, �lling, anodic bonding, �r-
ing/activation of graphites, non-evaporate getters, rubidium pills, and device characterization were imple-
mented by Susan Schima, Gabriela Martinez, and Dr. William McGehee at Dr. John Kitching's group at
NIST Boulder. Glass machining was done at a company namedMindrum Precision. US Provisional Patent
Application No.: 63/302,308.
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CHAPTER 2

MICROFABRICATED SILICON COLLIMATOR FOR ATOMIC BEAMS

2.1 Introduction

Microfabrication is increasingly making its mark on atomic physics, from atom chips for

Bose-Einstein condensation (BEC) [68, 69] to hybrid atom-MEMS systems [70] and minia-

ture alkali vapor cell clocks and magnetometers [71, 72]. Trapping atoms close to surfaces

on a chip offers the opportunity to probe fundamental interactions such as the Casimir force

[73, 74, 75] that are important at the nanoscale [76, 77, 78, 79, 80], and to realize unique

atom-surface probes [81]. For precise force measurements on atoms, continuous atomic

beams offer many advantages over trapped atoms and BECs. They are simpler and re-

quire less overhead, offer a continuous readout with no dead time between measurements,

and potentially have greater signal-to-noise ratio due to a higher average �ux. The main

drawback is the mismatch in size between a several meter long highly collimated atomic

beam apparatus and the nanometer length scales relevant for interactions with surfaces,

which makes alignment of source and target challenging. In spite of this, many precise

force measurements have been performed using continuous beams, from pioneering stud-

ies of Casimir-Polder [82] and van der Waals forces [83] to rotation sensing [84, 85] and

diffraction from nanometer sized structures [86, 87, 60].

In this chapter, we propose and demonstrate an alternate paradigm, a miniature atomic

beam. We inject rubidium atoms directly onto a silicon chip at the source, which eliminates

much of the complexity associated with free space transport of atoms to the surface from

a magneto-optical trap (MOT) or BEC. This also ensures pinpoint accuracy of beam align-

ment with chip-scale lithographic features of micron size and smaller that are downstream

of the source, thereby addressing the limitations in the free space atomic beam experiments
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described above. In our approach, we route atoms through planar atomic devices, anal-

ogous to how optical beams can be routed in-plane on a chip. Beam deceleration and/or

cooling, atom interaction with surfaces or other quantum sensing protocols such as atom

interferometry followed by atom detection can all be performed using elements fabricated

directly onto the chip surface. We will present our results on transverse laser cooling on-

chip and Ramsey interferometry later in chapter 3 and chapter 4. The microfabrication

approach also enables the integration of required heaters and other control electronics, and

provides a pathway to mass manufacture of atomic devices. An external envelope can pro-

vide vacuum levels that are tailored to the application and can often be in the high-vacuum,

rather than ultra-high vacuum level. Our endeavors towards vacuum packaging will be

presented in chapter 4 as well.

In this chapter, we mainly use MEMS engineering to demonstrate a non-trivial element

– a continuous atomic beam whose velocity distribution is tailored by photolithography. We

also demonstrate an atomic device that is uniquely enabled by lithography – a “cascaded”

collimated atomic beam. The angular distribution of this beam is 40 times purer than that

obtained from a traditional collimator, and is produced entirely on-chip within a 3 mm

distance. This demonstration of a microfabricated planar device for thermal atomic beams

is the �rst step toward a fully planar continuous atomic beam sensor.

2.1.1 Collimatordesignprinciple

A typical approach to free space atomic beam generation uses an array of capillaries con-

nected on one end to a high density atomic vapor [88, 89, 90, 52]. These are usually

fabricated by bundling together metal or drawn glass tubes, with a large aspect ratiol=d

between the length of each tubel and its diameterd. Collimation is achieved by limiting

the divergence angle HWHM (half-width at half-maximum of the �ux angular distribution)

� 1=2, roughly equal to 0.8d=l [89]. However, this angle is the only adjustable parameter,

offering limited control. Moreover, the 3-dimensional nature of a tube bundle makes ad-
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dressing atoms within individual tubes dif�cult, as would be needed for some quantum

technological applications.

Figure 2.1: 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. Adjacent image shows the experimentally
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) were 100� m � 100 � m � 3 mm (h � w � l) dimension, with 50� m
wall thickness between channels. Wall thicknesses as small as 10� m were fabricated. In
all cases high �ux, effusive Rb atomic beams were successfully generated.

In this chapter, we fabricated planar collimation arrays in silicon, which allows for

greater �exibility and control over the array elements, which can also be individually ad-

dressed. Figure 2.1b shows a top view �uorescence image of 20 individually visible atomic

beams generated using this method, each of which has a 100� m � 100� m (h � w) square

cross-section. These beams were created from 20 lithographically de�ned channels of 3
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mm length and the cross-section above, etched into a silicon substrate, as shown in Fig-

ure 2.1(c)-(e). A second, capping wafer bonded to the top of the channels provided a

sealed one-dimensional array with aspect ratiol=w = l=h = 30. One end of the array

was connected to a rubidium source, and the output �ux of the channels was probed on

the other end in vacuum using free space �uorescence detection. To demonstrate this �ex-

ibility, we generated collimated atomic beam outputs as well as focusing and two-beam

outputs. Scanning electron microscope images of these channels without capping wafer

bonding are shown in Figure 2.1(e)-(g). To our knowledge a two-beam source has never

been demonstrated previously.

Unlike conventional machining and/or drawing, the use of photolithography to de�ne

the atomic paths allows for a great deal of customization and control with a high spatial

resolution less than 1� m. For example, downstream alignment of source and target become

very straightforward, with misalignments less than10� 5 radians over a 10 cm wafer length

easy to accomplish. This is comparable to the most sensitive atomic beam interferometers

that require several meters of length to separate the two interferometer arms [85, 83].

2.1.2 Ordinaryandcascadedcollimator

Using the above lithographic approach, we achieved the “cascaded collimator” that is

shown in Figure 2.2, and which dramatically exempli�es the customization that is pos-

sible. This collimator addresses a major limitation of capillary beams, which is a long

“tail” in the angular distribution function extending to large angles� 1=2 � � � �
2 [88].

Figure 2.2a shows Monte-Carlo simulations of a single tube collimator withl=d = 30 us-

ing the Mol�ow+ package, which operates in the molecular �ow regime [91, 92]. The 2D

images are the output angular �ux distribution. There is a sharp peak near� = 0 (the center

of the image), with a half-width of� 1=2 that is approximately 1.8 deg. However, the images

show that a signi�cant, low level �ux is emitted into large angles, and therefore the width

of the central peak does not describe the angular distribution very accurately. In fact, about
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99% of the emitted �ux is in this broad background with� > � 1=2. For comparison, the

Doppler shift associated with the D2 line of Rb at 780 nm, with its natural linewidth of

� = 2 � � 6 MHz, results in a half-width of� D = (� � )=(4� �v) = 0 :45 deg. Only 0.1%

of the atoms would thus be excited by a narrow linewidth laser addressing this transition.

Many applications, including atomic Raman interferometry, utilize an even narrower slice

of forward moving atoms with� < 10� 2 deg [85]. Thus in many cases of interest the large

background� 99% is a major nuisance.

Figure 2.2: Cascaded collimator concept for high purity atom beam generation. (a) Di-
rected atomic beams generated by a collimating tube, one end of which is connected to a
high density atomic vapor comprising an effusive emission source. Two-dimensional image
shows the output �ux angular distribution from Monte Carlo simulations as an impingent
rate on a downstream screen. (b) A cascaded series of shorter tubes with the same on-axis
beam brightness but greatly suppressed off-axis contributions. (c) Measured atomic �uores-
cence 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 andF 0 = 3; 2; 1 excited levels in87Rb, respectively. Shown
are ordinary collimator (blue) and cascaded collimator (red). Solid and dashed lines are
corresponding theoretical calculations. (d) Expanded view of� 200MHz region near the
2 ! 3 peak on a logarithmic scale shows more than a factor of 70 suppression of the wings
for the cascaded collimator. Each data point is an average of 5 points in (c).
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Figure 2.2b presents a solution to this problem–a cascaded series of shorter tubes in se-

ries with one another. Such a device would be dif�cult to form using machined collimators

due to the need to carefully align each stage to the next with micrometer precision. How-

ever, for planar devices it is straightforward to fabricate lithographically by either etching

relief regions within the base wafer, or by cutting such reliefs into the capping wafer. In

the present work we used the latter method. If the overall length and individual tube diam-

eters are the same as for the single tube, then the on-axis beam �ux will be unaffected by

the cascade. However, atoms that strike the tube walls can now exit the array in the space

between successive tubes, i.e. they can be removed within the source itself, which greatly

reduces the off-axis emission. The key innovation of this device is that an atom which en-

ters a gap region is more likely to leave immediately rather than passing all the way down

the subsequent tube. Ifx is the relative likelihood of exiting versus propagating through

the next tube, thenx > 1 can be ensured by having a large enough aspect ratio for the

individual tubes, e.g.,� 10 : 1. Thus ifW0 is the probability for an atom to pass through a

single tube of lengthL, then a simple geometrical argument shows that the probabilityW

to pass through a cascade ofn smaller tubes of lengthl = L=(2n � 1) is reduced by a factor

W=W0 = (2 n � 1)=xn� 1 (see derivation below). In our experiment the vapor in adjacent

gaps is not truly isolated, preventing us from achieving this exponential scaling withn.

Nonetheless, we achieved a substantial degree of suppressionW=W0 = 0:024 � 1=40 for

n = 3, a number consistent with Monte Carlo simulations performed on our actual geom-

etry. Further improvements could be made by engineering better vapor isolation through

direct, on-chip pumping methods [93], and the theoretical limit for our estimated value of

x � 50 is around10� 3.

In our work we utilized Monte Carlo simulations and an actual CAD model of the

cascaded collimator in order to obtain the most accurate theoretical predictions for trans-

mission probabilities. However, it is also useful to compare these with a simple analytical

model for the cascaded collimator transmission probabilityW. Figure 2.3a shows an equiv-
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alent circuit that represents the vacuum resistanceR = 1=C, whereC is the vacuum con-

ductance [94]. Using this circuit we can calculateW using only ratios of conductances, and

not absolute values, with pre-factors proportional to the mean atomic velocity cancelling

out.

For a single tube of diameterd and lengthl, C / AW l , whereA = �
4 d2 is the cross-

sectional area andWl � 4d
3l is the Clausing factor for a single tube in the limitl=d � 1

[89]. W is the probability that an atom which enters the tube on one end will exit the tube

on the other end. De�ningV � P as the potential, whereP is the pressure andI � Q as

the current, whereQ is the particle �ux, a cascade ofn tubes separated byn � 1 gaps is

shown in Figure 2.3a. As de�ned in the main text,x = R=Rs is the relative likelihood that

an atom which enters a gap region prefers to leave immediately (viaRs) rather than passing

through the subsequent tubeR in the network. Ifx � 1 then the potential at thekth node

of the network isVk � Vk � 1

x . The current through the �nal resistorI = Vn � 1

R = V0
Rx n � 1 .

Comparing this to a single tube,I = (2 n � 1)V0=R sinceR is proportional to the tube

length andL=l = 2n � 1. ThusW=W0 = 2n� 1
xn � 1 .

An order of magnitude approximation can be made for the above, referring to the ge-

ometry in Figure 2.3b. The resistance of an isolated rectangular tube of cross-sectional area

A = w � h = �
4 d2 is / l

d3 , whered; l are the tube effective diameter and length. Ignoring

factors of order unity, in the presence of an array ofm tubes in parallel,R is reduced by a

factorm = fb
d , whereb is the transverse width of the array andf the open fraction. Thus

R / l
d2 fb . Assuminga � bas appropriate to a thin wafer, and assuming botha; c � l � b,

then most atoms exit the gap at the top, and not its sides. Thus the resistanceRs / 1
bc � 1

bl .

This givesx = R=Rs = l2

fd 2 independent of the wafer dimensions. For3 tubes,f � 0:7,

L = 3mm, d = 0:1mm, l2

fd 2 � 54, which givesW=W0 � 2 � 10� 3. In our experiment

the vapor in each gap is not isolated, and thus Monte-Carlo simulations performed for our

geometry predictW=W0 ' 1=40, an order of magnitude smaller than the ideal case. Fig-

ure 2.3c shows an image of the fabricated cascaded collimator.
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