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Abstract

This thesis follows several investigations into micro-fabricated vapour cells to-
wards the development of compact and eld deployable atomic devices such as
RF/optical atomic clocks, wavelength references and magnetometers. Initially |
investigated a novel fabrication technique using a water-jet cutter to form deep
silicon cavities allowing for micro-fabricated vapour cells to be produced with a
6 mm optical path length in an e cient and low-cost manner. | then investi-
gated controlling the N, pressure within a micro-fabricated cell via laser heating
an non-evaporable getter. From this study it was found that the Bl pressure
could be reduced from one to hundreds of Torr and this technique was then used
to map out the intrinsic relaxation rate of the Cs atoms within the cell with a
optically pumped magnetometer. Then | investigated packaging a Rb cell with
a 1 mm optical path length together with printed circuit board coils to create a
Zeeman tunable wavelength reference, which demonstrated a frequency tunabil-
ity of 60MHz and a short-term frequency stability comparable to conventional
Rb wavelength references. Next | fabricated a 6 mm thick micro-fabricated cell,
which was capable of sustaining a cold atom sample with active vacuum pump-
ing. This cell was integrated with a micro-fabricated di ractive optic to produce

a chip-scale laser cooling platform capable of trapping 46’Rb atoms. Finally |
investigated di erent fabrication routes to realise a micro-fabricated vapour cell

with an elongated geometry for two-photon optical clocks.
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Chapter 1

Introduction

1.1 Atomic Sensors and Devices

Atoms provide an incredibly versatile platform for sensing allowing for the reali-

sation of high performance clocks [1], interferometers [2], electric eld sensors [3]
and magnetometers [4] to only name a few of their potential applications. These
devices operate by probing an ensemble of atoms with electromagnetic radiation

to interact with the internal energy levels of the atoms.

Devices based on these interactions o er an intrinsic reproducibility, as ev-
ery atom of a given element will behave identically when put under the same
experimental conditions. Additionally the atomic energy levels are sensitive to
perturbations in the surrounding environment, which modi es this interaction
allowing for measurements of temperature [5], gravitational red shift [1], biomag-
netic signals [6], etc. When these sensors are built to provide the highest precision
and accuracy, they can require an entire lab lled with electronics, optics and vac-
uum apparatus, which limits their potential applications due to the challenges of

transporting such equipment.

Due to the need for these sensors to be eld deployable there is a market for
atomic devices, which are compact and portable whilst maintaining a performance
good enough for the end user and their application. An example of such an atomic

device is the rubidium frequency standard (RFS) developed in the 1950's. The

1
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RFS oers a fractional frequency stability of 1012 at 1s, which is 3 orders of
magnitude worse than state of the art atomic clocks [1] however, it is still good
enough to be used for timing onboard GNSS satellites [7]. A RFS built for space
applications such as GNSS is commercially available from several companies with
a typical package size 0k 5000cni, weighing 7.5Kg and requires 40W of

electrical power to run [8].

In the early 2000's a signi cant research e ort was undertaken by teams in
the US towards the development of chip-scale atomic devices [9], which would
be light weight and battery operated increasing the number of potential applica-
tions. To achieve this goal the development of miniaturised and mass producible

components for these devices was critical.

1.2 Micro-fabricated atomic vapour cells

A key step towards the development of chip-scale atomic devices was the invention
of the micro-fabricated vapour cell [10,11] by the atomic devices and instruments
(ADI) team at NIST. A vapour cell is an isolated vacuum chamber lled with a
speci ¢ atom or molecule of choice, which are conventionally glass-blown. The
chip-scale vacuum chambers developed by NIST were comprised of a glass wafer,
an etched silicon cavity and a nal glass wafer stacked on top of each other, which
are anodically bonded together [12]. Prior to sealing the cells are either lled
directly with the atomic species of choice [13] or with a precursor [14], which
can be decomposed into the atomic species after sealing. Since these vapour
cells are fabricated with pre-existing micro-electro-mechanical systems (MEMS)
processes they can be produced in large quantities at a low cost whilst being

easily integratable with other micro-fabricated components.

In 2004 the team at NIST integrated these micro-fabricated vapour cells into
packages with other chip-scale components to produce a chip-scale atomic clock
(CSAC) [13]. Later that same year, they also developed a chip-scale atomic

magnetometer (CSAM) [14]. Both of these devices had physics packages with



CHAPTER 1. INTRODUCTION 3

a volume 12mn? and consumed 200mW of electrical power. Whilst these
chip-scale devices demonstrated a degraded performance compared to their lab
scale counter parts they have still found commercial success with applications in
a variety of industries from defense to medical imaging due to their small size,

weight and power consumption (SWaP).

In the 20 years since their invention there has been signi cant e ort put into
the further development of chip-scale atomic devices to improve their perfor-
mance, reduce their manufacturing costs as well as translating the success of
the CSAC and CSAM to other atomic sensors with research programs in the
USA, France, Germany, Switzerland, China, Japan and UK [9]. An example of
such a program is NIST on a chip [15], which strives to develop chip-scale pack-
ages capable of providing measurements traceable to Sl standards by leveraging
atomic sensors that interrogate a micro-fabricated vapour cell. Throughout these
research programs there has been a continued development of micro-fabricated
vapour cell technology investigating di erent atomic sources [16,17], vapour cell
geometries [18,19] and fabrication techniques [20{23] with the goal of producing

micro-fabricated cells, which are optimised for their particular application.

1.3 Thesis Layout

This thesis focuses on the development of micro-fabricated vapour cell technology
for compact atomic devices covering aspects ranging from fabrication techniques

to pressure control within the cell.

" Chapter 2 covers the relevant background physics to explain absorption

spectroscopy of hyper ne transitions, which is used throughout this thesis.

" Chapter 3 discusses the water jet cutting of silicon to realise micro-fabricated

vapour cells with a 6 mm thick optical path length.

" Chapter 4 demonstrates the use of a non-evaporable getter to tune the

nitrogen bu er gas pressure within a micro-fabricated vapour cell.
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Chapter 5 introduces a compact Zeeman tunable wavelength reference,

which can be used to stabilise and tune the frequency of a laser.

Chapter 6 discusses the fabrication of an actively pumped micro-fabricated
cell as a vacuum chamber for cold-atoms as well demonstrating a compact
laser cooling platform by combining the cell with a micro-fabricated di rac-

tive optic.

Chapter 7 covers the development of an elongated vapour cells geometry

for two-photon optical clocks.

Chapter 8 recaps the conclusions drawn for each study preformed through-

out this thesis.
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Chapter 2
Atomic physics

Throughout this thesis absorption spectroscopy of alkali metal atoms is commonly
employed to evaluate micro-fabricated vapour cells. Therefore this chapter will
provide a basic overview of atomic structure, absorption spectroscopy and satu-

ration absorption spectroscopy.

2.1 Atomic Structure

Alkali metal atoms have a relatively simple hydrogen like atomic structure due
to their single valance electron. This electron can occupy orbitals shells with
orbital angular momentumL, which can occupy integer values fromOL n 1,
wheren is the principal quantum number. These orbitals are typically denoted
by S(L=0), P(L=1), D(L=2) etc. The electron also has an intrinsic angular
momentum 3 corresponding to a spin quantum numbeiS = % which can
couple toL giving rise to a total orbital angular momentumJ, that can occupy
integer values betweenL. S} J | L+ Sj. This coupling betweenL and S
gives rise to a splitting of the orbitals referred to as ne structure with energy
levels of the form?>*1L;. This ne structure results in the doublet lines D, and
D,, which are characteristic of all alkali metal atoms. In the specic case of Rb,
wheren=5 the D, line corresponds to the 58, to 5P,-, transition , while the D,

line corresponds to the 58, to 5P3-, transition.

A further hyper ne splitting of the atomic energy levels can occur through

7



CHAPTER 2. ATOMIC PHYSICS 8

the coupling of J with the nuclear spin |, which gives rise to the total atomic
angular momentumF that can occupy the values betweepJ 1j F j J+1j.
For the D, line of Rb with |1=3/2, the 5P 3, state splits into four hyper ne
levelsF = 0;1;2 and 3. The hyper ne energy levels for the Pand D, lines of
8Rb are illustrated in Fig. 2.1.

Figure 2.1: Hyper ne atomic structure for the D; and D, lines in 8'Rb.

Each hyper ne energy level is comprised of 2F+1 degenerate Zeeman sub-
levels typically denoted asng levels ranging in value fromF to F. In the presence
of a static magnetic eld, the degeneracy of thesmg levels will be lifted. For
the case of a weak magnetic eld, theng levels will experience a linear energy
shift of the form,

Erme = 0 8sMe B (2.1)

where g is the Bohr magneton,B is the applied magnetic eld andg- is the

hyper ne Lance g factor, given by,
F(F+1) 1(+1)+JJ+1) F(F+1)+ I(I+1) J@J+1)
O = t 0
2F(F +1) 2F (F +1)

(2.2)
whereg; is the Lance g factor andg, is the nuclear g factor [24{26].
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For optical transitions due to the conservation of angular momentum only
transitions that obey the electric dipole selection rules [27] are allowed. In the

case of the D lines in Rb the important rules are F =0; l1and mg =0; 1.

2.2 Absorption Spectroscopy

When a near resonant light eld interacts with an ensemble of atoms within
a vapour cell it will experience an attenuation, which is described by the Beer-
Lambert law. Here we follow the description provided by Siddorst al [28] where
the fraction of transmitted light T through this vapour cell can be written as,
X

T=exp L i (2.3)
where L is the interaction length and P i is the total absorption coe cient,
which is obtained by summing over the absorption coe cient for each transition
for each species within the cell. This is given by,

= Nkcédzi 1

S ms() (2.4)

whereN is the number density of the atomic ensemblé is the wave vector
of the light eld and s() is the spectral pro le of the atomic transition, where
= 1| 1,isthe detuning of the light eld with respect to the atomic transition's
frequency! o. The factor of 2(2 + 1) accounts for the degeneracy of the ground
states assuming the atomic population is evenly distributed amongst the Zeeman

sub-levels.

The strength of a hyper ne transition is given by C2 d?, where C2 is the
sum of the transition strengths & for each transition between Zeeman sub-level
within a given hyper ne transitions and d is the reduced dipole matrix element,
which for the D, line in Rb is d=5.177e ay whereay is the Bohr radius [28]. The
values ford and G, are tabulated by D. Steck for the D lines of’Rb, 8°Rb and
Cs [24{26].
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2.2.1 Spectral Prole

The spectral pro le of an atomic transition is dependent on a variety of broad-
ening mechanisms however, here for simplicity we only consider the case of the
natural and Doppler broadening mechanisms. The natural broadening of the
atomic transition arises due to the spontaneous nature of the decay of an atom
in an excited state down to a ground state. The population of the excited state
exhibits an exponential decay with a time constant referred to as the lifetime of
the excited state. This exponential decay results in a homogeneous broadening of
the atomic transition with a Lorentzian line shape and full width half maximum
(FWHM) .o =1/ , which is referred to as the natural width of the transition.

In the case of the B line in Rb ;=2 =6.065MHz [24].

A thermal ensemble of atoms will occupy a range of velocities, which leads
to a Doppler broadening. When a photon interacts with a moving atom it will
experience a Doppler shift oK «, where v is the velocity of the atom. This
Doppler shift can lead to the absorption of o resonant photons and subsequently
a broadening of the spectral line. The velocity distribution of the atomic ensemble

along one dimension can be described by the Maxwell-Boltzmann distribution,
r
P(v) =

m my 2
eZkBT .

2kgT ’

(2.5)

where m is the mass of the atom,kg is the Boltzmann constant andT the
temperature of the ensemble in Kelvin. This velocity distribution results in an
inhomogeneous broadening of the atomic transition with a Gaussian line shape

with a linewidth given by, r

8kgT
mc2

"o

(2.6)

D =
In the case of Rb vapour at 20C the D, line will experience a Doppler broadening
of p 2 500 MHz.

Due to the Lorentzian and Gaussian broadening mechanisms at play the line
shape of the atomic transition is described by a Voigt pro le, which is a con-

volution of the two line shapes. This pro le can be expressed in an analytical
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form [29], D D !
V()= 2 In2= W 2 In2=( I nat=2) : 2.7)
D D

wherew is the complex complementary error function given by,
w(x)=exp x? erfc( ix); (2.8)

This analytical solution can be used for calculating and tting atomic spectra
[30]. However, tting with this method can be computationally challenging, so
we instead use the pseudo-Voigt function instead. The pseudo-Voigt function
has been empirically derived [31] and takes the form of a weighted sum of the

Lorentzian and Gaussian pro les each with a FWHM , which is expressed as,
V(3 e)=al()+ cG() ; (2.9)

wherec, andcg are the weighting factors for the Lorentzian and Gaussian pro les

given by [31],
c. =0:68188 + 0612931 0:18387 0:11568F; (2.10)

cs = 0:3246 0:6182% 0:176812 + 0:11568F; (2.11)

whered = ( c)=( L+ g)is adimensionless factor andy is given by,

q
v=0:5346 |+ 02166 2+ Z: (2.12)

In the scenario discussed here, where we only consider the natural and Doppler
widths, the Voigt pro le is dominated by the Gaussian line shape around the line
centre. However, there are cases where additional broadening mechanisms such
as pressure broadening can result in the Lorentzian line shape being dominant

such as in chapter 4.

2.2.2 Number Density

If there are condensed droplets of alkali metal present within the cell the vapour

phase can be described as saturated and the Rb vapour presdaygTorr) within
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the cell is given by [24],
8

2 2:881+4857 5 T <312.6K

logyo Py = , (2.13)
- 2:881 +4:312 %“0; T >312.6K
where T represents the coldest point of the vapour cell. This vapour pres-

sure can then be used with the ideal gas law to determine the number density

N = 133::«323k'°BVT [28]. The factor of 133.323 converts the vapour pressure from
Torr to pa. This imposes a strong relation between transmission through a vapour
cell and the cell temperature. In the case of rubidium in its natural abundance

this density is separated into 27.8%'Rb and 72.2 %%Rb.

2.2.3 Absorption Prole

The Rb D, absorption pro le can be simulated by using Eq.2.3 and 2.4 along-
side the relative transition frequency and strength for each transition, which are

collated in Table.2.1 and 2.2 fo’Rb and 8°Rb respectively [28] .

Transition o (MHz) C2

F=2to FF=1 -423.79 1/18
F=2to FF=2 -266.85 5/18
F=2to F'=3 0 719

F=1to FF=0 6338.66 1/9
F=1to FF=1 6410.89 5/18
F=1to FF'=2 6567.83 5/18

Table 2.1: The relative transitions frequency o and transition strength C2 for

the D, line in 8Rb.
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Transition o (MHz)  C2

F=3to F'=2 939.97 10/81
F=3to F'=3 1003.39 35/81
F=3to F'=4 112435 1
F=2to F'=1 3946.71 1/3
F=2to F'=2 3975.97 35/81
F=2to F'=3 4039.40 28/81

Table 2.2: The relative transitions frequency o and transition strength C2 for
the D, line in ®Rb.

Figure 2.2: Theoretical absorption of the B line in Rb for a room
temperature vapour cell with a 7cm path length. The red vertical lines

represent®Rb transitions and the blue lines®’Rb transitions.

The simulated D, absorption pro le is shown in Fig.2.2 for a 7cm long Rb
vapour cell at 21 C containing a natural abundance of Rb. The absorption
pro le for the D ; and D, lines in alkali metals can be easily calculated with the
ElecSus software [30] developed by the Quantum, Light and Matter group at
Durham University. It is important to note that in this absorption model we
have not considered the e ects of saturation of the atomic transition or hyper ne

pumping [32] as such this simulated spectra is only valid for a weak light eld.
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2.3 Saturation Absorption Spectroscopy

Due to Doppler broadening the individual hyper ne transitions cannot be re-
solved in room temperature Rb vapour as the Doppler width is greater than the
frequency spacings of the excited states as can be seen in Fig.2.2. A simple tech-
nigue used to resolve individual transitions much closer to their natural width is

saturation absorption spectroscopy.

This technique uses two counter propagating beams traveling along z passing
through a vapour cell, which experience an equal but opposite Doppler shift with
respect to each other such that they only address the same atoms when= 0.
These atoms are referred to as the zero-velocity class. Assuming a two-level atom
in steady state the number of photons an atom can absorb per second is given by
the scattering rate Rs.(I; ). This rate is given by,

1=l sat
Rs(l; )= = ; 2.14
SC( ) 21+|:|Sat+(2 :)2 ( )

wherel is the intensity of the pump beam,l s, is the saturation intensity of the

transition and is the detuning with respect to the atomic transition.

The beams are typically con gured to have a strong pump beam to saturate
the transition and a weak probe beam to monitor transmission through the cell.
When the two beams resonantly address this zero-velocity class, the ground state
population is depleted by the pump beam and an increase in transmission around
the atomic transitions is observed by the probe beam as demonstrated in Fig.2.3

for transitions from F=3 in 8°Rb.
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Figure 2.3: Measured saturation absorption spectroscopy of tHféRb D, F=3
Doppler broadened envelope for interrogating beams with a 0.75 mm beam waist
(1/e? radius) and peak intensity of 6 mW/cm? with a relative frequency axis
with respect to the F=3 to F' =4 transition. The solid vertical lines representF

to F' transitions and the dashed vertical lines represent cross-over resonances.

Although the technique is called saturation absorption spectroscopy the ef-
fect of hyper ne pumping [33] is also key to the formation of these sub-Doppler
resonances. This pumping mechanism arises due to the chance that atoms in the
excited state will spontaneously decay into a ground state, which is not resonant
with the light eld increasing transmission through the cell. The probability
of an atom falling into a dark ground state is dependent on both the power
and beam waist of the pump beam. Additionally crossover features can appear
halfway between two transitions in the Doppler broadened envelope due to a
depletion of the ground state population that occurs when the counter prop-
agating beams are Doppler shifted into resonance with two separate transitions
with a common ground-state. These sub-Doppler resonances exhibit a Lorentzian
pro le and undergo power broadening, resulting in a linewidth broadened by

p_—— . . .
= na 1+ I1=lgg Wherel gy is the saturation intensity [24, 25].



Chapter 3

Micro-fabricated Silicon Vapour

Cells

The micro-fabrication of atomic sensors has enabled a revolution in the eld
deployment and commercialization of chip-scale atomic sensors [13, 34{36]. A
critical component at the core of many of these chip-scale devices is the atomic
vapour cell, consisting typically of a MEMS based glass-silicon-glass stack bonded
under vacuum [11]. Such MEMS cells have been widely explored for compact
sensors, forming hermetic seals from both anodic and thermo-compression bonds
to provide a mass-producible cell manufacturing solution [11,37,38]. While this
now mature technology has enabled the transition to miniature components for
atomic sensors, the methods of manufacturing silicon have typically limited the
available optical path length to around 2mm. These limitations arise due to
dry etch phenomena [39] and challenges associated with long duration wet etch

processes [40].

However, a longer optical path length would be bene cial for atomic sen-
sors due to the increased atomic absorption and the associated enhancement in
signal-to-noise ratio (SNR). With this in mind, alternative techniques have been
explored to increase the optical path length in line-of-sight cells, such as the pro-
cessing of thick glass body cells [20,21] or the ultrasonic drilling of thick silicon

frames [41].

16
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Here we introduce a micro-machined silicon based vapour cell, manufactured
with water-jet cutting to achieve an optical path length of 6 mm in a simple line-
of-sight geometry. The step-change from conventional semiconductor fabrication
processes to micro-machining for silicon-based vapour cell production greatly re-
duces the manufacturing costs by mitigating the need for photolithography and
etching processes, while providing an increased optical path length to improve

the performance of chip-scale atomic sensors.

3.1 Vapour Cell Fabrication

The vapour cells discussed within this chapter were fabricated in collaboration
with Kelvin Nanotechnology (KNT). The fabrication process began by water-jet
cutting a 6 mm thick silicon wafer to form frames for the vapour cells. This
process involved combining high pressure water and abrasive material together
into a narrow jet, which cuts through the silicon via erosion. As illustrated in
Fig.3.1 inside a water-jet cutter the high-pressure water and abrasive material
are combined in a mixing chamber, which then passes through a nozzle that sets
the diameter of the abrasive jet. The minimum feature size is restricted by the
aperture of the nozzle, which can be swapped out to realise di erent sizes, for

this initial demonstration the feature size was limited to 1.5 mm.

The dimensions of the silicon frames are controlled via CAD software, which
de nes cuts and traverses across the wafer to form arbitrary vapour cell geome-
tries. Once the CAD le is prepared the silicon wafer is located within the bed
of the water-jet and the automated cutting process begins, for a 6-inch silicon
wafer containing 40 cells this process will take approximately 40 minutes. During
water-jet cutting, no protective layer was used to cover the upper surface. As
a result, chipping of the silicon was observed around the perimeters of the cut
regions, with features on the order of 100m. However, these small defects do
not hinder the hermetic sealing of the cell. Additionally, some preliminary mea-
surements have shown that this can be mitigated by wax adhering glass wafers

to both bonding surfaces prior to the water-jet process.
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Figure 3.1: Overview of the water-jet cutting process.

Following the water-jet cutting, the silicon wafers are solvent cleaned in an
ultra-sonic bath to remove any residual abrasive. After the cleaning stage, the
silicon inner wall surface roughness was evaluated with surface pro lometry and
scanning electron microscopy (SEM). SEM images shown in Fig.3.2 were used
to qualitatively evaluate the potential impact of wall roughness on the atomic
vapour cell; an increased surface area could consume more alkali metal content
and hinder the homogeneity of applied wall coatings that may be required in later
applications. The surface pro lometry measurements determined an arithmetic
average wall roughness d®, = 5:9 m. While this wall roughness is comparable
to recent work in additively manufactured vacuum chambers [42], it remains
orders of magnitude larger than the wall roughness achievable for deep reactive-
ion etching (DRIE), with short etch depths ( 100 m) achievingR; = 5nm,
[39, 43] and deep etched silicon @mm) demonstrating R, = 300nm [22]. In



CHAPTER 3. MICRO-FABRICATED SILICON VAPOUR
CELLS 19

future applications, chemical smoothing of the inner walls can be applied if the
wall roughness is found to hinder the atomic vapour cell's long-term performance
[22].

Figure 3.2: Scanning electron microscope (SEM) images of an interior wall

within the micro-machined silicon cavity.

The next step in vapour cell fabrication is the vacuum encapsulation of the
silicon frame. This was achieved by anodically bonding glass wafers to the top
and bottom surfaces of the silicon wafer, which provided a hermetic seal without
compromising optical access. Here anodic bonding was selected over other sealing
techniques such as thermocompression [38] and indium bonding [44] due to its
reliability and simple implementation. This process as illustrated in Fig. 3.3
involves stacking a glass wafer on top of the processed silicon wafer and heating
the stack to 300 C to increase the mobility of the sodium ions (Na) within
the glass. Once the stack has reached an equilibrium temperature an electric
potential of 1kV is applied across the stack with the negative electrode against
the glass and positive electrode touching the silicon. This electric potential draws
the positively charged sodium ions away from the silicon glass interface leaving
behind a negatively charged region populated with oxygen anions 1Q [12].
Overtime the oxygen anions react with the silicon surface to form a layer of silicon
dioxide (Si0,), which acts as a cement adhering the wafers together creating a

seal, which is hermetic and mechanically resistant [12].
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Figure 3.3: Simpli ed illustration of the anodic bonding process for a silicon

and glass wafer stack.

A 0.5mm borosilicate glass (BSG) wafer was anodically bonded to the base
of the processed silicon frame to form a cell preform. This glass is frequently cho-
sen for micro-fabricated vapour cells because its coe cient of thermal expansion
(CTE) closely matches that of silicon, alleviating thermal strain on the cell en-
suring its structural integrity. An inert atomic source can then be placed into this
preform before vacuum encapsulation typically an alkali chloride [11], azide [16] or
molybdate [17]. Here we elected for the latter speci cally the Rb/AMAX/Pill/1-

0.6 from SAES getters due to its commercial availability as well as its compara-
tively cleaner sourcing. This Rb source is composed of a zirconium and aluminium
powder mixed to a chromium free Rb precursor to form a pill with a 1 mm di-
ameter [45]. The vapour cell preform was then transferred to a vacuum wafer
bonder, which was evacuated to pressures below 2Gmbar and a nal 0.5 mm
BSG wafer was bonded to the top surface to encapsulate the cell as illustrated
in Fig.3.4. Post bonding, the wafer stack was mechanically diced into individual
cells with total dimensions measuring 13mm13mm 7mm (L W H). To con-

trol the alkali metal vapour pressure, surface mounted resistors adhered to the
front and back glass surfaces were used to heat the cell. The steady-state cell

temperature was measured with a thermal camera.
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Figure 3.4: Water-jet vapour cell fabrication overview.

3.2 Experimental Setup and Results

To release the Rb within the dispenser into the micro-machined cell the pill
dispenser must be heated in excess of 6@[46]. Here this was achieved through
laser heating the pill source with a 1070 nm ytterbium bre laser. Light from the

bre was collimated to a Gaussian beam waist of 0.8 mm (&f radius) and then

focused with a 50 mm lens to ensure that all of the light was incident onto the
1 mm surface of pill as illustrated in Fig.3.5. Determining the temperature the
pill reaches during this laser irradiation was made di cult as the BSG windows

Iter out infra-red preventing the temperature being inferred from the emitted
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black-body radiation. Instead we can only con rm if the pill reached the required

temperature via the presence of condensed Rb droplets within the cell.

For the 6 mm thick vapour cells tested here we found that activating the
dispenser with 3W for 10s was su cient to release a visible amount of Rb into
the cells. While it was noted that the pill could be activated with lower laser
powers, the chosen parameters ensured a reproducible activation between the
cells under test. Additionally, during preliminary testing it was observed that
the Rb accumulated near the pill activation site on the rough walls created by
the mechanical micro-machining of the silicon frame. This was overcome by

heating the cell 60 C to encourage migration throughout the cell chamber.

Figure 3.5: lllustration of the optical setup for both laser activation of the
alkali pill source and absorption spectroscopy to monitor the presence of Rb.
VBG:Volume Bragg Grating. Ol:Optical Isolator. PBS:Polarising Beam
Splitter. /4:Quarter Waveplate. M:Mirror. PD:Photodiode.
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A double-passed absorption spectroscopy setup was assembled around the
activation laser to monitor the migration of Rb throughout the cell after activation
when heating the cell to 60C. This spectroscopy setup was comprised of a volume
Bragg grating (VBG) laser scanning across the Dline of both 8’Rb and °Rb.
The light from the laser then passed through an optical isolator (Ol), which was
used to prevent unwanted optical feedback from back re ections o of optical
elements. Next the light was then transmitted by a polarising beam splitter
(PBS) and circularly polarised with a /4 waveplate before passing through the
cell with a 0.75mm beam waist (1/é radius) and peak intensity of 1.6 mW/cn#¥.
After the cell the light was retro-re ected along the same path where it passes
through the /4 waveplate again. Two passes through the/4 waveplate change
the polarisation of the light such that it is now re ected by the PBS and is then

detected on a photodiode (PD) and recorded on an oscilloscope.

This measurement was rst preformed in a vapour cell with a single chamber
design with a square aperture as illustrated in Fig.3.6 (a). During the alkali
dispensing process hot material was released from the pill, which reacted with
the glass windows causing a discolouration reducing optical access as can be seen
in Fig.3.6 (a:i-iii), which is undesirable for atomic sensors where optical access is

required to interrogate the atoms within the vapour cell.

A second cell geometry was then investigated to circumvent the discolouration
of the cell windows. This is typically achieved by fabricating dedicated regions
for pill activation and spectroscopy connected via non-line-of-sight conductance
channels [17, 38,45,47]. These conductance channels have feature sizes on the
order of 200 m 200 m, which yields a poor conductance such that ejected ma-
terial from the pill is no longer hot enough to damage the glass by the time it

reaches the spectroscopy region.
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Figure 3.6: Images of micro-fabricated vapour cells (a): single chamber and
(b): long meandering channel (i) before, (ii) during and (iii) after laser
activation. (c): Simultaneously measured strongest Dtransition absorption
from the 8Rb F = 3 ground state in the main chamber during the activation

process for a channel and no-channel cell.

The water-jet cutters restricted feature size limited the channel width to

1.5mm, which resulted in a cross section 220 times larger than conventional dry
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