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ABSTRACT

The need for a high specific impulse and innovative space propulsion technology is growing as

NASA sets goals for exploring celestial bodies in our solar system and beyond. Directed energy

space propulsion has been a candidate for these missions as it removes the need for thrusters and

reaction mass systems from the science spacecraft. However, these proposed directed energy con-

cepts, either in the form of electromagnetic (EM) radiation pressure (e.g. laser) or mass momentum

beams (e.g. ion beams) suffer from inherent divergences that ultimately lower the total impulse

transferred. A new concept for directed energy space propulsion utilizes a neutral atom beam spa-

tially overlapped with a co-propagating laser which is detuned from the resonant frequency of the

atom. Through refractive guiding and the optical dipole force, this combined beam shows potential

for self-guiding over millions of kilometers.

The next stage for this low Technology Readiness Level (TRL) technology is ground exper-

iment validation of theory and simulations. The present work describes efforts directed toward

experimentally studying the combined beam propulsion system in laboratory-scale facilities. This

includes the development of an atomic rubidium jet source, encapsulating vacuum facilities, laser

overlapping and separation apparatus, and diagnostic techniques for studying the laser and atom

beam. Tunable diode laser absorption spectroscopy (TDLAS) is applied toward characterization

of the propagation parameters of the atomic jet including density, temperature, and axial velocity.

The laser absorption profiles extracted from the TDLAS measurements indicate the presence from

a cold group of atoms (< 10 K) and a hot group of atoms (50 - 200 K) which is predicted in liter-

ature for an atomic source that is transitioning from the continuum to free-molecular flow regime.

The TDLAS data indicate that for a rubidium getter source at high current, the mass flow of the

beam is approximately 2× 10−3 µg/s. Although the mass flow rate from the rubidium source was

lower than predicted, calculations of the waveguide V-Parameter indicate a potential light guiding

capability for laser detunings less than 30 GHz from resonance. Findings from this initial exper-

imental study to characterize the rubidium jet were used to influence the design of a combined
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beam study which attempted to produce a sufficient dipole potential to reduce the divergence of an

atomic jet.

The present work also describes novel advancements to the measurement capabilities through

the development of new experimental apparatuses. The experiment added two additional TDLAS

measurement stations and utilized a semi-automated synchronized spatial scanning gantry. Addi-

tionally, a method of separating the combined beam into the constituent atomic/laser beams was

devised in order to study the final overlapped laser profile. Results from the combined beam ex-

periment indicated that the atom temperature was at or above the 300 K ambient temperature, sug-

gesting a significant degree of rubidium was present as background species in the chamber rather

than in a low divergence jet. With the contamination of the jet diagnostics from the background

rubidium, the behavior of the atomic jet could not be analyzed. However, the laser overlapping

and separation systems did provide valuable data in terms of the interaction of the guiding laser

with a rubidium vapor. The overlapped laser profile experienced detectable attenuation as it was

tuned about the atomic resonance of the rubidium, which could be used in future experiments for

atom jet bulk velocity measurements. Additionally, when the overlapped laser was tuned close to

the atomic resonance, the TDLAS diagnostic stations confirmed a depletion of the ground state

number density via the measured transmission.
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NOMENCLATURE

A atom jet cross sectional area

A21 Einstein A coefficient from excited state to ground

a waveguide radius

α atomic polarizability

BT combined beam brightness

Cmp most probable speed

c speed of light

∆ laser detuning (angular frequency)

∆opt optimal laser detuning

Ek kinetic energy

e charge of the electron

ε0 vacuum permittivity constant

Fdip dipole force

F hyperfine state quantum number

f0 static frequency

fshift Doppler shifted frequency

G(ω) Gaussian lineshape function

Γ excited state decay rate

Γsc scattering rate
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γN natural linewidth

h̄ reduced Planck’s constant

I electrical current supplied to rubidium source

Ilas laser intensity

Isat saturation intensity

Kn Knudsen number

k laser wavenumber

~k laser propagation unit vector

kb Boltzmann constant

L(ω) Lorentzian lineshape function

λ laser wavelength

m mass of atomic species

ṁ mass flow rate

me mass of the electron

ṁgetter mass flow rate from getter vapor source

N number density of atomic vapor

NA area-integrated number density

NA Numerical Aperture

n complex refractive index

nclad refractive index of the cladding for a step-index fiber optic

ncore refractive index of the core of a step-index fiber optic

ω laser angular frequency
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ω0 atomic resonance angular frequency

PEM power of an electromagnetic radiation beam

Plas laser power

PP power of a particle beam

Π area divergence product

RL reflectance to an incident laser beam

RP reflectance to an incident particle beam

r radial vector in combined beam

rshroud radius of atom vapor flow limiting shroud hole

rsource radius of atom vapor emission source

s saturation parameter

T temperature

TEM thrust from an electromagnetic radiation beam

Tr recoil temperature

TP thrust from a particle beam

Ttotal combined beam total thrust

T⊥Cold radial divergence temperature of cold atom vapor

T⊥Hot radial divergence temperature of hot atom vapor

θ measurement angle

θcold divergence angle for a cold atom vapor jet

θcouple maximum angle at which light can be coupled into a step-

index fiber
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θlas laser divergence angle

θperp atom jet divergence half angle

Udip dipole potential

V V Parameter (strength of refractive index)

v velocity

vb velocity of the particle beam

vsc velocity of the spacecraft being accelerated

v⊥ radial velocity

v‖ axial velocity

w0 laser beam waist radius

zsep source and aperture separation distance

CAD computer-aided design

CF ConFlat

CMOS complimentary metal oxide semiconductor

CNC computer numerical control

DAQ data acquisition (system)

EM electro-magnetic

GUI graphical user interface

ND neutral density (optical filter)

PEEK polyether ether ketone

PTFE polytetrafluoroethylene

RGA residual gas analyzer
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SAS saturated absorption spectroscopy

TDLAS tunable diode laser absorption spectroscopy

TRL technology readiness level

UV ultraviolet

UV FS ultraviolet-grade fused silica

V DF velocity distribution function
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1. INTRODUCTION

Space missions to distant celestial bodies within our solar system, extrasolar objects [2], the

solar gravity lens point [3, 4], or the nearest star system [5], must all reach substantial speeds to

reach their target within a reasonable mission duration. Traditional chemical propulsion offers

large total impulse, but is not very efficient (low specific impulse), thus not well-suited for deep

space missions. Developments in ion thrusters and plasma propulsion systems have yielded signif-

icant increases in specific impulse, which has extended the reach of feasible missions. However,

for the most distant celestial objects and locations, new forms of space propulsion are required. An

appealing candidate for these challenging missions is directed energy propulsion.

1.1 Directed Energy Space Propulsion

Directed energy propulsion removes the requirement for thrusters and reaction mass systems

from the science spacecraft, and instead harness momentum from a form of energy directed toward

the craft. One main benefit of using directed energy is that the emission source can often be

located on Earth or near Earth [6]. Developing structures for Earth orbit often affords a greater

mass budget than for systems bound for deep space. For this reasons, the emission sources can

be readily serviced, store greater amounts of propellant (or energy), and be located near an energy

source. The most common concepts for directed energy propulsion are radiation pressure and mass

momentum beams.

1.1.1 Radiation Pressure

Within the category of radiation pressure propulsion, a large effort has been primarily focused

on electromagnetic (EM) radiation pressure [7, 8, 9, 10, 11, 12, 13, 14, 15]. Concepts usually

involve either Earth-based laser systems [11] or near-Earth laser systems [16] to transmit the EM

beam to the spacecraft. Assuming all incident light is either absorbed or reflected, the pressure

exerted on a surface by an EM wave, PEM is [17],
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PEM = (1 +RL)
Ilas
c
, (1.1)

where RL is the reflectivity of the surface (RL = 1 for fully reflective), Ilas is the laser intensity

incident on the surface, and c is the speed of light. Equation 1.1 can be reduced to get the EM

thrust, TEM , by multiplying both sides of the equation by the craft incident area,

TEM = (1 +RL)
Plas
c
, (1.2)

where Plas is the cumulative EM power on the craft area. Equation 1.2 uses the assumption that

there is no transmission through the spacecraft, only absorption and reflectance. A spacecraft that

absorbs all incident radiation would have a reflectance of RL = 0, but a fully reflective craft would

have a reflectance of RL = 1, thus doubling the thrust. From Equation 1.2, the thrust to input

power ratio is heavily reduced by a factor of the speed of light, thus requiring high laser intensity,

spacecraft area, or both to achieve substantial thrust. The benefit of using laser-based EM pressure

is that spacecraft are able to be fairly lightweight but require unique reflective "sail" material over

a large area to be effective [8]. A drawback to laser beam propulsion is the inherent diffraction,

meaning a laser cannot stay collimated indefinitely. For the fundamental Gaussian laser mode, the

divergence angle , θlas, is,

θlas =
λ

πw0

, (1.3)

where λ is the laser wavelength and w0 is the beam waist radius [17]. This beam divergence

yields a substantial loss mechanism for thrust on the science spacecraft as it propagates. Due to

the spreading laser, the incident power on the sail area is gradually diminished, thus limiting the

maximum acceleration distance/time that can be achieved. There have also been concepts proposed

that utilize the EM pressure provided by our Sun at close distances to receive greater final velocities

or orbital station keeping [18, 19, 20]. However, these sail concepts rely only on a relatively short

acceleration period due to the solar flux. Methods for reducing the impact of laser divergence
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through large-scale laser arrays or larger laser sails [16, 11] have been proposed. There have been

alternative concepts that consider the use of lens arrays spaced along the propagation to refocus the

beam [21]. However, concepts that require substantial in-space infrastructure development often

coincide with significant engineering challenges.

1.1.2 Mass Momentum Transfer

Another form of directed energy space propulsion being considered is particle beam propulsion.

The term particle, in this context, is used to encapsulate atoms, molecules, and ions [22]; any

particle which has mass that is being used to transfer momentum to the spacecraft. The benefit of

using particles to propel a spacecraft is the higher momentum to energy ratio imparted to the craft

and energy efficiency in the emitter compared to laser propulsion [23]. Assuming all particles are

either absorbed or reflected, the thrust imparted to the spacecraft by the particle beam, Tp, in terms

of beam power, Pp, is,

Tp =
2(1 +Rp)Pp

vb

(
1− vsc

vb

)2

, (1.4)

where Rp is the particle reflectivity and vb and vsc are the velocities of the beam and spacecraft,

respectively [24]. For the case of vb >> vsc, the thrust to power ratio is high; providing a peak

value that is greater than laser propulsion system with equivalent power by a factor of 2c
vb

[24].

However, the thrust to power ratio drastically declines as the spacecraft accelerates to near the

particle beam velocity, thus providing a limit to the maximum obtainable velocity.

Similar to the laser-based EM propulsion concepts, particle beams also have a degree of diver-

gence. As the particles are emitted from a source, they have some inherent axial velocity, v‖, and

a transverse velocity, v⊥. The group of atoms can be consider to have a most probable transverse

speed, Cmp, given a certain temperature, T , which is described by [25],

Cmp =

√
2kbT

m
, (1.5)

where kb is the Boltzmann constant and m is the mass of the atom. As with laser divergence,
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this "thermal" spreading of the particle beam leads to significant losses and is often more promi-

nent than laser divergence. The divergence of the particle beam is simply the ratio of v⊥/v‖ (for

small divergence angles). Since particle beams provide greater thrust efficiency but suffer from a

larger divergence, effort has been spent evaluating concepts for minimizing the divergence, such

as guidance beacons [26] and laser cooling [27] .

The two concepts of directed energy space propulsion discussed previously each have their

unique benefits. Radiation pressure propulsion typically has less divergence but a lower momen-

tum transfer efficiency. Particle beam propulsion offers greater thrust efficiency but often suffers

from greater divergence unless divergence mitigation efforts are employed. Additionally, the EM

beams are not as velocity limited as the particle beam propulsion, which degrades in thrust as the

spacecraft velocity approaches the velocity of the particles. The common pitfall between both

methods is the divergence of the beams, which lowers the incident flux on the science spacecraft

as it accelerates. A concept for a significant reduction in the beam divergence would yield a more

efficient propulsion system for deep space and interstellar missions.

1.1.3 Self-Guiding Beam Concept

Through the combination of a neutral atom beam and a laser beam, Limbach and Hara theorize

that a mutual guiding effect can be generated that will significantly reduce the divergence of the

beams over millions of kilometers [24]. This self-guiding beam concept spatially overlaps a high

power laser beam with an alkali atom beam in a space-based transmitter. This combined beam is

then directed to a science spacecraft which would then reflect, redirect, or absorb both the neutral

atoms and incident laser to harness the momentum from the beam. The resultant thrust, Ttotal,

would be the cumulative sum of the constituents,

Ttotal = TEM + TP . (1.6)

The operating principles behind this mutual guiding effect will be discussed in detail in Chapter

2, but in brief, the laser is guided through the heightened index of refraction generated inside
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the atom beam compared to the outside vacuum. Likewise, the atom beam is guided through a

dipole potential trap, generated by the overlapped laser being detuned from atomic resonance,

which is able to confine the atoms in the transverse direction. The laser will be guided unless

diffraction overcomes the refractive guiding strength. Whereas, the atoms are able to maintain

confinement so long as their transverse temperature does not overcome the depth of the dipole

potential trap generated by the laser. Atom temperature increase presents a primary loss mechanism

for the combined beam system through scattering or stochastic heating. An atom in an EM field

experiences two primary optical forces: the dipole force and the scattering force stemming from

the real and imaginary components of the atomic polarizability, respectively. The dipole force

yields the confinement of the atoms, whereas the scattering force, contributes to re-radiation of the

absorbed field, causing an increase in the atomic temperature. Significant increase in the transverse

temperature of the atoms could generate a kinetic energy that exceeds the dipole potential energy,

thus causing the atom to escape confinement. Chapter 2 will provide insight into how to reduce

this scattering effect and maintain a strong dipole potential.

During their initial study, Limbach and Hara determined that the combined beam brightness,

BT , was a figure of merit of the self-guided beam [24]. The beam brightness is a metric for

quantifying the mass flow rate that can be directed to a spot size at a distance and is defined in

terms of beam parameters as,

BT =
eṁ

mΠEK
. (1.7)

Here, EK is the kinetic energy of the atoms, ṁ, is the atom mass flow rate, and Π is the area

divergence product of the beam. Maximizing the combined beam brightness through increasing

the mass flow rate and lowering divergence is an area of consideration in developments of the

self-guided beam concept.

1.2 Previous Demonstration of Guiding Phenomena

These self-guiding phenomena are not new to the field of physics and have individually been

reported on extensively in literature. However, the concept is novel through its combination of the
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two beams and tailoring the system parameters to yield a mutually collimated beam over millions

of kilometers. The Hara group at Stanford University has produced multiple simulation studies of

the combined beam with increasing fidelity [28, 29, 30]. The simulation effort thus far has been

primarily focus on verifying their findings with publications of the individual guiding effects, such

as the work with sodium atoms preformed by Bjorkholm et al. [31].

1.2.1 Laser Guiding

Light and laser guiding through a refractive index gradient is a common phenomenon used in

fiber optics for data transfer and other waveguides [32]. Unlike in a solid fiber optic media, the

refractive index consider here stems from and atomic vapor. The index of refraction of a vapor,

discussed at detail in Section 2.2, has a strong dependence on the laser frequency and atomic

density. As the laser is tuned closer to the atomic resonance frequency, the index of refraction

experiences an increase as does the amount of laser attenuation experienced [33]. This attenuation,

or laser absorption, is the fundamental principle behind laser absorption spectroscopy, which is

used to study the parameters of a gaseous species [34]. The refractive index is a complex value

and the laser attenuation stems from the imaginary component. The refractive guiding strength,

required for the self-guiding beam, is a measure of the real component of the refractive index. As

discussed previously, re-radiation of the absorbed EM field leads to heating of the atoms. This

effect has been considered in studies of cold gasses and Bose-Einstein condensates that require

optical probing which will not substantially heat the subject [35, 36, 37].

1.2.2 Atom Guiding

Guiding or trapping of atoms via a dipole potential is less commonplace than the light guiding

phenomena, but still well discussed in literature [38, 39, 31, 40, 38, 41, 42, 43]. Partially due to

their short excited state lifetimes, alkali atoms have been used in dipole trapping schemes to gen-

erate cold vapors and Bose-Einstein condensates [44, 45, 46]. There are two primary methods for

manipulating the atoms with an EM field, the radiation pressure trap which functions near atomic

resonance and the optical dipole trap which utilizes far laser detunings. Radiation pressure traps
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work by imparting momentum from the photon to the atom upon absorption. Through the precise

direction of multiple beams the temperature of the atoms can be significantly reduced. The tem-

perature limit of the radiation pressure trap is associated with the balance between optical drag and

photon re-radiation; this is known as the Doppler temperature. Optical dipole traps have a much

lower temperature limit associated with the re-radiation of a single photon, known as the recoil

temperature (Section 2.1). Optical dipole traps can be used in complex schemes to directly gener-

ate Bose-Einstein condensates by continually reducing temperature through confinement [39].

Of primary relevance to this work, optical dipole traps have been shown to focus a jet of neutral

alkali atoms [43, 31]. In their work, Bjorkholm et al. was able to demonstrate a significant atom

focusing effect for a red detuned overlapped laser on a length scale of 55 cm [31]. While the

focusing effect was quantified for the atoms, no literature has shown the consequential influence

on the overlapped laser. Understanding the behavior and effect of both constituent beams in the

self-guiding beam concept is critical to predicting future behavior and for further manifestations

of experiments.

1.3 Studies of the Self-Guiding Beam

The self-guiding propulsion concept has seen recent advancement through developments in

simulations and analysis of the theory. However, these simulations need to be validated with ex-

perimental data to prove they can accurately model the self-guiding phenomenon. Once these sim-

ulations have been validated with small-scale experiments, they can attempt to predict the behavior

of larger-scale tests, and ultimately be used to generate accurate mission profiles for a space-based

demonstration or use case. However, this ladder of advancement, or technology readiness levels

(TRL), must first start with laboratory scale experiments. The focus of the work enclosed in this

dissertation is the design, construction, and analysis of infrastructure and apparatus required to

study this self-guiding beam. To validate simulation data, the system input parameters must be

well quantified. For the particle beam, these initial parameters are the mass flow rate, density dis-

tribution, axial velocity, and transverse velocity/temperature. The initial overlapped laser intensity

profile, frequency, focal point, and beam size are important data to quantify but are fairly trivial
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to measure. From this initial set of input parameters, the behavior of the combined beam will be

analyzed as the input parameters are swept. Each parameter variation yields a test case to vali-

date simulations. The behavior of the combined beam can be quantified using non-intrusive laser

diagnostic techniques to measure the density, temperature, and axial velocity of the alkali atom

beam. Additionally, the final overlapped laser profile can be extracted after the propagation and

any changes to the profile due to refractive effects can be analyzed.

This dissertation will cover the course of two fundamental experiments used to test and de-

velop the infrastructure for initial experiments of the self-guiding beam. The first experiment is a

jet characterization study that served to quantify the initial input parameters of the atom jet into

the experiment while also testing the effectiveness of the laser diagnostic technique and other ex-

perimental equipment. The second experiment tested infrastructure improvements from findings

in the first experiment as well as introducing the overlapped laser to test the guiding behavior. The

experimental facilities and design rationale for both experiments are discussed in Chapter 3. The

findings as well as some insight to sources of error in each study are provided in Chapter 4. Lastly,

Chapter 5 focuses on what was learned through these studies and what are the next steps toward

laboratory studies of self-guided beam propulsion.
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2. BACKGROUND*

This chapter discusses the physical basis for the mutual guiding phenomena as well as the

behavior of the jet source utilized in the experiments. There are two primary mechanisms that

give rise to the self-guiding behavior of the combined beam: optical forces on the atoms in an

electromagnetic (EM) field and refractive effects on laser propagation in a gaseous medium. Both

are fundamentally related to the electric dipole response of neutral atoms to an electromagnetic

wave.

We begin by considering the dipole response within the semi-classical quantum picture of a

two-level atom [47]. In this framework the atom is treated quantum mechanically while the applied

electric field is treated as a classical, continuous wave. For a simple two-level atom with decay

rate, Γ, the steady-state response to a harmonic wave is obtained by solution of the time-dependent

Schrodinger equation [47]. A key parameter emerging from this analysis is the saturation param-

eter, s, which quantifies the extent of ground state depletion. Higher intensity lasers tuned closer

to atomic resonance can generate substantially high saturation, which reduces the strength of the

optical dipole response and therefore the atomic forces and refractive index (dipole moment). The

saturation parameter for a two-level atom is given by, [48],

s =
Ilas
Isat

1 + 4
(

∆
Γ

)2 , (2.1)

where Ilas is the laser intensity, Isat is the saturation intensity of the atom, ∆ is the detuning of

the overlapped laser, ω, relative to the central resonant frequency of interest, ω0, and Γ is the

excited state decay rate. For a rarefied flow, collisional quenching can be neglected, resulting

in Γ becoming effectively the spontaneous emission coefficient or Einstein A coefficient of the

transition, A21 [48]. Under these assumptions the saturation intensity can be expressed as [42, 48,

*Part of the information in this chapter is reported in "Design and Characterization of an Atomic Rubidium Jet
Source for Particle Beam Space Propulsion" by Morgan, H.P., Morales, D., Hodges, W.L., Jillapalli, R.D., and Lim-
bach, C.L. 2020. AIAA Propulsion and Energy Forum, Copyright 2020 by Texas AM University and reprinted with
permission.
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49],

Isat =
h̄ω3

0A21

4πc2
, (2.2)

where h̄ is the reduced Planck constant.

The influence of saturation on optical forces and refractive effects will be discussed in their

respective sections. It is critical to consider these effects for laboratory-scale experiments as it

may be necessary to operate the combined beam at high saturation in order for guiding effects

to manifest in the rarefied media. Additionally, near-resonance regimes where saturation is non-

negligible provide another useful point of validation for simulations.

2.1 Optical Forces

For neutral atoms inside an EM field, such as a laser, there are two fundamental forces acting on

the atom. The first is the well-known scattering force that stems from conservation of momentum

during the photon-atom scattering process [47]. For a two-level atom with negligible saturation

and collisional quenching, the expression for the scattering rate at small detuning is [40],

Γsc(r) =
3πc2

2h̄ω3
0

(
A21

∆

)2

Ilas(r). (2.3)

Here, r is the radial position vector of the beam. The scattering force acts in the laser propagation

direction as a result of recoil from the incident photon momentum. However, the re-emission and

scattering of these photons results in a random walking behavior that leads to an increase in the

random thermal motion (kinetic temperature) of the atom. The characteristic temperature rise of a

single scattering event is known as the recoil temperature, Tr, which is defined as,

Tr =
h̄2k2

mkb
, (2.4)

where k is the wavenumber of the overlapped laser. From Equation 2.3 and 2.4, it can be deter-

mined that an overlapped laser tuned close to resonance (i.e. ∆ is small) can result in a significant

rise in atom temperature over time. For a jet of atoms, an increase in temperature results in an
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increase in the jet’s divergence.

The second fundamental force on an atom in an EM field is the optical dipole force (see a

classical derivation provided by Demtroder [49]), which is a critical component in the self-guiding

interaction. The optical dipole force, Fdip, acts in the gradient of the intensity of the EM field and

can be written as [40],

Fdip(r) = −∇Udip(r) =
1

2ε0c
Re(α)∇Ilas(r), (2.5)

where ε0 is the vacuum permittivity constant, α is the complex polarizability of the atom, and Udip

is the dipole potential. The dipole potential will confine an atom if the transverse kinetic energy

of the atom is less than the dipole potential depth. Under the same assumptions of negligible

saturation, two-level atom, and negligible collisional quenching, the dipole potential be expressed

as [40],

Udip(r) =
3πc2

2ω3
0

A21

∆
Ilas(r). (2.6)

Depending on the sign of laser detuning, the dipole potential will either pull atoms toward

the high intensity regions of the laser (behaving as a potential well for red detunings) or away

from the high intensity regions of the laser (behaving as a potential hill for blue detunings). The

dipole potential can be equated to an effective temperature by dividing Udip by the Boltzmann

constant, kb. It is often useful to consider the potential depth as a temperature to directly quantify

the trapping time as the atoms are heated via scattering. Additionally, it is important to note the

dependence on laser detuning for the scattering rate and dipole potential in Equations 2.3 and 2.6.

The dipole potential decays as ∆−1, whereas the scattering rate decays as ∆−2. For this reason,

dipole trapping schemes are typically operated far-off resonance to drastically decrease the primary

loss mechanism (scattering) while still providing a strong enough dipole potential to trap the atoms.

Kumar et al. evaluated the optimal detuning for long propagation overlapped laser and atom beam

systems in ordered to maximize density amplification. For negligible saturation effects, the optimal
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detuning, ∆opt, is approximated as [28],

∆opt =

(
A2

21

6πm2c

) 1
2
(

Plas
|~v‖|3θ2

⊥

) 1
2

, (2.7)

where ~v‖ is the initial axial velocity of the atoms and θ⊥ is the divergence half-angle of the atoms.

While Equations 2.3, 2.6, and 2.7 assume negligible excited state saturation, it may be bene-

ficial to operate close to resonance and/or at high laser power in which the saturation parameter

(Equation 2.1) becomes non-negligible. In these instances, the equations for scattering rate and

dipole potential must be adjusted to account for saturation by using the following formulas [48],

Udip(r) = − h̄∆

2
ln (1 + s(r)), (2.8)

Γsc =
A21

2

s(r)

1 + s(r)
. (2.9)

Figure 2.1 shows the trends of the dipole potential with detuning including the influence of the

saturation parameter. This enhancement of the dipole potential illustrates a potential benefit of

operating in a higher saturation regime.

Since the scattering rate also sees significant increase in higher saturation regimes, this is not

a desirable regime for the full-scale space transmitter to operate in. However, with laboratory

scale lasers and power budgets saturated regimes offer a way of increasing the dipole potential.

Additionally, quantifying the guiding interaction while saturation is non-negligible yields a more

comprehensive understanding of the guiding interaction throughout the range of viable detunings.

2.2 Refractive Effects

In addition to optical forces, the self-guiding beam interaction requires laser confinement

through the increase in the refractive index, n, of the atom vapor beam compared to the surround-

ing vacuum. This guiding effect is fairly common and is the fundamental principle behind fiber

optics and other waveguides. The varying refractive index of a vapor media has also been used for
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Figure 2.1: Dipole potential with saturation effects considered for various laser detunings and
intensities.

diagnostics of cold atomic vapors [35]. Just as the atom confinement phenomenon has a guiding

aspect and dissipation, the refractive index is a complex property where the real component leads

to light guiding and the imaginary component leads to absorption/attenuation due to the scatter-

ing process. The complex refractive index, n, for a diffuse atomic vapor medium with negligible

saturation effects and collisional quenching can be described as [49],

n = 1 +
Nα

2ε0
, (2.10)

α =
e2

me

ω2
0 − ω2 − iA21ω

, (2.11)

where N is the gas number density, me is the mass of the electron, and e is the charge of the
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electron. From Equations 2.10 and 2.11, it is important to note that the real component of the

refractive index is above unity for red laser detuning but below unity for blue detuning. This

relationship means that a vapor beam can only couple a red detuned laser beam for guiding when

surrounded by vacuum.

The refractive index of the vapor medium has a direct impact on the maximum divergence

angle of light that can confined in the vapor. While not a direct comparison to a gaseous vapor

beam, the step-index optical fiber illustrates the importance of increasing the refractive index. The

numerical aperture, NA, of an step-index optical fiber is the largest angle of incidence that can be

coupled into the fiber core. The numerical aperture is defined as [17],

NA =
√
n2
core − n2

clad = sin θcouple, (2.12)

where ncore is the refractive index of the core of the optical fiber (the greater refractive index), nclad

is the index of refraction for the cladding surrounding the core, and θcouple is the maximum angle

that can be coupled into the optical fiber. If the density distribution of the atoms in the jet can

be approximated as a flat-top profile, then the behavior would more closely resemble a step-index

fiber. However, Section 2.3 will discuss the cross-section density distributions and it is found that

a more appropriate analogy would be that of a graded-index fiber. Another critical metric for the

fiber waveguides is the V Parameter, V , which is a direct ratio between refractive strength and

inherent diffraction. The V Parameter can be used to quantify the number of guiding modes that

can be guided in a waveguide. The fundamental mode is a pure Gaussian profile, however, with a

higher V Parameter, more spatial modes are able to propagate in the fiber. The V Parameter can be

calculated as [50],

V =
2πa

λ
NA, (2.13)

where a is the fiber radius. If the amount of spatial modes able to propagate is limited, the power

of an initially coupled laser beam will ultimately become restricted to the modes which can be
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sustained in the fiber. Castillo et al. discusses that for the self-guided beam interaction, a V

Parameter of 2 is optimal [29], which corresponds to a critical atom density for the interaction

[24].

Similar to the optical forces, the refractive index is heavily influenced by the effects of satu-

ration. For overlapped/coupled lasers tuned to have high saturation, the refractive index equation

would need to be modified from Equation 2.10 to the following [49, 48]:

n = 1 +
Nα

2ε0(1 + s)
. (2.14)

The refractive index relative to vacuum decays on the order of (1 + s)−1, which is shown in Figure

2.2. For this reason, saturation effects can significantly reduce the light guiding capability of a low

density vapor beam.

2.3 Effusive Flow Behavior

The self-guiding beam concept relies on the generation of a high mass flux, low divergence jet

of atoms. Supersonic atom sources typically offer greater mass flux and less divergence, however,

the complexity of a supersonic source design can pose challenges for laboratory scale experiments.

To focus the area of study to the self-guided beam interaction, an effusive source geometry was

chosen and will be described in detail in Chapter 3. Regardless of the source regime chosen,

minimizing collisions in the particle beam is an important design consideration to prevent collision

losses. For a gaseous flow expanding into vacuum, it will likely enter the free-molecular flow

regime (Kn > 10) at some point beyond the emission source. As the flow continues to expand,

collision events between particles become more rare and the particles will travel on their ballistic

trajectories if left unperturbed. The emission of the gaseous jet is a significant consideration;

the particles can be emitted in a supersonic plume, without collisions in an effusive flow, or a

regime in between these two. The particle emission regime greatly impacts the flow behavior in

the particle beam. Cai and Boyd provide an analytical relationship for the density, axial velocity,

and transverse velocity of a collisionless gas expanding into vacuum [1]. Using these analytical
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Figure 2.2: Real component of refractive index - 1 and imaginary component including saturation
effects as a function of detuning and laser intensity. The plot shown uses an arbitrary gas density
of 10 16m−3. The important trend to note is the decrease in the refractive index effects as the
saturation parameter is increased.

solutions and basic source geometry discussed in Section 3.2.1, previous work modeled the flow

field from a collisionless source in these experiments [51]. These flow fields are shown in Figure

2.3.
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Figure 2.3: Number density and radial velocity flow fields from a collisionless source using far-
field equations provided by Cai and Boyd [1]. Green dashed lines show maximum subtended
angle from circular emission source and flow-limiting shroud (black lines). Yellow line indicates
the boundary beyond which the far-field assumption is valid.
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For reference, a 45 mm separation between the circular Ø3 mm emission source and the flow-

limiting shroud/aperture Ø3 mm hole, the maximum transverse velocity that can escape the shroud

is approximately 14 m/s for an axial flow rate of 218 m/s. The transverse velocity can be equated to

a most probable speed, Cmp, of atom with some temperature, T , by using Equation 1.5. This results

in a temperature equivalent of approximately 1 K for the geometry described above. Therefore, if

a red-detuned dipole potential (Section 2.1) has a depth greater than 1 K across this region of the

flow, the whole jet will be confined within the potential, barring any collisions or heating events. It

is important to note the geometric trade-off between divergence and mass flow rate in this effusive

source configuration. If the shroud/aperture is moved closer to the emission source, more atoms

flow through the shroud, however, there will be a larger divergence of the jet.

Another aspect of the flow behavior expected in the experiment is that which is discussed by

Sanna and Tomassetti on the "bi-modal distribution" [52]. The bi-modal distribution is a combi-

nation of two primary groups of atoms with differing temperatures and densities which are co-

propagating in the beam. This phenomenon occurs when the jet source exists in the quasi-free

molecular regime and some atomic collisions may be present near the emission source. The atoms

which experience a final collision within the emission source and propagate out are limited by the

geometry of the source (i.e. flow-limiting shroud through-hole). This angle subtended by these

"cold" atoms, θcold, can be described by,

θcold = tan

(
rsource + rshroud

zsep

)
(2.15)

where rsource and rshroud are the radius of the source and shroud through-hole, respectively. zsep is

the separation between the shroud through-hole and the emission source. Figure 2.4 illustrates the

geometric influence on the vapor’s divergence angle. The atoms that diverge with this angle are

the coldest group in the bi-modal distribution.

The hot group of atoms in the bi-modal distribution stems from the imperfect free-molecular

flow regime from the source emission resulting in atom collisions within the plume. These atoms
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Figure 2.4: Flow emission diagram from an effusive source with a radius rsource. The central region
of the emitted plume is then selected by a flow-limiting shroud with a passing radius of rshroud. If
the atoms do not experience further collisions in the plume, then the radii and separation distance,
zsep, determine the maximum divergence angle, shown as green dashed lines.

typically then travel on their ballistic trajectories from the point of the final collision. This new

collision point can then be thought of as a proxy emission source. Since the separation distance

between the shroud and final collision point is less than zsep, these atoms will diverge with a greater

subtended angle. The point at which these collisions diffuse from was evaluated by Beijerinck and

Verster for supersonic beams [53]. In Sanna and Tomassetti’s discussion, the expected perpendic-

ular temperature variation between the two groups is T⊥Hot

T⊥Cold
≈ 25 [52]. Therefore, if an exactly

free-molecular flow source is not obtained, a bi-modal distribution can be expected with a colder

group defined by a the geometry governed angle of the source and another hotter group which is

25 times hotter than the transverse temperature of the cold group.

2.4 Rubidium Absorption Spectroscopy

Alkali atoms are the primary candidate for this self-guided propulsion concept for a variety

of reasons, including their short excited state lifetime, strong resonant transitions, and the ease

of generating a magnetic dipole in the atom. Limbach and Hara completed a design study to

determine which alkali candidates were the most useful for the propulsion concept [24]. Rubidium

showed optimal behavior in several areas such as efficiency, spacecraft mass, and time remaining
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in optical confinement. For these reasons, rubidium was chosen as the primary atomic species of

interest and will be used throughout as the particle beam media.

The laser frequency and intensity at which a vapor will absorb light passing through it is de-

pendant on several factors that influence the absorption lineshape. Of these factors, there are three

primary contributors for a jet of atoms expanding into vacuum (neglecting pressure effects): the

atom number density, temperature, and any line of sight velocity Doppler shift. These three factors

manifest themselves in the absorption spectrum in different ways. The atom number density, N , is

a direct multiplicative factor to the amount of absorption in the vapor. Therefore, the depth of an

absorption feature relates to the number density of atoms in the probed region. The bulk velocity

is also fairly trivial: for atoms traveling at some bulk velocity, ~v‖, if the propagation vector of the

laser light, ~k, is not completely orthogonal to ~v‖, there will be a resultant Doppler shift in absorp-

tion spectrum. The Doppler shifted frequency, fshift, from the static frequency, f0, is calculated

as,

fshift = f0
1

1 +
~v‖·~k
c

. (2.16)

From Equation 2.16, if the bulk velocity is directed toward the emission source of the laser, the

atom will experience a blue shift (higher frequency). Whereas if the atom is traveling away from

the laser source the laser source, it will experience a red shift (lower frequencies). Since the static

resonant frequencies of the rubidium atom are well known, any deviation from these frequencies

can be primarily attributed to a bulk velocity Doppler shift (in rarefied flows with little pressure

influence). If the angle of the laser propagation vector to the propagation axis is known, then

a single measurement of the Doppler shifted absorption spectrum can ascertain the axial velocity.

Varying degrees of Doppler shift can be seen by modifying the angle between the laser propagation

vector and axial velocity.

The atomic temperature influence on the absorption spectrum is slightly more involved and

first requires an understanding of the absorption feature shape in frequency space. All atomic

transitions experience natural broadening which is governed by a Lorentzian lineshape, L(ω),
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L(ω) =
1

2π

γN
∆2 + (γN

2
)2
dω, (2.17)

where γN is the natural linewidth which is related to the excited state lifetime. This natural broad-

ening results in having some finite probability of an atom going to the excited state even if the

excitation laser is not tuned exactly on resonance. Introducing temperature into the interaction

yields another broadening mechanism: thermal Doppler broadening, which is modeled by a Gaus-

sian lineshape, G(ω), in a static vapor,

G(ω) =
λ√
πCmp

exp

[
−
(

λ∆

2πCmp

)2
]
. (2.18)

Thermal Doppler broadening works similarly to the bulk velocity Doppler shift discussed above.

For a static atomic vapor at a given temperature, there exist atoms traveling toward the laser emis-

sion source, away from the laser emission source, and orthogonal to the laser. These atoms can be

considered to have a speed related to their temperature (Equation 1.5). Each of these atoms experi-

ence a Doppler shift depending on the orientation of their velocity relative to the light propagation

vector. Thus, some atoms may experience a blue shift and others a red shift. The static vapor which

is experiences sufficient collisions to be considered in equilibrium and has no constraints in the di-

rection of motion of the atoms results in a Maxwellian velocity distribution function (VDF). The

Maxwellian VDF corresponds to a Gaussian profile [25] in the absorption spectrum. To accurately

model the combined absorption lineshape, a convolution of the natural (Lorentzian) and thermal

broadened (Gaussian) spectra must be performed. This convolution produces the Voigt profile.

An important item to note here is the interplay between temperature and density in the absorption

spectrum. As the temperature thermally broadens the features, the integral of the lineshape must

remain constant so the absorption depth of a significantly thermal broadened feature would de-

crease relative to a cold vapor of the same density. In other words, a cold and dense atom vapor

would show very low transmission when the laser is tuned close to resonance, and a hot vapor

with the same density would experience higher transmission near resonance than the cold vapor
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but slightly less further away from resonance. Density, temperature, and bulk velocity produce

detectable perturbations to the absorption spectrum that can be quantified using frequency tuned

absorption spectroscopy to extract the transmission of the vapor as a function of laser frequency.

The rubidium atom has a particularly useful absorption spectrum at the 52S 1
2
−→ 52P 3

2
transi-

tion, also known as the D2 transition. There are two naturally occurring isotopes of rubidium 87Rb

(27.83%) and 85Rb (72.17%) with their D2 central frequency < 80 MHz apart from each other.

Each of these isotopes also have a ground state degeneracy of two and excited state degeneracy of

four. These state degeneracies lead to hyperfine states in the transition. The hyperfine structure

of the transition stems from the differing energies in the ground and excited states from the varia-

tion in the nuclear spin and electron angular momentum. This physically manifests by having two

separate hyperfine ground states and four separate hyperfine excited states each with their own en-

ergies. The hyperfine states are denoted by the F quantum number. These state degeneracies lead

to a total of 12 allowed dipole transitions which have sufficient frequency spacing that they can

be differentiated in the absorption spectrum. The specific properties of the hyperfine transitions is

provided by Steck [54, 55].

Isotope Ground F State Excited F State Separation from Central Frequency (GHz)

85

2 1 1.657 636
2 2 1.687 009
2 3 1.750 409
3 2 -1.348 720
3 3 -1.285 320
3 4 -1.164 680

87

1 0 3.969 603
1 1 4.041 825
1 2 4.198 765
2 1 -2.792 858
2 2 -2.635 917
2 3 -2.369 265

Table 2.1: Hyperfine transition frequencies relative to the D2 central frequencies for both re-
spective isotope. 87Rb central frequency is 384.230484469 THz and 85Rb central frequency is
384.230406373 THz.
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As shown in Table 2.1, the hyperfine structure of the rubidium atom is significantly dispersed

in frequency such that, if the hyperfine peaks were visible in the spectrum, they could be discerned

from one another. Each of these hyperfine transitions has their own relative strength factor that

ultimately relates to the absorption depth at each hyperfine feature. The D2 transition is of primary

interest over the D1 transition because of the absorption oscillator strength; for 85Rb the absorption

oscillator strength for the D2 transition is 0.69577 and the D1 transition is 0.34231. 87Rb has

very similar absorption oscillator strength ratios to the ones provided for 85Rb. These absorption

oscillator strengths correspond to a greater amount of absorption in the vapor for a given density

at the D2 transition than the D1.

2.4.1 Saturated Absorption

Saturated absorption begins when the optical pumping rate to the excited state is greater than

the total relaxation rate [49]. Upon saturation, the density of the excited state relative to the ground

state approaches the ratio of the degeneracies of the two states. If the optical pumping power

still increases, the medium will appear transparent as very little attenuation occurs relative to the

strength of the laser and the vapor cannot absorb anymore photons. This behavior is utilized

in saturated absorption spectroscopy (SAS) in order to resolve the hyperfine frequency locations

in the absorption spectrum. An example of an experimental SAS setup is described in detail in

Section 3.3.1. However, to explain the fundamental theory of operation, it is sufficient to say

that a frequency tuning laser is divided into a high power pumping beam and a low power probe

beam. A probe beam passing through an atomic vapor cell without the addition of a pump beam

would simply experience the thermally Doppler broadened absorption spectrum corresponding

to the density and temperature inside the vapor cell. However, if the pump beam is spatially

overlapped with the probe beam, such that they interact with the same spatial ensemble of atoms,

the probe beam will experience frequencies of increased transmission across the spectrum. The

thermal Doppler broadening often dominates the spectrum compared to the natural broadening

of the hyperfine features. However, once the pump laser is turned on, the hyperfine transitions

of the atom vapor become saturated, meaning they can no longer absorb photons, which yields a
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frequencies of greater transmission for the probe beam as it is not attenuated. If the pump and probe

beam are counter-propagating, they interact with atoms of inverted velocities. In other words, if

a probe beam is tuned to the red of resonance by some arbitrary amount that it interacts with the

group of atoms traveling at some velocity, v, the pump beam which is counter-propagates interacts

with the group of atoms traveling at −v velocity. This interaction with two different atom groups

occurs unless the laser is tuned directly on the resonance, which then allows for the pump beam

to saturate that group of atoms which no longer absorb as much of the probe beam. With this

technique, the very narrow naturally broadened hyperfine features can be seen. An example of a

measured saturation absorption spectrum for rubidium is shown in Figure 2.5
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Figure 2.5: Saturated absorption spectrum for rubidium atom at D2 resonance. Hyperfine transition
frequencies of 87Rb shown as red dashed lines, and 85Rb hyperfine lines are shown as green dashed
lines. Black dashed lines represent crossover resonance frequencies. The left major trough are the
87Rb F = 2 ground state transitions and the right major trough are the 85Rb F = 3 ground state
transitions.
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Figure 2.5 shows an artifact the particular SAS setup used to extract the spectrum called

crossover resonances. Crossover resonant frequencies occur directly between two transitions from

the same ground F state (e.g. halfway between F = 2 −→ 2 and F = 2 −→ 3). For the rubidium

atom on the D2 line, each ground F state can go to three allowed excited F states, resulting in

three cross-over resonances per ground F state transitions per isotope. Each trough in Figure 2.5 is

generated from the combination of six features (three hyperfine resonances and three crossover res-

onances). To understand how these crossover resonances manifest and result in an increased probe

beam transmission, we must think of the experimental setup with a counter-propagating pump and

probe beam. If the laser is tuned directly between hyperfine transition 1 and transition 2 (ranked in

order of increasing frequency) and the spacing between the two transitions is less than the Doppler

broadening, then the cross-over resonances can be seen [42]. While the laser is tuned directly be-

tween the two transitions, there exists two velocity groups of atoms, v and −v, which experience a

blue shift and a red shift, respectively, and causes them to align with the resonant frequencies for

transition 1 and 2. Which velocity group gets Doppler shifted to which transition is not important,

except for the realization that the red and blue shift are opposite for the counter-propagating pump

and probe beams. At this precise frequency point, both lasers are acting on the same two velocity

groups (v and −v). Thus, the pump beam is able to saturate both transitions and allow greater

transmission for the probe beam. The crossover resonances are an artifact of the experimental

setup. SAS setups that remove these crossover resonances have been demonstrated [56]. However,

since crossover resonances can be prominent features in the absorption spectrum and they also

occur at very well known frequency values, they too can be used as a reliable frequency reference

to determine the precise laser frequency during the experiment.
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3. EXPERIMENTAL METHODS*

Before the combined laser and atom beam space propulsion concept can be used for deep

space missions, ground experiments in laboratory-scale facilities must first demonstrate the self-

guiding interaction. The theory and simulation of the combined beam propagation behavior has

been the subject of extensive work by Limbach, Hara, and others [24, 57, 30, 29, 28, 58]. However,

these simulations need to be validated with experiments to prove them as effective resources for

predicting behavior of the space propulsion method. There are three main elements to the self-

guided combined beam propulsion concept: combined beam emission, mutual propagation, and

momentum transfer to the science spacecraft. The laboratory-scale experiments discussed primar-

ily focused on developing and characterizing the emission in order to study the mutual propagation

behavior with the overlapped laser and atom beam. The infrastructure built to study the combined

beam is shown in Figure 3.1 and illustrates the need for four main areas in the experimental facility:

1. A method for generating the combined beam by spatially overlapping a laser with a rubidium

vapor jet.

2. An area that conducts an analysis of the combined beam and allows this beam to propagate

such that guiding effects can manifest. The data from this analysis will be used to validate

simulations.

3. Apparatus for separating the combined beam back into the constituent systems such that the

overlapped laser can be analyzed.

4. Extraction and analysis of the overlapped laser which will also be used to validate simula-

tions.

This dissertation focuses on two distinct experiments: a rubidium jet source characterization

study and an overlapped rubidium and laser beam experiment. While Figure 3.1 describes the

*Part of the information in this chapter is reported in "Characterization of an Effusive Rubidium Atomic Jet Source
by Tunable Diode Laser Absorption Spectroscopy" by Morgan, H.P., Hodges, W.L., Jillapalli, R.D., and Limbach, C.L.
2021. AIAA Scitech Forum, Copyright 2021 by Texas AM University and reprinted with permission.
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Figure 3.1: Proposed combined beam experimental architecture requiring a method for generating
a jet of rubidium vapor, laser spatial overlapping infrastructure, a method for studying the com-
bined beam as it propagates, and finally an apparatus for separating the two beams such that the
overlapped laser can be analyzed.

architecture for the combined beam study, several elements remain the same across these exper-

iments. For the jet characterization study, the spatial overlapping, beam separation, and overlap

laser analysis infrastructure are all omitted. The jet characterization study serves as a risk-reduction

predecessor to the combined beam experiment. This initial study also provided a test of the vac-

uum infrastructure and monitoring equipment, laser diagnostics, and rubidium jet source. From

this initial study, many components of the experiment were modified to improve functionality in

the overlapped beam experiment. The goal of the overlapped beam experiment is to vary the fol-

lowing input parameters:

• Laser input parameters:

– Laser frequency

– Laser power
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– Laser focal length

• Atomic vapor jet input parameters:

– Emission divergence angle

– Supplied electrical power to the source

While these input parameters are varied, the density and temperature distributions of the atom

jet and the final overlapped laser intensity profile are extracted. In order to conduct the jet char-

acterization and overlapped beam experiments, several critical components needed to be designed,

manufactured, and tested. Each of the following sections will describe the component configura-

tion for both experiments, where applicable.

3.1 Experimental Vacuum Chamber

The experimental facility housing the overlapped beam experiment is shown in Figure 3.2 and

consists of four vacuum chambers attached in tandem. The primary octagonal chamber houses

the atomic rubidium vapor source and the optics for spatially overlapping the laser beam with the

atomic jet. The first laser diagnostic station is also located on the octagonal main chamber in an

attempt to study the atoms close to the laser overlap. A 8" ConFlat (CF) Tee section and a 4-way

reducing cross provide two additional laser diagnostic stations while having the added benefit of

extending the beam propagation distance. Lastly, an 8" CF 6-way cross chamber is at the end of

the tunnel section to house the beam decoupling mechanism and atomic beam dump. This 6-way

cross section also houses several instruments to monitor vacuum systems such as the residual gas

analyzer (RGA), thermocouples, and vacuum pressure gauge. The vacuum chamber configuration

for the jet characterization experiment is similar to the one shown in Figure 3.2 except the Tee

section was omitted and there was only one laser diagnostic station through the 4-way reducing

cross.

3.1.1 Vacuum Pumping Equipment

The vacuum chamber shown in Figure 3.2 utilizes two turbomolecular vacuum pumps backed

by a roughing pump to reach the ultra-high vacuum levels required for the experiment. This flow
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(a) Overlapped beam experimental chamber

(b) 3D CAD rendering of the experimental chamber with illustrations for laser overlap and extraction and
laser diagnostic stations

Figure 3.2: Experimental vacuum chamber for beam overlap, conducted in the octagonal main
chamber, laser diagnostic study during propagation, and beam separation in the 6-way cross cham-
ber on the left
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diagram of pumping equipment and the dry air inlet purge system is shown in Figure 3.3. The

Ebara EV-A10-3U dry rotary pump is used to initially bring the vacuum chamber to low pressure.

Utilizing a roughing pump is necessary due to the turbo-pumps requiring <1 Torr chamber pressure

before activation. The roughing pump has been shown to produce a base pressure in the chamber

on the order of 10−2 Torr. Once the chamber has reached this lower pressure, the turbomolecular

pumps can be engaged. The Varian V150HT and V250 turbo-pumps typically operate between

40-60 krpm and have been shown to produce a base pressure in the chamber of 10−8 Torr.

Figure 3.3: Vacuum facility flow diagram including vacuum side equipment and dry-air purge line
hardware.

The air inlet system is critical for two reasons: dry air will allow oxygen to bond with rubidium

atoms and passivate them, and it provides a method for safely bringing the chamber back up to

atmospheric pressure. The first stage of this line utilizes the laboratory air compressors which have

in-line dryers installed; this line provides air pressure at 8 bar. The air is then regulated down to 1

bar where it is then passed through an in-line desiccant dryer to further remove water vapor in the

flow. Once the vacuum compatible gate valve is opened, this dry air can then flow into the chamber,

oxidize the rubidium, and bring the chamber up to atmosphere. It is important to note the stringent

requirement of drying the air prior to injection into the chamber. Moist ambient air contains water
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vapor that could be sufficient enough to react with the volatile water-reactive rubidium and cause

ignition.

3.1.2 Vacuum Monitoring Equipment

Several instruments are installed throughout the vacuum chamber to monitor the vacuum and

critical systems. Due to consistent issues with ultra-high vacuum compatible pressure gauges, two

gauges are used in the chamber simultaneously. One of the gauges is an Edwards Wide Range

Gauge, capable of monitoring 1 atm down to 10−9 mbar. This gauge is installed on the primary

octagonal chamber. The second gauge is a Granville-Phillips Micro-Ion ATM gauge with the same

range as the Edwards gauge. The Micro-Ion gauge is installed on the 6-way cross region. This

configuration of gauges offers the ability to calculate conductance between the octagon and 6-way

cross, which is useful for longer propagation experiments where the flow might become limited

by conductance. However, the Edwards gauge continually entered a failure state during testing

and would not yield proper readings. Therefore, the Micro-Ion gauge was the primary pressure

measurement. This gauge failure is predicted to stem from heat transfer fluid contamination from

a leak in the vacuum side cooling lines causing oil deposition on the instrumentation of the pressure

gauge.

Another useful instrument installed in the chamber is a Stanford Research Systems Residual

Gas Analyzer (RGA). This RGA utilizes a quadrapole mass analyzer to determine the partial pres-

sure of gasses in the chamber as a function of their atomic mass. The RGA is primarily useful

during chamber construction to conduct helium leak testing. The analyzer can be set to continually

monitor for 4 au, which corresponds to helium, and an operator can blow a low velocity jet of he-

lium on the vacuum flange seals. Any leaks in the vacuum seals will allow helium to pass through

and reach the RGA. The RGA can be used to measure gasses from 1-100 au which yields another

method of analysis during the experiment by setting the RGA to monitor for rubidium. It is critical

that rubidium which is not in the primary jet be immediately condensed on chilled surfaces to pre-

vent it from entering the propagation region and contaminating diagnostic measurements. Setting

the RGA to monitor for 85 and 87 au, the two naturally occurring rubidium isotopes, will quantify
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the partial pressure of these gasses during testing. This information can be used to determine the

effectiveness of the condensation surfaces.

3.2 Testing Hardware

While Section 3.1 discussed the enclosure and basics of the vacuum facilities, this section

will discuss the unique equipment that was developed to generate an atomic rubidium jet source,

manage the rubidium at the end of the propagation, spatially overlap a laser with the atomic beam,

and separate the combined beam for analysis.

3.2.1 Atomic Rubidium Jet Source

The rubidium atomic jet source has been the subject of immersive study throughout the de-

velopment of these experimental facilities. Between the jet characterization study and combined

beam experiment, the sole difference in the atomic jet source has been the mounting method for the

rubidium getter, a component which houses the metal and heats it to produce the rubidium vapor.

The principle jet source design was inspired from the work by Moore et al. [59]. Both sources

utilize a rubidium getter cartridge and a chilled condensation shroud. The rubidium getters used

in this experiment are from AlfaVakuo in a 3C configuration. The "3C" code refers to a getter

that is 3 mm in diameter and has a front and back tab that extend downward. AlfaVakuo offers

different rubidium fill quantities. For the jet characterization study, a 50 mg fill was used while the

combined beam experiment utilized a 250 mg fill.

3.2.1.1 Condensation Shroud

The rubidium getter emits a large solid angle plume of rubidium atoms. However, the atoms

outside of a small central cone are not viable for use in the experiment, as their divergence is too

large to be confined in the dipole trap. The lower-divergence central cone of atoms has a low

transverse velocity (temperature, see Equation 1.5). The optical dipole trap potential predicted for

the experiments is sub-Kelvin in depth. Any atoms with a larger transverse kinetic energy than the

dipole potential depth will not be effectively confined by the overlapped laser beam. To prevent

rubidium accumulating as a background gas in the chamber, it is necessary to only allow a small
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region of interest to propagate. The chilled condensation shroud has a Ø3 mm through-hole on axis

to allow the central cone of atoms to propagate through while condensing any atoms that collide

with the walls. Figure 3.4 shows the condensation shroud during initial open air testing prior to

vacuum integration.

Figure 3.4: Actively pumped chilled condensation shroud shown in open air testing prior to instal-
lation. A refrigerated circulator flows low temperature silicon-based oil through the copper lines
brazed to the body to reach temperatures as low as -50°C

A Thermo Scientific AC200 Glacier G50 refrigerated circulator is used to actively pump low

temperature fluid throughout the copper tubing which is brazed to the cylindrical body of the

shroud. Copper is utilized to increase thermal conduction through the shroud and into the fluid.

The G50 is typically set to a temperature of -50°C during testing but has the added benefit of also

being able to heat the fluid to above ambient temperature. Raising the temperature of the working

fluid provides the option to melt the condensed rubidium in the shroud to ease clean-up, if desired.
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3.2.1.2 Jet Characterization Study Rubidium Source

The rubidium jet source for the jet characterization study, shown in Figure 3.5, was the first

iteration of the effusive source. This experiment served as a test of the use of the rubidium getter

as the primary source, the condensation shroud, and mounting method for the getter. A primary

goal of the design for the jet source was to align the jet’s central axis with that of the propagation

region of the chamber. This alignment centralizes the laser diagnostic method to the jet axis. To

start mounting the source, a pair of custom fabricated struts is attached via vented bolts to one of

the primary 14" CF flanges on the face of the octagonal chamber. The source-side infrastructure

uses these struts as the primary attachment point. It is necessary in the design to include methods

for position adjustment of the shroud and rubidium getter. The getter axis and shroud axis need

to be aligned as well to maintain the central region of the plume exhausted by the getter as the

region that propagates into the chamber. Another constraint for the system is the need to maintain

the temperature differential between the getter and the shroud. The shroud must maintain at a low

enough temperature (-30°C [59]) to achieve a significant sticking probability when atoms collide

with the wall . The getter source is expected to reach up to 1000 K. With this temperature range

between close proximity components, it is ideal to maximize the path length for thermal conduction

in an attempt to make radiation the primary form of heat transfer. The alignment and temperature

constraints are the reason behind two separate alignment systems for the shroud and getter which

are shown in an exploded view in Figure 3.5

The rubidium getter is activated via electrical resistive heating, therefore passing a current

through the getter will result in a rise in temperature. The alligator clip and ring terminal con-

nector shown in Figure 3.6 complete the electrical circuit through the getter and route out of the

vacuum chamber through an electrical feedthrough into a constant current power supply. The get-

ter vendor, AlfaVakuo, supplied data for the relationship between current supplied to the getter

and resultant temperature for an optimally mounted getter. The getter is clamped in place via

a vacuum-compatible Macor ceramic V-block. Two button head cap screws with a compression

spring between the head and the top Macor block provide the clamping compression force while
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Figure 3.5: 3D rendering of the jet characterization atomic rubidium jet source. Left: collapsed
assembly showing in-use configuration. Middle: rubidium getter subassembly with method for
adjusting the getter on all three primary axes. Right: condensation shroud subassembly with two
axis degree-of-freedom.

still allowing room for thermal expansion without cracking the ceramic. The rationale of mount-

ing the getter via the cylindrical body was to rigidly control the central axis of the source to ease

alignment with the shroud.

The results from the jet characterization study, discussed in detail in Chapter 4, showed that

the method of holding the getter, by clamping the body with a ceramic block, thermally sapped the

reservoir. This ultimately led to a stark difference between the manufacturer’s specified mass flow

rate as a function of temperature and what was measured during the experiment. In other words,

more current was needed to produce the same mass flow that the manufacturer expected. These

findings spurred the change in getter mounting for the combined beam study jet source.

3.2.1.3 Combined Beam Study Rubidium Source

Applying lessons learned from the initial effusive source characterization study, a new source

was designed that utilizes the tabs of the getter for mounting. Mounting via the getter tabs instead

of the main body provides less thermal sapping of the reservoir. However, this new mounting

yields additional degrees of freedom that complicate alignment. This new source design, shown in

Figure 3.7, uses two stainless steel electrodes with pronged ends and tapped holes such that a screw
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Figure 3.6: First iteration of the atomic rubidium source which utilized a clamped rubidium getter,
chilled condensation shroud, and dovetail alignment blocks.

can keep the getter tabs locked in place. To prevent electrical shorts, the electrodes are insulated

with PTFE plastic bushings in the stainless steel housing block. The PTFE is a vacuum-compatible

plastic and electrical insulator. To clamp the electrodes in place, two PEEK plastic screws are used

per electrode which clamp on a machined flat section of the electrode.

It is important to elaborate on the drawback of this design when compared to the previous

iteration. Moving from using a rigid mounting (body mounted) to a greater degree of feedom

mounting method (tab mounted) complicates the alignment between the getter and the shroud.

The vertical height of the getter can be varied by the height adjustment screw, shown in Figure 3.7,

but also where along the length of the tab the getter is clamped. In addition to the height variation,

the getter can have some inherent pitch due to inconsistencies with clamping of the tabs between

the front and back. In other words, if the front tab is clamped higher up than the back tab, the

mouth of the getter may appear centered, but this pitch would yield a skewed atomic jet emitted

from the shroud. Figure 3.8 shows the visual inspection for alignment between the getter mouth,
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the shroud through-hole, and the beam overlapping mirror through-hole.

Figure 3.7: Combined beam study atomic rubidium source utilizing a new method of getter mount-
ing with pronged electrodes passing through a riser block. Electrodes are adjustable in insertion
depth into the shroud, thus providing adjustment in the solid angle of extracted rubidium jet.
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Figure 3.8: Alignment of rubidium getter, condensation shroud pinhole, and through-hole mirror.
It is necessary to have the central axis of all three of these components co-linear to produce a more
uniform atomic jet.

3.2.2 Atomic Beam Dump

The atomic beam dump plays a critical part in the experiment: condensing the rubidium atoms

in the jet at the end of the experiment. Without a centralized location for the emitted rubidium to

condense, this vapor would fill the vacuum chamber and contaminate the laser diagnostic measure-

ment. The goal of the design of the beam dump is to optimize atoms sticking probability to the

surface of a plate obstructing the flow. To accomplish this, an IP-60 Immersion Probe Chiller is

used in conjunction with an ethanol fluid reservoir to create a heat removal system. A vacuum-side

copper plate is then mechanically fixed to the fluid reservoir to conduct heat away from the plate.

This system is shown in Figure 3.9 and Figure 3.10. Since the heat flux from the atoms condensing

on the copper plate is minimal, the system is able to be passively chilled (fluid is not pumped di-

rectly to the hardware), as opposed to the condensation shroud which sees a direct, high-intensity

radiative heat load from the getter during activation and needs to be actively pumped with coolant.

This atomic beam dump design has been tested individually to identify the time required to
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Figure 3.9: Atomic beam dump chiller system using an IP-60 immersion probe chiller immersed
in an ethanol fluid reservoir and conducting heat from a vacuum-side copper plate.

reach an approximate steady state temperature; this temperature vs. time plot is shown in Figure

3.11. From Figure 3.11, the vacuum-side copper plate reaches a steady state temperature of -40°C

after about 30 minutes of run time.

For the overlapped beam experiment, a slight modification was made to the atomic beam dump

due to the addition of the combined beam decoupler, which will be described in detail in Section

3.2.4. To accommodate the rubidium reflected from the heated beam decoupler system, an or-

thogonal wing is brazed to the side of the plate. This new configuration is shown in Figure 3.12.

3.2.3 Laser Beam Overlap

To demonstrate a mutual guiding effect, a high power Gaussian laser must be generated and

spatially overlapped with a co-propagating atomic jet of rubidium atoms. This section will dis-

cuss the overlap of the laser with the rubidium source discussed in Section 3.2.1.3. Generation

of the overlap laser is shown in Figure 3.13. The laser is first generated with a continuous wave

Ti:Sapphire M Squared Laser System (utilizing a Solstis and Equinox unit) tuning about the rubid-
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Figure 3.10: Side profile of installed atomic beam dump consisting of a copper plate brazed to a
split section of copper tubing clamped to a stainless steel fluid reservoir. The copper plate is kept
at sub-zero temperature to condense rubidium vapor on contact.
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Figure 3.11: Temperature vs time plot for the atomic beam dump. The immersion probe chiller unit
is turned on at 2 minutes and turned off at 50 minutes. The plot shows the steady state temperature
occurs at approximately -40°C and reaches this point at about 30 minutes of run time.
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Figure 3.12: Second iteration of the flat plate atomic beam dump. The plate is modified with a
secondary orthogonal wing to catch rubidium atoms reflected off of the heated beam decoupler.

ium D2 resonant frequency, with a maximum output power of 10 Watts, and a beam diameter of

approximately 1 mm. After emission, this beam is sent to a combined half-wave plate and polar-

ized beam splitter to vary the power directed to the experiment. The reflected beam is sent to a laser

sampling system which uses a fiber-coupler to direct the beam to a HighFinesse wavelength meter

(Type WS7). During the experiment, the wavelength meter is conducting a dual measurement to

record the wavelength of both the overlap and laser diagnostic beams. While the diagnostic laser

frequency is measured with a precise saturated absorption technique, discussed in Section 3.3.1,

it is co-recorded in the wavemeter as a point of reference in the event of some inherent offset

of the wavelength meter. After the polarizing beam splitter, the laser is directed to an expansion

telescope which produces a collimated beam with a waist of approximately 20 mm. The beam is

not expanded to the final desired size at this point in order to reduce cost by using standard Ø25

mm optics for the majority of the beam routing. The next stage utilizes another beam expansion

telescope with one of the plano-convex lenses mounted on a translation stage. By varying the po-
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sition of the lens, the post-expansion laser beam is no longer collimated and this focal point can be

adjusted to various points in the jet propagation and used as a variable for study.

Figure 3.13: Top view of overlap laser diagram for all hardware that is external to vacuum. The
beam is initially generated with a M Squared laser system which is frequency tuned via an external
function generator. This beam is then sampled to send to a wavelength meter to measure the
output laser wavelength. The beam is then redirected and sent through a series of two expansion
telescopes, the last of which is adjustable such that the resulting focal point of the resultant beam
can be varied inside the vacuum chamber. Lastly, the laser is extracted and analyzed with a CMOS
camera.

The distance at which the overlapped laser comes to a focus is an important metric because

at the focal point, the laser intensity is greatest, thus the resulting dipole potential is also at a

maximum at that point. If the overlapped laser is collimated, the dipole potential will remain

constant during propagation. For a focusing beam, the dipole potential will gradually increase as it

propagates, but the area of atoms being influenced decreases. This trade-off is an area interest for

this study and future experiments.

Spatially overlapping the atomic rubidium jet with the laser beam such that the two systems
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co-propagate is conducted with a specialized mirror. This mirror includes a Ø6 mm through-hole

drilled at a 45° relative to the surface and the exit hole is centered on the optically coated face. The

mirror is gold-plated to provide good reflectance in the near-infrared wavelength range. This mirror

can be seen in Figure 3.14 with an additional redirecting mirror above it. The redirecting mirror is

required if the laser incident to the overlapping mirror is non-orthogonal to the propagation axis.

Figure 3.2 shows the position at which this overlap laser is introduced into the vacuum chamber

which illustrates the need for the secondary mirror in the vacuum-side overlapping optics.

Figure 3.14: Vacuum-side laser overlapping optics. The lower gold-plated mirror is the primary
overlapping mirror with a through-hole for the atomic vapor to pass through. The upper mirror is
a protected silver mirror to redirect the incoming beam orthogonal to the propagation axis. Both
mirrors are 50 mm in diameter and mounted with vacuum-compatible optomechanics.

An additional consideration for where to position the focal point of the overlap beam now

comes from the power loss associated with the overlapping mirror through hole. If the laser is

focused very close to this mirror, a greater portion of the laser beam power is removed by the Ø6

43



mm hole. This has the potential to greatly reduce the dipole force as the highest power region of

the beam is removed. It may be necessary for future work to develop a method pre-conditioning

the overlapped laser into a donut shape via axicon pair optics such that the power lost to the overlap

mirror through hole is minimized.

The laser profile after the overlapping mirror can be seen in Figure 3.15. The laser is aligned

using the paper template shown in Figure 3.15. The template is generated using the 3D CAD

models to identify the central axis of the chamber. This alignment method can be used to solve

two adjustments: the laser alignment with the overlapping mirror and the orientation of the mirror

to the central axis of the chamber. The latter of these adjustments is quite trivial, with the goal

being to have the laser centered in the cross point of the two dotted lines in the template. The

alignment of the laser relative to the overlapping mirror manifests as the position of the circular

shadow in the laser beam. The laser regions around the shadow should be uniform, indicating the

central region of Gaussian beam is clipped. Additionally, the shadow should be centered in the

resulting beam profile. With all three of these checks passed, a uniform starting overlapped laser

profile can be assumed and the combined beam decoupler will be mounted directly in the center of

the laser propagation.

The power of this overlap laser can be varied to evaluate the effects of the dipole force or the

refractive guiding. To evaluate the effect of the dipole potential on the atom jet, it is beneficial to

use maximum laser power. However, for quantifying the effects of the refractive index of the atom

jet on the laser, it is necessary to reduce the beam power such that Beer-Lambert attenuation and

laser profile perturbations are visible.

3.2.4 Combined Beam Decoupler

The final component of the overlapped laser experiment hardware is the combined beam de-

coupler. This system provides a novel aspect to the field of study. The overlapped laser profile after

co-propagation with an atom jet has not previously been analyzed. The combined beam decoupler

has the requirements of receiving a high intensity laser beam overlapped with an atomic jet of ru-

bidium atoms. The goal of the decoupler is to then redirect those atoms to the atomic beam dump,
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Figure 3.15: Overlap laser alignment process showing the propagating laser profile without the
influence of a rubidium jet. The donut laser profile is created through the loss of the central region
due to the overlap laser through hole. Without the beam dump and combined beam decoupler
system installed, the laser is directed through the entire chamber. Thus a template can be used to
align the laser with the central axis.

described in Section 3.2.2, where the atoms can condense. In tandem, the decoupler must simulta-

neously route the overlapped laser out of the vacuum chamber for analysis. The chosen design for

conducting this is shown in Figure 3.16. The beam decoupler uses a heated optical prism to prevent

rubidium condensation and allow light to transmit through, experience total internal reflection on

the back leg and transmit out of the hypotenuse side. The reflected atoms are then directed to a

slightly modified version of the atomic beam dump, which is discussed Section 3.2.2.

The beam decoupler is centered about a UV fused silica right-angle prism (Thorlabs #PS611)

heated by metal ceramic resistive plate heaters on the top and bottom faces (Thorlabs #HT24S2).

A custom mounting system is designed to minimized cross sectional area in the rubidium flow
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such that the atoms will still hit the primary face of the chilled atomic beam dump rather than

relying on the newly added wing to catch and condense all the atoms. The prism mounting system

includes a tapered mounting sting that positions the prism directly in the center of the flow. This

manufactured beam decoupler is shown during an open-air test in Figure 3.17.

Figure 3.16: Simplified diagram of method for separating the spatially overlapped atom and laser
beam using a heated optical prism to reflect atoms and reroute the laser.
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Figure 3.17: Simplified diagram of method for separating the spatially overlapped atom and laser
beam using a heated optical prism to reflect atoms and reroute the laser.

It is important to note here the dependence of the refractive index of UVFS on temperature,

approximately 10−5◦C−1 [60]. Due to heating effects from both plate heaters, the optical prism

will experience both an average temperature increase as well as a thermal gradient across the

height of the prism. This non-uniformity in the refractive index will induce distortions in the laser

wavefront. However, these effects can be accounted for with a baseline measurement by passing

the laser through the heated prism in vacuum without the influence of a rubidium jet. The average

temperature increase in the prism results in a bulk translation of the laser beam output due to the

changing internal refraction angles inside the prism.

3.3 Laser Diagnostics

Studying the atomic jet during propagation requires a non-intrusive method of evaluation. Pre-

vious literature has used a hot-wire detector to measure the atomic density profile [31]. This

hot-wire detector cannot be used in this experiment because it would impede the path of the laser
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and terminate or redirect the atoms out of the jet. For this reason, a tunable diode laser absorption

spectroscopy (TDLAS) laser diagnostic technique is utilized to characterize the atomic jet. Addi-

tionally, to properly analyze the data from the TDLAS measurement, it is necessary to provide a

frequency reference while the diagnostic laser is tuning. To achieve this laser frequency measure-

ment, a saturated absorption spectroscopy (SAS) setup is used from a pick-off of the diagnostic

laser. The diagnostic laser chosen for this experiment is a Toptica TA Pro 780 amplified tunable

diode laser with a functional range from 765-795 nm. This laser is ideal for the rubidium D2 reso-

nance at 780.2415 nm. Lastly, due to the overlapped laser tuning about the atomic resonance, the

final laser profile provides valuable insights into the parameters of the atoms in the jet and will be

discussed in detail.

3.3.1 Saturated Absorption Spectroscopy

The measured absorption spectrum in the experimental chamber is thermally Doppler broad-

ened and potentially bulk Doppler shifted, therefore there is no method for discerning a true fre-

quency scale for this absorption measurement on its own. A precise and accurate frequency axis

for the absorption diagnostic is critical to extract the proper density and temperature of the atoms.

Utilizing a pick-off from the diagnostic laser, the beam is frequency measured in real time using

saturated absorption spectroscopy (SAS). The SAS setup, shown in Figure 3.18, takes an incom-

ing laser beam, diverts it into two low power probe beams and a high power pump beam which

counter-propagates relative to the two probe beams. These probe and pump beams are separated

via polarization optics such that the power ratio can be tuned and the optics that loop the pump

beam can transmit the probe beam. All beams travel through a vapor cell of the same atomic

species being studied in the experiment, which is rubidium. The pump beam is spatially over-

lapped with one of the probe beams to deplete the ground state for this transition. After the vapor

cell, both probe beams are directed to a photodiode balance which subtracts the two signals.

Section 2.4.1 discusses the fundamental physics behind the prominence of the hyperfine and

cross-over resonance peaks in the saturated absorption spectrum. These hyperfine lines and cross-

over resonance locations provide Doppler-free peaks at at well-known frequency locations.
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Figure 3.18: Diagram of saturated absorption spectroscopy diagnostic for rubidium. The laser is
split into a high power pump beam and two equal power probe beams. One probe beam is spatially
overlapped with the counter-propagating pump beam, therefore this absorption profile will appear
saturated. The other probe beam is the unsaturated absorption profile. By using a photodiode
balance, these two probe beams can be compared and the hyperfine features of the transition can
be extracted and used as a well-known and precise frequency reference for the laser.
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By using the SAS from a pick-off of the diagnostic laser, these precise hyperfine peaks can be used

to generate a frequency scale that directly applies to the TDLAS diagnostic measurement. Section

3.4 will discuss how the saturated spectrum measurement is analyzed to generate the frequency

axis. The primary considerations for the SAS system is that the probe beams maintain a relatively

low power (well below the saturation intensity of the atomic species) and the pump beam has

sufficient power to deplete the ground state. If the diagnostic laser is running at high power, this

may require the use of ND filters prior to the SAS setup.

3.3.2 Tunable Diode Laser Absorption Spectroscopy

The primary parameters of interest for these experiments are the density and temperature dis-

tributions as well as the axial velocity of the atoms in the jet. Tunable diode laser absorption

spectroscopy (TDLAS) uses a laser tuning about a resonance of the rubidium atom to quantify

the amount of absorption compared to laser frequency. The measured absorption spectrum will

be altered by any velocity relative to the laser propagation vector, path length in the vapor, vapor

density, and atom temperature.

3.3.2.1 Jet Characterization TDLAS

For the rubidium jet characterization study, the TDLAS optics are shown in Figure 3.19. The

base setup included a method for attenuating diagnostic beam power with a half-wave plate and

polarizing beam splitter system, a similar set of optics used to extract a reference beam to evaluate

any laser power fluctuations during tuning, and lastly a simple plano-convex lens telescope to

reduce the beam size.

This experiment involved two sub configurations of the TDLAS measurement. The first config-

uration utilized an adjustable height periscope to precisely locate the laser path in the flow in order

to extract the density and temperature cross sections. The window for the diagnostic measurement

in the jet characterization experiment is a 2.75 CF viewport, so a linear travel of approximately

30 mm is sufficient to reach the bounds of the viewport. This configuration also utilized an arm

mounted on the translation stage to span over and around the chamber to mount a photodiode that
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Figure 3.19: Jet characterization study TDLAS setup with reference pick-off of the diagnostic
beam to account for laser power variability and an adjustable periscope to generate a density and
temperature cross-section measurement.

would passively follow the laser path, shown in Figure 3.20. From Figure 3.20, it can be assumed

that a long cantilever arm such as the one holding the photodiode would be highly susceptible to

vibrations. Testing did reveal that table vibrations from sharp impulses or direct contact of the

translation stage/arm manifested as photodiode signal fluctuations. However, it was found that if

a bracing structure was placed next to the arm with a foam pad, the vibrations from adjustment of

the micrometer damped out fairly quickly.

The second configuration of the TDLAS measurement in the study involved fixing the height

of the periscope and precisely adjusting the angle of the beam relative to the rubidium jet axis.

The goal of this configuration is to extract the axial velocity via known angle increments detecting

various amounts of bulk Doppler shift in the absorption signal. The angle is swept using the

kinematic mount adjustment screw, shown in Figure 3.21. Paper templates were mounted to the

vacuum viewports to ensure the periscope was fixed at the vertical mid-plane and to determine

the angle for test cases. The kinematic mount was first adjusted such that the beam was directed

straight through the center point on both templates, then the yaw adjustment screw on the kinematic
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Figure 3.20: Left image shows the emission side of the TDLAS density and temperature cross-
section scanner. The adjustable translation stage utilizes a micrometer to precisely adjust the height
of the beam path through the chamber. Right image shows the receiving photodiode mounted to
an aluminum extrusion arm which is mounted to the translation stage to passively track motion.

mount was rotated half a revolution, the resulting location on the far template was marked and later

used to calculate an angle for the measurement. It should be noted here that the angles used for

reference were based on the chamber axis, which cannot be entirely assumed to be aligned with

the rubidium jet propagation axis. However, Section 4.1.2 describes how the data provided a factor

of misalignment between the two axes.

This study also required a receiving photodiode on the far side of the vacuum chamber. How-

ever, the previous arm could not be used as it does not track with the mirror angle adjustment screw.

Thus, a photodiode was mounted on an optical post fixed to the correct vertical height for the laser,

then the whole optical post was re-positioned by hand to maximize the transmission signal. Once

the transmission was maximized, the optical post was clamped to the table and measurement data

was taken.

52



Figure 3.21: Jet characterization study TDLAS setup to analyze the bulk velocity by generating
an angle sweep to vary the net Doppler shift of the absorption signal by a component of the axial
velocity.

3.3.2.2 Combined Beam TDLAS

During the jet characterization study, it was determined that the time to adjust the micrometer

position for the height of the TDLAS beam and save the data on the oscilloscope was too inef-

ficient. Since the rubidium source is active for the duration of the experiment to avoid start-up

transients, setup time between measurements results in wasted rubidium. With a finite amount

of rubidium in the source (250 mg), it was necessary to optimize the scanning procedure. Ad-

ditionally, the overlapped beam experiment included three total TDLAS stations that all needed
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to be spatially synchronized. For these reasons, advancement to the diagnostic infrastructure was

required. The chosen solution was to automate the spatial scanning of the TDLAS beam with a

computer numerical control (CNC) gantry, shown in Figure 3.22.

Figure 3.22: TDLAS spatial cross-section scanning gantry for the overlapped beam experiment.
The scanning gantry splits an incoming diagnostic beam into three separate beams with 50/50
beam-splitters to route to three diagnostic locations in the flow. Two diagnostic stations are a retro-
reflecting double-pass measurement which directs the beam back to the gantry where it passes
through the beam-splitter again and into a photodiode for analysis. Station #3 is a single-pass with
a photodiode mounted below the chamber on a synchronized gantry so the photodiode stays in step
with the diagnostic beam.

The optical layout for the TDLAS spatial scanning gantry is shown in Figure 3.23. The fre-

quency scanning TDLAS laser is first directed parallel to the gantry travel axis. It is critical that

the beam comes in contact at the same position on the gantry optics while it spatially scans, if the

beam is not aligned with this axis, it may not read on the photodiode as the beam shifts. After

the beam is redirected, it is attenuated with several ND filters as to not saturate the atoms in the

jet. Next, the beam is directed vertically downward to a 50/50 beam-splitter where the reflection
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goes to Diagnostic Station #1 and the transmission continues to another 50/50 beam-splitter. This

second reflection goes to Diagnostic Station #2. The residual transmission is directed downward

to Diagnostic Station #3 and passed through the chamber to a photodiode which is mounted on a

second synchronized gantry. The synchronized gantry allows the photodiode to travel in step with

the diagnostic beam. All three diagnostic beams are directed toward the diagnostic station at the

same point in the jet cross-section. In other words, if one of the diagnostic beams is right in the

center of the viewport, the other two are as well. If one laser is 5 mm to the left of the center, the

other two stations are also 5 mm to the left of center. This is critical because the position of the

gantry will be used as a reference for each diagnostic, thus once the diagnostic has reached the

center-line of the viewport, all three diagnostics should be centered in their respective viewports.

The gantry is controlled via a custom LabView GUI which commands an Arduino Uno with a CNC

Shield attached. The CNC shield allows for the easy integration of multiple stepper motors and

limit switches. The CNC control LabView GUI also actively tracks the position of the gantry via

the stepping increments. Once the spatial cross-section scan is started, the LabView GUI outputs a

sinusoidal signal with a frequency that corresponds to the current position of the gantry (e.g. 1 mm

corresponds to a signal of 10 Hz and 2 mm yields a 20 Hz signal). This waveform is designed to

assist in automating the data processing; rather than recording the spatial location in the filename

on the data acquisition system, the sinusoidal signal can be Fourier transformed and the position

extracted automatically.
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Figure 3.23: Diagram of TDLAS spatial scanning gantry optics used to separate the incoming beam
into 3 separate measurements. It is important to note that there is some measurement "cross-talk"
from Station 2 to Station 1 due to the use of the 50/50 beam-splitter.

Diagnostic Stations #1 and #2 are both retro-reflecting double-pass measurements that have

their measurement photodiode housed on the gantry such that it maps with the back-reflected beam.

Figures 3.24 and 3.25 show the vacuum-side mirrors which provide the back-reflection for Station

#1 and #2, respectively. Both stations use a 75 mm x 75 mm square protected silver mirror to

provide good reflectance in the near-infrared spectrum. An inherent issue with the TDLAS spatial

scanning gantry optic configuration is that the back-reflection from Station 2 not only gets transmit-

ted through to the photodiode, but also gets reflected back up to the beam splitter which separated

the beam for Station #1. A portion of this reflected signal also goes to photodiode reading for

Station #1. However, it should be noted that due to separations from the beam-splitters, the pho-

todiode from Station 1 receives approximately 25% of the initial beam power as a signal and this

unwanted back-reflection is 6% of the main beam power. While the unwanted back-reflection con-

tains a non-negligible amount of power, it was found that if the optics are very slightly misaligned,

the back-reflection from Station #2 measures in the noise-floor on the Station #1 photodiode. The

slight misalignment of the optics results on the back-reflection from Station #2 no longer directly

striking the photodiode sensor chip on Station #1.
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Figure 3.24: Diagnostic Station #1 retro-reflecting mirror positioned on a 45° octagonal face. The
custom mirror mount has a main cylindrical body ,which is adhered to the vacuum flange via
vacuum-compatible epoxy, and an outer cylindrical housing with a 45° section milled out of the
cylinder such that mirror remains horizontal when installed. The mirror is also adhered to the
mount with vacuum-compatible epoxy. The two cylindrical bodies allow a rotation that can help
adjust the back-reflection. Set-screws are used to lock in the rotation position.

Figure 3.25: Diagnostic Station #2 retro-reflecting mirror positioned inside a vacuum Tee. The
mirror is placed loosely in position with Kapton tape adhering the mirror in place while any back-
reflection adjustments are made. Once the alignment is confirmed, the mirror is locked in place
with vacuum-compatible epoxy.
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These double-pass diagnostic measurements are used to increase the measured absorption sig-

nal and used in areas where a single-pass through the chamber is prohibited or not practical. With

three TDLAS diagnostic stations along the propagation axis, the divergence of a jet can be quanti-

fied with and without the addition of the overlapping laser. Chapter 2 describes the relationship of

the dipole potential as a function of the detuning from atomic resonance. From this relationship, a

higher dipole force is expected as the overlapped laser is tuned closer to resonance. This presents a

unique aspect for the TDLAS measurements: the depletion of the ground state atoms in the jet. If

the overlapped laser is continually exciting atoms in the jet, the TDLAS diagnostic, which is tuned

to measure the ground state density, will not experience absorption from these atoms. The inter-

action from the overlapped laser must be considered when evaluating the TDLAS transmission

spectra and determining the total atomic density.

3.3.3 Overlapped Laser Analysis

Previous work by Bjorkholm et. al [31] has demonstrated the focusing effect an overlapped

detuned laser has on atomic jet, however, the effect this atomic jet had on the laser was not evalu-

ated. For the combined beam propulsion concept, quantifying and understanding the influence on

each constituent beam is critical to the total system tuning parameters. Using the combined beam

decoupler system outlined in Section 3.2.4, the overlapped laser is extracted at the end of the prop-

agation section. The laser is refracted out of the chamber via the optical prism, passed through the

vacuum viewport, sent to a beam sampler to attenuate, sent through ND filters to further attenuate,

and passed through a lens where it is focused onto the sensor of a Thorlabs CMOS camera (Model

Number: DCC1545M). An image of the laser profile is then taken at discrete time intervals during

the experiment which can be traced back to overlapped laser frequency.

The expected image extracted from the experiment is an elliptical beam with a circular hole

in the middle from the overlapping beam system described in Section 3.2.3. The trivial form

of analysis that can be performed on these images is relative intensity as the overlapped laser

tunes across the resonance. As the overlapped laser approaches the atomic resonant frequency, the

overlapped laser will be absorbed more by the atoms and the final extracted profile will become
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increasingly attenuated. By calculating the intensity of these collected images and plotting them

against the overlapped laser frequency, the axial velocity distribution of the atoms can be extracted

from their Doppler shift relative to the static resonant frequency. A second analysis that can be

conducted on the images is quantification of the elliptical beam profile dimensions. By finding the

major and minor axis of the ellipse, these dimensions can also be tracked with overlapped laser

frequency. For an overlapped laser detuned to the red, the laser light is expected to be guided inside

a dense vapor media, however, for blue detuning, the refractive index is less than the surrounding

vacuum and we expect the laser light be diverted from the atomic vapor. If the images show a

change in the elliptical profile dimension, this could indicate refractive effects from the rubidium

jet are influencing the laser divergence.

3.4 Data Analysis and Model Fitting

The critical information of the rubidium vapor jet, that is the density, temperature, and axial

velocity, are measured by their influence to the rubidium absorption spectrum. To extract these

parameters from the absorption spectrum, the follow data analysis routine is used (Note: signals

are all analyzed in MATLAB):

1. Triangle voltage waveform is supplied to tunable diode diagnostic laser to frequency scan.

This signal is recorded in the data acquisition system.

Note: The scanning range of the tunable diode laser should be large enough to include

sufficient data outside the absorption frequencies (i.e. where transmission is equal

unity).

2. The output of the tunable diode diagnostic laser is split into a main TDLAS diagnostic beam

and power reference beam. The low power reference beam is directed to a photodiode and

is recorded. This information will be used to normalize the transmission spectrum based on

power fluctuations in the laser while it frequency scans.

3. The TDLAS absorption profile is read from a photodiode as the laser frequency scans and
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recorded. This provides a diagnostic transmission signal with a y-axis of volts and an x-axis

of some arbitrary time scale.

4. Simultaneously the SAS profile is recorded. As the laser scans, natural-broadened hyperfine

peaks are visible in the spectrum. This SAS transmission signal also has y-units of volts and

x-units of an arbitrary time scale.

5. The hyperfine and cross-over resonance peaks are located using the findpeaks command in

Matlab. The ratio of the spacings between these peaks is calculated and compared to the ratio

of spacings between the hyperfine and cross-over resonances provided by Steck [54, 55].

This process matches the SAS peak with the correct hyperfine or cross-over resonance line.

6. A frequency axis is generated that places each SAS peak on their correct frequency location.

This frequency axis can then be used for any diagnostic data taken at the same instance. It

is important to note that due to frequency drift in the tunable diode laser, the frequency axis

needs to be computed for each unique dataset.

Note: Applying the newly generated frequency axis from the SAS to the TDLAS signal, the

data is now of photodiode voltage vs. frequency.

7. To convert the photodiode voltage signal to a transmission through the chamber, it simply

needs to be normalized. While normalization may appear trivial, experimental testing re-

vealed several challenges:

(a) The reference beam split-off from the TDLAS needs to be normalized by dividing the

whole signal by its maximum, thus yielding values at or below unity.

Note: It is beneficial at this stage to fit a curve to this reference data such that noise

levels do not compound in the next stage.

(b) Once this fit to the power variation inherit to the laser scanning is created, it can be

divided from the TDLAS diagnostic measurement.
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(c) During experimental testing it was found that the vacuum viewport had its own trans-

mission function that was dependant on both space and laser frequency. Thus a suf-

ficient background profile is needed that goes through a spatial and frequency scan

without a rubidium jet. This background profile can then be subtracted from TDLAS

signal during the experiment. By using a background subtraction method, the reference

photodiode can be ignored as power fluctuations are captured in the background.

8. After normalizing the voltage signal to become a transmission signal, it is now transmission

vs. frequency data and a rubidium absorption model can be used to fit to the data. Using

a modified rubidium absorption model code developed by Rekhy et al. [61], the density,

temperature, and frequency Doppler shift are input as parameters and the convolution of the

natural and thermal Doppler broadening produces a model to compare with the data.

9. Using the lsqcurvefit function in Matlab, this process can be automated to perform a least

squares regression and determine the most likely density, temperature, and Doppler shift to

the data.

Note: It should be noted that the absorption also depends on the path length through the

medium, for this reason, the density is actually the path integrated number density and

the path length is set equal to unity.

Note: Errors in the normalization process may produce transmission spectrum data with

non-physical artifacts (e.g. some areas where the transmission is above unity but the

area of interest around the absorption feature is still fit correctly). The region of the

model fitting might need to be adjusted to solely focus on the absorption feature in

order to prioritize finding a minima of the residuals for the absorption feature.

10. This analysis can then be done for the TDLAS signal at discrete locations in the jet cross

section and/or discrete frequency values of the overlapped laser (if applicable).

11. This will yield a path integrated density cross section which can then be integrated again
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across the translation stage dimension to effectively produce N · A for the mass flow rate

calculation.

12. The Doppler shift from the model fitting can be transformed to a velocity component that is

aligned with the propagation vector of the laser. From taking the Doppler shift measurement

at several discrete angles relative to the propagation axis, a linear fit relation can be applied

to the sin θ vs. effective Doppler shifting velocity where the slope is the actual bulk velocity

of the jet and the y-intercept is the degree of misalignment off of the anticipated central

propagation axis.

13. Lastly, this axial velocity and integrated density can back out a mass flow rate from the

atomic source.
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4. RESULTS

As mentioned throughout Chapter 3, the work discussed in this thesis spans the breadth of two

primary experiments: a rubidium jet characterization study and an initial overlapped beam exper-

iment. The goal of the rubidium jet characterization study was to evaluate the effectiveness of the

jet source, laser diagnostic technique, and chamber infrastructure. From the results of this study,

changes were applied to the component design where necessary, to prepare for the introduction

of the overlapped laser. The overlapped laser experiment introduced several new and modified

hardware components (Section 3.2). The goal of the latter overlapped beam experiment was to

identify if the overlapped laser could focus the jet of atoms, and if the refractive index of the jet

could alter the laser profile in a quantifiable way. The overlapped beam experiment also expanded

on the number of laser diagnostic stations which caused the need to evaluate the new infrastructure

for these stations during testing (Section 3.3.2). This chapter is divided into two primary areas to

provide the results for both of the two fundamental tests.

4.1 Jet Characterization Study

The jet characterization study utilized the body-clamped rubidium jet source, shown in Section

3.2.1 Figure 3.6, a single TDLAS measurement station halfway along the propagation length,

and the original flat plate beam dump. To effectively characterize the rubidium jet in this study,

two separate measurements needed to be conducted: an orthogonal TDLAS cross-section scan to

extract density and temperature and an angle sweeping scan to quantify the axial velocity. With the

density cross-section and axial velocity, a mass flow rate can be determined. These studies could

have been conducted with an angled cross-section scan, however, due to the size of the viewport,

the vertical scanning height became severely limited with the introduction of any non-orthogonal

angle.
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4.1.1 Density and Temperature Cross-Sections

Density and temperature cross-section scans were conducted through two tests over two days.

The first testing period utilized a slightly angled cross-section scan while the second test attempted

to be completely orthogonal to the viewport. Between the first and second day of testing, the

rubidium getter was deactivated and the vacuum chamber systems (cooling equipment and vacuum

pumps) remained active. During the cross-section scan studies, the micrometer on the adjustable

height periscope was incremented in half-millimeter denominations. With a Ø1 mm diagnostic

beam at approximately 4.5 µW, this laser beam is scanned across the vertical cross-section of the

rubidium jet and an example portion of the measured transmission spectrum is shown in Figure

4.1.
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Figure 4.1: Measured transmission data through TDLAS diagnostic, compared to fitted rubidium
transmission model for a cold vapor, hot vapor, and their combination. The data shown is sampled
from a vertical height 14 mm down from the top of the vacuum viewport for a getter current at
12.13 A, which is near the maximum recommended current.
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From Figure 4.1, the wings of the measured transmission spectrum appear to be dominated by a

greater thermally broadened vapor, whereas the center of the feature is less thermally broadened.

The center of the feature is cold enough where the hyperfine absorption features are prevalent.

Thus the measured spectrum is hypothesized to stem from a combination of absorption from a hot

and cold vapor. This "bi-modal" distribution behavior has been predicted by Sanna and Tomassetti

[52] and is discussed in Section 2.3. At lower getter current settings the bi-modal distribution was

less prevalent, and instead the absorption spectrum was predominately indicative of only a cold

vapor present. This behavior indicates that the decrease in mass flow rate from the getter likely

pushes the flow regime to free-molecular flow very close to the mouth of the getter such that the

divergence between the two groups is minuscule.

Due to the combination of absorptions from these two atom groups in datasets for higher get-

ter currents, the analytic methods needed to be modified to include the input parameters of two

separate densities, temperatures, and bulk Doppler shifting velocities. This combined transmission

model is then fit to the data as discussed in Section 3.4. The jet parameters are then fit for all

vertical height increments to get a density, temperature, and bulk Doppler shifting velocity for the

discrete vertical locations in the beam.

In the data processing method, the measured absorption spectrum is first normalized through

background subtraction for the corresponding frequency range and window position. However,

even with a background subtraction, there exists residual transmission variation (not generated

by rubidium) with frequency and spatial dependence in the viewport that heavily influenced the

transmission spectra near the top and bottom of the viewport. Therefore, the spectra near microm-

eter positions before 1 mm and after 24 mm present non-physical alterations to the spectrum that

should be neglected for analysis. A potential source of error in the background subtraction tech-

nique is the method relies on the assumption that the laser did not experience any frequency drift

and the laser position is exactly constant between the measurement and background (or transmis-

sion perturbations across the spatial gradient is minimal). Since the transmission variations after

background subtraction have an influence on the shape of the absorption features, a method was
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required for determining how to exclude datasets that were heavily perturbed. To identify spectra

that are effected by these non-rubidium perturbations, the sum of the squared residuals between

the final model fit and the data for that location is calculated. For reference, Figure 4.2 shows the

sum of the squared residuals for each fit across the vertical height scan. The accuracy of the fit sees

a sharp decrease in the initial two locations and approximately the last 6 mm of the scan range.

These results will be excluded from curve fitting for the density and temperature profiles as these

fitting inaccuracies are likely attributed to inconsistencies in the background subtraction.
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Figure 4.2: Sum of the squared residuals in the model fit to the data near the 85Rb F = 3 ground
state transition. The case shown is for a rubidium getter current set to 12.13 A. The residuals
are higher near the start and near the end of the vertical height scan due to inconsistencies in the
background subtraction that manifested in non-physical transmission in the spectra.

Once the ideal spectra have been chosen for further analysis, the density data for the hot and

cold vapor are fit with parabolic curves. An example of the parabolic fit for the cold vapor density

is shown in Figure 4.3. Since the vacuum viewport provided insufficient optical access to cover

the entire cross-section of the atom jet, an axisymmetric assumption is utilized to quantify the

cross-section parameters of the jet.

66



0 5 10 15 20

Micrometer Position (mm)

0

0.5

1

1.5

2

2.5

3

3.5

4

C
o

ld
 A

to
m

 P
a

th
 I

n
te

g
ra

te
d

 D
e

n
s
it
y
 (

m
-2

)

1011

Extracted Parameter

Curve Fit

Figure 4.3: Path integrated atomic number density as a function of micrometer position height in
the flow and the parabolic curve fit. The curve fit neglects data which has model fitting residuals
which were considered significant. Data shown is for getter current of 11.66 A.

The fitted density parabola can then be integrated along the vertical axis between the roots of

the function to extract the area integrated number density, NA. This area integrated number density

is provided for several getter currents in Table 4.1. From the data in Table 4.1, a sharp fall-off in

measured density between the two tests is apparent. This behavior is attributed to depletion of the

50 mg of rubidium alloy in the getter reservoir from the first day of testing to the second.

Current
(A)

Test #1
NA Cold

Test #1
NA Hot

Test #2
NA Cold

Test #2
NA Hot

Test #1
NA Total

Test #2
NA Total

10.26 0.42 0.90 0.13 0.06 1.32 0.19
11.10 0.80 0.74 0.48 0.44 1.54 0.93
11.66 0.81 0.88 0.64 0.42 1.70 1.06
12.13 1.36 1.46 0.91 1.90 2.82 2.82

Table 4.1: Extracted area integrated number density, NA, for the cold vapor, hot vapor, and their
cumulative sum over two tests for various getter currents. All area integrated number densities are
in units of×1010m−1. Note: lower getter current values for hot vapor density are highly susceptible
to errors as the hot vapor absorption spectrum approaches the noise floor.
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The temperature cross-sections were more trivial to process. As the model was fitted to the data,

the temperature of the hot and cold vapors were determined. The relationship between temperature

and beam position in the flow appeared to be fairly constant when neglecting data with high model

fitting errors. The average temperature for the same four getter currents is provided in Table 4.2.

Current (A) Cold Atom Average
Temperature (K)

Hot Atom Average
Temperature (K)

T⊥Hot/T⊥Cold

10.26 4.85 57.1 13.4
11.10 4.45 85.6 19.2
11.66 5.78 150 26.0
12.13 5.72 202 35.3

Table 4.2: Average atom temperature results for model fitted parameters from the jet characteriza-
tion study for four unique getter electrical currents. Data provided is from density and cross-section
Test #2.

The temperature information from these cross-sections serve to determine the required dipole

potential trap depth to confine the atoms. However, from Section 2.3, the ballistic trajectories the

atoms travel on after they are emitted results in the central atoms being at a fairly low divergent

temperature. For clarification, the temperature here primarily serves as a quantification of the

maximum divergence. At this point it is important to recognize the rubidium absorption model

developed by Rekhy et al. [61] used for this work, assumes a Gaussian profile for the thermal

Doppler broadening. This assumption relies on the presence of a Maxwellian velocity distribution

function (Section 2.4). Since the atoms are not experiencing collisions and travelling on their

ballistic trajectories, the Maxwellian VDF cannot be assumed. Future work would need to generate

a method of velocity broadening the spectrum based on the velocity distribution function actually

exhibited in the jet, such as the one presented by Cai and Boyd [62]. It is also important to note that

the coupled relationship with density and temperature in the absorption spectrum will contribute

to inaccuracies in the density measurement as well.
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4.1.2 Axial Velocity

The axial velocity study for the jet characterization utilized the setup described in Section

3.3.2.1. The setup for this study involved determining the angle of the diagnostic beam relative to

the central axis of the vacuum-chamber. Once the angle change for each rotation of the kinematic

mount adjustment screw was determined, the absorption spectrum is measured at each angle. These

absorption spectra are then fit using the process outlined in Section 3.4 with particular focus on the

bulk Doppler shifting velocity.

Section 4.1.1 discussed a decline in the measured density due to rubidium reservoir depletion.

This effect was more prominent on the third day of testing for this axial velocity study. To generate

enough flow to detect the absorption signature, the getter current was required to increase beyond

the values tested for the density and temperature cross-sections. This getter current mismatch

requires extrapolation in the axial velocity data to determine a mass flow rate. The depletion of

the rubidium reservoir continued to influence the axial velocity testing as the absorption features

gradually diminished and full angle sweeps needed to be reduced in order to obtain more getter

current sample points.

The bulk Doppler shifting velocity as a function of measurement angle and getter current is

presented in Table 4.3 and an example of how the axial velocity is determined is plotted in Figure

4.4. It should be noted that during the I = 14.07A test case, the rubidium remaining in the reservoir

was fully depleted and the spectra measured during this test case were near the noise floor and are

highly susceptible to errors.

Figure 4.4 shows a linear relationship between the sine of the measurement angle and the

Doppler shifting bulk velocity detected in the absorption spectrum. The slope of this linear rela-

tionship is considered to be the actual jet axial velocity. Additionally, the x-intercept of the plot

can be considered to be the degree of misalignment with the jet propagation axis and the vacuum

chamber central axis. This axial velocity and jet misalignment angle is provided in Table 4.4.

Section 4.1.3 will discuss how the axial velocity determined for these elevated getter currents is

extrapolated for the lower getter currents tested during the density studies.
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Current (A)
Measurement Angle (°)

-3.3 -2.7 -2.1 -1.4 -0.7 0 0.7 1.4 2.1 2.8 3.1
12.13 -60 -50 -49 -45 -38 -27 -20 -13 -8.1 -6.2 0.0
13.01 -61 -56 -44 -39 -36 -28 -20 -12 -6.7 - -
13.50 -66 -53 -49 -41 -33 -29 - - - - -
14.07∗ -54 -63 -46 -47 -32 -28 - - - - -

Table 4.3: Doppler shifting velocity (m/s) for each absorption spectrum at varying angles relative
to the vacuum chamber central axis and getter current supplied to the rubidium source. Note:
missing data entries are due to rubidium reservoir depletion resulting in incomplete angle sweeps.
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Figure 4.4: Measured velocity shift of the absorption spectrum for varying diagnostic beam mea-
surement angles relative to the vacuum chamber central axis. The resulting linear fit has the a slope
of 531 m/s and a y-intercept of -28.5 m/s.

Current (A) Axial Velocity (m/s) Jet Axis Misalignment (°)
12.13 531 3.07
13.01 579 2.65
13.50 619 2.48
14.07∗ 549 2.99

Table 4.4: Axial flow velocity jet axis misalignment determination for various high current settings
based on linear fit relationship between measured velocity and measurement angle.
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4.1.3 Mass Flow Rate Determination

As discussed in Section 4.1.1, the rubidium reservoir quickly depleted during testing. To mea-

sure an absorption feature in the diagnostic, the getter source current needed to be increased. Con-

sequently, this requires the extrapolation of the axial velocities from trends discovered at higher

getter currents. Utilizing a linear fit between getter current and axial velocity, the extrapolated

axial velocities for the getter currents tested during the density and temperature cross-section stud-

ies are presented in Table 4.5. While the physical relationship between getter current and atom

velocity is non-linear, the complexity of the dependence and the number of sample points required

the approximation through a linear fit. The velocity of the atoms is assumed to be the most prob-

able thermal velocity, thus making the relationship between getter current and getter temperature.

The temperature of the getter relies on the heat balance between the input of the resistive heating

and the output of radiation, conduction, and convection (escaping rubidium), all of which having

various relationships with temperature. Due to the radiation consideration, the problem becomes a

fourth order function between current and thermal velocity. Additionally, considering convection

from emitted rubidium would require knowledge of the mass flow rate in advance. Furthermore,

with only four data points of velocity as a function of current, a high order fitting function would

be badly conditioned. For these reasons, the data is extrapolated with a linear fit, however, it is

recognized as a source for error. On the final getter current test of I = 14.07A, the measured

absorption spectrum was nearing the noise floor, and it is assumed at this point the reservoir was

fully depleted. Due to the inconsistency with this test case, this data point has been excluded from

the fitting relationship. The linear fit between axial velocity, v‖, and getter current, I , was found to

be:

v‖ = 63I − 236 (4.1)

Using the estimated area integrated number density (Section 4.1.1) and the extrapolated axial

velocity (Section 4.1.2), the mass flow rate, ṁ, is calculated as follows:
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ṁ = mv‖

∫∫
A

N = mv‖NA (4.2)

Modeling efforts discussed in Section 2.3 and published in Morgan et al. [51] estimated that

for this effusive jet source geometry, 0.16% of the flow emitted from the getter passes through the

flow-limiting shroud. With this flow ratio approximation, the full mass flow rate from the getter

can be estimated from the mass flow rate that entered the experiment. The determined mass flow

rate from the getter source, ṁgetter, is provided in Table 4.5. To extract the mass flow rate of the

emitted jet, the getter mass flow rate is multiplied by the flow pass ratio.

Current
(A)

Test 1 NA

(×1010m−1)
Test 2 NA

(×1010m−1)
Axial Velocity
(m/s)

Test 1 ṁgetter

(µg/s)
Test 2 ṁgetter

(µg/s)
10.26 1.32 0.19 411 0.48 0.07
11.10 1.54 0.93 464 0.63 0.38
11.66 1.70 1.06 499 0.75 0.47
12.13 2.82 2.82 529 1.32 1.32

Table 4.5: Mass flow rate determination for four getter current values. NA is area integrated
number density and ṁgetter is mass flow rate from the getter rubidium emission source. Data for
testing over the span of two days is provided.

The results of the measured getter mass flow rate as a function of getter current are compared

with several data points provided by the manufacturer for the getter used in Figure 4.5.
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Figure 4.5: Mass flow rate from rubidium getter source for electrical current supplied calculated
for each day of testing and compared against manufacturer data.

4.1.4 Jet Characterization Performance Discussion

An estimated V Parameter for the effusive source can be calculated by first using the area

integrated number densities provided in Section 4.1.1, and dividing them by the area of the jet at

the diagnostic location, which yields the average number density. The jet area is approximated

through the average of the range between the roots of the polynomial fit for the four getter current

settings. This resulted in an estimated jet diameter of 30 mm at the diagnostic station. This

average number density is then used in the equations provided in Section 2.2 to calculate the V

Parameter. This plot is shown in Figure 4.6. From the estimated V Parameter, this effusive jet

source meets the minimum requirement for guiding of V = 2 (determined by Castillo et al. [29])

for overlapped laser red detunings less than 30 GHz for I = 10.26 and 60 GHz for I = 12.13. At

these frequencies, the scattering rate is approximated to be 3 Hz. These calculations indicate that

the rubidium jet source is capable of showing some amount of refractive guiding in a regime that

does not result in significant atom heating through scattering.
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Figure 4.6: V Parameter as a function of laser detuning from calculated number density at various
getter current settings. The plot assumes an overlapped beam diameter of 30 mm and laser power
of 1 Watt. The horizontal dashed black line corresponds to V = 2. V Parameter reduction near
resonance is caused by saturation effects.

From the mass flow rate metric calculated in Section 4.1.3, Figure 4.5 indicated that the effusive

source under-performed when compared to the manufacturer’s supplied values for mass flow rate.

This is hypothesized to stem from the clamping method of the getter in the source design. The

manufacturer’s suggested mounting method utilizes the thin metal tabs on both ends of the getter

to clamp it in position, through this thin material the heat from the reservoir does not experience

much conduction and it can maintain more heat. However, the effusive source design for this

experiment (Section 3.2.1) utilized a ceramic V-block to clamp the cylindrical reservoir body of

the getter. Ceramic was chosen to minimize the conductivity from the reservoir while still rigidly

constraining the axis of the getter relative to other experiment hardware. Since more current was

needed to generate an equivalent mass flow rate to what the manufacturer specified, the energy

balance in the getter can be assumed to have encountered more heat losses than it was tested for

(e.g. conduction to the ceramic block). To optimize performance and obtain a more dense atom jet,
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a new jet source was created that constrains the getter by clamping the designed tabs. The results

of this new source design are discussed in Section 4.2.

Section 4.1.1 gave insight into a source of inaccuracy in the density and temperature measure-

ments due to the parameter extraction technique used in the processing. The rubidium absorption

model code requires the assumption of a Maxwellian velocity distribution function to develop the

Gaussian thermal broadening in the absorption spectrum. In the case of a free-molecular flow ex-

panding into vacuum, this VDF cannot be assumed and instead must use a VDF that is based on the

source geometry which is discussed in more detail by Cai and Boyd [62]. This will be presented

as an area for future work in Section 5.2.

A final area for improvement stems from the total time the rubidium getter was active during

testing. Section 4.1.2 described the effect on getter reservoir depletion requiring higher supplied

currents to generate flow. The density and temperature scanning procedure is very time intensive

as it involves precisely adjusting the beam height micrometer, allowing the signal to stabilize,

renaming the file prefix on the oscilloscope to indicate the position at which the data was taken,

and stopping and saving out the waveforms. This process is repeated from 0 mm up to 29.5 mm

in half millimeter increments. The time required to generate the 60 datasets is rather significant as

the getter is left active the entire time. An initial consideration is to operate the getter in a "pulsed"

regime so it is only active when data is ready to be taken. This pulsing was not used in order

to avoid measuring thermal start-up transients in the absorption spectra. The time spent taking

data spurred the development of the TDLAS scanning gantry discussed in Section 3.3.2.2. This

scanning gantry automates the diagnostic beam positioning in an accurate and repeatable way.

Additionally, this gantry utilized a GUI that monitored the total displacement and output a sine

wave function with a frequency proportional to the displacement from the start of the scan. This

sine wave output was used to circumvent the need to record the scanning position with each dataset

saved. Instead, the sinusoidal signal can be measured and the position extracted in data processing

via a Fourier transform.

While this jet characterization provided several areas for improvement, it also yielded multiple
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successful findings. The experiment proved that a rubidium jet could be generated in the vacuum

chamber facilities, be characterized by a TDLAS diagnostic technique, and condense at the end of

the propagation on the beam dump and in the rejected region of the plume with the condensation

shroud. These successes point to a capable vacuum infrastructure, a passively cooled beam dump

plate having enough heat removal to condense the rubidium, and the actively pumped shroud pre-

venting the rejected rubidium from filling the vacuum chamber and contaminating the diagnostic.

All three of these areas were subject to concern prior to the experiment, and resolving them gave

better confidence for the overlapped beam study. Additionally, the characterization of the flow in

this experiment can be used in modeling and simulation efforts to determine if the rarefied flow

could provide any refractive guiding effects to an overlapped laser or if a dipole trap would show

a significant density distribution change.

4.2 Overlapped Beam Experiment

The overlapped beam experiment utilized a revision of the effusive jet source that had a fix-

turing method which was more ideal for heat retainment in the rubidium reservoir. Additionally,

two more TDLAS diagnostic stations were added (for a total of three) to better characterize the

rubidium jet as it propagates and study the evolution of the beam. This experiment was first test

case for the laser spatial scanning gantry which took a single diagnostic beam and split it into three

beams for each diagnostic station. These beams were all spatially synchronized as discussed in

Section 3.3.2.2. Lastly, this experiment was the first use of the overlapped beam decoupler which

reflected the rubidium atoms and refracted the laser out of the chamber via a heated optical prism.

4.2.1 Data Acquisition

With all of the advancements to the testing infrastructure, data acquisition became non-trivial

and could not be conducted entirely on one 4-channel oscilloscope as with the jet characterization

study. The data sources that needed to be captured during the experiment are:

1. Diagnostic laser tuning voltage waveform

2. Overlapped laser tuning voltage waveform
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3. Saturated absorption spectroscopy photodiode

4. TDLAS Station 1 photodiode

5. TDLAS Station 2 photodiode

6. TDLAS Station 3 photodiode

7. Scanning gantry position waveform

8. Extracted overlapped laser image

9. Beam dump temperature

10. Heated beam separation prism temperature

11. Condensation shroud temperature

12. Getter current

13. Vacuum chamber pressure

14. Residual gas analyzer (monitoring for rubidium)

15. Diagnostic laser wavelength

16. Overlapped laser wavelength

Items 1-7 require the use voltage trace monitoring through an oscilloscope or equivalent data

acquisition unit. Since seven voltage traces needed to be logged, a NI BNC-2110 data acquisition

system was used in conjunction with a data acquisition LabView GUI to monitor the voltage traces

and intermittently save the camera image of the extracted overlapped laser profile. The scanning

rate of the diagnostic laser system is optimal when run at higher rates (e.g. 100 Hz) to shorten

the time for data averaging and to reduce the influence from low frequency external noise sources.

This high diagnostic scan rate required the sampling rate of the data acquisition to also be in-

creased as sample resolution is critical for discerning the hyperfine and crossover features in the

saturated absorption spectrum and accuracy in the TDLAS measurement. However, initial data

analysis revealed cross-talk between adjacent channels on the data acquisition system that suffi-

ciently contaminated the signals. For this reason, the voltage traces were split amongst a 4-channel

oscilloscope (traces 2,4-6) and the NI BNC-2110 data acquisition system (traces 1-3,7) with ad-

jacent ports left empty. The goal was to cross-reference the signals based on the overlapped laser
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tuning voltage (trace 2) and the time since the start of the experiment. However, having to cross-

reference two data acquisitions yielded a computationally burdensome data analysis process since

the NI DAQ system saved out a continuous stream of data and the oscilloscope saved out single

waveforms. Additionally, with the TDLAS diagnostic stations on one measurement device and the

SAS signal on the other, the matching of these two systems is subject to error. The data acquisition

system used for an experiment of this scale is a consideration that will need to be evaluated in

future work.

4.2.2 TDLAS Results

A unique change for the laser diagnostic system in the overlapped beam experiment is the

ability to measure the absorption spectra of the atom jet as a function of the overlapped laser

detuning. By generating the transmission surface as a function of overlapped laser detuning and

diagnostic laser detuning, which is shown in Figures 4.7 - 4.9, two key insights can be drawn: the

axial velocity spread and the depletion of the ground state atoms as the overlapped laser tunes close

to resonance. Through tuning the overlapped laser across the atomic resonance, and comparing the

TDLAS spectra at one frequency, the axial velocity can be extracted. If the overlapped laser is

sufficiently detuned to cover the entire width of the shifted transition, the absorption spectrum

would indicate a uniform bulk velocity and also the variation in the bulk velocity, as some atoms in

the jet might have a greater axial velocity while others have less. As discussed in Section 4.1.4, the

typical Gaussian thermal broadening mechanism that assumes a Maxwellian VDF would not be

appropriate for modeling this system and future work would be needed to determine an appropriate

method for considering this spread in the absorption spectrum. The other key insight from Figures

4.7 - 4.9 is the depletion of the ground state from the overlapped laser intensity resulting in a lower

density measurement from the TDLAS diagnostic. This is information is valuable because as the

laser intensity regions change, the expected ground state density detected by the diagnostic will

indicate this through more or less absorption. By tuning the overlapped laser far from resonance

and minimizing that absorption, the total density of the jet can be calculated, however by tuning

closer to the atomic resonance with the overlapped laser, this will provide insight to the intensity
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of the overlapped laser profile. A more direct measurement of the overlapped laser intensity profile

would utilize a second diagnostic beam tuned at an excited state transition to directly quantify both

the ground and excited state densities at each discrete point in the flow. From comparison of these

two densities, the laser intensity driving the population distribution can be quantified.

Figure 4.7: Diagnostic Station #1 (nearest to rubidium jet source - double pass measurement)
transmission profile as a function of overlapped laser frequency and diagnostic laser frequency.
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Figure 4.8: Diagnostic Station #2 (mid-propagation distance - double pass measurement) trans-
mission profile as a function of overlapped laser frequency and diagnostic laser frequency.

Figure 4.9: Diagnostic Station #3 (furthest from rubidium jet source - single pass measurement)
transmission profile as a function of overlapped laser frequency and diagnostic laser frequency.
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Unlike the transmission spectra seen in the jet characterization study, the ones encountered in

this study did not appear to have any hyperfine features present. Upon model fitting to the TDLAS

data it revealed that the average atom temperature was at or above ambient (300 K) conditions.

Additionally, by using the estimated path length inside the chamber for each diagnostic system

an average density at each station could be approximated from each absorption spectrum. This

analysis revealed a spatial gradient in the density between the stations, however, it is still unlikely

that this is due to a collimated jet. The results of this analysis are provided in Table 4.6. Both

of these measurements indicate that there was substantial background rubidium in the chamber

that completely dominated the absorption diagnostic. If there was a low divergence jet, it was

completely overwhelmed in the TDLAS measurement. The root cause for the lack of a rubidium

jet will be hypothesized in Section 4.2.4.

Diagnostic Station Path Length (mm) Rb Density (m−3)
1 716.5 2.99e14
2 475.7 1.65e14
3 257.9 0.61e14

Table 4.6: Estimated chamber density fit to diagnostic data after including the approximate diag-
nostic path length in the chamber for each station.

4.2.3 Overlapped Laser Extracted Profile

During the overlapped beam experiment, the extracted overlapped laser profile was imaged

in five second intervals for the duration of the test. The laser profile image, shown in Figure

4.10, are primarily analyzed for low overlapped laser intensity studies as refractive effects will be

more prominent in low saturation regimes (Section 2.2). The goal of analyzing the extracted laser

profiles is to identify any spatial perturbations that could indicate refractive index light guiding as

well as quantifying the overlapped laser attenuation in the jet.

While Section 4.2.2 indicated there was no substantial rubidium jet present, developing the

techniques to analyze this information is still beneficial for future study. The first analysis is used
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Figure 4.10: Extracted far-detuned overlapped laser profile during getter activation. Center diffrac-
tion pattern likely stems from edge clipping on the overlapping mirror with a Ø6 mm through hole.

to quantify overlapped laser attenuation by extracting the total image intensity and plot it as a

function of overlapped laser frequency. Similar to using the ground state depletion in the TDLAS

measurement as a function of overlapped laser frequency to measure the axial velocity, this image

intensity as a function of overlapped laser frequency is a quantification of the same phenomenon.

In order to utilize the images to quantify axial velocity, it must be certain that the camera is not

saturated throughout the laser tuning range. Additionally, it is important to consider the images are

highly susceptible to variation in lighting conditions.

Utilizing a modified code originally developed by Shockley [63], the length of the major and

minor axes of the ellipses can be determined. The analysis code starts by setting all pixels with

an intensity less than a declared threshold to 0 and all pixels greater than the threshold to 1. After

this initial simplification process, the code sweeps through the columns to find the point at which

it first encounters a 1 and the last time it encounters a 1. It then repeats this sweep over the rows to

define the other axis of the ellipses. As long as the image simplification threshold value can be well

defined, the image processing technique is able to find the bounds of the ellipse and can be used to
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monitor for any major perturbations in the profile. An example of the image processing results is

shown in Figure 4.11. However, since the overlapped beam experimented was contaminated with

a substantial presence of background rubidium, there were no unique refractive index gradients

that would lead to perturbation of the extracted laser profile. Small perturbations to the overlapped

profile will require a more intricate and precise image processing technique.
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Figure 4.11: Analysis of an image of the extracted overlapped laser profile to identify the major
and minor axes. The red points indicate identified sides of the ellipse.

4.2.4 Overlapped Beam Performance Discussion

As discussed throughout Section 4.2, this experiment did not yield a narrow divergence jet

of rubidium as the jet characterization study did. Instead, diagnostic results (Section 4.2.2, indi-

cated that the rubidium vapor present in the chamber was at ambient temperature with no uniform

bulk velocity. This behavior could indicate two possible scenarios. The first possibility is that

a low divergence rubidium jet was generated, but a condensation surface (either the beam dump

or condensation shroud) did not perform well enough, thus allowing rubidium to accumulate in
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the chamber and dominating the absorption spectrum. The second possibility is that no rubidium

jet was generated and the rubidium from the source encountered some blockage/obstruction or

other malfunction. Visual inspection upon chamber clean out after the test revealed a large pile

of condensed rubidium in the shroud underneath the mouth of the rubidium getter. An image of

the jet source with the condensed rubidium is shown in Figure 4.12. Additionally, there appeared

to be substantial rubidium condensation on the shroud directly vertical of the lower rubidium pile.

From this evidence, it is hypothesized that the getter was mounted in the holder with some inherent

downward pitch angle. Upon activating the getter and melting the indium seal, the liquid rubid-

ium alloy poured out of the getter where it condensed on the shroud. However, due to the high

radiative heat loads from the activated getter relative to the conductive cooling from the shroud,

the outermost rubidium in the pile was still evaporated. This new rubidium vapor then traveled

out in all possible directions, with the most probable line of sight trajectory being the roof of the

condensation shroud directly above where it recondensed. This also allowed some rubidium that

did not collide with the shroud after evaporation to enter the vacuum chamber (e.g. through the

back opening of the shroud). This rubidium vapor reached ambient conditions through collisions

with the chamber walls and became visible in the diagnostic measurement as soon as the rubidium

partial pressure in the chamber became sufficient. The getter manufacturer, AlfaVakuo, confirmed

any downward pitch of the getter during activation would result in loss of the rubidium in the reser-

voir. This indicates an area for improvement or consideration in future effusive source designs. A

method for mechanically fixturing the getter such that it cannot be mounted any a downward angle,

or simply evaluating the slope of the getter after mounting with a level will be required to avoid

this behavior in future experiments.

With the failure of the rubidium jet source in the experiment, it is still valuable to evaluate

the behavior of other system elements to identify any corrections needed before embarking on fu-

ture experiments. First, the data acquisition system utilized during testing will need to improved

as discussed in Section 4.2.1. Having one data acquisition system capable of digitizing all seven

voltage traces at a high sampling frequency would yield easier data processing, greater accuracy in
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Figure 4.12: Rubidium jet source after overlapped beam experiment completion. A mound of
condensed rubidium (circled in red) is directly below the mouth of the rubidium getter.

calculated parameters, and speed up data collection time. The overlapped beam decoupler system

performed nominally by successfully extracting the overlapped laser beam for analysis. Addition-

ally, the overlapped laser average intensity did not substantially decay over time, which indicated

rubidium likely did not deposit on the optical surface. However, the interaction of the cold beam

dump and heated beam decoupler system could not be evaluated due to the absence of a detectable

rubidium jet. Lastly, for the overlapped laser extraction to determine axial velocity, it is neces-

sary to ensure the camera image is not saturated at any point in the laser detuning such that image

intensity can be used to generate an absorption spectrum as well.

The modified TDLAS diagnostic system performed very well during the experiment as it was

able to conduct synchronized spatial scanning across three diagnostic stations. The gantry was able

to produce accurate and repeatably stepping increments that quickly repositioned the diagnostic

beam. This diagnostic also provided useful insights into the behavior of the gaseous rubidium

present in the chamber. One interesting results of the plots shown in Figures 4.7 - 4.9, is the near
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complete measurable depletion of the ground state for the entire laser path length. The initial

assumption one would draw from a chamber filled with rubidium vapor and a small overlapped

laser size relative to the chamber, is that there would still substantial ground state atoms outside of

the laser path, however, from Figures 4.7 - 4.9, this does not appear to be an accurate hypothesis. A

reason for the ground state depletion behavior seen during this study is hypothesized to stem from

absorption in the atoms that are incident with the overlapped laser, then those photons are emitted

upon decay from the excited state. These photons are then either reabsorbed by an atom outside

that initial group or reflected off the chamber wall to then be absorbed by the vapor. From work

done by Joythi et al. it is possible that the stainless steel chamber walls have a reflectance of 60%

at 780 nm [64]. Due to the approximate reflectance of the walls and the estimated density values

provided in Table 4.6 it appears that the assumption of an optically thick medium is potentially

valid.
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5. CONCLUSION AND FUTURE WORK

5.1 Conclusion

Reaching distant celestial bodies, including the nearest star system, require significant advance-

ment in space propulsion techniques. Current innovations in the form of directed energy for space

propulsion show promise by removing conventional reaction mass systems from the science space-

craft. However, directed energy concepts typically suffer significantly from beam divergence. As

the momentum beam spreads out over the propagation, the thrust imparted to the spacecraft de-

clines, thus limiting the terminal velocities of the craft. The self-guided beam propulsion concept

aims to overcome this divergence and keep a near-collimated beam over substantially larger dis-

tances. This combined beam concept would provide a key to opening science missions beyond our

solar system. While theory and simulation of this combined laser and atom beam interaction have

seen important developments, there is the need to test the self-guiding phenomenon experimen-

tally. Experimental testing would provide a method for validating simulations which could then be

used to predict mission profiles and influence system designs.

The primary objective under this research was to develop infrastructure and apparatus capable

of studying a self-guiding spatially overlapped laser and atom beam. In order to study the behavior

of the self guiding beam multiple elements were designed, built, and tested including an ultra high-

vacuum facility, effusive rubidium jet source, non-intrusive laser diagnostic technique, a method

for overlapping the two beams, and a system for separating the laser and atom beam for analysis.

The vacuum facilities proved capable of reaching 10−8 Torr of vacuum while providing sufficient

optical access for visual inspection during the experiment, laser diagnostics, and to couple and

remove the high-power overlapped laser beam. The laser diagnostic system provided accurate

transmission spectra that utilized Doppler-free hyperfine and cross-over peaks of rubidium as a

static reference. These transmission spectra for the initial jet characterization study indicated the

combination of a hot and cold atom vapor present in the experiment which resulted from the source
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emitting a flow that was not entirely in the free-molecular regime. Additionally, an absorption

model fit to the data is used to extract the path integrated number densities, transverse temperature

equivalent velocities, and bulk axial velocities. From these extracted parameters, the mass flow

rate from the rubidium source was estimated and compared to the vendor’s performance data. The

results of the jet characterization study indicated that for overlapped laser detunings less than 30

GHz the atom jet would meet the minimum threshold for light guiding. The measured mass flow

rates indicated a substantial inconsistency with vendor’s specifications causing a redesign of the

source to maintain heat in the rubidium reservoir. During testing of the modified effusive source,

diagnostics indicated no or weak presence of jet. The leading hypothesis is a slight downward pitch

while fixturing the getter caused the reservoir to drain into the condensation shroud. This source

still requires further testing before its effectiveness can be truly evaluated. However, Section 5.2

will discuss a proposal for a different type of source and the rationale for moving beyond an

effusive source.

The apparatus developed for overlapping the high-power guiding laser also proved effective as

the laser was able to be aligned along the central axis of the chamber and brought to a varying focal

point. Lastly, the novel beam decoupler system was successful in extracting the overlapped laser

and preventing rubidium condensation on the optical surface, resulting in a consistent extracted

laser profile during the test cycle. Due to the absence of the beam, the coupled thermal nature of

the heated beam decoupler adjacent to the chilled atom beam dump could not be fully evaluated.

While the final overlapped beam experiment was not able to study the mutual guiding effects, it

served as a benchmark test for the testing hardware and infrastructure. All systems except for

the effusive source were able to be proven effective for use in these studies and to quantify the

behavior of the both constituent beams in the self-guiding propulsion concept. While this work

was not able to produce coupled beam results to validate simulations for the development of the

propulsion concept, the infrastructure to gather this information has been evaluated and is prepared

for future experiments.
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5.2 Future Work

There are several suggested areas for improvement with the system to better generate the self-

guiding beam and more accurately quantify the system parameters. Several sources of error have

been described throughout Section 4, one of the most critical still remaining to be addressed is the

rubidium absorption model assuming a Maxwellian VDF. By modeling the absorption features in

the jet based on the Gaussian lineshape for thermal Doppler broadening, there will be an inherent

error in the fitted density and temperature for the spectrum. Work will be needed to develop a

robust function that uses geometric source parameters as inputs and applies the proper transverse

velocity Doppler broadening distribution to the spectrum such that the density and temperature

parameters can be fit more appropriately.

To improve the manifestation of self-guiding effects, either mutually or individually, it is nec-

essary to increase atom density, reduce transverse velocity, and extend the propagation length.

Propagation length is a rather trivial thing to modify by adding a elongated vacuum nipple to the

chamber. The purpose of providing a greater propagation distance is to allow more time for the

dipole force to influence the atoms. Increasing the propagation length could allow for the exhibi-

tion of the coupled guiding effect where a focused group of atoms increases the refractive index,

focuses the overlapped laser, which in turn, focuses the atoms. Lastly, increasing the density of the

atom jet by orders of magnitude or more would provide substantial increase to the refractive guid-

ing of the overlapped laser. For an increased mass flow rate from the source, the laser diagnostic

systems would experience a larger signal to noise ratio, thus allowing for the detection of smaller

changes in the density distribution along the propagation length of the jet.

A final area for improvement is the rubidium atomic source. Modifications can be made to

the newest effusive source design to increase mass flow rate such as increasing the volume of the

rubidium reservoir or increasing the diameter of the getter. However, developments of a supersonic

source show potential for high density beams with inherently low divergence [65]. With the in-

frastructure already evaluated and proven functional, new source designs can be tested that would

provide a greater atom beam density.
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APPENDIX A

RUBIDIUM TRANSITION INFORMATION

The following are figures are diagrams of the hyperfine energy splittings for the 85Rb and 87Rb

D2 transitions. Information for these figures is provided by [54, 55, 66, 67, 68, 69].

Figure A.1: 85Rb D2 transition diagram
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Figure A.2: 87Rb D2 transition diagram
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