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ABSTRACT

Laser diagnostic methods provide a remote, non-perturbative way to accurately measure prop-

erties of gas and plasma flows such as velocity, density and temperature, leading to increased

understanding of the properties of the flow and ultimately more efficient engineering designs. This

work demonstrates the use of a non-linear, non-resonant four-wave mixing laser diagnostic tech-

nique known as single-shot coherent Rayleigh-Brillouin scattering (CRBS) to measure neutral den-

sity and translational temperature in a partially ionized plasma environment. Using a frequency

doubled probe beam, CRBS spectra is obtained in gases and low-temperature plasmas of pres-

sures down to 1-10 Torr. Diagnostics are performed in a xenon DC glow discharge due to its low

ionization ratio. Using the CRBS laser system, translational temperature and neutral density are

measured radially from the center to edge of the glow at a constant current and in the center of

the glow with applied currents between 0-30 mA. Experimentally obtained spectra are compared

to simulated spectra from the established Tenti s7 model to show agreement. Successful simul-

taneous density and temperature measurements in a partially ionized environment such as a glow

discharge can help demonstrate the viability of single-shot CRBS in other plasma environments

including arc discharges, combustion chambers, and hypersonic vehicles.
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LASER Light Amplification by Stimulated Emission of Radiation
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CO2 Carbon dioxide

N2 Nitrogen (molecular)
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η Coupling efficiency

ε0 Permittivity of free space
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h Planck constant

k Boltzmann constant
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1. INTRODUCTION TO LIGHT SCATTERING

1.1 Scope

There is a need in the aerodynamic and experimental fluid dynamic communities for accurate

measurement techniques in gas and plasma environments. In addition to better understanding gas

and plasma flows, diagnostics are necessary to aid in the design of a variety of aerospace projects

both in the public and private sectors. For instance, temperature and density flow diagnostics are

needed to make gas turbine engines more thermally efficient while also providing higher thrust [4],

reducing drag and increasing stability of supersonic and hypersonic vehicles [5], and studying the

output from experimental propulsion techniques such as Hall thrusters [6]. Traditional temperature

and pressure diagnostic methods such as thermocouples and pitot tubes are not ideal for these

environments because their presence may cause disturbances in the flow, such as producing shock

waves in the supersonic regime [5]. Sample species may also react with the equipment, further

impacting the flow plus potentially damaging equipment [7]. To negate this problem, researchers

have designed a variety of laser diagnostic methods to use in these environments because they have

the potential to be non-intrusive and remote. However, there is still a need for additional rapid

laser diagnostic techniques to measure properties of neutral particles in low pressure, optically

noisy plasma environments. This work will demonstrate the use of a non-linear four wave mixing

laser diagnostic technique known as single-shot coherent Rayleigh-Brillouin scattering (CRBS)

to measure temperature and density of neutral particles in gaseous and partially ionized plasma

environments. A DC glow discharge is used for the plasma environment due to its low ionization

ratio (10−6 − 10−4) [8], allowing measurements of primarily neutral particles. CRBS will be used

to simultaneously measure neutral density and translational temperature. Demonstrating CRBS in

a DC glow discharge will assist in proving the viability of the technique in more complex plasma

environments such as in combustion chambers or propulsion systems.
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1.2 A Historical Introduction to Optical Scattering and the Dual Nature of Light

A brief look at some of the major achievements throughout history in the field of optical scat-

tering is important to understand the background behind CRBS. Written accounts on the nature of

light have been found as far back as the ancient Greeks with writings by Empedocles and Euclid

around 450 and 300 BC [9, 10]. Most of the work at these times were speculations as to the nature

of light based on observations of burning lenses, refraction, reflection, and light propagation.

As the understanding of light grew, two schools of thought developed over whether light was

composed of particles or waves. In 1637, the philosopher René Descartes put forth the idea of a

corpuscular theory of light, stating that light was made of many microscopic particles [11]. At the

same time, he also made observations on the refraction of light, or how the angle of light changed

between media, which formed the basis of Snell’s law. In 1672, the famed physicist Isaac Newton

expanded on this work which was later published in his book Opticks in 1704 [12]. In addition to

stating that light was made of small particles, Newton said that those particles obeyed the same

laws of physics as larger objects and that the particles are small enough to avoid scattering off

of each other. This theory attempted to explain refraction by stating light particles experience

different forces of attraction to different media based on density, thus at boundary layers unequal

forces would cause a change in velocity. Between water and air for instance, the light particles

would speed up in the direction normal to the boundary layer as they approach water, accounting

for the observed change in angle relative to the normal of the surface. Newton also used his theory

to explain how different colors form. He believed light of different colors had different masses,

which would account for different angles each color takes when separated in a prism. Newton’s

theory could also explain polarization, which was originally documented in 1669 by mathematician

Erasmus Bartholinus, by stating that light particles are nonspherical shapes meaning only particles

oriented in a certain position could pass through a polarization filter [13].

Mainly due to Newton’s status at the time, the corpuscular theory of light was generally favored

over the wave theory. The corpuscular theory of light however had several limitations including the

inability to explain several phenomena well known at the time such as interference and diffraction.
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A major blow to the corpuscular theory came in 1850 when both Hippolyte Fizeau and Léon

Foucault independently determined the speed of light in water to be less than the speed in air [14],

proving Newton’s corpuscular theory of light wrong. According to Newton’s theory, the light must

speed up in water relative to air, meaning some other phenomena is responsible for refraction.

Contributions establishing the wave theory of light began in 1665 when the physicist Francesco

Maria Grimaldi observed light diffraction and noticed light’s wavelike behavior [15]. The theory

was popularized however by mathematician Christian Huygens later in 1678. Huygens stated

that light was composed of waves which propagated perpendicular to the direction of movement.

In what became known as Huygens’ principle, he stated that every point on a wavefront acts as

a source of spherically propagating wavelets. With his theory, Huygens successfully explained

reflection and refraction, but was unable to explain diffraction effects. He later published much of

his findings in 1690 in his book Traite de la Lumiere [16]. These contributions unfortunately were

overshadowed for many years after their conception by Newton’s corpuscular theory of light.

Thomas Young in 1801 brought wave theory back into prominence with the double slit ex-

periment [17]. By shining a light through two equally sized slits and observing an interference

pattern behind the slits, he concluded light exhibits wavelike properties. Young also later calcu-

lated the wavelength of light to be less than 1 µm. In 1815 engineer and physicist Augustin-Jean

Fresnel derived equations to more fully explain the double slit experiment according to the wave

theory of light [18, 19]. Earlier in 1805 Fresnel had derived equations related to light interference

and hypothesized visible light was composed of very small wavelengths [19]. The mathematician

Siméon Denis Poisson originally believed Fresnel’s calculations were wrong because they pre-

dicted a bright spot at the center of a shadow cast from an opaque disk, an impossibility according

to the corpuscular theory of light. To test the calculations, physicist Francois Arago performed

a series of experiments showing that, when certain conditions are satisfied, the bright spot does

indeed occur [20]. This spot became known as the Arago spot or, ironically, the Poisson spot.

These studies brought the wave theory of light back into prominence, however the theory still left

unexplained phenomena.
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Between 1861 and 1862 mathematician James Clerk Maxwell developed a series of equa-

tions, later to be known as Maxwell’s equations, to describe the propagation of electromagnetic

waves [21, 22]. A major assertion stemming from the Maxwell equations is that electromagnetic

waves move at a constant speed (c) in a vacuum [23]. The Maxwell equations relate electric fields

to magnetic fields and are as follows:

O · E =
ρ

ε0
, (1.1a)

O · B = 0, (1.1b)

O× E = −δB
δt
, (1.1c)

O× B = µ0J + µ0ε0
δE
δt
. (1.1d)

Earlier experiments conducted by Rudolph Kohlrausch and Wilhelm Weber found the speed

of an electromagnetic signal to have a constant velocity of approximately 3 · 10−8m/s, which was

nearly equal to the speed of light experimentally determined earlier by Fizeau and Foucault [24].

These findings led Maxwell to believe light was also an electromagnetic wave with a constant

velocity. In 1888, Heinrich Hertz proved through a series of experiments that the speed of light is

equal to the speed of other electromagnetic waves, supporting Maxwell’s theory [25]. As much

as Maxwell’s equations allowed physicists to better understand visible light and electromagnetic

radiation in general, they however still failed to describe light emission and absorption, including

dark lines in the solar spectra observed by Joseph von Fraunhofer in 1814 [26].

The discovery of quantum mechanics brought a deeper understanding of optics including many

forms of light scattering. In 1900, the physicist Max Planck derived what became known as

Planck’s law to explain the observed radiation spectra emitted from blackbodies, including the

dark spots observed earlier in the solar spectra [27]:

Bλ(T ) =
2hc2

λ5
1

e
hc
kTλ − 1

. (1.2)
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Here Planck hypothesized that energy is emitted from blackbodies in discrete amounts, which

became known as quanta. This work was published in 1901 in On the Law of Distribution of

Energy in the Normal Spectrum [28]. In 1905, Albert Einstein further explained Planck’s theory

by proposing a particle theory of light once again. In the first of several groundbreaking papers

dubbed the Annus mirabilis papers, he theorized that light is made of tiny particles known as

photons which travel as a wave [29]. These photons have an energy proportional to their frequency

given by the equation Planck had earlier derived:

E = ~f. (1.3)

Prior to Einstein’s theory in 1887, Heinrich Hertz noticed that shining a beam of light at a piece

of metal would cause the metal to emit electrons, which created sparks visible to an observer.

Hertz noticed that different metals required different frequencies of light before they began to

emit electrons [30], however he could not explain the reason. Of note to Hertz’s observations

was that the frequency of the light must be changed, not the intensity, to emit electrons. Einstein

hypothesized that a single photon must reach or exceed a certain threshold energy to eject a single

electron from the metal [31]. This became known as the photoelectric effect and was the reason

Einstein was awarded the 1921 Nobel Prize in Physics, despite him being more well known at the

time for his theory of relativity.

These discoveries have shaped the modern day view of the dual nature of light. As seen in

the following chapters, many light scattering phenomena and laser diagnostic methods including

CRBS are dependent on both the wavelike properties of light, such as interference, and on the

particle nature of light including the exchange of energy between neutral molecules and photons.

1.3 Light Scattering

Light scattering is collection of naturally occurring phenomena that occurs as photons interact

with particles in a medium. By analyzing spectra of the scattered light, information on the particles

such as temperature, velocity, and species may be obtained. Although light had been investigated
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for many years before, light scattering was first studied extensively in 1869 when John Tyndall

discovered that light scattered off of particles in a gas or liquid suspension emitted a blue hue. This

became known as Tyndall’s effect [32, 33]. Although he could not explain why light emitting blue

wavelengths was favored, he hypothesized that this phenomenon also caused sunlight to turn the

sky blue. Two years later, in 1871, John William Strutt (better known as Lord Rayleigh) provided

a mathematical explanation to Tyndall’s effect [34], specifically finding that the intensity of the

scattering is proportional to λ−4, where λ is the wavelength of the incoming light beam. Since

Tyndall’s observations, a variety of scattering phenomena have been studied.

Most types of scattering are classified based on the energy levels of the particle before and after

scattering takes place. In all cases, the classical theories of conservation of energy and momentum

may be applied to model the scattering at the atomic level, meaning the total energy of the system

(photons and particles in the medium) remains the same before and after scattering, although en-

ergy may be transferred between particles and photons. Types of light scattering may be classified

into two types as seen in Fig. 1.1: elastic (in which the total kinetic energy of the system is con-

served and particles remain at the same energy level) or inelastic (where the energy level of the

particles changes). Inelastic scattering is further classified into Stokes and anti-Stokes scattering

Energy Levels

Virtual Energy Level

Rayleigh Stokes 
Raman

anti-Stokes 
Raman

(Elastic) (Inelastic)

Figure 1.1: Illustration of movement between molecular energy levels for Rayleigh scattering, an
elastic scattering method, and Stokes and anti-Stokes Raman scattering, both inelastic methods.
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depending on if the molecule moves to a higher or lower energy level, respectively. As a result, the

energy and thus the wavelength of the photon also changes, with Stokes scattering causing a red

shift in the light while anti-Stokes causes a blue shift.

1.3.1 Rayleigh Scattering

Perhaps one of the most well studied forms of scattering, Rayleigh scattering was first described

by John William Strutt (Lord Rayleigh) in a series of papers culminating in relating the intensity

of the scattering to the polarizability of the molecules in the medium [35]. Rayleigh scattering is

a result of photons being dispersed from particles in a medium moving with randomized thermal

motions. The scattering can occur in both atoms and molecules, as long as the size of the particles

is much less than the photon’s wavelength. As the size of the particle increases or the ratio of the

diameter of the particles to the wavelength of the incident light approaches one, the scattering is

known as Mie scattering [36]. Modelling the scattering in this regime requires additional equa-

tions to account for the interference patterns produced from the larger particle size. Beyond Mie

scattering, particles much larger than the wavelength of the incident light scatter light according to

their geometric shape, moving into the field of geometric optics.

During Rayleigh scattering, as photons scatter off particles moving with different velocities, the

wavelengths of individual photons change due to Doppler broadening. The change in frequency of

a single photon when hitting a particle with velocity v relative to the observer for non-relativistic

velocities is given by:

f = f0(1 +
v

c
). (1.4)

The thermal motion is random and follows a Gaussian distribution, giving a probability distri-

bution of:

f(vz) =

√
m

2πkT
e

−mv2z
2kT . (1.5)

Since the motion of particles is random, the average energy change among all photons equals

zero, meaning Rayleigh scattering is an elastic process. Following Eqn. 1.5, as temperature (T)

increases, the translational velocity of the molecules increases creating a broader Doppler shift.
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The intensity of Rayleigh scattering is given by:

I = I0
8π4Nα2

λ4R2
(1 + cos2θ). (1.6)

Of note is that the intensity is proportional to λ−4, the same relationship Lord Rayleigh used to ex-

plain Tyndall’s effect as mentioned earlier. Consequently, Rayleigh scattering is more pronounced

at shorter light wavelengths, which is responsible for giving the sky its bluish hue during the day.

The intensity also depends on the polarizability of the medium as mentioned earlier, meaning gases

such as xenon with higher polarizability produce a stronger signal.

1.3.2 Brillouin Scattering

Named after Léon Brillouin who in 1922 predicted inelastic light scattering [37], Brillouin

scattering arises from the change in refractive index of a medium due to periodic perturbations,

or waves in said medium. From a quantum perspective, the photons either absorb or emit energy

corresponding to the speed of the wave. This packet of energy may be thought of as a quasiparticle,

such as a phonon in the case of acoustic waves, transferring between the medium in the wave and

the photon [38]. Due to this change in energy, the scattering is considered inelastic.

In a gaseous medium, such as in the experiments presented here, the shift in energy for Brillouin

scattered photons is proportional to the speed of perturbations in the medium, or the speed of

sound. The change in photon energy corresponds to a change in wavelength or frequency of the

light, which manifests itself as a shift in the location of the Brillouin peaks in both the positive and

negative directions from the center of the signal spectrum, where the Rayleigh peak is centered.

Converting from the frequency to the velocity domain presents the shift in units of velocity instead

of frequency, the velocity difference which equals the Mach speed in the medium. As the name

suggests, Brillouin scattering is one of the scattering types of interest in CRBS along with Rayleigh

scattering.
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1.3.3 Raman Scattering

Another form of inelastic scattering affecting neutral particles is Raman scattering. First dis-

covered in 1928 by Sir Chandrasekhara Venkata Raman [39], Raman scattering involves a shift in

photon energy equal to a shift in molecular vibrational energy. Since it relies on the molecular

vibrational energy, Raman scattering may only occur in molecules, not atoms, with the exception

of hydrogen due to it having different spin isomers. For Raman scattering to occur, an incident

photon collides with a molecule in the medium, moving the molecule to a higher virtual energy

level equal to its original energy level plus the energy of the incident photon. A new photon is

emitted with a different magnitude of energy compared to the original photon, lowering the energy

level of the molecule from the virtual state to an energy level it was not at prior to the collision.

Due to Eqn. 1.3, the frequency of the photon is also changed.

Since the change in energy level of the photon corresponds to the change in energy of the

molecule, calculating the change in energy as the molecule moves between vibrational energy

levels can predict the change in photon energy. To find the change in energy level, individual

molecules in the medium may be approximated as quantum harmonic oscillators with vibrational

energy levels given by [40]:

En = h(n+
1

2
)

1

2π

√
k

m
. (1.7)

In the equation, n is a positive integer representing the energy level. Therefore, jumping to the next

highest energy level, as is typical for Stokes Raman scattering, results in the following change in

energy of the molecule and thus the same (but opposite in magnitude) change between the incident

and scattered photon:

E =
h

2π

√
k

m
. (1.8)

By combining Eqns. 1.8 and 1.3, the change in frequency from the incident light may be deter-

mined. Vibrational and rotational temperature of particles in the medium may be measured based

on the ratio in intensity between the Stokes and anti-Stokes spectra. Additionally, the species in

the medium may be determined from the shifts in frequency, which occur at magnitudes unique
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for different molecular species.

1.3.4 Other Types of Scattering

The previously mentioned scattering types involved photons scattering off of neutral particles.

Other classifications of light scattering exist to address scenarios when the particle is charged

(such as if a photon scatters from an electron) including Compton and Thomson scattering. Thom-

son scattering is the elastic scattering of photons from charged particles, typically electrons while

Compton is inelastic. The photon energy must be much less than the mass energy of the particle for

these techniques to occur. Thomson scattering is nonrelativistic while Compton is relativistic [40].

1.4 Laser Diagnostic Methods

In 1954 Charles Townes created a device which amplified microwaves at 24 GHz using stim-

ulated emission from ammonia molecules [41]. The device was dubbed the maser, an acronym

for microwave amplification by stimulated emission of radiation. From this arose the first laser

(standing for Light Amplification by Stimulated Emission of Radiation), developed in 1960 by

Theodore Maiman. This device was flashlamp-pumped and used a ruby crystal to emit light at 694

nm [42, 43]. The birth of laser diagnostics soon followed as physicists used lasers to stimulate var-

ious types of light scattering [44]. Described here are several notable laser diagnostic methods and

their relationship to single-shot CRBS. Techniques are broken into categories including resonant

or non-resonant, seeded or unseeded, and coherent or non-coherent.

Prior to lasers, techniques including Rayleigh and Raman scattering could only be spontaneous,

meaning scattering occurs at random intervals as particles in higher energy states decay to lower

states. As a result, only weak signals could be detected, requiring sampling intervals lasting hours

or even days to view a single spectrum. The advent of lasers allowed for stimulated laser diagnostic

techniques, where incoming photons could excite, or stimulate, the particle causing it to release

a photon and drop an energy level [44]. It is important to note that a similar stimulation process

occurs in lasers causing light amplification, however the focus here is on the stimulation of particles

in gas or plasma media in a testing environment, not within the laser itself. Many modern laser
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diagnostic techniques use stimulated emission within the medium under study due to the higher

intensity signal produced.

1.4.1 Resonant versus Non-resonant

Resonant techniques require the laser wavelength to correspond to the change in energy level

of the species under study. This required laser wavelength is commonly referred to as the reso-

nance frequency. These techniques include coherent anti-Stokes Raman spectroscopy (CARS) [45,

46, 47, 48, 49], Femtosecond Laser Electronic Excitation and Tagging (FLEET) [50, 51, 52, 53],

thermal grating velocimetry (TGV) [54], krypton tagging velocimetry (KTV) [55, 56, 57], planar

laser induced fluorescence (PLIF) [58, 59, 60], particle image velocimetry (PIV) [61, 62], and vi-

brationally excited nitric oxide monitoring (VENOM) [63, 64, 65]. Measurements with some reso-

nant techniques allow determination of the type of species present in a sample as well as the ratios

in amounts of those species if multiple are present. This is possible because different molecular

species have different energy levels, thus different resonance frequencies. To detect the properties

of different species however, the laser must be tuned to the specific resonant wavelengths for those

species.

Coherent anti-Stokes Raman spectroscopy, or CARS, is one such non-linear, resonant laser

diagnostic technique. This technique uses three pulsed beams, a pump beam (ωp), Stokes beam

(ωs), and probe beam (ωpr). The interaction of these beams produces a fourth coherent signal beam

of frequency ωpr + ωp − ωs, as seen in Fig. 1.2. If the difference in frequency of the pump and

Stokes beam (ωp − ωs) matches an anti-Stokes Raman resonance frequency of the sampled media,

the signal is resonantly enhanced. This provides the capability to determine the species present in

a sample as well as the vibrational temperature [66].

Non-resonant techniques meanwhile use signal beams of frequencies far from the resonant fre-

quency of the gases in the medium, meaning the signal spectrum is influenced by all the particles

in the medium, not just from a specific species. This may either be an advantage or disadvantage

depending on the application. For instance, setups do not need to be tuned to a different wavelength

to scatter from a new species. However, non-resonant techniques may not be able to isolate specific
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Figure 1.2: Depiction of the change in molecular energy level during CARS. Occuring first is a
rise in molecular energy to a virtual energy state with the pump beam, then a drop to the excited
state with the Stokes beam, followed by another rise to the second virtual energy state, then finally
the emission of the signal beam causing the molecule to fall to the lowest, original energy state.

species in a media or identify which species are present. Filtered Rayleigh scattering (FRS) [67],

stimulated Rayleigh-Brillouin scattering (SRBS) [68, 69], and coherent Rayleigh-Brillouin scat-

tering (CRBS) [70, 1] are all non-resonant techniques.

SRBS, FRS and CRBS are concerned with Rayleigh and sometimes Brillouin scattering. The

difference in intensities between the two types of scattering is characterized by the y-parameter,

which is proportional to the ratio between the grating wavelength and the mean free path of the

gas:

y ∝ N0kBT

kηυ0
. (1.9)

As y approaches zero, Rayleigh scattering is dominant causing the spectrum of the scattered

light to approximate a Gaussian curve. This is known as the Knudsen regime. As y-parameter val-

ues approach one or above, the medium enters the kinetic regime and Brillouin scattering becomes

noticeable causing two shifted peaks to form centered on frequencies in the spectrum domain cor-

responding to the speed of sound of the medium. The medium is in the hydrodynamics regime,
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where Brillouin peaks begin to dominate the spectrum, if the y-parameter is above 3 [71].

The simplest of the aforementioned non-resonant techniques is SRBS, which uses a laser beam

to stimulate particles in a medium then spectrally analyzes the scattered signal. Since SRBS is

elastic or non-resonant, the signal can contain stray elastic optical noise making spectra not well

defined. FRS, the next non-resonant technique, improves upon SRBS by using a resonant atomic

vapor filter to remove this noise, allowing measurement of a cleaner signal [67]. The final non-

resonant technique, CRBS, is described in detail later.

1.4.2 Seeded versus Unseeded

Seeded diagnostic methods inject a specific gas into a flow which fluoresces when colliding

with photons from the laser beam probing the sample. Essentially, particles of the seeded gas

species have a resonance frequency matching the laser beam frequency, allowing the particles to

jump to different energy levels. Primarily used to measure velocity in a flow, these techniques

are resonant and include TGV, KTV, PLIF, PIV and VENOM as introduced previously. These

laser diagnostic methods may increase the signal intensity due to the seeded particles, however

they may inadvertently affect properties of the flow due to the introduction of additional gases.

These techniques assume that the seeded gas holds the same properties as the rest of the flow, an

assumption which may not be true in plasma environments. Unseeded techniques in contrast do

not require additional particles to be added to the flow field.

1.4.3 Coherent versus Non-coherent

The terms coherent and non-coherent refer to how the resulting signal is scattered from the

medium. Non-coherent techniques scatter the signal in a 4π angle. In other words, photons are

randomly dispersed in all directions after colliding with particles in the medium. These techniques

include SRBS, FRS, KTV, PLIF, VENOM and FLEET as mentioned earlier, among others. In most

cases, detection equipment must be close to the measurement location in order to obtain a strong

signal. Optically noisy environments may also prevent an accurate signal from being obtained.

Coherent techniques produce a signal beam through phase-matched Bragg scattering which
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remains approximately the same intensity as the beam moves away from the measurement location.

CRBS and CARS are both coherent laser diagnostic techniques. For coherent scattering to occur,

Bragg’s law must be followed which states that the difference in path length of light scattered from

different layers of a lattice is equal to an integer multiple of the wavelength. This is mathematically

described by the equation:

nλ = 2dsin(θ), (1.10)

where λ is the wavelength of the incoming light, d is the distance between the gratings, θ is the

angle of incidence, and n is an integer specifying the order of the scattering. Since the particles

scattering from the lattice are phased matched assuming the angle of incidence follows Eqn. 1.10,

constructive interference occurs causing a strong beam. As opposed to a signal radiating in a

4π solid angle, which has a signal strength proportional to r−2 where r is the distance from the

measurement location, coherent techniques experience little loss in signal strength with distance

r. This is beneficial in increasing the signal to noise ratio because optical noise still scatters in a

4π solid angle and decreases proportional to r−2, as mentioned previously. As a result the signal

to noise ratio of the measured spectra is higher the further the measurement is assessed from the

probing location. Besides increasing the signal to noise ratio, remote measurement locations also

help keep equipment such as photodiodes safe and avoid interference with the path of the flow.

1.5 Coherent Rayleigh-Brillouin Scattering

Coherent Rayleigh-Brillouin scattering or CRBS is a nonlinear four-wave mixing technique

where two pulsed beams, known as the pumps, intersect to form an optical interference pattern or

grating [1, 71]. The pump beams, which have equal wavelength λpump and the same polarization,

are aligned with a crossing half-angle of Φ/2, which is typically between 85◦-89◦. Although in

theory 90◦ would be the ideal crossing half angle, in practice this alignment is avoided to prevent

damage to equipment due to optical feedback.
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Figure 1.3: Close up depiction of the measurement region for CRBS. Two pump beams intersect
forming an optical gradient, which induces particles in the medium to form a lattice. A probe beam
then Bragg scatters from the lattice forming a coherently scattered signal beam.

The wavelength of the optical grating, λg, is given by the equation:

λg = λpump/(2 · sin(φ/2)), (1.11)

where λpump is the wavelength of the pumps and φ/2 is the crossing half-angle. The optical

grating pattern moves at a phase velocity, υg, given by the equation:

υg = (∆f · λpump)/(2 · sin(φ/2)). (1.12)

Of note is that ∆f , the frequency difference between the two pumps, is directly proportional to

the lattice velocity. The potential energy in this region is given by the equation:
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U =
1

2
αeff

∣∣E2
∣∣ , (1.13)

where α is the polarizability and E is the electric field. Changes in the electric field, and

consequently the potential energy, result in an optical dipole force affecting particles in the medium

given by:

FOD = −∇U =
1

2
αeff∇

∣∣E2
∣∣ . (1.14)

As a result, particles in the medium with translational velocities υ roughly equal to the phase

velocity υg move towards high intensity regions of the optical interference pattern, creating a lattice

structure, as seen in Fig. 1.3.

A third beam, known as the probe, intersects the lattice structure at a specific angle creating a

coherently scattered beam known as the signal. To produce this coherently scattered signal beam,

the angle θ of the probe beam incident to the induced optical lattice fulfills the first order Bragg

condition, given by:

λprobe = 2λg · sin(θ). (1.15)

Combining and rearranging Eqns. 1.11 and 1.15 gives:

θ = sin−1(
λprobesin(φ/2)

λpump
), (1.16)

in which θ is the Bragg angle as depicted in Fig. 1.3. The probe beam is polarized orthogonally

in relation to the pumps to allow a thin film polarizer to separate the generated signal beam from

the pumps since the signal has the same polarization as the probe (i.e. orthogonal to the pumps).

This is particularly important when the probe and pump beams share the same wavelength. The

intensity of the signal is given by equation:
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IS ∝ L2(∆N)2I1I2Ipr ∝ ∆n2, (1.17)

and is proportional to the square of the induced refractive index modulation ∆n. The refractive

index modulation is caused by the polarizability of the medium and is given by the relation [3]:

∆n ∝ α2−2.5
eff . (1.18)

As a result, signal intensities are higher in media with higher polarizabilities. Signal intensities

are also higher when more particles are captured by the lattice. The velocity distribution function

(VDF) gives the probability distribution of particles moving at a range of velocities in a medium.

While sweeping through a range of ∆f values, and consequently a range of υg values, those υg

values that capture more particles in the lattice result in higher signal intensities at that velocity

value on the spectrum, thus scanning the VDF.

Rather than manually changing the wavelengths of one or both pump beams to obtain new

∆f values, a chirped frequency may be used to rapidly scan the VDF. First applied to CRBS in

2013 [72], this technique, henceforth referred to as the single-shot technique, utilizes one pump

beam of constant frequency and another with a chirped frequency, scanning the entire VDF in the

span of hundreds of nanoseconds as opposed to minutes. This is explained further in Sects. 2.2.1

and 2.2.2.

Similar to SRBS, a CRBS spectrum is a combination of a Rayleigh peak as well as two Bril-

louin peaks, the size of each peak dependent on the y-parameter as given in Eqn. 1.9. A breakdown

of a sample CRBS spectrum is given in Fig. 1.4.

Finding the temperature of particles at the measuring point requires fitting the Rayleigh peak

to the equation [70, 1, 71]:

f(vz) ∝ e
−mv2z
2kT . (1.19)

This is a simplification of Eqn. 1.5. Knowing the atomic mass m of the particles relates the
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Figure 1.4: Example CRBS spectrum generated with the s7 model for CO2 at 760 Torr. The
components of the spectrum, the Rayleigh peak (red) and two Brillouin peaks (blue) are separated
using a multipeak fit to visualize the contributions of each peak on the final spectrum.

temperature T to the width of the lineshape and allows fitting of the lineshape with T as the only

variable.

The temperature may also be related to the full width half maximum value of the lineshape at

low y-parameters if the Rayleigh peak is dominant. As previously mentioned, the Rayleigh peak

may be approximated as Gaussian, the general Gaussian equation given by:

f(x) =
1

σ
√

2π
exp

[
−(x− x0)2

2σ2

]
. (1.20)

From the general Gaussian distribution, the full width half maximum is given by the following

equation which may be related to temperature by setting σ =
√

kT
m

, as is done in Eqn. 1.5:

FWHM = 2
√

2ln2σ ∝
√
kT

m
. (1.21)

From Eqn. 1.17, the relation between intensity and neutral density is found to be:
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IS ∝ ∆n2. (1.22)

The component of the average translational velocity of the medium along the optical lattice

may also be determined by the shift of the spectra from the center, although this is not studied in

this work.

Diagnostics in media with higher y-parameters allows viewing of the Brillouin peaks, which

allow interpretation of more information about the media. As previously mentioned, Brillouin

scattering is most intense at the offsets corresponding to the speed of sound in the medium. Thus

viewing the optical spectrum in the velocity domain yields Brillouin peaks at the speed of sound or

Mach speed. The speed of sound in gas has long been known [73], and is given by the following

equation where c is the Mach speed, T is temperature, m is molecular mass, and γ is the adiabatic

index:

c =

√
γkT

m
. (1.23)

As a result, the change in location of the Brillouin peak is related to temperature by:

vBrillouin ∝ T− 1
2 . (1.24)

Knowing this allows determination of the Mach speed in the medium. If the gas species and

initial temperature is known, the measured Mach speed and theoretically predicted speed may be

compared to ensure the velocity domain of the CRBS spectrum is accurate. This comparison helps

to ensure accurate temperature values are also measured.
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2. GAS MEASUREMENTS WITH CRBS LASER SYSTEM

2.1 Motivation

Initial measurements in a gaseous environment are necessary to characterize the performance of

the CRBS system before making measurements in plasmas, which typically have lower pressures

and higher temperatures. This characterization includes how well defined the acquired spectra

are at various temperatures and pressures and if they follow the Tenti s7 model. As such, this

series of experiments obtains measurements in a wide range of pressures and temperatures and

with several gas species. Obtaining the measurements in gas and eventually in plasma requires a

high signal to noise ratio. In order to produce a strong signal to noise ratio, a well defined lattice

must be produced along with a strong probe beam. A rapid acquisition time is also desirable for

measurements, necessitating a single-shot setup to induce a rapid change in the lattice velocity and

thus rapidly scan the VDF.

2.2 Laser System Setup

A laser system is needed to satisfy the performance requirements outlined above. This project

uses the same single-shot CRBS setup discussed in greater detail in past literature [74, 75, 76]. The

current system, designed and built at Texas A&M University, is a revision upon past systems built

elsewhere [2, 3, 77]. The Texas A&M laser system is capable of producing two pump beams of

pulse energies near 400 mJ to produce the optical interference pattern and thus the lattice structure.

These pump beams also produce a probe beam of 30 − 40 mJ. This is an improvement from past

systems where pump beams had pulse energies up to only 200 mJ. In addition, the probe beam on

this system is frequency doubled to 532 nm whereas in past systems the probe beam remained at

1064 nm, the same wavelength as the pumps. The system is also capable of producing a frequency

chirp in a time frame as low as 100 ns with minimal oscillations, similar to past setups. The major

components of the setup are briefly described here.
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2.2.1 Master-Slave Injection Seeding

The rapid change in δf of the pump beams necessary for single-shot CRBS as described in

Sect. 1.5 requires one pulse beam with a constant, stable frequency and another with a precise,

chirped frequency. To satisfy these requirements, a master-slave injection-seeded laser configura-

tion is used.

Master 
Laser

Slave 
Laser

Etalon

EOM

EOM

1 Watt Fiber 
Amplifier

85 m 
Delay Line

Photodiode

Pockels Cell

Mirror

Beam Sampler

Beam Sampler

Fiber coupler/ 
collimator

Beam Dump

Beamsplitter

Thin Film 
Polarizer

Second harmonic 
generator

Optical isolator

Lens

Quarter Waveplate

Half Waveplate

I II

To Amplification 
Stages

Figure 2.1: Schematic of parts I and II of CRBS setup. Part I details the equipment used for master-
slave injection seeding in Sect. 2.2.1 while part II details the equipment used for pulse shaping in
Sect. 2.2.2. Note that same legend is used in Figs. 2.3 and 2.9 to outline sections III and IV.

The laser output begins with the master laser, as depicted in part I of Fig. 2.1. This is a custom-

built laser system consisting of an 808 nm pumping diode and laser cavity. The laser diode1 pumps

the active lasing medium, a Nd:YVO4 laser crystal. After the lasing medium comes the laser cavity,

which houses a LiTaO3 electro-optic modulator (EOM) crystal. The EOM crystal alters the output

frequency of the laser proportional to an applied voltage given by the equation [78]:
1Thorlabs L808P1000MM
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δf =
η · n2

1 · r32 · fopt
2 · d

n1 · l1
n1 · l1 + n2 · l2 + n3 · l3

δV. (2.1)

As voltage is applied to the EOM, the laser cavity length changes due to a change in the

refractive index of the crystal, which causes the change in laser frequency as seen in Fig. 2.2. Other

variables include the coupling efficiency η between the electric field and the laser cavity mode; the

lengths of the LiTaO3 crystal l1, the Nd:YVO4 crystal l2, and the air gap l3; the refractive indices

of the aforementioned components n1, n2, and n3; and the thickness d and electro-optic coefficient

r33, both of the LiTaO3 crystal.
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Figure 2.2: Chirp rate of master laser versus voltage applied across the EOM. Chirp rate here is
approximately 143 MHz/V, greater than that of past systems [2, 3].

Due to the upper state lifetime being significantly longer than the laser cavity decay time,

oscillations in the intensity of the output may occur using just the Nd:YVO4 laser as it attempts

to reach a steady state value of frequency. These relaxation oscillations occur over a significant
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timescale compared to the pulse duration (typically 150-200 ns) and are described by the Statz-

DeMars equations:

dN

dt
= Λ− N

τ2
− I ·N · σ

h · υ
, (2.2a)

dI

dt
= c · σ ·N · I · l

L
− I

τcav
. (2.2b)

Variables in the equations include the upper-state population N , the upper-state excitation rate

Λ, the upper-state lifetime τ2, the laser intensity I , the stimulated emission cross-section σ, the

length of the active medium l, the length of the cavity L, and the cavity decay lifetime parameter

τcav.

Using an Nd:YVO4 laser reduces the timescale of the relaxation oscillations compared to an

Nd:YAG laser, however a steady state is not reached fast enough compared to the pulse duration.

To further reduce the relaxation oscillations, the Nd:YVO4 master laser is coupled to the slave, a

second laser diode emitting at approximately 1064 nm. The slave laser emits at the frequency of

the master with no effect from the relaxation oscillations.

2.2.2 Initial Amplification and Pulse Shaping

A commercial Ytterbium based fiber amplifier increases the output of the slave laser to 1 Watt

while retaining the inputted frequency, as seen in part II of Fig. 2.1. A beamsplitter then separates

and polarizes the beam into two arms with each beam passing through a LiTaO3 intensity electro-

optic modulator (IEOM) which turns the inputted CW beam into a pulsed beam. The temporal

profile of each pulse is determined by the input voltage, which is shaped using a commercially

available arbitrary function generator. Pulse durations for the system can range between 10− 1000

ns and are controlled with the arbitrary waveform generator. The pulse was approximately 150 ns

for the experiments outlined here. A custom made LabView program allows modification of the

voltage pulse shape outputted by the function generator, which results in a change in the shape of

the optical pulse. IEOMs were chosen because they may be driven with low voltages (< 10 V)
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compared to Pockel’s cells which require fast switching in the kilovolt range. A disadvantage of

this technique however is that the output may drift over time, requiring modifications to the voltage

offset and the shape of the arbitrary voltage signal immediately before, and sometimes during, data

collection.

To produce the pulses for a single-shot configuration, the arbitrary function generator sends

a signal to the first IEOM, opening it creating a pulse. During this time, a constant voltage is

applied to the master laser’s intracavity EOM leading to a pulse of constant frequency. After an

approximately 400 ns delay, the function generator sends the second arbitrarily shaped voltage

signal to the second IEOM, opening it to produce a pulse. This signal also triggers a chirped

voltage signal to be sent to the master laser’s intracavity EOM, creating a frequency chirp in the

pulse produced by the IEOM. The first, unchirped pulse passes through an 85 m delay line, syncing

it in time to the second pulse.

After these steps a relative frequency difference is present between the two beams as is required

for single-shot CRBS. The beams however do not yet have enough energy to generate a lattice

structure or a probe beam strong enough to produce a distinguishable signal beam, necessitating

further amplification.

2.2.3 Final Pulsed Amplification

Each pulse is amplified from approximately 100 nJ to 400 mJ by one of two identical arms.

Each arm is composed of four diode pumped amplifiers (an upgrade from three in previous sys-

tems) placed in series as seen in Fig. 2.3.
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A2

A3

A4

B2

A1 B1

To Measurement Section

To Next Chain

From Prior Chain

III

Figure 2.3: Schematic of part III of the CRBS setup showing the four amplification stages for each
pump beam. Legend for parts can be found in Fig. 2.1.

The beam goes through each rod in a double pass configuration, as outlined in Fig. 2.4. It

first passes through lenses to magnify the beam to 80% of the diameter of the amplifier rod. The

beam then passes through a Faraday rotator followed by a half waveplate, thin film polarizer and

finally the diode pumped amplifier itself. This ensures the polarization is aligned so the diode

outputs the maximum intensity while also preventing feedback to previous amplifier rods. The

beam then passes through a quarter waveplate and reflects off a mirror, going through the quarter

waveplate and diode pumped amplifier a second time and exits the rod upon reaching the thin film

polarizer, now with an orthogonal polarization compared to before. As the beam goes through each

of the four diode pumps, the energy is increased from approximately 100 nJ to 400 mJ. Throughout

the setup, a series of lenses also progressively increased the diameter of the beam to be 80% the

diameter of the next rod, as specified by the manufacturer of the diodes.
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Mirror
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Figure 2.4: A typical rod including (from left to right) a Faraday rotator or isolator, half wave plate,
thin film polarizer, diode pumped amplifier, quarter waveplate, and mirror. Beam path through the
rod is shown.

To avoid overheating, one chiller is used to cool each arm. Since the amplifiers are diode

pumped, the absorption characteristics of the diode must be temperature tuned to match the wave-

length of the seed beam for maximum output efficiency. As a result the amplifiers for the chillers

are set to a specific temperature to further increase the strength of the signal, as determined in

Fig. 2.5.
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Figure 2.5: Output energy versus chiller temperature for the four amplifier stages composing the
left pump beam.
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2.2.4 Dual Color CRBS

Previous CRBS systems utilizing pump and probe beams of the same frequency could obtain

lineshapes down to approximately 50 − 100 Torr in air. In order to measure neutrals in partially

ionized environments such as low pressure DC glow discharges, which often occur at pressures

below this limit, a stronger signal is necessary. Improvements in signal to noise ratio are also

desirable for higher pressure and density scenarios in order to obtain better lineshapes.

To allow measurements at lower ambient pressures, the probe beam is frequency doubled to

532 nm while the pump beams remain at 1064 nm. Throughout the rest of this work, using a

Single/Dual Color CRBS 
Comparison, CO2 300 K

Single Color Dual Color

Figure 2.6: Comparison of spectra with a 1064 nm (single color) versus a 532 nm probe (dual
color) at various pressures for CO2 at 300 K.
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LBO 
Crystal 

(in oven)
λ/2Magnifying 

Lenses
Beam-
splitter

Figure 2.7: Setup used to frequency double the probe beam. The probe is extracted from the pump
using a thin film polarizer. The probe then passes through a halfwave plate and magnifying lens
to ensure it has the correct diameter and direction of polarization. It then enters the LBO crystal
where a portion of the beam is frequency doubled to 532 nm. A harmonic beamsplitter separates
the 1064 nm and 532 nm beams, directing the 1064 nm beam towards a beam dump while allowing
the 532 nm beam to continue.

532 nm probe beam and 1064 nm pump beams for CRBS will be referred to as the dual color

CRBS setup while using the same wavelength for all pump and probe beams will be called the

single color setup. As seen in Eqn. 1.6, the strength of the Rayleigh signal is proportional to

λ−4. Therefore, the 532 nm probe beam yields a signal sixteen times stronger than the signal

produced in previous iterations with a 1064 nm probe. The optical background from the 1064

nm pump beams is spectrally filtered using bandpass filters before the signal reaches the 532 nm

detectors, further decreasing the noise present in the lineshape. The setup also implements high-

gain photo-detectors designed for 532 nm light, which have better quantum efficiencies than most

photo-detectors optimized for 1064 nm. A comparison of spectra derived from the single and dual

color setups was conducted in various gases to evaluate the difference in signal resolution. As seen

in Fig. 2.6, with a single color setup, or a 1064 nm probe, spectra down to approximately 100 Torr

are resolved in carbon dioxide at room temperature as mentioned previously. With the dual color

setup or 532 nm probe however, the spectra may be resolved to below 10 Torr.

The probe beam is frequency doubled as recommended by the manufacturer of the diode

pumps2 and is pictured in Fig. 2.7. To obtain the probe beam, first a portion of one of the pump

2Northrop-Grumman
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beams is obtained using a thin film polarizer. A lithium triborate (LBO) crystal heated to a specific

temperature is used to produce the 532 nm beam through second-harmonic generation. Essentially,

two photons of equivalent energy combine inside the crystal forming one photon with double the

energy, thus doubling the original wavelength due to Eqn. 1.3. Between the thin film polarizer and

crystal, the beam passes through a half wave plate and series of lenses to ensure it is the proper

diameter and polarization upon entering the crystal. After the crystal, a harmonic beamsplitter

separates the 1064 nm portion of the beam from the 532 nm portion, sending the excess 1064 nm

portion to a beam dump and preparing the 532 nm portion for four wave mixing by passing it

through another half wave plate.

Ensuring the 532 nm beam produced the highest output energy required aligning the beam

through the LBO crystal, collimating the beam at the manufacturer’s specified diameter, and tuning

the crystal to the proper temperature as seen in Fig. 2.8.
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Figure 2.8: Oven temperature versus output energy of 532 nm probe beam.
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2.2.5 Alignment of Pump and Probe Beams

In order for CRBS to occur and a signal beam to be generated, the pump and probe beams must

be aligned at precise angles to achieve phase matching conditions. With a 532 nm probe and 1064

nm pump beams, the Bragg angle is θ = 30◦ according to Eqn. 1.16. Subsequent experiments

with vacuum chambers were designed to accommodate this angle. The basic alignment along with

frequency doubling of the probe beam are illustrated in Fig. 2.9.

After being produced in the four wave mixing configuration, the final, coherent signal beam

then propagates approximately 10 m to reduce the intensity of the background noise, which ra-

diates incoherently proportional to r−2 where r is the distance from the measurement location as

discussed previously.

Signal

Probe

Pump IIPump I

Heterodyne 
Beam

IV

Figure 2.9: Schematic of part IV of the CRBS setup showing the extraction of the probe beam
from one of the pumps, frequency doubling of the probe beam, and four wave mixing to produce a
signal beam. Legend for parts can be found in Fig. 2.1.
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Figure 2.10: Example heterodyne signal (top), or combination of left and right amplified pulses,
in the temporal domain. After using a fast Fourier transform algorithm, a change in frequency of
the master laser over time can be determined by averaging the slope between the points marked in
with red arrows. Noise at the center and ends of the FFT is disregarded.

The frequency of the chirp over the pulse duration is viewed using the method presented by

Fee [79]. A portion of each of the two pulses is combined together to form a heterodyned signal and

observed using a fast photodiode. The heterodyne signal is subjected to a fast Fourier transform

algorithm, which gives a rising and falling slope corresponding to the change in frequency with

respect to time, as pictured in Fig. 2.10. From these slopes and their point of intersection, the

instantaneous frequency of the beat signal at a point in time can be matched with the CRBS signal

at that same point in time, determining the domain of the spectrum.

2.3 Temperature Measurement Results

Temperature measurements were first performed in a variety of gases to evaluate spectra with

stronger pump beams and while using the dual color CRBS setup. The study looked at changing

temperatures between 300 K and 500 K for xenon, carbon dioxide, and nitrogen gases at multiple
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Figure 2.11: Modelled and experimental lineshapes at 100 Torr pressure for temperatures of 300
K versus 500 K for carbon dioxide, xenon and nitrogen.

pressure values to show the relation of the temperature to the width of the spectra, specifically at

the full width half maximum. Measurements were performed inside a heated hexagonal box in a

vacuum chamber. Two thermocouples measured the temperature of the box, one on the top and

one below, and the temperatures averaged. The box was heated first to approximately 500 Torr

then measurements were taken at a rate of 10 Hz as it cooled. Pressure was controlled to stay

constant while temperature changed. The experimentally obtained lineshape is compared to the

s7 model [80] at various temperatures as seen in Fig. 2.11 to evaluate agreement. As expected,

xenon produced closest agreement followed by carbon dioxide due to them having the highest

polarizability values of the tested gases. Disagreement between the model and experimentally
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Figure 2.12: Full width half maximum versus temperature for xenon, nitrogen and carbon dioxide
at 100 Torr (I) and 300 Torr (II).

obtained spectra may be attributed to optical noise in the system, such as reflections from the

probe beam in the chamber. The lineshape widens for all measured gases as temperature increases

as predicted with the s7 model.

Although temperature is directly derived by fitting the CRBS spectrum to Eq. 1.19, the full

width half maximum value of the lineshape may be determined to help understand the rate at which

the spectrum widens. Fig. 2.12 graphs the full width half maximum values of the normalized

lineshapes between 300 K and 500 K, approximately the minimum and maximum temperatures

under study, at both 100 Torr (left) and 300 Torr (right). Throughout the measurements, pressure

within the chamber and thus density were kept approximately the same. These measurements

support that the full width half maximum of the spectrum is proportional to the square root of the

translational temperature of the gas for low y-parameter values.

2.4 Density Measurement Results

The relation between signal intensity and density was also studied in a gas environment be-

fore moving to an environment containing ionized particles. The lineshapes of various gases were

recorded as the pressure dropped from atmospheric pressure (760 Torr) to approximately 1 Torr
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to assess if the intensity is proportional to the square of the neutral gas density. Spectra were ob-

tained at a rate of 10 Hz with acquisition times approximately 150 ns while the pressure of the

chamber was slowly reduced using a vacuum pump. The interior temperature of the chamber was

recorded to ensure it remained the same throughout the experiment. Each measurement campaign

took between 10 − 15 minutes to reduce the size of gaps between pressure values for each spec-

trum. The lineshapes are compared to the s7 model at various pressures, with Fig. 2.13 viewing

normalized lineshapes of xenon, carbon dioxide, nitrogen and argon near atmospheric pressure and

room temperature. Brillouin peaks, at locations approximately equal to the speed of sound of the

medium, are visible in all gas species. Although the s7 model is symmetric in all cases, parts of the
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Figure 2.13: Normalized lineshape for xenon, carbon dioxide, nitrogen, and argon at 760 Torr and
300 K.
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experimental lineshapes are not. This is particularly noted with argon and is due to an inconsistent

intensity in individual pulses in the output of the EOM. As seen, the experimental and modelled

lineshapes are generally the same width, with argon showing the most variation.

Determining the neutral density requires measuring the signal intensity first at a known pressure

and temperature, allowing determination of the density. Knowing that the density is proportional

to the square of the intensity, the values at other unknown pressures or densities can then be de-

termined. To account for a drift in intensity over time due to changing pump energies, the ratio of

the total intensity between the sum of the intensities of the pump beams and the signal intensity is

measured.

Intensity values are plotted in relation to pressure of various gas species in Fig. 2.14. The

exact intensity values measured are arbitrary and depend on the strength of the signal beam, which

itself is based on a variety of factors including beam alignment, total energy of the pump and

probe beams, and alignment of the signal with the photomultiplier tube. It may not always be

assumed between measurement campaigns that the intensity will remain the same at an equivalent

gas temperature and density, especially if a long period of time has passed between campaigns.
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As seen in Fig. 2.14, xenon has a higher intensity than nitrogen due to its higher polarizability.

Carbon dioxide is expected to have an intensity between that of nitrogen and xenon, however it

does not due to data collection occurring on a different day. As seen in part I of the figure, the

relation between density and intensity generally continues to hold at lower pressures, particularly

for xenon. The intensity of the photomultiplier tube was increased at lower pressures, leading to

higher intensity values depicted in part I of the figure compared to part II. This was done to better

see the lineshapes at lower pressures. Data becomes noisier at these low values due to a smaller

signal to noise ratio.
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3. MEASUREMENTS IN A GLOW DISCHARGE

As outlined in Sect. 1.1, this work measures neutral density and translational temperature in a

partially ionized environment by using single-shot CRBS. A glow discharge is used to produce the

ionized environment due to its low ionization ratio. First a background on electrical discharges is

described. Then an outline of the chamber and electrical schematic used to produce the glow is

presented, and finally density and temperature measurements of the glow are given.

3.1 Background on Electrical Discharges

Often called the fourth state of matter, plasmas occur as some of the particles in a gas ionize,

leaving approximately equal numbers of positively charged particles (ions) and negatively charged

particles (electrons). The ionization ratio (α) gives the ratio of ionized to neutral particles in the

plasma [81]. While plasmas can be tens of thousands of degrees in some environments such as in

stars, low-temperature or cold plasmas (those with temperatures less than 1000 K) may also occur

and are often used in laboratory settings [82, 83, 67]. Electrical discharges may be used to produce

plasma by creating a voltage difference between two conductive surfaces known as the anode

and cathode. To demonstrate CRBS measurements in an ionized environment, this work uses an

electrical discharge, more specifically a glow, in order to measure properties of neutral particles

more easily due to the low ionization ratio. The relative ease to set up and the use of lower, and

thus safer, currents and temperatures are also advantageous when conducting the experiments.

Several types of electrical discharges may occur depending on the ionization ratio of the par-

ticles in the gas, notably the dark, glow and arc discharges. The ionization is largely dependent

on the magnitude of the current, however other factors including the pressure and species of gas

and the size and material of the electrodes dictates the threshold values for current and ionization

ratios between the types of discharge. The main classes and subcategories of each discharge type

are explained here.
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3.1.1 Dark Discharges

If an electrical discharge does not have enough current for a glow, it is considered to be in

the dark discharge regime. The dark discharge is named because the ionization is not visible

to the human eye. At extremely low currents (on the order of 10−10 A), background ionization

occurs [84]. The weak electric field pushes ions and electrons naturally present from background

radiation to the electrodes. Eventually the saturation region is reached when all background ions

and electrons have reached the electrodes. In this region, which occurs with current on the range

of 10−9 A, the current remains constant as voltage is increased.

The Townsend discharge occurs just below the breakdown voltage as current rises exponen-

tially with voltage [85]. In this regime the electrons acquire enough energy to ionize a neutral

atom as they travel in the electric field to the anode. The electron emitted from the neutral particle

has enough energy to ionize another neutral particle creating an avalanche effect. This discharge

is typically not visible until it approaches the breakdown voltage and transitions to a glow. Corona

discharges that form in this regime near sharp edges of the anode or cathode may be visible how-

ever.

As the voltage applied across the electrons increases, electrical breakdown eventually occurs

when ions and photons impact the cathode releasing electrons, meaning the ionization is sustained.

Enough photons are released so the discharge becomes visible to the human eye. Current continues

to increase while the voltage drops to the breakdown voltage, where it will remain nearly constant

while in the glow regime.

3.1.2 Glow Discharges

Glow discharges are of primary interest in this study because they produce more noticeable

changes in neutral density and temperature compared to dark discharges.

For a normal glow discharge, the area of the electrode covered by the glow is proportional

to the current, however the voltage between the electrodes remains nearly constant because it is

independent from the current [84, 83]. Experiments presented in this chapter are typically in the
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normal glow discharge regime.

As the current increases and the entire cathode surface becomes involved in the discharge, an

abnormal glow is reached. Here the voltage gradually begins to increase with further increases in

current [8].

Eventually as more current is applied to the abnormal glow, an abrupt transition characterized

by a sudden increase then sharp decrease in voltage occurs as the arc discharge regime is entered.

This regime sees a high current density and a voltage that drops with increasing current. The arc

begins in the non-thermal regime where the ionic temperature is less than the electron temper-

ature. The thermal regime is reached when the ionic temperature and electron temperature are

approximately equal, leading to little voltage change with applied current.

3.1.3 Anatomy of a Glow Discharge

Several different regions may be defined within a glow discharge. The exact proportions of

each region, and whether a region is even present, depends on a number of factors including the

pressure, electrode spacing, current, and the size of the chamber housing the discharge region [86].

The two main sections are the cathode glow and anode glow. Subsections of these regions are

pictured in Fig. 3.1 and are described below moving from the cathode to the anode.

The cathode itself is composed of an electrically conductive material, such as copper used in

this study. As ions contact the cathode surface, electrons are emitted from the cathode and begin

their journey across the discharge region. The Aston dark space occurs immediately after the

cathode. Here electrons possess an energy too low for neutral particles to become ionized, resulting

in a dark layer. Occurring next is the cathode glow, where electrons gain enough energy and

accelerate to a high velocity. As the electrons collide with neutral atoms, the atoms are excited into

higher energy levels. As the atoms relax and return to lower states, they emit photons producing

visible light, the frequency proportional to the energy difference between the excited and ground

states.

Afterwards the particles enter the cathode, or Crooke’s, dark space. Here exists the largest

voltage drop in the discharge, as atoms are ionized and accelerate towards the cathode. Because
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Figure 3.1: Components of a typical glow discharge.

the atoms are ionized as opposed to excited to higher energy levels, little to no light is produced in

this region. This region is larger for lower pressures since the mean free path is higher. As the elec-

trons progress, they slow down and recombine with ions through Bremsstrahlung radiation [87],

beginning the negative glow region. This typically produces the highest light intensity of the glow.

As electrons continue losing energy, they no longer have enough energy to ionize or excite atoms,

so less light is produced. This is known as the Faraday dark space. This region does not always

appear, particularly for higher pressures or small electrode spacings. The Faraday dark space is the

last component of the cathode glow.

After the Faraday dark space comes the positive column. This is typically the largest section

of the glow, with properties uniform longitudinally along the axis and symmetric radially. Here

electrons have high energies ionizing and exciting atoms, leading to a consistent glow. Ion and

electron densities are approximately 1015 − 1016 m−3 [81]. This region typically sees the largest

extension or contraction when the distance between the electrodes changes. Next is the anode

glow. This region sees an increase in the electric field, thus higher electron energies and a release
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of photons, as particles are raised to an excited state then relax again. Finally, immediately before

the anode is the anode dark space, where fewer electrons are present and no visible light is emitted.

3.2 Design

Before beginning measurements, a chamber was built in order to house the glow discharge.

The chamber was built to be larger than previous, similar designs [88, 89] to be able to run a

glow discharge and possibly other future experiments including an arc for as long as possible

without overheating. The chamber also had to accommodate windows for the pump, probe and

signal beams while still allowing easy physical access to the interior of the chamber. Because

moving the measurement location by realigning the beams of a four wave mixing technique may

be time consuming and cumbersome, the chamber needed to be capable of precisely adjusting its

horizontal position. Finally, the chamber needed to be capable of holding pressures near 10-15

Torr for multiple hours without leaking. The design of the chamber and how it satisfies these

requirements is described in the subsequent sections.

3.2.1 Main Chamber Design

A vacuum chamber houses the glow discharges and controls the gas type and pressure near

the electrodes. The chamber consists of a modified six way cross with 10 inch CF flanges and

a 10 inch diameter spherical center. The large size of the chamber is used to avoid overheating

of the chamber or medium inside. The geometry of the beams for the dual color setup requires a

minimum of five windows in specific locations to allow passage of the two pump beams, the probe

and the signal beam through the chamber. The 6 way cross and connecting flanges were modified

to create space for 6 windows to allow the probe and signal beam to either enter or exit the chamber

at a 60◦ angle relative to the pumps, as depicted in Fig. 3.2. As discussed in Sect. 2.2.5, this angle

is required to satisfy the Bragg equation. Additional nipple flanges may also be added between

the windows and chamber to distance the windows from the center, which will prevent debris from

ablation depositing onto the windows during future arc discharge experiments.
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Figure 3.2: Comparison of modelled top view (I) to completed chamber design (II). Overlaid in
red are the pump beams moving horizontally, in green the probe beam propagating from the top
right to the bottom left, and the signal beam also in green originating in the center and propagating
to the bottom left. The bottom of the figure depicts a comparison of a model of the side cutout (III)
to the actual chamber interior (IV).

Once assembled in its final configuration, the chamber was leak tested by vacuum pumping the

chamber for 45 minutes then allowing the chamber to sit overnight while monitoring the pressure.

Results are plotted in Fig. 3.3. This method found a leak rate of approximately 3.8 ·10−5 L·mBar/s,

which is adequate to ensure minimal contamination from surrounding gases when operating at

pressures near 15 Torr for multiple hours.
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Figure 3.3: Leak rate of vacuum chamber in experimental configuration after outgassing.

In order to move to precise positions along the radius of the glow discharge, two high precision

load slides1 were installed on the bottom of the chamber, one on each leg as depicted in Fig. 3.4.

Linear bearings further supported the chamber allowing adjustments in one dimension. The slider

was designed to move with a precision of 1/32 inch, or 0.8 mm. Rulers were placed on each side

of the chamber base to ensure each side moved the same distance without rotating the chamber.

Wheels were used for rough alignment in both axes on the ground before the sliders secured the

stand in position.

Moving the chamber horizontally during data collection presents the possibility of the pump

and probe beams becoming misaligned due to changes in the window orientation or a beam clip-

ping the edge of the chamber, potentially reducing the intensity of the signal. Lineshapes were

obtained at various horizontal positions in xenon at 15 Torr and room temperature, the starting

parameters for most glow discharge experiments, to ensure minimal change in signal due to move-

ments of the chamber. A change in intensity of approximately 10-15% was observed as the slider

1McMaster 9222T21
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Figure 3.4: Modelled and actual views of translational slider. The blue frame remains stationary
on the ground while two sliders (red) move the rest of the chamber laterally.

was moved between minimum and maximum values as seen in Fig. 3.5. This variation was taken

into account when evaluating the intensity at different points along the glow discharge.
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Figure 3.5: (I) Three dimensional plot of CRBS lineshapes in xenon at 15 Torr at various hori-
zontal positions within chamber. (II) The ratio in intensity between the measured signal and the
summation of the heterodyne signal is depicted to account for changes in pump beam intensity
when the position of the chamber changes.
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The distance between electrodes changed using vertical positioners,2 which had a precision

of 0.003 inches or 0.076 mm and a range of 6 inches (152.4 mm) each. The electrodes attached

to brass rods which fed through coupling flanges,3 and connected to the rest of the circuit. The

top rod was grounded while the bottom connected to the DC power supply. In order to avoid the

current discharging into the chamber, a custom mount made of MACOR attached the brass rod

to the axial positioner. Screws made of PEEK further kept the rods insulated. In addition, PEEK

pipes surrounded the brass rod at the bottom of the chamber, where a large voltage differential was

present, to avoid a discharge forming between the rod and chamber. A custom made plexiglass box

surrounded the bottom brass rods where it protruded from the chamber to avoid accidental contact

with the circuit.

3.2.2 Electrical Schematic

A glow discharge was chosen due to its stability, with low pressures used to produce a wider

radius. The glow discharge uses an electrical circuit consisting of a power supply, ballast resistor,

electrodes and a ground wired in series as depicted in Fig. 3.6. The power supply4 typically pro-

duces up to 10 kV and 0-40 mA to produce a glow. The electrodes are copper with a flat, circular

head approximately 2 inches (50.8 mm) in diameter. A 10 kΩ ballast resistor is used to limit the

current flowing through the circuit and prevent sudden fluctuations. To measure current, a shunt

resistor of 195 Ω is located between the cathode and ground with the voltage measured by an NI-

DAQ. A high voltage probe with a dividing factor of 1000 is connected to the NI-DAQ to measure

the voltage between the anode and ground. The current output per applied voltage was measured

during each trial, with part II of Fig. 3.6 showing a sample of current in relation to voltage with

xenon at 15 Torr. A positive dependency of voltage related to current above approximately 16 mA

suggests an abnormal glow in this region. At approximately 15-16 mA, there is no change between

voltage and current, suggesting a normal glow. Also of note is a higher voltage when current is

increasing, particularly at lower current values.

2Velmex XSlide XN10
3Lesker F0275XVC050
4Electron Vision Series 105 High Voltage Power Supply

45



V

DC Power
max 40mA, 
10kV

Anode

Cathode

Ballast Resistor

Shunt Resistor

V

+-

0 4 8 12 16 20 24 28 32
300

350

400

450

500

550

600

Up
Down

V
ol

ta
ge

(V
)

Current (mA)

I II

Figure 3.6: Part I shows the electrical schematic for the glow discharge configuration. The ballast
resistor is approximately 100 kΩ. Part II depicts the voltage between the anode and cathode versus
the current applied for both rising and falling currents for a 15 Torr xenon glow.

In addition to design of the chamber, mirrors and lenses were added to the CRBS laser system to

redirect the beams so the four-wave mixing occurs inside the chamber. Two 12x18 inch extensions

were added to the optical table so equipment could be placed on either side of the chamber. Lenses

with a focal length of 412 mm focus the 1064 nm beams while a 300 mm focal length lens focuses

the 532 nm probe beam. These focal lengths were chosen based on the optical table and chamber

sizes.

3.3 Temperature and Density Results

In order to demonstrate point measurements with CRBS in the glow discharge, measurements

were collected radially from the center to edge of the chamber. This allows viewing of the change

in spectra as the properties of the glow change along the radius. Measurements are also collected

at various currents to view the change in spectra.

Data is acquired in a glow discharge using the same technique as with pure gases. A typical

experimental trial began first by filling the chamber with CO2 at atmospheric pressure to obtain

a signal with well defined Brillouin peaks. From here the offsets and voltage profile applied to

the EOMs could be tuned to produce a shape with equally sized Brillouin peaks. The location of
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50 mm

Figure 3.7: Typical glow discharge from 50 mm diameter electrodes. Measurement region from
center to edge shown in red.

the peaks in the velocity domain may also be checked to ensure they align with the theoretical

speed of sound in the medium. Slight adjustments to the four wave mixing alignment at this

step also help maximize the beam signal. The system then remains running as the pressure in

the chamber decreases, purging the CO2 from the chamber and connecting feeder lines. Xenon

then enters the system and is stabilized at 15 Torr or another desired pressure. Initial lineshapes

are recorded before the discharge is turned on to view the beamshape at a known pressure and

temperature (15 Torr at room temperature for example). For these experiments, the oscilloscope

typically averaged the previous 20 shots, meaning each saved profile is an average of 20 lineshapes

or the previous 2 seconds (assuming chirping at a rate of 10 Hz). The average was increased to

obtain a cleaner lineshape if lower pressures or higher temperatures were expected. Finding the

temperature and density throughout the glow discharge was done by fitting the lineshape to the

theoretical Rayleigh peak equation (Eqn. 1.19) and then comparing the intensity of the current

lineshape with the original lineshapes recorded with no glow.

47



The study measured a glow discharge at a pressure of 15 Torr with electrode separation of 23

mm, which was chosen after testing among several configurations after finding it to produce the

most stable glow in xenon. A typical glow in this configuration is seen in Fig. 3.7. The laser was

aligned to be halfway between the top and bottom electrodes in the positive column. This region

was chosen because it takes up the largest component of the glow. In addition, properties including

the ion and electron densities are longitudinally independent and axially symmetric, changing only

as distance along the radius is increased.

First measurements were conducted at various currents between 0-25 mA. Applied current

slowly decreased over a period of approximately 10-15 minutes while spectra were captured at a

rate of 10 Hz as mentioned previously. Increasing current was also tested however the location of

the glow on the electrode was found to be less stable, particularly at low current values (below 7

mA). Due to the size of the chamber and the low temperatures associated with the glow discharge,

no observable change in temperature or density was detected due to the length of time the current

ran for, assuming the applied current and measurement location within the glow remained the
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Figure 3.8: (I) Modelled and experimental lineshapes for xenon at 15 Torr with no current applied.
(II) Normalized experimental lineshapes for xenon at 15 Torr between 0 mA and 25 mA applied
current. A widening in the lineshapes due to an increase in translational temperature of neutral
particles is present.
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same. Lineshapes remained in agreement with the s7 model, as seen in part I of Fig. 3.8, which

depicts the lineshape before current is applied at 15 Torr and room temperature. As more current

is applied (part II of Fig. 3.8), the lineshapes broaden as expected.

In addition to widening of the beam profile, an increase in current led to a drop in signal inten-

sity. This may be seen when spectra are plotted in relation to current, as depicted in Fig. 3.9. The

intensity at various currents may be compared to the original intensity at 0 mA, taken immediately

before starting the glow and after the glow is turned off.

Next measurements along the radius of the glow were collected. A total of nine measurement

trials were conducted in a xenon glow discharge at 15 Torr pressure. Approximately 100 samples
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Figure 3.9: Three dimensional plot of CRBS lineshapes in xenon at 15 Torr when subjected to
glow discharges of between 0 and 30 mA applied current.
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Figure 3.10: Neutral density and translational temperature measured along the radial profiles of
xenon glow discharges.

were collected at each radial position within the discharge for each trial. Like the gas and variable

current measurements, data was collected at a rate of 10 Hz with a 150 ns acquisition time for

each spectrum. Each trial measured at the same locations along the glow, with 2.4 mm or 3/32 in

between each measurement location. Measurements from each point were then averaged together

with measurements from the corresponding points in the other trials. The 95% confidence inter-

vals in temperature and density were small between lineshapes during the same trial (about 5 K for

temperature and 4 · 1021 m−3 for density). However, values obtained between different days were

found to vary by nearly 50 K and 6 · 1022 m−3 for temperature and density, respectively. This is

attributed to changes in the glow discharge between trials, as the discharge was turned off and on

between runs, which occurred on multiple days. Fig. 3.10 depicts the measured changes in transla-

tional temperature (part I) and neutral density (part II). Average values are displayed prominently

while silhouettes of individual trials are seen in the background.

All campaigns show a general trend of density increasing and temperature decreasing as the

measurement location moves from the center to edge of the discharge. The average density at the

center of the glow was found to be about 2.4 · 1024 m−3 while the temperature was about 367 K.

The average density and temperature at the edges were measured to be 4.4 · 1024 m−3 and 300 K
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respectively. Ambient density in the chamber was approximately 4.8 · 1024 m−3 and temperature

was 295 K. The average gradients of both density and temperature were found to be smaller closer

to the center when compared to the edge. These general trends are seen in glow discharges with

other gases in past literature. For instance, in SF6 in sub-Torr pressures, Ogle [83] found the

temperature at the edge of a glow to be 310 K and the center to be 342 K. Measurements here

were taken with a thermocouple and had approximately 10% uncertainty. Using filtered Rayleigh

scattering, Yalin [67] measured the temperature in the center of an argon glow discharge of 50 Torr

pressure to be 400 K with an uncertainty of 40 K. The applied current corresponding to the given

temperature was 15 mA in both works. Although these works use different gases and different

ambient pressures than the setup used here, they show the general range of temperature values

expected for a glow discharge of 15 mA. Overall, these measurements show single-shot CRBS is

capable of measuring changes in neutral density and translational temperature in a partially ionized

environment.
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4. SUMMARY

This work presents an overview of the history and types of optical scattering with an emphasis

on Rayleigh and Brillouin scattering, followed by a introduction to various laser diagnostic meth-

ods including CRBS. An overview of the dual color single-shot CRBS setup used in this work is

presented along with demonstrations of the effects of temperature on the full width half maximum

of the CRBS signal’s spectral lineshape and of pressure or density on the intensity of the lineshape.

Finally the work details the design and use of a glow discharge chamber to simultaneously measure

neutral density and temperature at various points radially within the glow discharge and at various

applied currents. A decrease in neutral density and increase in translational temperature is seen

closer to the center of the glow as predicted.

4.1 Further Study

This work has shown that CRBS measurements of the properties of neutrals are feasible in

partially ionized environments. Successful demonstration in a glow discharge shows CRBS may

be applied to other partially ionized environments such as a Hall thruster, allowing measurements in

regions where diagnostics were previously unobtainable. Analysis of other plasma environments,

particularly ones using other gases such as argon or with higher ionization ratios are of interest

for further study. However, as polarizability or density decreases and temperature increases, the

intensity is reduced requiring higher signal to noise ratios. As seen in Fig. 4.1, although a signal is

seen in argon both with and without an applied current, a high amount of noise in the sample could

produce large errors in fitting the beam to the Rayleigh lineshape to find temperature. To further

increase the signal to noise ratio, more powerful pump beams may be implemented.

52



- 1 2 5 0 - 1 0 0 0 - 7 5 0 - 5 0 0 - 2 5 0 0 2 5 0 5 0 0 7 5 0 1 0 0 0 1 2 5 0
- 0 . 2
0 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0
1 . 2

- 1 5 0 0 - 1 2 5 0 - 1 0 0 0 - 7 5 0 - 5 0 0 - 2 5 0 0 2 5 0 5 0 0 7 5 0 1 0 0 0 1 2 5 0 1 5 0 0
- 0 . 2
0 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0
1 . 2

2 0  m A

CR
BS

V e l o c i t y  ( m / s )

 N o r m a l i z e d
 C R B S

0  m A
CR

BS

V e l o c i t y  ( m / s )

 N o r m a l i z e d
 C R B S

Figure 4.1: Argon lineshape at 15 Torr at room temperature and with 15 mA glow applied.

4.1.1 Arc Discharge

The high density of ions present during the arc discharge as well as the higher pressures of the

surrounding neutral gas (in the range of hundreds of Torr) makes conducting CRBS measurements

in this regime of interest in the near future. Demonstration of CRBS in an arc discharge may

provide insight to the performance of CRBS in other plasma environments with higher ionization

ratios such as in a flame or combustion chamber. The chamber designed in this work is well suited

to conduct arc discharge studies. The ten inch inner diameter and ability to monitor the temperature

of the chamber mean the chamber is capable of working with the high temperatures expected with

an arc. Minor changes to the electrical circuit of the glow discharge used in this experiment are

needed as seen in Fig. 4.2.
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Figure 4.2: Electrical schematic for the arc discharge configuration. The ballast resistor will be
approximately 0.2Ω.

Instead of the high voltages and low currents present in the glow, the arc is expected to produce

voltages of approximately 20-30 V while current will be 30-40 A [90, 88, 89]. Due to the lower

voltage, a lower ballast resistor is also needed. The large copper discs must be replaced with

narrow graphite rods however the same translational stages may still be used.
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