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Abstract

This thesis studies the response of the interaction between Rydberg atomic va-
pour and a THz frequency field. When Caesium atoms at room temperature
are excited to a Rydberg state using three infrared lasers and a 0.55 THz field
resonant with the 14P3 /5 — 13D5,5 transition is applied, the atoms respond
by emitting a green optical fluorescence corresponding to the 13D5/5 — 6P5/o
decay. This response is exploited to investigate the absorption coefficient for
different polymer materials that transmit well in the THz frequency range
using the Beer—Lambert law. We calibrate the system to obtain a measure
of THz intensity. As the THz imaging system is highly sensitive to envir-
onmental changes, and to show that our results are consistent, we provide a
comparison of results between our atomic detection method and a commercial
thermal power meter. Additionally, we measure the absorption coefficient of
the same materials at a frequency of 1.1 THz, and the results are compared
with those measured at 0.55 THz. The THz imaging system is also used to
perform some experiments in order to demonstrate its effectiveness in real-
world applications. The system provides an interesting image contrast in the
case of a sample containing two different polymer materials measured at two
THz frequencies. The result is a proof-of-concept that multispectral THz ima-
ging can provide additional information and is motivation to improve our THz
imaging system by introducing a dual-species THz imager. We also investigate
the polarisation spectroscopy of an excited-state transition of rubidium vapour
at room temperature as a step towards a rubidium THz imaging system. The
narrow dispersive signal produced by this spectroscopy technique is ideal for

laser frequency stabilisation of excited-state transitions.
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CHAPTER ].

Introduction

This thesis is a convergence between two considerably different fields: Rydberg
atomic physics and THz wave technology. Studies of Rydberg atoms have de-
veloped into a mature discipline, and they are particularly attractive for quantum
technologies. However, THz radiation is still a relatively new field of research in
comparison to other regions of the electromagnetic spectrum. This is not because
the THz band is not particularly interesting, but instead because generating and
detecting THz radiation can present particular challenges. Nevertheless, in recent
years, the use of THz technologies has expanded rapidly and made considerable
progress. This thesis aims to use Rydberg atoms in a thermal vapour as a THz
detector to image an incident THz field. We will first give an overview of the THz
field applications and detectors, before introducing the technique of Rydberg atom

sensing.

1.1 THz technology

The THz band is known as the region in the electromagnetic radiation spectrum,
which is usually defined as 0.1-10 THz corresponding to wavelengths between
300 mm and 30 pm, bridging the gap between the microwave and infrared (IR)

regions [Il [2]. Moreover, since the THz band extends over a different region of the
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electromagnetic spectrum, they can give complementary information about the

image than microwaves, infrared, visible, ultraviolet, or x-ray images.

There are a wide range of THz systems being developed today, and their applic-
ations have been used across a range of different sectors, such as in industry [3]
and health care [4]. The properties of terahertz waves lead to the exploitation of
this field in many real-world applications and multidisciplinary research fields. One
unique feature of THz radiation is its ability to penetrate optically-opaque mater-
ials such as plastics, cloth, and paper. This makes THz a suitable technology for
non-destructive testing (NDT), for instance, industry-wide quality control in phar-
maceuticals [5], food inspection [6], inspect packaging [7], historical art objects
[8, 9] and in security applications, such as in the detection of concealed objects,
drugs, and explosives [10, 11}, 12, T3]. Where microwaves share this characteristic of
being able to penetrate materials, THz radiation offers superior spatial resolution

due to its short wavelength [14] [15].

In terms of safety, the low photon energy of THz radiation makes it non-ionising
(~ 4.1 meV at 1 THz) [16]. This gives it an advantage as a potential security tool
for in vivo sensing [17, I8, 19]. Additionally, as THz radiation is highly sensitive to
absorption by polar substances, such as water [20], this radiation can be exploited

to monitor the ingress of water through building materials [21].

It must be noted that there are many advantages to THz radiation, but the tech-
nology has not been fully explored nor its potential wholly realised. Due to the
lack of THz wave sources and insufficiently sensitive detectors, THz radiation has

been called the "terahertz gap" [22].

The THz spectrum lies at the boundary between mature and well-developed tech-
nologies. The concepts of these existing devices cannot be modified to detect THz
frequencies in the visible and IR waves, which are detected by semiconductor photo-
detectors devices and microwave and radiowaves, which are detected by high-speed

electronic devices. Due to the fact that semiconductor photodetectors devices have
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band gaps greater than the THz photon energy, this leads to the band-gaps of semi-
conductors shrinking at THz frequencies and thermal noise starting to dominate,
making the semiconductor devices unsuitable for detecting the THz band. At high
frequency, the efficiency of conventional electronic devices decreases and they do

not respond well to the THz frequency.

In recent years, the development of THz technology has proliferated, and many

systems have been developed to utilise this technology.

1.2 THz Detectors

The detection methods in the THz frequency range can be classified into two main
categories: coherent and incoherent detectors. A coherent detector detects both
the phase and amplitude of the THz signal and is also known as an indirect or
‘heterodyne’ detector. These detectors use a nonlinear device to mix the THz
radiation signal with a local oscillator [23]. Time-resolved coherent detection of
pulsed THz fields led to the development of THz time-domain spectroscopy (THz-
TDS) [24].The most common techniques that apply THz coherent detection are
commonly performed through photoconductive antennae [25, [26] and electro-optic

sampling (EOS) [27, 28].

Incoherent detectors are only sensitive to the intensity of the THz signals and
are known as direct detectors. THz imaging can be performed using incoherent
detectors, and the image can be acquired either by a single-pixel imaging technique
or an array of pixels. Despite the former technique offering better spatial resolution,
the latter has a speed advantage. Several THz imaging systems in transmission and
reflection modes have been exploited using different THz detector technology. For
instance, liquid helium cooled bolometers [29], Schottky diodes [30], pyroelectric

detectors [31] and Golay cells [32].
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1.3 THz Imaging

As early as 1976, T. S. Hartwick recorded the first terahertz images using an
optically pumped molecular THz laser [33]. Several decades later, the first THz
two-dimensional imaging was demonstrated [34], based on an optoelectronic THz
time-domain spectroscopic (THz-TDS) imaging system using femtosecond lasers.
Since then, a variety of different imaging techniques have emerged and developed.
In most cases, the THz imaging system uses a single pixel detector which is required

to scan the sample in two dimensions.

Many THz imaging applications have been limited by the time needed to form
images. The development of THz technology and the increasing range of THz
sources and detectors have demonstrated that no one technology is ideally suited
to solving all problems. As a result, many different THz imaging systems have been
used to form images. THz imaging system sources can be classified as continuous-

wave imaging, and pulsed THz imaging [35, [34].

1.3.1 Single Pixel Imaging

The majority of THz imaging systems that have been reported are based on single-
pixel imaging and use time-domain spectroscopy (TDS) [36]. Single-pixel imaging
systems are based on raster-scanning the sample through a focused beam. An
image is formed by pixel-by-pixel acquisition with serial data acquisition using a
photoconductive detector. The process of this method is usually slow, resulting in

the speed at which images can be acquired being severely limited.

The first TDS imaging system used a single-pixel detector by Hu and Nuss in 1995
[34]. This system used a femtosecond optical source and two pairs of off-axis para-
baloids. The first paraboloid was to form a focal spot on the object plane between
the THz transmitter and THz detector. THz radiation from the sample is collected

and focused on the THz detector using another pair of paraboloids. This imaging
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system acquired the image of a 4.5 cm x 2.3 cm leaf sample after 48 hours. How-
ever, in modern THz imaging systems using this raster-scanning method, higher
speed methods are employed. In broadband THz pulse imaging (TPI) systems
using time-domain spectroscopy [37], in addition to the acquisition being slow due
to the mechanical scanning of each pixel, the other drawbacks are depending on
bulky and expensive ultrafast laser sources to generate and detect THz radiation,
and TPI systems are limited to low THz power. An object can be imaged by raster
scanning across the THz beam. Therefore, TDS imaging systems take a long time
to acquire images and are not suitable for many applications. An alternative ap-
proach to THz imaging is based on a narrowband range of continuous wave (CW)

source. For example, backward-wave oscillators [38] and CW photomixer [35].

In recent years, quantum cascade lasers (QCLs) [39] have emerged as being well
suited to THz imaging as they are compact, easy to use, and they deliver CW
high output power exceeding 100 mW [40]. QCLs with various different single-
pixel detectors have been reported. For example, a Golay cell which is the most
common type of thermal THz detector based on the heating and expansion of a
gas, where the thermal expansion is in response to heating. The advantages of the
Golay cell detector include the ability to operate at room temperature, so there
is no need for cooling, and it is relatively simple and low in terms of running
costs. Disadvantages of this detector are the significant thermal mass resulting in
a relatively slow time constant of around 1 second and large noise generated by
internal thermals [41]. Using raster scanning of the 8 cm x 7.5 cm sample and
a Golay cell detector with QCL emitting at 3.1 THz reported an acquisition time
of 1.5 hours [42]. Raster scan imaging at 2.9 THz using a point contact Schottky
diode mixer (SDM) at room temperature and a QCL were also reported [30]. Such
a system can achieve a suitable resolution where metal strips 350 pm wide can be

seen clearly with an acquisition time of 100 ms/pixel.

THz imaging in reflection geometry has recently been demonstrated based on a

self-mixing in a QCL. A single QCL in CW mode operating at 2.6 THz is used as
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the source and detector, where the object was raster scanned in two dimensions.
Using this system, an image of a coin with the size of 25.9 mm x 25.9 mm was

obtained with high resolution in 19 minutes [43].

The single-pixel systems suffer by being a time-consuming procedure for image
acquisition, often taking several seconds per pixel. For larger images, the total
acquisition time can reach several hours. In recent studies, single pixel systems
have been improved to overcome these time limitations. For example, Rothbart and
co-workers [44], used THz imaging systems in transmission mode using a 2.5 THz
QCL source and a sensitive photoconductive single-pixel detector. This technique
is based on a flat, fast scanning mirror, which deflects the beam in the direction
of the object. However, this system can only achieve an acquisition time of 240 us
per pixel. For example, a THz image of 4 cm x 3.6 cm that consisted of 77 x 70
pixels with a size pixel of 0.55 mm could be imaged in this system at an acquisition

time of 1.1 s.

Systems that use a multi-pixel spatial light modulator (SLM) could provide a more
effective alternative to conventional imaging techniques that rely on single pixels. A
THz spatial light modulator can be controlled optically through photoconductivity
in a high resistivity silicon wafer and controlled by a digital micro-mirror device
(DMD), which allows computational imaging with a single pixel detector. This
technology acquired THz images with speeds up to 0.5 Hz [45]. A state-of-the-
art single-pixel detector using THz pulse source and DMD can today achieve THz

imaging in 32 x 32 pixels at six frames per second [46].

Single-pixel imaging systems can achieve high-resolution imaging as the image is
formed by using pixel-by-pixel scanning. However, this is a slow process which res-
ults in the acquisition speed being limited; so, this system has not yet demonstrated

the capability of real-time imaging.
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1.3.2 Focal Plane Arrays (FPAs)

Focal plane arrays (FPAs) are the detectors used as an electronic integrated circuit
in hand-held cameras. They operate in video mode to provide real-time THz ima-
ging. The focal plane array works in parallel order rather than serial. This imaging
system can acquire images in a single shot for frequencies below 300 GHz which
results from the lack of suitable low-noise amplifiers [47]. This imaging system
uses different array detectors, such as those based on complementary metal oxide
semiconductor (CMOS) field effect transistors (FETs) [48] 49, [50], Schottky diodes

[51L 2], or microbolometers [53, [H4].

The first real-time THz 2D imaging using FPAs was in 2005 [53]. This imaging
system used a far infrared gas laser (FIR) as an illumination source with an un-
cooled infrared microbolometer camera based on thermal infrared array sensors.
The camera had 160 x 120 pixels with a pixel pitch of 46.25 pym. In the set-up
at 2.52 THz, images of the sample of 29 mm x 1 mm were acquired at the 60 Hz
frame rate, with an acquisition time of 16 ms. As an alternative, a real-time THz
imaging system combined a quantum cascade laser (QCL) at 4.3 THz as an illu-
mination source with a 320 x 240 pixels microbolometer focal plane array camera,
with a pixel pitch of 46.25 pm [54]. The illuminated area of this system covered
roughly 3 x 3 cm? in the object plane; each row of pixels samples was taken in
64 ps, as the focal plane array camera contained 240 rows with an inactive time of
1.47 ms. The total acquisition time was 16.6 ms per frame with a 60 Hz frame rate.
Due to the sensitivity of microbolometers to both infrared and THz radiation, the
uneven infrared background can be subtracted using a reference frame which leads
to a reduced frame rate of 20 Hz. A different study was conducted by the same
group with the same experimental set-up [55]. Over a distance of 10 m, the 4.3
THz QCL laser achieved good results at real-time imaging. However, at a longer
distance of 25 m, the quality of the image decreased. Therefore the QCL laser was

set at 4.9 THz, which is more suitable for long-range imaging. In this case, the
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camera, which was located around 23 m from the QCL source, a 1 cm sample was
imaged in real-time at a 20-frame average at 1 s, and there was a delay of 5 ms in

displaying the images.

Also, the other study by [56], used a microbolometer camera which has 320 x 240
pixels with a pixel pitch of 50 pm and illuminating QCL laser was able to give
real-time images for characters written with metallic ink on paper at a frame rate
of 25 Hz. There have also been several studies that use this imaging system tech-
nique [57, 58]. Their results showed that microbolometer arrays were not sensitive
enough to THz radiation, so a high power THz source was required [55]. A signi-
ficant improvement in sensitivity could be achieved by designing focal plane array

microbolometer cameras and optimising for THz frequency range [59].

Since CMOS offers high yield and low costs, a particular focus has been placed
on CMOS integrated THz detector arrays. For instance, the first FET focal plane
array using 0.25 um CMOS as THz detectors for imaging was conducted by [60].
This imaging system contained an array of 3 x 5 pixels where the image of a postal
envelope with hidden office supplies could be captured at 0.65 THz. Subsequently,
a FET detector made from 65 nm Silicon on insulator (SOI) CMOS technology
was also reported at 0.65 THz, as through the SOI, the sensitivity of the detector
can be improved [61]. In the study [62], the group used a THz CMOS camera with
a focal plane array of 1 k pixels. This camera contains the scanned area of 2.9 x
2.9 mm? which is divided into 32 x 32 pixels. Using this technique an image of a
metal wrench with a 6 mm opening could be acquired with a frame rate of 25 Hz

at 0.65 THz.

In a study that imaged a copper ruler from a CMOS THz imager of 31 x 31 pixels
array with a pixel pitch of 240 um, the images were displayed from a video at
a frame rate of 100 frames per second [63]. Using a Schottky diode detector in
130-nm CMOS for imaging at 0.28 THz has been demonstrated [5I]. Through this
imaging system of 175 x 175 pixels, the sample of 70 mm x 70 mm can be imaged

in 20 minutes, and the measurement time for each pixel was 40 ms.
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The Trichopoulos group [64] performed broadband real-time THz imaging using
backward heterostructure diode (HBD)-based FPA. The 31 x 31-pixel camera op-
erated in the frequency range of 0.6-1.2 THz, capturing images at a rate of 5 frames
per second and 12 seconds per pixel. This imaging system could image a steel screw

15mm x 8mm that was placed inside an envelope at 0.7 THz.

These detection arrays are uncooled systems running at room temperature and have
a high level of complexity. Their sensitivity is limited, and their speed depends on
underlying detector technology [59, [5I]. The spatial resolution is limited by the
pixel numbers and the pixel size of the FPAs and can be a challenge to increase
[65]. However, high sensitivities are possible with cooled sensors such as the focal
plane arrays for the photodetector array camera and spectrometer (PACS). These
arrays are very expensive to fabricate and integrate, and their cooling operation
requirements present a challenge for their use in real-world applications [66]. Al-
though this imaging system can achieve even real-time imaging using a focal-plane
array microbolometer camera with QCL, fringe patterns appear in the THz image

I67].

1.3.3 Frequency Conversion

There have been significant advancements in real-time THz imaging technology
in the past few years. Nonlinear optical wavelength up-conversion is a promising
approach to detecting THz radiation. This method is based on the theory that any
wavelength can be converted to a new wavelength in the range of sensitivity of a
photon detector [68]. This technique uses a nonlinear medium such as crystal dia-
mond sample [69] or 4 — dimethylamino — N’ — methyl — 4’ — stilbazoliumtosylate
(DAST) [70, [71]. The study that used DAST crystals to generate THz radiation
and up-convert to near IR [71] can image a 28 mm x 28 mm sample clearly at room
temperature and at a frame rate of 60 frames per second. However, this requires
high THz power, so this system used a frequency of 19.3 THz owing to the greater

power of the THz wave that is emitted by the DAST crystal. As this system re-




1.3.3. Frequency Conversion

quires high THz power to obtain a signal that can be measured, the system can
only be operated using pulsed THz fields. This leads to the limitation of the frame

rate of the system by the source repetition rate.

Recently, a new technique for THz-to-optical conversion has been reported in near-
field [72] and far-field THz imaging [73]. This technique is based on atomic vapour
at room temperature, where THz radiation is converted into visible light. In this
thesis, we aim to use the work in [73] to extract a measure of THz intensity and

material analysis.

Long acquisition times remain one of the biggest obstacles to the widespread ap-
plication of THz imaging technology. A THz imaging system using single-pixel
detectors is the most common system because most systems cannot afford expens-
ive THz cameras. Table summarises the advantages and disadvantages of the
above imaging systems. Some of these studies, whose sample sizes are known,
will be compared with our imaging system by converting their sample sizes to our

imager size (1 cm?).
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Imaging Technology

Single Pixel Imaging

Focal Plane Arrays

Frequency

Atomic method

Conversion
Performance 3] [43] [44] 3] [62] [64] 71 s
(TDS) (TDS) (TDS) | (MBM)* (CMOS) (HBD) (DAST) ’
Operation frequency 1-3 2.6 2.5 2.52 0.65 0.7 19.3 0.55
(THz)
Imai;%;‘rea 45 x 23 | 2.59%2.59 | 4 x 3.6 | 2.9x0.1 | 029 x 029 | 1.5 x 0.8 | 2.8 x 2.8 1x 1
Acquisition time 48 h 19 min 1.1s 16 ms 40 ms 200 ms 16 ms 0.3 ms**
Frame rate - - - 60 25 5 60 3000
(fps)
Acquisition time for .
. . 9 4.6 h 2.8 min 76 ms 60 ms 500 ms 170 ms 2 ms 0.3 ms
imaging 1 cm
Ultra-high-speed
. . . Real-time imaging, video, requires low
Advantages OIf—fI;f}; S(Ia)jtt;;ill irsfsgilt;;no’n high speed depends Real-time THz power, sensitivity
P on the detector technology is high, diffraction
limited spatial resolution
Complex system, expensive,
Disadvantages Slow. not real-time sensitively is limited, Requires high We do not get

requires high power,
spatial resolution is limited

THz power

spectral information

Table 1.1: Comparison table of state-of-the-art THz imaging systems.
*(MBM) is a shorthand of microbolometer.
** In this work the standard exposure time used 200 ms.
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1.4. Rydberg Atoms

1.4 Rydberg Atoms

A Rydberg atom, named after the Swedish spectroscopist Johannes Rydberg, is
an atom excited to a higher state characterised by the principal quantum num-
ber n [74]. Atoms in the Rydberg state are both larger and exhibit various ex-
aggerated properties, which are greater by several orders of magnitude than in
lower states. Such atoms have, for example, a tremendous response to electric
and magnetic fields and a strong dipole moment in the microwave and THz fre-
quency regions; they are also known to have extremely long radiative lifetimes. In
Rydberg atoms, the electron cloud size is proportional to the square of the prin-
cipal quantum number. As a result of this size scaling property, other properties are

scaled in tandem, including the lifetime, which is scaled as n3

, sensitivity to electric
fields scaling as n”, the size of the transition dipole matrix element between Ry-
dberg states is scaled as n? and the orbital radius increases as n?, whilst the binding
energy of the Rydberg electron decreases as n~2 [75]. Researchers have extensively
studied and exploited the properties of Rydberg atoms for many applications in-
cluding quantum information processing [76], single photon sources [77], nonlinear

optics [78], quantum simulation [79], electrometry [80, 81] and long-range Rydberg

molecules [82].

Rydberg atoms have previously been demonstrated to be excellent electromagnetic
field sensors in the radio frequency, microwave and THz ranges [83, 84, 85]. Rydberg
atoms also have been used as receivers for AM and FM radio communication [86],
and this technique is extended in a system that use a Rydberg atom-based mixer

technique which allows for radio frequency phase measurements [87) [8§].

Rydberg atoms have been exploited for imaging IR and THz fields [89, 90], using
Rydberg atoms as photocathodes which is a destructive technique based on ionisa-
tion of atoms in the gas phase and the image is formed by detecting the resulting

charges.

12



1.4. Rydberg Atoms

Excitation lasers
Atomic

vapour cell

THz ﬁeld THz ﬁeld
THz optics

=)

Figure 1.1: Basic experimental setup: (a) Experimental setup of EIT optical co-
herent detection [81]. (b) Experimental setup of atom-based THz imaging. Atoms
in the vapour cell are excited by using excitation lasers into a Rydberg state and
create a light sheet. A THz field propagating perpendicular to the excitation lasers
at the position of the light sheet in the vapour cell induces fluorescence which is
imaged using an optical camera.

THz optics lFluorescence
’ “\)"\fﬂv
V\VAVAVA <

e

vapour cell

Atomic T

Optical camera

However, as the electron in the Rydberg atoms is very far from the nucleus, these
atoms are highly sensitive to other Rydberg atoms, and external electromagnetic
fields, in particular to microwave and terahertz fields [91]. As Rydberg atoms have
have well-known properties and their measurements are reproducible, this makes
the Rydberg atomic sensor traceable to SI units. Recently, electromagnetically in-
duced transparency (EIT) based on the Rydberg atom in a thermal vapour have
been used for microwave electrometry [91, [80] and THz electrometry [81] meas-
urements. There is also an EIT approach using a radio frequency field which is
on-resonance with a Rydberg transition using Autler—Townes (AT) splitting [92],
and an approach which is based on using two atomic species, Cs and Rb simultan-

eously [93].

EIT based detection involves a coherent optical probing - the applied electric fields
on the atoms are detected at a photodiode as shown in Figa), which gives
an SI tractable measurement of the electric field. In contrast, our method [94]

using spontaneous emission provides a fast method for acquiring spatial information
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1.5. Thesis Structure

about the field, but lacks the SI traceability of the EIT method. Our imaging
system based on Rydberg atoms in a thermal vapour as a sensor to image THz
frequencies is shown in Fig[l.1{b). We excite atoms contained within an atomic
vapour cell using excitation lasers to create a light sheet of excited Rydberg atoms
at the position of the vapour cell. A THz field propagates perpendicular to the
excitation lasers at the position of the light sheet of Rydberg atoms, which acts as

THz sensor and converts THz radiation into visible green fluorescence.

1.5 Thesis Structure

Chapter 2 discusses some of the theoretical concepts that underlie this thesis.
These concepts will be used to interpret the experimental results in the subsequent
chapters. Initially, we will give an overview of atomic structure, including fine and
hyperfine splitting and electric-dipole moments; then, we introduce a Hamiltonian,

which will be used to describe the dynamics of the atomic system.

Chapter 3 describes the experimental techniques used in this work, including laser
systems, THz sources, and experimental layouts. In addition, the chapter provides

details on the cell design and data collection methods.

Chapter 4 introduces an approach for measuring the absorption coefficient of ma-
terials in the THz range using an atomic imaging system. We also calibrate the
imaging system to measure THz intensity. We will use this calibration to measure
the absorption coefficient of different common polymers at a frequency of 0.55 THz
using the Beer—Lambert law. These results will be compared with a commercial

thermal power meter in order to prove our results are consistent.

Chapter 5 presents experimental results that demonstrate the usefulness of our THz
imaging system. These experiments illustrate our THz imaging system’s applicab-
ility to non-destructive testing (NDT) and security applications. We examine the
contrast of an imaging sample containing two different polymer materials that are

imaged at two different frequencies of THz.
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Chapter 6 demonstrates progress toward multispectral imaging in the THz range
by using two species in the same cell. To do that we investigate polarisation
spectroscopy of an excited state transition in room-temperature rubidium vapour
to be used for frequency stabilisation of laser coupling excited state transitions. The
circularly polarised coupling beam will induce anisotropy in the atomic medium
which will be probed on the excited-state transition. The linearly-polarised probe
is decomposed into two circular polarisation components which results a narrow
dispersive signal. We will investigate this signal as a function of the coupling

power.

1.6 Publications

The following publications are the results of the work described in this thesis:

e Nourah F Almuhawish, Shuying Chen, Lucy A Downes, Matthew J Jamieson,
Andrew R MacKellar, and Kevin J Weatherill. Polarization spectroscopy of an
excited state transition in rubidium. OSA Continuum, 4(10):2598-2605, 2021.

https://doi.org/10.1364/0SAC.439037

e Nourah F Almuhawish, Lucy A Downes, Matthew J Jamieson, Shuying Chen,
and Kevin J Weatherill. Materials analysis using THz imaging system based on

atomic vapour. In preparation.
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CHAPTER 2

Atomic Structure and Atom-light

Interactions

This chapter presents some of the theoretical concepts that are the foundation of
this thesis. These concepts are used to interpret the experimental results that
will be presented in the remaining chapters. Firstly, we will discuss how atomic
structures are calculated, including fine and hyperfine splitting and how this is
related to the work that has been done in this thesis. In the rest of this chapter, we
will introduce a two-level system of atom-light interactions and how these states
are coupled by dipole matrix elements, which is the basis for understanding many
aspects of atomic physics. We then focus on more complex dynamics in systems
with three levels. Finally, this chapter concludes with a consideration of atoms in

a thermal vapour and how that will change the detunings in the Hamiltonian.

2.1 Atomic Structure

The structure of the atom is based on quantum mechanics theory. Throughout
the history of atomic theory, it underwent many developments. Bohr’s model
of hydrogen [95] provides a great starting point for describing atomic structure.

The main contribution of Bohr’s models, often referred to as Bohr’s semi-classical

16



2.1.1. Alkali Metals

theory, is the stationary state concept [96]. He postulated that the energy levels of

hydrogen are quantised and related to the frequency by

hvy; = Ef — E;, (2.1)

where vy; is the frequency between the initial and final states and A is the Plank’s

constant, F; and Ey are the energies of the initial and final states where E; > F;.

Bohr’s model also proposed the existence of the energy levels of hydrogen atoms,

which can be expressed as [95]

Roo
E, =—hc—-. 2.2
2= —he' (22)
Eq[2.2] known as the Rydberg formula, where n is the atomic principal quantum
number, and when the atom is excited to high n states, it is called the Rydberg
atom. R, is the Rydberg constant, h and ¢ are the Planck’s constant and speed

of light, respectively.

2.1.1 Alkali Metals

Alkali metals are Group 1 elements of the periodic table. Rubidium and caesium
have become standard substances in atomic physics experiments due to the fact that
their structure is relatively simple and resembles atomic hydrogen as there is only a
single valence electron. Diode lasers used for rubidium and caesium are a low-cost
technology. In CD players, the first cheap commercial diode lasers operated close to
the rubidium ground-state transition of 780 nm [97]. In experiments rubidium and
caesium are placed inside a glass vapour cell. In terms of pressure, significant atomic
vapour pressure is present inside the cells at room temperature and increases with
temperature. This allows for very high optical densities to be achieved relatively
quickly to changes in temperature, which gives measurable signal levels [98]. The

ability to manufacture small-scale thermal vapour cells with high optical density has
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2.1.2. The Schridinger Equation

enabled the development of a variety of products, such as microwave electrometry
based on Rydberg atoms [99], chip-scale atomic magnetometers [100], and terahertz
detectors [I0I]. Alkali atoms can be described using a modified version of Eq[2.2]

as

R

B, = —he—"2 .
hc(n—5l)2

(2.3)

where §; refers to the quantum defect [I02]. From this expression, the energy
levels depend on both n the atomic principal quantum number and [ the angular
momentum. The quantum defect arises due to a pure Coulomb potential no longer
being experienced by the valance electron, and it depends on [, where the quantum
defect will be different for each value of I. When the electron is excited to high n
states with higher angular momentum states [ the electron is on average farther
away from the core, and that means the interaction of the electron with the core
decreases. As a consequence, the quantum defect also decreases and will be small

relative to the lower angular momentum states.

2.1.2 The Schrodinger Equation

The Schrodinger equation can be described by the wavefunction v of the electron
in a quantum mechanical conception. The time-independent Schrodinger equation
for an electron with mass m, in a spherically symmetric potential V(r) can be

written as,

2me

—R2
( v? + V(r)) Y = Eip, (2.4)

where v is the wavefunction of the electron, h is the reduced Plank’s constant,
and F is the energy of the electron. For this potential V(r), the wavefunction can
be expressed through the separation of the radial and angular parts and can be

written as

18



2.1.8. Fine Structure

w(raev(w = Rn,l<7ﬂ)Y2,m(07¢)v (2'5)

here R, ; defines the radial function of the solution where n and [ are the principal
and angular momentum quantum numbers, respectively. Where the spherical har-
monics describe the angular function Y} ,,, and m is the magnetic quantum number;
there are 2] + 1 possible values of m for each value of [ within a range of values

from —I to [.

2.1.3 Fine Structure

The fine structure is caused by relativistic effects, which are not described by the
Schrédinger equation and emerge from interactions between the effective magnetic
field. This interaction is generated by the motion of the electron around the nucleus
and is described by the electron orbital angular momentum L with the electron spin

S, and that known as spin-orbit coupling (L.S) [95].

In the (L.S) spin-orbit coupling regime, the total angular momentum of the electron

J is given by[95]

J=L+S, (2.6)

now [, j,m; are the good quantum numbers to describe the system and m; is no
longer good quantum number. The spin-orbit coupling shifts the energy and can

be calculated from [95]

_mgzéﬁuu+¢yiuL+n—sw+qm (2.7)

where fpg is the spin-orbit constant that has a different value for each value of [
and s. The total angular moment number j has values between |l —s| < j <[+ s.

In the atom that has a single valance electron such as caesium s = 1/2, in the
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2.1.4. Hyperfine Structure

states [ = 0 there will be no change in the energy as j = s. So spin-orbit coupling
leads [ > 0 states to be split in pairs with values j = [+ 1/2 and j =1 —1/2,
and this is known as the fine structure splitting. In this thesis we use caesium and
rubidium atoms. If we want to describe them in this coupling we need to use this
notation nL; where L = S, P,D for [ = 0,1,2 etc. So we can write the ground
states of Cs as 657/, and Rb as 55 /; using quantum numbers n = 6,1 = 0,j = 1/2
in Cs and n = 5,1 = 0,5 = 1/2 in Rb. We will use this notation for energy levels

in this thesis.

2.1.4 Hyperfine Structure

The hyperfine structure is the result of the interaction between the nuclear spin I,
and the total angular momentum of the electron J that produces the total angular

momentum in the hyperfine coupling regime [95].

F=1+J. (2.8)

The total angular number F' has values that are in the range |J — I| < F <
J + I. Each fine structure state will be split into multiple hyperfine states by this

interaction, and these hyperfine states have an energy shift that is given by [95]

Anrs
2

Enps = [F(F+1)—I(I+1)—J(J +1)], (2.9)

Eq is only valid for j = 1/2. where Agpg is the magnetic dipole constant that
has different values for each value of I and J. For caesium with a nuclear spin
quantum number [ = 7/2, this will split the ground state 6.5 /, into two hyperfine
states with F' =3 and F = 4.
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2.1.5. Transition Dipole Moment

2.1.5 Transition Dipole Moment

The dipole interaction between two states |1) and |2) of the valence electron is a
measure of the strength of the coupling between the two states that are coupled
by the electric dipole moment of the electron. This is characterized by the matrix
elements of the position vector operator g = er. The dipole operator can be defined
as i = er.€, where r is the position vector and € is the unit vector where the electric
field polarisation is directed. The dipole matrix element for the transition between

state |1) and state |2) in the integral form is given by [103]

@:—/wmwmwam (2.10)

if state |1) = |n,l,m) and state |2) = |n/,I’,;m'), the transition dipole moment is

given by

it = = [ 2" ()1 (1)), (211)

By decomposing the wavevectors 11 2 into the product of radial and angular states

using Eq[2.5 that can be written as

1 (I') = Rn,l(r)yl,m(ev ¢)v

¢2(1‘) = Rn’,l’ (T)}/l’,m’(67 ¢)

(2.12)

In order for parity to be conserved through the electromagnetic interactions, the
solution of the integral should be non-zero, which is finite for the radial part but
for the angular part is only non-zero if I’ — 1 = £1 and mj —m; = [-1,0,1]. There-
fore, the dipole matrix element can only connect states with the opposite parity.
[—1,0,1] are the three components of the polarisation vector é with respect to
the quantisation axis of the atom which is corresponding to [o~, 7, 0] transitions.

When the light is linearly polarised along the quantisation axis, the polarisation
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2.1.6. Spontaneous Decay

vector is denoted by 7, and when the light is circularly polarised in two opposite
directions with the atomic quantisation axis aligned with the light propagation
direction, the polarisation vector is denoted by o* [95]. In order to find the dipole
matrix element, we will transfer the polarisation vector from a cartesian basis into

a convenient basis of vectors [103],

602627

. i (2.13)
€+ = —(ep £iey).
+ \/i Yy

By relating the dipole operator to spherical harmonics, it can be written as

47
[g = er.€; = ery/ §Yl7q(9, b), (2.14)

where Y ,(0, ¢) is a spherical harmonic function and ¢ = [—1,0,1], as ¢ = 0 drives

7 transitions and ¢ = 1 drives ¢® transitions.

Then the dipole matrix element is given by [104]

-/

g1 g

-/ ’
—m.
J J

(n', ', §',mjlugln, 1, j,mg) = (=1) (' 1, 5'll1qlIn 1, 3),

I .
—m; g m;j

(2.15)

where (---) denotes the Wigner-3j coefficient, the angular terms which is sometimes
referred to as the Clebsch-Gordan coefficient which is proportional to Wigner-3j
coefficient but having a 1/+/(2j + 1) prefactor [I05], and the term (- - ||| - -) is
the reduced matrix element, which has no angular dependence and can be derived

from wavefunctions radial overlap.

2.1.6 Spontaneous Decay

According to the Einstein A coefficient, the spontaneous decay rate on transition
In,1) — |n/,1') is proportional to the square of the reduced matrix element and is

given by [106]
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2.1.6. Spontaneous Decay

1 4wl
dmeoh 3Zén 2lmfl’<”/’ZIHWH"71>\2, (2.16)

An,l—>n’,l’ =

where w, ,/ is the transition frequency between states |n,l) and |n',l'), lynea is
defined as the largest angular momentum between [ and I’ and (n/,!||er||n,l) is

the reduced matrix element.

There are many transitions that occur from the initial state |n/,1’). The lifetime 7
of a state can be determined from the total rate of spontaneous transitions from

the nl state to all allowed lower-lying states and is given by the relation

—=To= Y Ay (2.17)
En,l>En/7l/

Blackbody photons can also initiate the transition between lower and higher states.
A blackbody’s temperature T determines the average number of photons per mode

n,, at the transition frequency, based on the Planck distribution [106]

_ 1
M = en kBT _ (2.18)

where kp is Boltzmann’s constant. The rate of blackbody radiation (BBR) induced
transitions (W), ;1) is related by the Einstein A-coefficient and the average
number of photons per mode at the transition frequency, based on the Planck

distribution as

Wn,l%n’,l’ = ﬁwAn,lHn’,l’a (219)

The total rate of BBR-induced transitions can be written as:

T'eer = Y Whisn v, (2.20)
n/

By summing the spontaneous transition rate and the rate of transitions driven by

BBR we can obtain the effective lifetime of the state (7eg)
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2.2. Atom-Light Interactions

1
— =To + I'ppr- (2.21)
Teff

2.2 Atom-Light Interactions

An atom experiences excitation when interacting with a monochromatic field whose
frequency is near-resonant. This section presents a semi-classical description of
the interaction between a classical electromagnetic field with a quantised atomic

system.

2.2.1 Two-Level System

A two-level atom system is the simplest case with which to begin. The two levels
included in this system are the ground state |1) with energy hw; coupled to the
excited state |2) with energy hwy. This coupling is induced by a laser with frequency
w; when the laser is detuned from resonance is given by A = w — wg, where
wo = wo — wq is the transition frequency. The state of this system is described by
the wavevector as [¢)) = ¢1]1) + ¢2|2) and ¢; 2 are the probability amplitudes of the
system of the atom for being in the ground and excited state respectively. The

total Hamiltonian H;o; of the system is composed of two components [95]

Hior = Ho + ﬁint(t)u (2.22)

where 7:lo is the unperturbed atomic Hamiltonian, and ﬁint is the Hamiltonian
for the atom-light interaction of the field that is time-dependent. The effects of
dephasing processes will be ignored, and we will focus on the dynamics of the

system. The unperturbed atomic Hamiltonian Ho is given by

=
||
1

(2.23)
0 hWQ 0 hwo,

24



2.2.2. Rotating Frame Transformation

In classical electromagnetic theory, the electromagnetic field can be modelled as an
incident plane-wave optical field of frequency w and polarisation vector € propagat-
ing in the z-direction. In this case, the electric field is given by E = Eyé cos(kz—wt).
With the dipole approximation, which can be used when the wavefunctions of the
atom are much smaller than the wavelength of the light, the z dependence of the
electric field can be neglected in this case by considering interactions only with
infrared, visible, and THz radiation. The dipole approximation electric field can
be written as E = Epé cos(wt). This classical electromagnetic field couples states
|1) and |2) through an electric dipole transition with a dipole operator p to produce

the interaction Hamiltonian,

Hine = —uEy cos(wt), (2.24)
= B0 oy 1) 4 1y 2y + ), (225)

where do; is the dipole matrix element for a two-level system, that is defined in

Eq By inserting Eq and Eq in Eq the total Hamiltonian can be

written as

R 5 0 9) eiwt + efiwt
Hiot = 5 ‘ ‘ ( ) , (2.26)
Q*(ezwt + e—zwt) th
where € is the Rabi frequency which is defined as
E
Q= dQ% 9. (2.27)

2.2.2 Rotating Frame Transformation

Based on the Rotating Wave Approximation (RWA), the rapidly oscillating terms
in off-diagonal elements that oscillate at approximately twice the frequency of the

driving field can be eliminated since their time dependence averages out over the
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2.2.3. Three-Level System

much slower timescale of the evolution of the atomic populations coefficient ¢; and

¢y [107]. This leads the total Hamiltonian in Eq to be written as

0 Q

o | >t

o = , (2.28)

Q* 2A
where A = w — wy. By diagonalising this Hamiltonian we can find the eigenvalues

and eigenstates. The eigenvalues are given by

Ey = —% + g\/AQ + 02 (2.29)

Eigenstates are bare states of a system in the absence of a field (2 = 0), but when
the field which is near resonant (A = 0) is applied, the bare states are no longer

eigenstates and are given by

1

+) NG

(11) £ 12)). (2.30)

The ground and excited states will be shifted with the opposite sign. We can see
from Eq that when € is increased, the energy levels 1 will be shifted further

from each other. This shift is referred to as the AC Stark shift or light shift [95].

2.2.3 Three-Level System

In this section, we consider a three-level system as shown in Fig[2.1] The methods
that are presented in section [2.2.1] are extended to an atomic system with three
levels. The new atomic system as shown in Fig2.1] can be described as the ground
state |1) with energy hwi, an intermediate state |2) with energy hws and an excited
state |3) with energy hws. The ground state and intermediate state are coupled by
the Rabi frequency Qi2, shown by the red arrow in Fig[2.1], in which the resonance
is detuned by Ajs = w — wyo. In addition to the first coupling, the intermediate

state is coupled to the excited state by Rabi frequency (223, shown by the blue
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13)
Ao
A
I's
Qo3
2)
AP
A
I'y
Q12
1)

Figure 2.1: Three-level ladder system: The three ladder are ground state |1),
intermediate state |2) and excited state |3). They are coupled by two driving
fields with Rabi frequencies {212 23 frequencies of two driving fields, detuned from
resonance by Ajs 3. The decay from the first and second excited states is given
by I'i2,23.

arrow in Fig[2.1] in which the resonance is detuned by Ags = w — wag. This thesis

focuses on the ‘ladder’ configuration as the most straightforward case where the

state |7 + 1) has higher energy than |i).

The total Hamiltonian in the interaction picture for this three-level system using

rotating wave approximation is given by

0 Q12 0

| St

Tot =5 | Q10 —2A1 Qo3 : (2.31)

0 Qs —2(A12 + Ags)
In order to more fully understand the mechanism of this atom-light system, we
should consider the dressed states under the following conditions. The first consid-
eration is that the coupling between |2) and |3) states is stronger than the coupling
of the |1) and |2) states (12 < Qa3). By using Q12 = 0 in Eq[2.31] and diagonal-

ising, the eigenstates can be written as

|:|:> = <A23 + \/m> ‘2> + Q23|3>7 (232)
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and the eigenvalues are

h
Er=—3 <2A12 + A9z £ /A% + Qgg) . (2.33)

When the lower coupling is considered to be weak, we can set Q2 = 0 in Eq2.31]

the two fields are at resonance Ao = Asz = 0, and the dressed states are given by

1

+) 7

(12) £13))- (2.34)

where their eigenenergies are separated by h{le3. By increasing the Rabi frequency
(o3 the peak of the absorption profile of these new dressed states splits into two.
This effect is known as Autler-Townes splitting [I08], and is described in greater

detail in Chapter 6.

2.2.4 Doppler Broadening Effect

The Hamiltonian calculations that are described in the previous section are based
on the assumption that atoms are stationary. Therefore, all atoms will experience
the same frequencies from the applied fields. However, due to the natural linewidth
of the transition, the photons do not absorb at a single frequency. Instead, they
absorb across a range of frequencies which is described by a Lorentzian distribution,

which can be written as [95]

1 r

= —— 2.35

gn(A)

Here, I is the natural linewidth, and A is the detuning of the beam A = w — wy,
where wy is the resonance frequency of the transition and w is the laser frequency.
However, in the experiments that are presented in this thesis, we used thermal
vapour, so the Doppler shift, which causes an atom moving at different velocities

to experience different frequencies, should be considered. In a thermal ensemble of
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atoms, the distribution of velocities can be described by the Maxwell-Boltzmann

distribution

1 v2

wr exp(——). (2.36)

u2

flv) =

Eq[2.36is a Gaussian distribution in nature, where u represents the most probable
velocity u = \/2kgT/m, T is the temperature and m is the atomic mass [95]. By
considering an atom travelling at a velocity v with a wavevector k of the excitation
laser, Doppler-shifting will be observed in the excitation laser frequency by Ap =
+k.v. Owing to the colinearity of all laser fields in the experiment, the Doppler
detuning can be simplified as Ap = +k.v as only the velocity component along
the propagation is considered. Taking this simplification into account, we are able
to modify the detunings in the Hamiltonian in Eq[2.31] and the modified detunings
by incorporating the Doppler effect so that it can be expressed as Amodified =
A + k.v, where (£) refers to atoms moving either with or against the direction of

propagation.

A Gaussian distribution is convolved with a Lorentzian distribution to produce the
Doppler broadening of the transitions. This convolution of the atoms gp(A) can

be written as [95]

o

9p(8) = [ Fwlgn(a ~ kv) do. (2.37)

—00

A Voigt profile describes the solution to this integral. The Voigt profile can
be well-approximated by a Gaussian distribution when the full-width at half-
maximum (FWHM) of the Gaussian is much greater than the Lorentzian FWHM.
The linewidth of an atomic transition will be affected by Doppler broadening, and
it is determined by natural broadening when the atom is at rest. For example, in a
Cs atom, the natural linewidth of the D2 ground state transition is 5.23 MHz [109],

whereas atoms in a thermal vapour have a distribution of atomic velocities that is
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2.2.5. Optical Bloch Equations

determined by their temperature. Therefore, the transition linewidth will be in-
homogeneously broadened due to the Doppler effect. Then, at room temperature,
the linewidth of the ground state transition will be broadened to approximately
500 MHz, which is generally greater than the hyperfine splitting of the excited
state. That leads to a loss in resolution in the spectra profile. However, the loss

can be retrieved by applying a Doppler-free technique [110].

2.2.5 Optical Bloch Equations

We can describe our quantum atom light system using the density operator p =
|1) (1| which is a generalisation of the quantum state vector. Here |} is a quantum

state of an atom which can be described by a superposition of the basis states

) = cili). (2.38)

i
where ¢; is the complex coefficient that determines the probability amplitude of
being in a basis state |i). The diagonal matrix elements p;; represent the evolution
of the population of each state, and the off-diagonal matrix elements p;; represent
the coherence between these states. The Liouville-von Neumann equation [I11]
is the coherent time evolution of the density matrix, which is equivalent to the

time-dependent Schrodinger equation for the state vector; this equation is given by

dp .~
h—— = ot D ’ 2.
7 ar [Hiot, P (2.39)

The term [ﬁtot, p] describes the commutator between the total Hamiltonian ﬁtot of
the atom-light system and the density matrix p. In this semi-classical description,
spontaneous emission has not been taken into account. To consider spontaneous
emissions, the Liouville-von Neumann equation must be adjusted by adding a decay
term, /:', which is found by the Lindblad master equation for the time evolution of

the density matrix [112]
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2.2.5. Optical Bloch Equations

i
u —ﬁ[Htot,P] + L. (2.40)

Here, £ represents the decay and dephasing in the system. The Optical Bloch
Equations (OBE) are derived by solving the Lindblad master equation for the time
evolution of the density matrix. The decay operator L is split into two compon-
ents, f/atom which describes the atomic decay, and f/dephasing which describes the
dephasing due to the finite linewidth of the driving fields only affecting coherences
that correspond to the off-diagonal density matrix elements. Therefore, the total
operator is equal to the sum of these two parts L = Latom + f/dephasing. In our
three-level ladder configuration, we assume that each state decays to the state that
is directly below it, the excited state |3) decays to the intermediate state |2) at rate
I's, the intermediate state |2) decays to the ground state |1) at rate I'y, and there
is no decay out of the ground state |1), which is the lowest energy state (I'y = 0).
So the phenomenological decay matrix L for a three-level system can be written as

[113]

I'2p22 —Y12P12 —Y13P13
L= 1 —v2p21 Tspss —Tapaz —y23p23 | - (2.41)
—Y13P31 —7Y23032 —I'3p33

The decay terms of the coherences can be written as

r
N2 = 72 + e (2.42a)
o+ 7T
3= =+ (2.42b)
I's
M3 =5 e (2.42¢)

where 7, and ~. are the dephasing decay terms due to the finite linewidth of the
first and second fields, respectively. Substituting the three-level total Hamiltonian

that is given in Eq[2.3T] into the Lindblad master equation in Eq. [2.40] generates
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2.2.5. Optical Bloch Equations

Figure 2.2: Propagation probe beam in the plane: Probe beam propagating
in the z direction, which is linearly polarised in a plane at the angle ¢ with respect
to the x axis.

the time evolution of the density matrix. By expanding this matrix equation as
a system of coupled first-order differential equations, we can obtain the motion
equations for the density matrix elements. Together, they are known as Optical

Bloch Equations and can be written as

pi1 ZTC(plz — pa1) + Lapoaa, (2.43a)
P22 —7p(023 —p32) — 76(012 — p21) — T2paz + 3pss, (2.43Db)
' i,

P33 = — 7(p23 — p32) — I'3paa, (2.43c)
P12 =7pp13 - 2C(P22 — p11) — (1A + 712) p12, (2.43d)
pas == " (pss = p22) = =" p1s — (i8p + 723)ps, (2.43¢)
P13 =7pp12 — TCP23 — (i(Ap + A¢) +m13)p13, (2.43f)

where the dot indicates the first derivative, the solution of the steady-state probe
coherence element of the density matrix (p23) can be obtained by setting dp/dt = 0
in Eq this will be used in Chapter 6.
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2.3. Polarisation Spectroscopy Theory

2.3 Polarisation Spectroscopy Theory

In the two-level atom system, a linearly polarised probe beam travelling in a plane
at angle ¢ with respect to the x axis propagates along the z axis as illustrated
in Fig[2.2l The probe beam counterpropagates with a circularly polarised pump
beam in the atomic medium. The probe and pump beams are derived from the
same laser, and the pump beam will induce a birefringence in the medium. The
electric field of this probe beam before the atomic medium can be written in terms

of the circularly polarised components as [114]

E —io (1) e [ 1
E=| "|=5|S + & . (2.44)
5 2 | ] T2 | .
Y 1 —1

The linearly polarised probe beam propagates in the birefringent medium of length
L. The electric field’s components will experience a different degree of absorption
and dispersion. The electric field of the probe beam after the birefringent medium

is given by [114]

—i¢ i
e; e_“”Le_a*/Q—l—% ! e h-Lema=/2| (2.45)

) —1

E = E,

Here Ej is the initial field amplitude, k+ = (w/c)ni; where w and ¢ are the
frequency of the field and the speed of light, respectively. ki and n4 are the
wavevectors and the refractive indices for circularly polarised light that drives o®
transitions, and a4 are the corresponding absorption coefficients. The change
in the polarisation of the probe beam brought about by the birefringence in the
medium can be analysed using a crossed polariser which decomposes the probe
beam into horizontal S7 and vertical Sy linear polarisation components. When we
have an atomic transition with the natural linewidth I', the difference in absorption

coefficients between the circular polarisation components Ao = a4 — a— is given

by [115]
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2.3. Polarisation Spectroscopy Theory

—20 1

-100 -50 0 50 100
Detuning/l’

Figure 2.3: Lorentzian and dispersive lineshapes: (a) The difference in ab-
sorption coefficients between the circular polarisation components has a Lorentzian
lineshape. (b) The difference in the refractive index has a dispersive lineshape.

AOéo

Aa=———,
1+ (3)?2

(2.46)

that has a Lorentzian profile as shown in Fig(a), where A and Aqg represent the
laser detuning and the maximum difference in absorption coefficients, respectively.
According to the Kramers-Kronig relation [I16], the difference in the refractive

index can be written as [115]

cAay 28
An = L 2.47
" w 1+ (—QFA)2 (2.47)

the form of which has a dispersive profile as shown in Figl2.3(b), where w is the
frequency of the beam. The sum of the linear polarisation components S; + .S is
proportional to Aa. The difference in absorption coefficient between the circular

polarisation components is given by:

S1+ 52

5 X Aa, (2.48)
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2.4. Conclusions

and the difference between the linear polarisation components S; — So is propor-
tional to An, the difference in refractive index between the circular polarisation

components.

@ x An. (2.49)

This will be relevant in the excited state polarisation spectroscopy in Chapter 6.

2.4 Conclusions

In this chapter, we have summarised the theory that forms the foundation of the
concepts which will be later described in this thesis. We have provided details about
the development of atomic structure—including fine and hyperfine splitting—and
explained how the strength of the coupling between two atomic states could be
described by the transition dipole moment. The semi-classical description of the
atom-light interaction is presented for a two-atom system before extending the
model to a three-atom system and illustrating how the thermal velocity of the atoms
leads to the Doppler effect. This description allows the Optical Bloch equations to
be outlined. This chapter is concluded by an outline of the theory of polarisation

spectroscopy, which will be applied in Chapter 6.
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CHAPTER 3

Experimental Methods

In this chapter, we aim to provide technical details of how the experiments in this
thesis were implemented and the methods that were employed. The atomic system
uses three excitation lasers to reach Rydberg states, as a basis for the experiments.
The THz photons, which are conventionally difficult to detect are converted into
optical photons which are easily detected, the lasers and THz sources that are
used to accomplish this, will be describe in detail. Then we will demonstrate how
the THz field will be detected from this configuration, what is the data that will
be measured and how the data will be collected. The rest of this chapter will
provide details of the experimental layouts that are used in this work, as well as

requirements of the vapour cell design to achieve the results.

3.1 Atomic System

The Cs atomic system that is the basis of the experiments in this thesis is shown in
Figa). We used IR lasers in three steps to excite the atoms to Rydberg levels,
the probe laser (852 nm) excites atoms from 6.5; /2 to 6P3/9, then the coupling
laser (1470 nm) promote the atoms from 65/, to 7.5} /5. From this state, using the
Rydberg laser (840 nm - 885 nm), we can access nP Rydberg states in the range

(n=14 - n=12). From the Rydberg state in which the atoms are excited, there will
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8.1. Atomic System

(a) (b)

THz field
(0.5 - 1.1 THz)

ni1P3/o

n2Ds /9

731/2

Rydberg laser

(840-885 nm Coupling laser

751/2 (1470 nm) F/ — 5>
Coupling laser 6Py F: =4)
(1470 nm) ?/ = gi
6P3)2 Probe laser
(852 nm)
Probe laser |F = 4)
(852 nm) 65172 IF = 3)
6512

Figure 3.1: Schematic of the atomic system of caesium involved in this
thesis: (a) The energy levels relevant to the atomic imaging system. The red, blue
and purple arrows correspond to the laser excitations, the yellow arrow represents
the THz field that couples the two Rydberg states n1P3/9 and naDs/o. The green
arrow is the decay pathway of the optical fluorescence that is emitted from the
naDs/o state to 6P/, state. (b) The hyperfine structure of the atomic states
that is used to lock the first and second lasers in the excitation diagram by using
polarisation spectroscopy in ground and excited state transitions. In the lower
states the hyperfine states are more separated and when we get up to Rydberg
states the hyperfine states are closed together.

be another nearby states, which their transitions are typically in the microwave or

THz range.

By applying a THz field in the range (0.5 THz - 1.1 THz) the transition can be
driven between these Rydberg states. The neighbouring Rydberg states of alkali
atoms are characterized by having electric dipole transitions with extremely large
dipole moments in the THz frequency range, causing interaction with a resonant
THz frequency. In this thesis we look at two particular states for imaging, for our
system we found that the optimum transitions for imaging is 14P3 5 — 13D5 /5 at
(0.55 THz), and 12P3/9 — 11D5,9 at (1.1 THz) [94]. Employing a resonant THz
field results in transference of the atoms from the ny P35 Rydberg state to naDs /o
THz state, where n; = 14, ng = 13 in THz field (0.55 THz) and n; = 12, ny = 11

with THz field (1.1 THz). We will discuss these sources in detail later. Coupling
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8.1. Atomic System

these two states opens a dominant decay channel.

The atomic population that is driven in to the Rydberg state will decay through the
random probabilistic process of spontaneous emission. The most probable route is
a direct decay down to the 6P/, state, which emits an optical green fluorescence
which can be detected. For a 0.55 THz coupled transition 14P3/, — 13Dj5/,
the strong optical fluorescence corresponding to 13D5/5 — 63/ decay occurs at
535 nm [94]. While a 1.1 THz field coupled 12P; /5 — 11D/, transition, the strong
optical fluorescence occurs at 550 nm corresponding to 11D5/9 — 6P3/, decay [94].
This is our signal that can be measured with the spectrometer if we are looking at
the wavelengths (what colour it is), and if we want to measure the intensity of the
fluorescence (how bright it is) we can use the camera. In this technique, Rydberg
atoms are used to convert difficult to detect THz photons to easier to detect visible
photons. To perform this technique we use Group 1 metals, predominately Rb and
Cs, which have one valence electron. This simplifies our theoretical model, making
the required laser frequencies easier to predict. All the experiments presented
in this thesis are performed with vapour cells made of quartz, in which atomic
vapour is enclosed, allowing optical access to occur. Caesium (Cs) atoms have
been preferred to conduct our experiments in Chapter 4 and 5 due to its relatively
high number density of 1x10'® cm™2 at room temperature [109] and single stable
isotope (133Cs), making our modeling simple. Throughout these two chapters, the
experiments are conducted with the vapour cell with a temperature is monitored
to be around T = 50°C. This temperature is a balance between having a large
enough vapour pressure such that we can obtain measurable signal levels, while
not so much density that the probe laser is completely absorbed. In Chapter 6 we
use Rubidium (Rb) atom in order to obtain a narrow dispersive signal, which is
ideal for laser frequency stabilisation of excited-state transitions as a step towards
multispectral imaging in the THz range. The experiment in Chapter 6 is conducted
with a room temperature vapour cell, where Rb has a number density of 1.53x10'0

cm ™2 at room temperature [I17].
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3.2. Laser Systems

3.2 Laser Systems

The probe laser (852 nm) drives the D2 transition which is derived from a commer-
cial External-cavity Diode Laser (ECDL) (Toptica DL100), it is frequency stabilised
to the atomic transition 65, /5| F'=4) — 6P;5|F'=5) as shown in Fig(b), using
polarisation spectroscopy on the ground state transition [I18], [114]. The coupling
laser (1470 nm) is produced from a commercial ECDL (Toptica DLPro) and is
frequency stabilised to the atomic transition 6P;|F' =5) — 7S, | " =4) using

excited state polarisation spectroscopy[115].

In this thesis the experiments were performed by using two different THz frequency
sources, therefore, for the final step to reach to Rydberg states, two laser system

have been used:

e a MOGLabs cateye diode laser system at 843 nm which is cavity stabilising using
(PDH locking) [119]. That was used for experiments in Chapters 4 and 5 to couple

to the 14P3/, state.

e an MSquared SolsTiS titanium:sapphire laser. The wide tunability of this laser
system (700 nm-1100 nm) allows us to access different Rydberg states. Each dif-
ferent Rydberg state provides a different transition of a different THz frequency.
For this work, we tuned this laser to 883 nm by a wavemeter reading which is not
frequency locked, but is free running. This is demonstrated in Chapter 4 and 5 to
couple to the 12P5 5 state. The lasers and the powers used in the experiments in

this thesis are summarised in Table B.1] below.

3.3 THz Source

Various THz frequencies were used in this work, they are all narrowband and
continuous wave. They are generated using an amplifier multiplier chain (AMC),

manufactured by Virginia Diodes Inc., a microwave signal generator (HP8672a)
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3.3. THz Source

Wavelength Power into vapour cell Beam waist at position

Laser () (mW) of vapour cell (pum)
Probe 852 6.5 59
Coupling 1470 13 o7
Rydberg 843 62 0
883 ~100 -

Table 3.1: The lasers and their powers and beam waists that we are used in the
measurements for the experiments in this thesis. The powers and the beam waists
are measured at the point of the vapour cell.

is used as an input to seed the AMC. Three different AMCs were utilized in the
experiments of this thesis. A THz source (A) that has a narrow tuning range
(540 GHz to 560 GHz), with a maximum power of 4 mW and input frequency is
multiplied by the multiplication factor of 36 to give the eventual THz frequency,
was used for the absorption coefficient experiment in Chapter 4 with the frequency
set to 550 GHz. The second source (B), had a tunable range between 1010 GHz
and 1060 GHz, with a maximum power of 600 uW and a multiplication factor of 72.
That was tuned to 1.1 THz frequency for the experiments that required using a
different transition as we will see in Chapter 4 and 5. The third source (C), had a
tunable range between 500 GHz and 750 GHz, with a maximum power of 50 W
and a multiplication factor of 54. That was used for the imaging experiments in
Chapter 5 with 550 GHz frequency when high power was not required. We can
set the desired frequency of the three THz sources by tuning the frequency of the
input microwave signal that has tuning range between 2 GHz and 18 GHz. In order
to launch the THz field into free space, a diagonal horn antenna, manufactured by
Virginia Diodes Inc., was used. A THz source (A) is produced a beam containing
about 84% Gaussian mode [120]. The proprieties of the THz sources is summarised

at Table [3.2 below.
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3.4. Data Readout

Tuning range Maximum power

THz source Multiplication factor

GHz uW
A 540 - 560 4000 36
B 1010 -1060 600 72
C 500 - 750 50 54

Table 3.2: The proprieties of THz sources that we are used in the measurements
for the experiments in this thesis. .

3.4 Data Readout

This section will discuss the collection and analysis of the detected fluorescence

resulting from an incident THz field into the Rydberg atomic vapour.

THz field
(0.5- 1.1 THz)
! Probe laser
(852 nm)
. =
PDH locking THz
of optics
Wavemeter
Coupling laser
(1470 nm)
Cs ~_ |Beam shaping
Tl optics Polarisation
Rydberg laser Tube optics el Spect}roscopy
(840-885 nm) for shaping optics for
Rydberg laser
laser frequency
Optical camera with triplet lens sialoilisaiion

and narrowband filters
Figure 3.2: The main experimental table diagram: A small amount of the

beam from the three lasers is used to lock the laser or wavemeter reading, the
majority of the beam is sent to the main experiment. All the optics in the table
are classified in the gray boxes referring to their functions. This general layout
remains the same for all experiments in this thesis.
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3.4.1. Camera

3.4.1 Camera

All the experiments were performed by using an optical camera to capture images
of the fluorescence. We used an Andor iXon EMCCD camera, Also known as iXon,
which provided high resolution and low noise, running with an exposure time of
200 ms. The camera used a Steinheil achromatic triplet lens (Thorlabs TRS254-
040-A-ML) which is designed to be almost effectively 1:1 magnification. Bandpass
filters (Semrock BrightLine 535/6 nm and 505/119 nm) with THz sources A and
C, and (Semrock BrightLine 539/30 nm) filter with a THz sources B were used to
eliminate the background fluorescence and the scattered IR light from the excitation
lasers. The iXon was controlled by the Micro-Manager [121], where the output can

be viewed in real time.

3.4.2 Setting THz Power via (UCA) Voltage

At low THz powers there is a linear relation between the fluorescence and THz
power [73]. The materials analysis experiment in Chapter 4 works in a low power
regime, which can be set by using a user-controlled attenuator (UCA), it is an
attenuation voltage that allows us to adjust the THz power out of the source.
Increasing the UCA voltage results in a reduction in THz power, the applied voltage

controls the amount of attenuation (how much the power is reduced by).

At low THz power, the fluorescence response is linear. Higher THz power results
in a non-linear response as seen in Figf3.3] Afterwards, the system experiences
saturation effect and if we keep increasing the power it goes back down again,
and we observe a fluorescence lines splitting, resulting in less fluorescence than
that without THz. The reduction in power is a result of the atomic line splitting,
moving the atomic resonance with the THz field. We should therefore consider
that there is a limit of how much THz intensity can be applied to our atoms and
still get sensible readings when the power is reduced. To control the THz power

via the UCA, we used a multifunction NI USB-6009 data acquisition card through
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Figure 3.3: The fluorescence signal as a function of the incident THz
power: We use UCA Voltage to change the power that varying between 2.65 V
and 2.8 V. The fluorescence signal starts with curved shape at the high power, then
the shape starts to be linear with decreasing the THz power, at the end the signal
starts to be constant when the power drops off to zero. The black arrow indicates
the direction of increasing THz power.

a LabView computer program. We can change the power by changing the voltage
that goes from 0 V to 5 V, where if the voltage is zero then the THz power is at
maximum. The UCA response is measured to be less than 10 ms, Therefore in
this work, the THz power was set by this method instead of changing the power
output from the microwave source, since the microwave source was slow to respond
with a delay of 80 ms [94]. For taking the data that requires turning the THz field
on and off rapidly, in order to turn THz field off, the UCA was set to maximum

attenuation.

3.5 Bench Layout

The bench layout for the experiments that are performed in Chapters 4 and 5
remains the same. There is only one difference between them, for imaging exper-
iments in Chapter 5 a THz lens system is added to the bench layout, where in

the material analysis experiment this lens is not required. The bench layout for
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Chapters 4 and 5 experiments is shown in Fig[3.2]

We use a three commercial ECDLs IR lasers that are propagated coaxially through
the vapour cell. A small amount of light from probe laser at 852 nm and coupling
laser at 1470 nm is split off in order to be used in the frequency stabilisation to
an atomic resonance. A small amount from Rydberg laser which propagates in the
opposite direction to the probe and coupling lasers, is sent to either an ultrastable
cavity to stabilise the laser using (PDH locking) or to a wavemeter which provides
a wavelength reading. The majority of light from these lasers is sent into the
main experiment using single mode polarisation-maintaining fibres which besides
allowing the easy realignment of the table they work as spatial filters that helping

to obtain a pure Gaussian mode.

3.5.1 Cell Design

The experiments in this thesis are performed by creating a 2D sheet of Rydberg
atoms which is a 1 cm? THz imaging sensor. All the three laser beams were focused
through a cuboidal vapour cell with dimensions (10 mm x 10 mm x 60 mm) which
allow optical access from 4 sides. In order to achieve the required 50° C temperature
and the requirement for optical access, we cannot completely enclose the cell with
an insulating Teflon oven, for this reason, we conducts the experiments by using the
cell design as shown in Fig we used metal ceramic heaters (Thorlabs HT24S)
that apply on two sides of the lower part of the cell, after the ceramic heaters are
heated, the heat is transferred to the glass. To provide insulation for this part, a
Teflon mount surrounds the cell. In order to minimise condensation of Cs on the
cell walls, a hole is drilled in a steel metal base to sit the Cs reservoir on, keeping
it as the coldest part in the cell. In terms of the upper part, it is open to the air,
and a Teflon block is used to hold and insulate a thermocouple which measures

temperature at the very top of the cell.

To form a 2D sheet of Rydberg atoms with approximate dimensions (10 mm X
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Metal ceramic
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Rydberg laser 3 Probe laser heaters EJ
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Figure 3.4: The vapour cell design that is used to perform the experi-
ments in this thesis: (a) The probe, coupling and Rydberg lasers are overlap
along the x axis to form a light sheet (square green region), and the THz field is
propagates along z axis. In the front of the cell we can detect the emitted fluor-
escence. The lower part of the cell is heated by ceramic heaters in two sides (red
color) and surrounded by the Teflon insulation which mounted on a steel base. (b)

Longitudinal section of Teflon and the steel that is drilled in the center to let the
Cs reservoir to sit in. (c¢) The dimensions of the vapour cell and the light sheet.

10 mm x 100 pm) inside the vapour cell, we expand the probe and coupling laser
beams after they come from the fibers in the y direction by using a cylindrical tele-
scopes, then a single cylindrical lens is placed before the cell to focus the collimated
beams in the z axis direction into a flat sheet at the vapour cell position. This cyl-
indrical lens is chosen with long focal length (300 mm) to ensure the Rayleigh range
of the beam is longer than the length of the cell as shown in Fig[3.5] Therefore,
the intensity of the laser remains relatively constant and uniform across the vapour
cell. We are interested in the Rayleigh range of the focused beam after it has been
focused by the lens, so we need to find the waist of the focused beam wy by knowing
the incident beam waist w(, and taking the focal length f of the lens into account

2],

2wy = —=. 1
o wD (3.1)

where D is the diameter of lens, D = 2w(. From the beam waists at the
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3.5.2. Modes of detection

10 mm

Cs

vapour
cell

Figure 3.5: Rayleigh range of the focused beam and the propagation dis-
tance: Rayleigh range (2 Zg ) of the focused beam, with the beam waist wy after
it has been focused by the cylindrical lens. The Rayleigh range is longer than the
propagation distance across the vapour cell (10 mm).

position of the cell for probe, coupling and Rydberg beams are 59 um, 57 um
and 70 pm, respectively. In this configuration the Rayleigh range at the position
of the cell for probe, coupling and Rydberg beams are 25.3 mm, 13.7 mm and
11 mm, respectively, which are all longer than the propagation distance across the
vapour cell, 10 mm. For shaping the Rydberg laser beam, all the lenses are in a
commercial tube (Schéfter and Kirchhoff line generator) [123], which contains all
the optics that are used to expand Rydberg laser in the y direction then focus it in
the z direction. By connecting the fiber to the line generation tube, a light sheet

is projected incident onto the vapour cell.

3.5.2 Modes of detection

The experimental setup that is shown in Fig[3.6] is used to conduct the material

analysis in Chapter 4 and the imaging work in Chapter 5. Between the two chapters
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THz field
(0.5 - 1.1 THz)

Teflon lens

Object

THz lens system

Cs
vapour cell

- P  lasers for light
sheet

Optical camera with triplet lens X
and narrowband filters z

Figure 3.6: Material analysis and imaging Experimental set-up: This ex-
perimental setup is used for both, material analysis experiment in Chapter 4 and
imaging experiment in Chapter 5. The THz field propagates perpendicular to the
IR laser beams and is collimated using Teflon lens and the object is layed between
the Teflon lens and the cell which is illuminated by the collimated THz beam and
imaged in the 2D light sheet. An optical camera is placed in the opposite direc-
tion of the incident THz field to capture the fluorescence that is emitted from the
cell. The black dashed square indicate the THz lens system which is added to the
imaging experimental setup to focus the THz field in the vapour cell.

the setups differ slightly, for the materials analysis the THz lens system which
is indicated in black dashed square is not required. The THz lens system is a
commercial lens that we obtained from i2S [124]. This lens is designed to be 1:4

magnification depending on where we place it with respect to the object.
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3.6. Conclusion

The 2D light sheet of Rydberg atoms works as a THz sensor. An image of the
incident THz field can be captured in a single shot, by propagating the THz field
along the z axis perpendicular to the IR laser beams at the position of the light
sheet in the vapour cell. The THz beam is collimated by using a single Teflon
lens with a focal length 75 mm which illuminates the target object uniformly. The
transmitted THz beam will be focused into the vapour cell by using THz lens
system, then the target will be imaged onto the 2D sheet THz imager. By placing
an optical camera on the opposite side to the incident THz field the fluorescence
that is emitted by the atoms in the vapour cell is captured and the target object

will be re-imaged in this optical camera as an image in a single shot.

3.6 Conclusion

In this chapter we have outlined the technical details that were used to conduct the
experiments in the following chapters of this thesis. We have described the atomic
system that all the experiments are based on and how we use that to detect the
THz field. The lasers and the THz sources that are employed to implement the
experiments are provided. Detailed explanations of the bench layout and the cell
design have been presented. The data that we want to measure and the methods
for collecting these data are provided in detail. A setup has been described which
will be used for both experiments in this thesis: a materials analysis in Chapter 4

and a THz imaging experiments in Chapter 5.
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CHAPTER 4

Materials Analysis Using THz

Imaging

In this chapter, we present an approach to measure the absorption coeflicients
of polymer materials at 550 GHz using the atomic detection method outlined in
the previous chapter. Using our THz imaging system, we are able to extract a
measure of THz intensity and apply the Beer-Lambert Law to extract an absorption
coefficient. We additionally performed the same experiment with a commercial
THz power meter. The results of both methods are presented and compared in
this chapter. Furthermore, we measured the absorption of a single thin piece of
polymer for the same materials at a frequency of 1.1 THz, and the results are

discussed and compared with those obtained at 0.55 THz.

4.1 Introduction

Interactions between matter and THz radiation have been the focus of many re-
search studies with a view toward developing non-destructive and non-contact
testing techniques [125] 126]. As a prominent characteristic of THz radiation is
its ability to penetrate materials [127] without ionising them, there is an ongoing

effort towards utilising it to investigate the properties of various materials. Non-
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4.1.  Introduction

destructive THz testing methods can, for example, identify an unknown material
or illuminate defects at depths that infrared methods cannot reach, without the
requirement of a liquid interface as for ultrasound methods [128, [129]. A wide vari-
ety of materials have high transmissivity in the THz frequency range, and so THz
technology has already been exploited for their investigation, for instance: plastic
[130} 1311 3], semiconductors [132], ceramics [133] 134} [135], wood [136] 137, [138],

chemical mixtures [I39] and gases [140].

Crucial to the development of THz testing techniques and THz technology as a
whole is the ability to accurately manipulate THz radiation beams using optical
components. With this aim, polymers have demonstrated significant importance
for this use owing to their broadband transmission in the THz frequency range
[T41), [142] [126], 143, [144], meaning they can be used for lenses [145], gratings [146],
3D printed optics [147], mirrors [148], fibers [I49] and prisms [I50]. This work
is partly motivated by scattered literature where there is often little agreement
between new and prior research and a lack of transparent reporting, for example,
according to Ref. [I51] HDPE has an absorption coefficient of o = 0.225 cm™!,
while the absorption coefficient of the same material is o = 1.66 cm~! in [I52].
Most investigations into the properties of polymer materials in the THz region have
been performed by using terahertz time-domain spectroscopy (THz-TDS) [142,
153, 154, 1511, [155], however, some use frequency-domain spectroscopy (THz-FDS)
[156, 157, 158], based on processing techniques such as Fast Fourier transform
(FFT) or phase fringe extraction has also been reported. THz-TDS uses short
pulses of THz wave to probe the properties of a material, whereas THz-FDS and
our system use continuous THz wave. THz-TDS and THz-FDS have a wide THz
bandwidth of 5 - 6 THz as standard for THz-TDS and reaches to 4 THz for THz-
FDS [I57], while our system works on one THz frequency and there is progress
to have two THz frequencies at the same time. THz-FDS has an advantage over
THz-TDS, the price can be significantly lower due to the simplicity of the system

architecture. The THz-FDS system is all-fiber coupled and moving optics are
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4.2. THz Radiation Transmission Through a Material

not required. Since our system is still in development, the price point is hard to
compare. In a recent study the measurement speed in THz-FDS was measured
to be 200 Hz, which is comparable to the speed of most commercial THz-TDS
systems [I56]. However, our system is a high speed imaging system which can

acquire images at 3 kHz [73].

4.2 THz Radiation Transmission Through a Material

When monochromatic light of intensity, Iy, passes through a material with thick-
ness, [, it will be attenuated, resulting in a transmitted intensity I given by the

Beer-Lambert Law [159]

I =Ipe (4.1)

where « is the absorption coefficient of the material. By measuring the amount
of transmitted light for varying material thicknesses, it is possible to calculate the
absorption coefficient at the frequency of interest. By plotting In(y/I) against the

thickness, the gradient can be extracted, which corresponds to the coefficient, («).

4.3 Extracting THz Intensity from Fluorescence

Most of the information about the atomic system can be found in the fluorescence
that is emitted from the atomic vapour cell. In this chapter, we desire to measure
the absorption coefficient of materials. In order to perform that, we can collect
information about this fluorescence by looking at the fluorescence response of the
atoms as a function of THz intensity (or power). By defining the signal from the
fluorescence as the pixel value, we can measure the intensity of the fluorescence
(how bright it is). In this work, we are only interested in the relative change in

the fluorescence intensity between two values in the linear absorption regime; the
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4.3. Eaxtracting THz Intensity from Fluorescence

Absence Presence
of the THz field of the THz field
ny
1) 13Ds5 o
N n;
F’ F

Figure 4.1: THz imaging system using atomic vapour with THz field
on and with THz off: Two Rydberg states of caesium relevant to the atomic
imaging system. To distinguish between the two states, we call the initial state |7},
and the second state THz state |f). NN is the total number of the atoms, n; and
ny correspond to the number of excited atoms in |i) and |f) states, respectively. If
the THz field is absent, all the atoms are in the |i) state, and when the THz field
is present, a percentage of atoms will be excited to the |f) state.

exact intensity value is unimportant. The data was collected using a camera, as

described in the methods chapter.

In an ideal experiment, we expect the fluorescence not to fluctuate over time.
However, our system is complex, we have temperature fluctuations, laser frequency
and intensity fluctuations, mechanical instability, etc. So we need to find a method
that is insensitive to these sources of noise and a robust way to characterise how
fluorescence is related to the THz intensity. Fluorescence from atoms at a specific
energy state fi can be represented as the number of atoms in that specific state n
multiplied by the probability p of an atom in that state emitting a signal photon.
In a thermal vapour we have a huge number of atoms that all will be contributing

to the signal, the total fluorescence F' from this ensemble can thus be written as

F= Xk:fk: = zk: (nkpr) , (4.2)
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4.3. Eaxtracting THz Intensity from Fluorescence

in which the sum spans all relevant atomic states. The total number of atoms can

also be defined as

N => ny. (4.3)

k
We assume that there are only two states relevant to our system as shown in Fig{4.T]
namely the initial 7 and final f state. It is assumed that the incident THz field
excites a proportion of the total atoms N and raises them into the final state, where
ny = IN and [ is related to the intensity of the THz field, but it is not a direct
measure. As there are only two states, the population of the initial state can be

defined as

ni=N(1—1). (4.4)

Moreover, it is impossible to transfer 100% of the population into the final state
(I < 1), and thus some of the population will always be left behind in the initial
state. This is because we are in thermal vapour and we have a lot of coherent
dephasing and damping. Therefore, the total fluorescence signal F' in the presence

of the THz field can be written as

F =nip; +nspy (4.5)

— N(1—D)p; + NIp; (4.6)

From Eq[4.6] the relationship between the intensity of the THz field and the total

fluorescence signal F' can be expressed as

F — Np;
= ——— 4.7
N(ps — pi) .7
Di F ]
= —11. 4.8
Pf—Di [sz‘ (4.8)
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4.3. Eaxtracting THz Intensity from Fluorescence

Eq[4.8 shows that THz intensity I is directly proportional to the total fluorescence
F but this is not the case. Although p; and p; are constant factors, N often varies
between measurements. This variation is a result of fluctuations in laser power
and frequency, cell temperature etc. For this reason, F' cannot be used as a direct
measure of I without considering the changes in N. In the case where the THz field
is absent all of the population will be in the initial state, I = 0, the fluorescence

signal is given by

F' = N'p;. (4.9)

If it is assumed that F' and I’ are recorded in a short time frame, then the atom
number cannot alter too much between the measurements. In this case, we can

express that as N ~ N’ then Eq can be written as

F' = Np;. (4.10)

By inserting this Eq/4.10] into Eq[4.8] the intensity I can be written as

. [F
j— {F’_l}' (4.11)
Pr—Di

This result eliminates the dependence of I on N and enables any fluctuations in
fluorescence resulting from atom number changes during the series of measurements
to be negated. In the experiment F' when THz is on and F’ when THz is off are
measured by capturing the fluorescence signal from the cell with an optical camera,
as shown in Fig[4.2] The figure shows three images of the fluorescence signal. The
one in the center is the raw data when THz field is turned on. The one on the
left is the raw data when THz was off and the one on the right is extracting THz
intensity from the fluorescence signals using Eq[4.11] In reality, each measurement
of fluorescence (image) will include dark counts related to the camera. For cases

where the signal is low, these dark counts size can be comparable to the signal size
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Figure 4.2: Images of the fluorescence signal: Three images of the fluorescence
signal. The one on the left and in the centre are the raw data, which are the
photographs of fluorescence from the cell. When THz is off, the fluorescence signal
is given by F’ and F when the THz field is turned on. The image on the right is
the THz intensity, I, which is calculated by inserting the raw data F’ and F into

Eq..

and thus need to be considered during data analysis, by subtracting dark counts

from F and F’. This means our intensity I can be written as

(4.12)

F — dark
I [F’ — dark 1}

4.4 Experiments

The measurements are performed with two different THz transmission set-ups as
illustrated in[4.3(a) for the atomic detection method and [4.3|(b) for the THz power
meter method. The atomic detection method has many different parameters that
can be changed, such as temperature, laser power etc. We desire to ensure the
fluorescence signal is in a linear regime with respect to the power, as we mentioned
in Chapter 3, for low THz powers, fluorescence is linearly related to the THz power
[73]. We cannot compare the experiment with the theory as the theory is a highly
complex system, we cannot model the response of the vapour exactly in the linear

regime. Also the system contains materials and we cannot model the molecular
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resonance to the THz. Instead, two different experiments have been compared in

this chapter.
(a) (b)

THz field THz field
(0.55 THz) (0.55 THz)

U Teflon lens U Teflon lens

[0 Sample
P Sample

Cs
vapour cell

<< >

lasers for light Q

§ é sheet

-

Optical camera with triplet lens Commercial thermal
and narrowband filters powermeter
Figure 4.3: Experimental layout: (a) Experimental layout used in the atomic
detection experiment: The THz field propagates perpendicularly to the IR laser
beams and is collimated using a Teflon lens, and the sample is laid between the
Teflon lens and the cell. Three lasers are used to form the light sheet at the centre
of the vapour cell, an optical camera is placed to measure the intensity of the
fluorescence that is emitted from the cell. (b) Experimental layout used in the
THz power meter experiment. The field is collimated using a Teflon lens and is
focused on the power meter using the second Teflon lens. The sample is placed
between the two Teflon lenses. The power meter replaces the vapour cell and

optical camera.

56



4.4.1. Atomic Detection Method

4.4.1 Atomic Detection Method

This experiment was performed in transmission geometry, as we outlined in Chapter 3.
The schematic layout of materials analysis using the atomic detection method is
shown in Fig[4.3|(a). This uses three commercial IR lasers, the probe laser (6.5 mW
at 852 nm), the coupling laser (13 mW at 1470 nm) and the Rydberg laser (62 mW
at 843 nm), these three lasers are stabilised as explained in Chapter 3. The ma-
jority of light from these lasers is sent into the vapour cell to create a 2D light

sheet.

The continuous-wave THz field propagates in the z axis perpendicular to the lasers
for the light sheet and the field is generated using the THz source A, described
in Chapter 3 at 0.55 THz. The sample of thickness, [, is placed in the imaging
plane, and the collimated THz field passes through the sample with the incident
intensity Iy, this intensity interacts with the sample, and some of it will be absorbed,
and then the transmitted intensity I will be directed towards the vapour cell and
detected by the atomic detection light sheet. The reflection from the surfaces is

neglected.

The transmitted THz will interact with the vapour to create green fluorescence
which can be imaged in a single shot by placing an optical camera on the opposite
side of the incident THz field. The transmitted intensity is then calculated by
averaging over the region of interest of the image pixels, as shown in the figure

later in Section

Six different sample polymers have been investigated in this study, Nylon6, Teflon,
polyvinyl chloride (PVC), high-density polyethylene (HDPE), polypropylene and
Tufnol. The samples were formed into disks with a diameter of 76 mm. For
each polymer, first, a measurement without any polymer material was recorded to
give a measurement of the incident intensity, Iy. Each material was tested using
different thicknesses that increased gradually, and for each thickness, we obtained

an image with the THz off and then with the THz field on, and the measurements
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4.4.2. THz Power Meter Method

for fluorescence signal, F’ and F were recorded. As described in Chapter 3, our
experiment works in a low power THz regime—the fluorescence signal F' is obtained
when the THz is on by setting the UCA voltage to the appropriate value between
(2.6 V - 2.74 V), which lies in the low power regime region but is still sufficient to

perform the experiment.

4.4.2 THz Power Meter Method

The experimental set-up for materials analysis using the THz power meter method
is shown in Fig(b). This approach is based on measuring the power of the THz
radiation transmitted through the polymer materials. The THz source A that was
used in the atomic detection experiment was also used in this experiment. The
diverging THz beam is launched into free space from a diagonal horn antenna;
it is collimated using a Teflon lens and focused on the THz power meter with a
second Teflon lens. The sample is placed between these two Teflon lenses and in
the opposite direction of the incident THz field a commercial thermal THz power
meter (VDI Erickson, PM5) is used to detect the transmitted THz power. This THz
power meter is highly sensitive to any change in temperature, it has a minimum
detectable power of 1 W and a response time between (0.15 s - 12 s) depending

on the input power, with 90% of the response [160].

The two Teflon lenses enable coupling of Py= 0.70 &+ 0.01 mW of power into the THz
power meter, which was used to conduct the measurements. This experiment was
performed at room temperature, and as the THz power meter is very sensitive to
the temperature, the power measured by the power meter drifted by 0.01 mW. Due
to the slow response time of the power meter it was necessary to wait around 15s
between each measurement to allow the THz power meter to reach a stable state.
The reason to wait 15 s, because the response rate of the thermal power meter is
limited only reach 90% of the response after 12 s [160], so for each measurement,

we allow it to stabilise for 15 s to ensure we capture 100% of the accurate signal.
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4.5. Measurement and Results

The same polymer materials with the same thicknesses were used as were used
in the atomic detection method. For each thickness, the transmitted THz power
was recorded P. A background reading F,gq was then taken with the THz source
turned off. This was subtracted from the reading P. Five measurements were taken
for each sample thickness, and the results were analysed and compared with the

previous method.

4.5 Measurement and Results

Six different polymer materials were examined at 0.55 THz using two complement-
ary experimental methods. For the atomic detection method, the fluorescence
intensity emitted from the vapour cell decreases with increasing the polymer thick-
ness. Fig[l.4[a) shows the images for the THz transmission that are extracted from
the raw data for PVC material using Eq[4.12] The image on the left of the figure
represents the maximum intensity without any material Iy, and the image on the
right represents the maximum attenuated intensity by this polymer. Those images

in between show increasing signal attenuation.

The measured data for the PVC material was plotted as shown in Fig(b); each
data point represents the average intensity of the fluorescence for the images that
are illustrated in Fig(a) normalised to the maximum average intensity against
the thickness. It is possible to see that the average intensity of the fluorescence de-
creases exponentially with increasing thickness according to the Beer-Lambert law

in Eq/4] All polymer materials used in this work display very similar behaviour.

Using Eq[4.1]allows us to plot In(y/I) against the thickness and then calculate the

absorption coeflicients « of the polymer samples via a straight line fit.

Fig[4.5] shows a plot of In(Ip/I) against the thickness [ for Teflon Figl.5|a) and
Nylon6 Fig[i.5(b), used to calculate the absorption coefficient (gradient). The

atomic detection method is indicated by red dots, and the THz power meter method
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Figure 4.4: The measured data for PVC polymer material using the
atomic detection method: (a) The THz transmission images for PVC materials
that are extracted from the raw data using Eq[.12] which shows the fluorescence
intensity, allows the observer to see how the fluorescence decreases with increasing
the thickness from left to right, the highlighted white dashed line is the region of
interest over which the pixels are averaged. (b) The average intensity of the fluor-
escence from the images in (a) normalised to the maximum average intensity with
varying thicknesses, which decreases exponentially with increasing the thickness.
The exponential is the guide to the eye and not fit to the data. The errorbars are
the statistical deviation of five measurements.
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Figure 4.5: The absorption coefficients of Teflon and Nylon6 materials:
(a) and (b) The absorption coefficients (gradients) of Teflon and Nylon6 materials,
respectively, were obtained using the atomic method and THz power meter method
showing how the plots are perfectly aligned on top of each other. For Teflon
the gradient is (0.151 + 0.007) cm~! by using the atomic method and (0.147 =+
0.001) cm~! by using the THz power meter method, where for Nylon6 the gradient
is (7.5 + 0.2) cm™! by using the atomic method and (7.56 4 0.02) cm~! by using
the THz power meter method. The slope changes depending on the absorption
of THz radiation, which is lower for the highly-transparent material (Teflon) than
the opaque material (Nylon6). The error bars are the statistical deviation of five
measurements.

by blue dots. The gradient of the plot according to the THz power meter method

is the same within error as the gradient of the atomic detection method.

We can see how the gradient changes between the two materials—it is higher in
the material which is more opaque to the THz radiation (Nylon6) with gradient of
(7.5 4 0.2) em~! using the atomic method and (7.56 & 0.02) cm ™! using the THz
power meter method, than the more transparent material (Teflon) with gradient
of (0.151 4 0.007) cm~! using the atomic method and (0.147 4 0.001) cm~! using
the THz power meter method. The experimental error (as represented by the error
bars in Fig is derived from the statistical deviation of five measurements. To
determine the absorption coefficients of the samples, they were obtained from the

weighted linear best fits of the measured data.
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The absorption coefficients of the measured samples are summarised in Table
and compared with the literature. In Table [4.T] we compared the measured absorp-
tion coefficients of the six polymer materials from the atomic detection method with
the THz power meter method, and we can see they were in good agreement. The
measured « value from the Teflon material was similar to that reported by [142] in
the literature. However, the measured values for Nylon6, PVC, polypropylene and
HDPE were somewhat greater than reported in the literature, maybe due to our
measurements not including the reflection from the surfaces which are ~ 2% for Te-
flon [142] and ~ 5% for the PVC [126]. We see the three polymers, polypropylene,
Teflon and HDPE, are highly transparent to THz radiation at 0.55 THz, whilst the
other three polymers, Nylon6, PVC and Tufnol, are opaque to THz radiation at

this frequency.

However, the uncertainty is lower in the THz power meter method than in the
atomic detection method. Also, it is possible to see that the opaque materials have
greater levels of uncertainty than the transparent materials. This could be be-
cause the low visibility of THz radiation reduced the range of available thicknesses,
thereby reducing the accuracy of the analysis. Furthermore, the reduced signal
amplitude measured in the more highly attenuating materials leads to a reduction

in the signal-to-noise ratio.

In the absorption coefficient measurements, the polymer samples were all taken
from the same manufactured batch. We found that they give different results
when they should be identical. We suggest this could be because of the polymer
chain direction or the strain history of the polymer. These reasons are speculative,
without substantial evidence, but offer a reasonable conjecture. We would like to
undertake further controlled measurements on the mechanical effects on absorption
in the polymer materials that were used in the material analysis experiment. Where
the optical proprieties of these polymer materials depend on their strain history,
how such materials have been stored, how they have been machined, and even how

they have been manufactured could influence the measurement [I61].
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The magnitude of the power used when the THz power meter method was performed-
0.70 mW, was higher than the power used when the atomic detection measurements
were conducted, (about 200 uW - > 5 uW). Even under the perfect conditions the
minimum detectable power of the power meter is (1 pW) [160], where our atomic
method the minimum detectable power is (190 +30) fW s~'/2 per (40 x 40)um?
pixel [73]. This means the minimum detectable power in the power meter is much
larger than the minimum detectable power in the atomic method. Therefore, our
atomic detection method could be used with weaker THz sources or more strongly
absorbing materials. In terms of time, with the power meter method, the THz
source needed to remain on for a long time (15 s) until the reading became steady.

For the atomic method, we simply took a 200 ms exposure.
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a(cm™!) Percentage afem™) Percentage

Sample . . THz power meter Published Values and Sources

Atomic detection method | error(%) error (%)

method
Nylon6 75+ 02 2.7 7.56 + 0.02 0.3 7 [143], 6.5 [126]
PVC 78+ 03 3.8 8.04 £ 0.14 1.7 6 [126]
Polypropylene 0.282 % 0.004 1.4 0.281 + 0.002 0.7 0.23 [162], 1.15 [143]

Teflon 0.151 + 0.007 16 0.147 % 0.001 0.7 0.15 [142], 0.13 [162], 1.3 [143]
HDPE 0.36 + 0.01 2.8 0.373 + 0.002 0.5 0.2 [142], 2.2 [143]
Tufnol 124 +£ 0.3 24 12.07£ 0.08 0.7
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Table 4.1: Comparison of the absorption coefficients from six different polymer materials via the atomic detection method against a
THz power meter method and values reported in the literature.




4.6. Comparison of the Absorption Coefficient of the Polymer Materials at 0.55 THz and
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Figure 4.6: Comparison of the absorption coefficient of six polymer ma-
terials: All the polymer materials that we tested are more absorbing at 1.1 THz
frequency (purple dots) than 0.55 THz frequency (green dots), with the exception
of Teflon, which had the same absorption at 1.1 THz and 0.55 THz.

4.6 Comparison of the Absorption Coefficient of the

Polymer Materials at 0.55 THz and 1.1 THz

This experiment was performed using the experimental set-up for the atomic detec-
tion method in Fig[4.3|a). To conduct the measurements at 1.1 THz, it was neces-
sary to change the imaging transition from 14P/5 — 13D5 /9, to 12P5/5 — 11D5 9
at 1.1 THz and replace the Rydberg laser as has been outlined in Chapter 3. This
experiment was conducted using THz source B. The filter for the optical camera had
to be changed to accommodate the different wavelengths of output fluorescence.

All of the other methods are kept the same such as the data analysis etc.

Most of the polymer materials are much more absorptive at 1.1 THz than at
0.55 THz [142] [152]. Because of this, gathering enough data points to fit a gradient

and extract an absorption coefficient at 1.1 THz was difficult. Therefore, in this
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1.1 THz

study, we investigated the absorption coefficient of our six polymer materials at
1.1 THz frequency using only the thinnest sample from the material set. We use
thicknesses of 0.13 cm for the Nylon6, 0.15 ¢cm for the PVC, 0.4 cm for the polypro-
pylene and the HDPE, 1.25 cm for the Teflon and 0.11 ¢m for the Tufnol. The
absorption coefficient of these materials are calculated using Beer—-Lambert Law in
Eq[4.T]and compared with the results that were obtained at 0.55 THz in Table [4.1]
The comparison of the absorption coefficient for the six materials at our two THz
frequencies is shown in Fig[f.6] We can see the materials are more absorbing at
1.1 THz (purple dots) than they are at 0.55 THz (green dots). Except for Teflon,
which has the same absorption coefficient at 0.55 THz and 1.1 THz. From Table
the Teflon transmits 83% from the incident THz wave at a 1.1 THz frequency
and has the lowest transmission difference between the two THz frequencies, which
is 2% , whereas the Nylon6 absorbs most of the incident THz wave and transmits
only 16% at 1.1 THz frequency. It also has the highest difference in transmission
between 0.55 THz and 1.1 THz frequencies - 21% . This result for Nylon6 will be
significant in Chapter 5. The PVC, polypropylene and Tufnol materials have the
same transmission difference between the two THz frequencies of 12% . However,
the HDPE has a lower transmission than them both by 2% . The absorption coeffi-
cient and the differences in the transmission of these material samples at 0.55 THz
and 1.1 THz are summarised in Table These results are consistent with the lit-
erature that says most the materials are more absorbing at 1.1 THz than 0.55 THz

[142, 152].
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Samople Thickness [ | Transmission at 0.55 THz a(em™1) Transmission at 1.1 THz a(cm™)

P (cm) (1/1p)% at 0.55 THz (1/1p)% at 1.1 THz*
Nylon6 0.13 37 7.5 £0.2 16 14.23 £ 1.02
PVC 0.15 29 7.8 £0.3 17 11.64 £ 1.07
Polypropylene 0.4 89 0.282 4+ 0.004 7 0.64 £ 0.23
Teflon 1.25 85 0.151 + 0.007 83 0.151 + 0.200

HDPE 0.4 85 0.36 £+ 0.01 75 0.71+ 0.15
Tufnol 0.11 25 12.4 £ 0.3 13 18.34 £ 1.32

Table 4.2: Comparisons of the absorption coefficient and the difference in transmission of thin polymer samples at 0.55 THz and 1.1 THz.
* The errors are propagated through Eq
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4.7. Conclusions

4.7 Conclusions

The absorption coefficient of various polymer materials at 0.55 THz have been
measured. We described a method with a new THz detector to test the polymer
materials based on caesium atom using the Beer—Lambert Law for the absorption
coefficient and calibrated our imaging system to detect THz intensity. Due to
the sensitivity of THz atomic detection to any variation in the system, we used
a commercial thermal THz power meter as a comparison experiment, and both
results are in good agreement. The atomic method used less THz power than the
power meter method, and the reflection losses from the surfaces are neglected in
this analysis. We measured the absorption of the thinnest sample from each of
the six polymer materials at 1.1 THz and compared them with their absorption
at 0.55 THz. From this result, we have chosen the polymer materials to make our

sample that will be imaged at two different THz frequencies in Chapter 5.
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CHAPTER 5

Applications of Atom-based THz

Imaging

In this chapter, we demonstrate the effectiveness of our THz imaging technique that
is outlined in Chapter 3. Using our system, which is based on caesium Rydberg
atoms, we conduct experiments that show how our system can be useful in real
world applications. These experiments focus on non-destructive testing (NDT) of
electronic components and on progress towards fingerprint detection for security
applications. We also display an imaging sample containing two different polymer
materials at two different frequencies. We calculate the spatial resolution of the

system for 0.55 THz and 1.1 THz.

5.1 Introduction

THz imaging systems are being developed across multiple sectors, including man-
ufacturing [3, 1] and biological [20] and medical [4] fields. The most distinctive
characteristic of THz radiation is its ability to penetrate through various types
of dielectric materials, such as packaging, textiles, paper and plastics—which are
optically opaque and prohibit optical imaging [36]. While THz radiation is similar

to microwaves in this particular property, the wavelength of THz waves is much
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5.2. Towards Fingerprint Detection Using THz Imaging

shorter, which allows for a much higher spatial resolution [163]. THz radiation is
also relatively safe, due to its low photon energy, making it non-ionising. This en-
ables THz systems to be applied in different fields without the need for the stringent
safety protocols that are inherent to other applications of radiation technologies,
such as with X-rays in diagnostic medicine [164]. Furthermore, the capabilities of a
THz system make it an effective tool to be used in non-destructive testing (NDT)
[165], 166, 167], a common approach to characterise the internal structure of ob-
jects without destroying them. For example, for safety in construction engineering,
THz can be used to detect cracks in cement-based materials [168], defects in foam
materials [169], in authentication [I70], detection of debonding defects in ceramic
matrix composites (CMC) [I71] and defect detection in encapsulated devices such
as semiconducting chips [172), 173, [174]. Through the development of THz systems,

the quality and performance of high-voltage cables also can be tested [175].

One crucial aspect of THz radiation is that water and other polar liquids strongly
attenuate THz radiation [20, I76]. This effect is due to the hydrogen bonds between
the water molecules that resonate strongly at THz frequencies and absorb the
majority of any incident THz radiation. This has been utilised in in-vivo THz
measurements of human skin, which can only be conducted in reflection mode
owing to the high signal attenuation in the THz frequency range caused by water

within the tissue [I77, [I7§].

5.2 Towards Fingerprint Detection Using THz

Imaging

Since the early days of policing and crime detection, the fingerprint has been re-
cognised as a unique and secure biometric trait. It has been considered the most
efficient method for biometric authentication [I79]. Over several decades, much
research has been conducted on fingerprint recognition [I80]. This research has

been widely applied for a variety of purposes, such as in the investigation of
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5.2. Towards Fingerprint Detection Using THz Imaging

forensic evidence, inspection of national border crossings and financial markets
[181], (182} 183] [184]. Nowadays, fingerprint recognition systems are applied in dif-
ferent fields, such as in the mobile market [I85] and companies, to monitor employee
working hours. Recently, several studies have been undertaken to investigate how
THz radiation interacts with the complex structure of human skin. However, fin-
gerprint detection in the THz spectral region has not yet been explored extensively
[186, [187]. Due to THz radiation being highly attenuated by water, it is not pos-
sible to perform THz in vivo fingerprint imaging experiments in the transmission
configuration (as has been more fully explained in Chapter 3) where, in the lower
frequencies of the THz band, radiation penetration of living human skin is limited
to a few hundred microns depending on the THz frequency [I88, [I89]. Thus, to
date, in vivo THz imaging experiments on humans have always been performed in

a reflection geometry [190, 191, 192] 177].

The experiments presented in this work were conducted in a similar reflection
configuration. The schematic for detecting a finger is shown in Fig. THz
source C at 0.55 THz frequency has been used in this experiment. The THz beam
propagates from the horn and is collimated using a Teflon lens. A gold plane mirror
is placed on the opposite side of the THz source at an angle causing the THz beam
to be reflected and hit the object surface at an angle at the imaging plane. We
use a 7 mm thick Teflon plate as a window to place a finger behind. Teflon is
used as it is highly transparent at THz frequencies as seen in the previous chapter.
The diffuse scattering of the THz field from the finger’s surface is focused by the
imaging system and imaged upon the vapour cell. The optical fluorescence from
the vapour cell is re-imaged by an optical camera that is placed on the opposite
side to the incident THz field. In this configuration, without finger present we
can still see the specular reflection of THz from the front and back surfaces of the
Teflon plate, which can be seen in Fig(a). By pressing the finger on the back
of the Teflon, we can see the reflection of the shape of the finger from the back of

the Teflon plate, as shown in Fig[5.2|(b).

71



5.2. Towards Fingerprint Detection Using THz Imaging

THz field
(0.55 THz)

Finger ’

Teflon

\__/ Teflon lens

THz lens system E / THz gold mirror

Cs

vapour cell
lasers for light <& »

sheet
X Optical camera with triplet lens
z and narrowband filters

Figure 5.1: Experimental set-up for reflection mode imaging: By collim-
ating the THz field with a Teflon lens and reflecting it with a gold plane mirror
as THz radiation is reflected by the metal, the field will be incident at an angle
on the target object. The imaging system will image the diffuse scatter from the
object onto the atomic vapour cell. The optical camera is placed on the opposite
side where the THz field is incident and captures the fluorescence from the vapour
cell.

The alignment of reflection mode is more challenging than that for transmission
mode since it requires the THz field to be reflected at the imaging plane. Another
disadvantage of this mode is that it required a lot of power; this is because most of
the THz power is lost through scattering effects before the field is able to interact

with the atomic vapour.

Although our imaging system cannot detect the fingerprints, it can image the

human skin behind THz transparent materials.
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(b)

Figure 5.2: Imaging a finger in reflection mode:(a) The scattering of the
THz radiation from the surface of Teflon. (b) The image of a finger that is placed
behind the piece of Teflon.

5.3 Spatial Resolution

The spatial resolution of the system can be determined by imaging a point source
and calculating the system’s point spread function (PSF), and that has been done
for our system in [73]. In this thesis, for interest, we used the edge method [193] [194]
to compare the resolution with the previous result. With this method, we block
half of the THz beam by placing a sheet of metal in the imaging plane. In this case,

instead of seeing a reasonably even fluorescence on our light sheet detector in the
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vapour cell, we see a very dark form on one side and then bright on the other side;
this is shown in Figl5.3|(a), at 0.55 THz on the left and 1.1 THz on the right. We
can observe that the blocked half for 1.1 THz is darker than that for 0.55 THz due
to the Rydberg fluorescence (background) being brighter in the 0.55 THz frequency

transition than in the 1.1 THz transition.

In order to calculate the spatial resolution it is necessary to convert the 2D array
of images in Fig(a) into a 1D array by performing column integration against
x. This is essentially a sum of all the pixel values in the y axis (3-(IN,)) where N,
is the pixel numbers in all rows for y axis. This integration gives the edge of the
image, as shown in Fig(b) for both frequencies. Instead of plotting the actual
sum of y axis pixel values, we plot the differential of these pixel numbers with
respect to the position (d)5(V,)/dx) against x. This step results in no change in
the blocked region, but we can see that it is not perfect since some fringes may
be observed. There next begins to be a rapid change, which is a perfect peak in
theory, but in reality this is a slope, which, when differentiated, becomes a peak, as
shown in Fig(c) for both frequencies. We can calculate the width of this peak

to determine the resolution in pixels, which can then be converted into millimetres.

5.3.1 Calculating the Peak Width

Knowing the width of the vapour cell effectively allows us to calculate the width
of the peak through the magnification provided by the optical system (M2), as
shown in Fig[5.:4] This system includes the triplet camera lens that is discussed in
Chapter 3. From our data, the width of the image is 740 pixels which corresponds

to a width of the vapour cell of 10 mm; hence,

1 Pixel = CGH% = 0.0135 mm. (5.1)

Eq[5. T will be referred to as the ‘converter’, where N is the number of pixels between

the edges of the cell. The pixel size of the camera that we used (an Andor iXon
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Figure 5.3: Spatial resolution measurements for 0.55 THz (left) and
1.1 THz (right): (a) The images formed by blocking half of THz beam using
a metal set square tool. (b) The plots of the normalised data to the maximum
value sum over all the pixel values in y axis (3°(Ny)) against x for both frequen-
cies. (c¢) The plots of normalised data differentiate the sum over all the pixel values
in y axis (d)_(NN,)/dx) with respect to x against « for both frequencies.
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5.8.1. Calculating the Peak Width

EMCCD) is 13 pum, and that confirms what we discussed in Chapter 3 about the
triplet camera lens being designed to have almost 1:1 magnification. Therefore,
by using this converter and calculating the width in pixels, we can determine the

width in mm.

It is necessary to calculate the peak full width half maximum (FWHM) for Figl5.3)c),
but the obtained data are relatively noisy on the right side. It is necessary to work
out the averages of the profile wings to obtain a baseline, but these wings are not
at the same level, therefore we have taken the average of the left wing for both
peaks in Fig(c). By adding the baselines, we can take the FWHM, which is the
width in pixels. We can then use the pixel size converter to determine the FWHM

measurements in mm.

Two different THz sources have been used in the imaging experiments, so we need
to calculate the width for both lineshapes that we obtained by pixel then convert

them to mm.

The FWHM between the peak and the baseline using 0.55 THz is (31 £ 3) pixels,

by using EqJ5.1] we can write the width of the lineshape in mm as

Wldth(055) = FWHM (0.55) x converter = 0.42 £+ 0.04 mm. (52)

The FWHM by using 1.1 THz is (22 + 3) pixels, we can convert the width of the

lineshape as a result of using this source to mm, by using EqJ5.1}

Width(; ;) = FWHM (1) X converter = 0.29 & 0.04 mm. (5.3)

The lineshape for 1.1 THz frequency is higher and narrower than that for 0.55 THz
frequency due to its shorter wavelength. We seen improvement in resolution be-
cause the diffraction limit has reduced to half, but we might have needed our THz

lens to be bigger to catch all the light.
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Figure 5.4: The calibration of the spatial resolution experiment set-up
with the imaging letter “T” sample experiment that has the same set-
up: We used a THz field source and Teflon lens to collimate the beam during both
experiments. After the beam is collimated, the object in the top figure, which is
sheet of metal, is placed in the imaging plane and block half of the beam. The
object in the low figure, which is the letter “T” sample is placed in the imaging
plane. both objects are imaged by the optical system (M1) on the light sheet
detector in the vapour cell. The objects will be re-imaged in the optical camera
using the second optical system (M2).

Our previous calculations of the width using the FWHM have been done based on
the magnification of the camera lens M2, by knowing the width size of the vapour
cell. However, there is another magnification in the system M1 that should be

taken into account. Our spatial resolution of the system can be described as

Width

Spatial lution =
patial resolution NI

(5.4)

To calculate the magnification factor M1, we must determine the size of the object
and corresponding image produced by the system. Fig[5.4] shows the calibration of
the spatial resolution experiment set-up with the experiment which has the same
set-up; the imaging letter “T” sample experiment. Through the calibration we

calculate the magnification factor M1 to be 0.544+0.02 at 0.55 THz and 0.50 £+ 0.02
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5.4. Comparison of THz Imaging and Optical Imaging of Electronic Components

at 1.1 THz. We would not normally expect the magnification between 0.55 THz
and 1.1 THz to differ significantly. However, the difference shown maybe due to the
misplacement of the lens, where the magnification would change depending on the
lens distance from the cell. This is the conversion factor that we used to calculate

the spatial resolution, for more details see Appendix [A]

Therefore, the spatial resolution can be obtained by substituting the magnification
factor M1 and the width from Eq[5.2] for 0.55 THz, and Eq/5.3| for 1.1 THz into
Eql5.4l Thus, using this simple edge method, we can find the spatial resolution of
0.78£0.07 mm at 0.55 THz and 0.58 +0.08 mm at 1.1 THz. The spatial resolution
that we calculated for 0.55 THz is smaller than the one in [73], because we used a

better lens M1 in this work.

5.4 Comparison of THz Imaging and Optical Imaging

of Electronic Components

THz imaging is a powerful tool that can be used for measuring the properties of
particular materials, for example inspecting layers and viewing packaged products
with transmission imaging [195, [34]. The ability of THz waves to penetrate many
non-conductive materials makes them an up-and-coming inspection tool for non-
destructive testing (NDT) [196, 197, [167]. This is a critical measurement tech-
nique that is used in many manufacturing processes. It offers a convenient in-
spection method for product quality control and process monitoring to determine
the extent of damage and irregularities in materials without causing damage to
the original component. THz technology can be considered an effective technique
for non-destructive testing in industrial inspection and include examination and
detection of defects in the internal structures of the small electronic components
such as integrated circuit (IC) [I72]. In non-contact inspection, although optical
techniques currently dominate the field, inspections are limited to materials that

are transparent to visible or near-infrared light. Devices and tools that make use
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of THz radiation could offer the potential to inspect items normally beyond the
reach of optical techniques [198]. Most of the optically opaque materials possess
good or moderate transparency at the THz frequency range [199, 200], making THz

radiation an ideal choice for NDT and non-contact applications.

Identifying counterfeit electronic components is one of the current challenges in
the electronic component market because counterfeit components may cause ser-
ious problems which affect the brand reputation and bring the prices of the elec-
tronics components down [201]. THz techniques can readily discern the differences
between authentic and counterfeit electronic parts [I72, I70]. Since counterfeiters
derive such high gains from their products, these products undergo constant re-
finement, which makes it increasingly difficult to distinguish authentic components
from counterfeit examples. There has been increased attention in the detection of
the integrated circuit chip package defects of the electronic components using the
traditional methods [202], 203]. However, these traditional methods are depend-
ent on scanning electron microscopy techniques, which requires time to undertake
and analyse the collected data. While an electronic device is being packaged and
used, damage and defects could occur to the internal structure [204]. Deformation,
cracks, warpage, delamination, and voids can be found within their packaging ma-
terials. The accumulation of these defects over time leads to the failure of the device
or even complete destruction—with potential catastrophic consequences—making
industrial inspection a critical process. In order to detect these defects, THz ima-
ging has become one of the principal approaches [I74]. Whereas X-ray can pen-
etrate through an integrated circuit packages, the defects cannot be detected at
these frequencies [205]. A few studies have been carried out to image integrated
circuit chip package, and the imaging results are undergoing resolution enhance-
ment techniques [I72, 206]. Our imaging system can image the internal structure
of the electronic components and show if there are any difference between them

within the 200 ms exposure time.

The practical example of seeing through an electronic component package is shown
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Figure 5.5: Comparing two different operational amplifiers in two different
imaging systems: (a) Optical imaging for two different op-amps images shows we
cannot see the internal structure. (b) THz imaging for the same op-amps that are
displayed in (a), we can see that THz imaging shows the difference in the internal
structure.

in Fig[5.5] This experiment used our THz imaging system in transmission mode,
as described in Chapter 3. This experiment is performed by using THz source
C, at 0.55 THz. Our electronic component object is a commercial operational
amplifier (op-amp). Figa) illustrates optical imaging of two op-amps; the one
on the left has the production series MC14541BCP and the one on the right has
the production series LM348N, both having the same dimensions (1.85 x 0.6) cm.
The black plastic packaging material of the op-amp is transparent and has low
absorption at 0.55 THz frequency, while the THz field is reflected by the metal of
the op-amp, and is partially absorbed by the semiconductors [I125]. As a result
of these differences in transmittance of the THz radiation, the transmitted THz

beam is imaged on the vapour cell, and the images of optical fluorescence are
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captured, as shown in Fig[5.5(b). Transmission THz imaging can provide us with
more information about the internal structures. It is possible to see the outline
of the op-amp, silicon chip and the pins package, as well as the metal connectors
that lead to these pins. In the THz images, the image on the left appears different
from the one on the right, whereas they look exactly the same by optical imaging.
For example, the body of the op-amp on the right appears more opaque at THz
frequency than the left, and more internal structure is seen on the left. Although
this can also be accomplished with X-ray radiation, THz radiation is non-ionising,

and operators are not subject to as many safety hazards.

5.5 Imaging a Sample Containing two Different
Polymer Materials at two Different THz

Frequencies

From Chapter 4, we have seen that many common materials have different absorp-
tion properties between two THz frequencies, such as being almost transparent for
0.55 THz and opaque at 1.1 THz. We want to see the contrast on a sample that
contains two polymer materials at two different THz wavelengths. For this purpose,
we fabricated a sample from two different polymers. We used a 1 mm thick piece
of Polypropylene material as a base, which is highly transparent to THz radiation
at 0.55 THz frequency, with absorption coefficient of v = 0.28 cm ™! as we outlined
in Chapter 4. We milled out a section in the shape of the letter “T” and filled this
void with a piece of Nylon material that is opaque to THz radiation at 1.1 THz,
the optical image of this sample is shown in the centre of the top of Figl5.6] This
sample has a uniform thickness of 1 mm. The dimensions of the Polypropylene
material are (5 x 5) cm, whereas for the letter “T”, which is made from Nylon
material, are (1 x 0.9) cm. The dimensions for the letter “T” have been chosen

so that the image would fit in the vapour cell.
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Figure 5.6: Imaging a mixed-material sample at two different THz fre-
quencies: The top figure shows in the center the optical image of the sample,
which is made from Polypropylene base and the letter “T” is filled in from Nylon
material. The image on the left shows the THz image of this sample at 0.55 THz,
and the right image shows the THz image of the same sample at 1.1 THz. The
lower figure shows resonant transitions between Rydberg states for caesium in the
THz frequency range. The transitions that we used for 0.55 THz and 1.1 THz
frequencies are indicated with green and blue dots, respectively. The transition
frequencies and transition strength were calculated using Alkali Rydberg Calcu-
lator in Python (ARC) [207].

We performed this experiment by using the imaging experiment set-up in trans-
mission mode that is described in Chapter 3. The experiment was conducted using
two THz sources, THz source C, which has a frequency of 0.55 THz and THz source
B, which has a frequency of 1.1 THz. The sample is placed in the imaging plane,
which is illuminated by the THz beam after passing a collimating Teflon lens. The
transmitted THz beam is then imaged onto the light sheet after being focused by
the imaging system. The images can be captured by the optical camera, as shown
in Fig5.6 The top of the figure shows three images of the Polypropylene-nylon

sample. The one in the centre is an optical image. The one on the left displays a
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THz image of this sample at 0.55 THz, while the one on the right displays the THz
image of the same sample at 1.1 THz. The lower figure is the resonant caesium
transitions between Rydberg states in the THz frequency band. The two transitions
for 0.55 THz and 1.1 THz that are employed in this experiment are calculated from
Alkali Rydberg Calculator in Python (ARC) [207], and pointed out as a green dot

and a blue dot, respectively.

In the polypropylene-nylon sample we have seen similar transmission levels for both
materials at 0.55 THz; however, there is a clear, sharp dark outline as shown in
Fig[5.6] (left). While imaging the same sample at 1.1 THz results in different levels
of transmission and a very high contrast between the materials, as Polypropylene
still transmits THz radiation at 1.1 THz frequency, but Nylon highly absorbs THz
radiation at this frequency, and we can see the letter “T” is dark as shown in Fig/5.6]
(right).

5.6 Conclusions

In this chapter, we have presented experimental results that demonstrate the ef-
fectiveness of our THz imaging system based on Rydberg atoms for real-world
applications. We have shown that our THz imaging system can image human
skin placed behind a piece of polymer. We have also shown different electronic
devices many look the same by optical imaging , any differences can be distin-
guished by imaging their internal structures through THz imaging without causing
internal damage. A sample made from two different polymer materials was imaged
at two different frequencies and the images have been characterised. The spatial
resolutions for these two frequencies have been calculated and corrected by the
magnification factor. Our system is diffraction limited spatial resolution, which is
limited by the THz imaging optics. These imaging results for the two different

polymer materials provide the necessary motivation for the next chapter, which is
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multispectral THz imaging.
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CHAPTER 6

Progress Toward Multispectral

Imaging in THz Frequency Range

In this chapter, we investigate polarisation spectroscopy of an excited state trans-
ition in a room-temperature rubidium vapour as a step towards multispectral ima-
ging in the THz range. In polarisation spectroscopy, anisotropy is induced in the
atomic medium via application of circularly polarised coupling beam resonant with
the 551/ — 5P3/y transition, which is then probed by scanning a beam across
the 5P3/5 — 657/p transition. By performing polarimetry on the probe beam,
we observe a dispersive spectral feature. We determined the excitation polarised
spectra as a function of the coupling power for both isotopes and concluded that
Autler-Townes splitting results in a sub-feature at high powers. This sub-feature
is theoretically modelled, which shows it is enhanced by Doppler averaging. This
spectroscopy technique results in a narrow dispersive signal, which can be ideal for
laser frequency stabilisation of excited-state transitions, for example in the THz
imaging system. The chapter concludes by showing the Rb atomic system that
uses three excitation lasers to reach Rydberg states, which can then be used to
perform THz imaging (similar to the method described for Cs in Chapter 3). The
Rb vapour emits a different wavelength than that emitted by Cs atoms which is

useful because from the THz multispectral imaging we can obtain more information
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for imaging samples containing different materials.

6.1 Multispectral Imaging

Each material has a spectral response, which is a specific means by which to meas-
ure its ability to transmit, reflect, and absorb light. The spectral response can give
additional information about an object composed of different materials with similar
colours but different properties which the human eye fails to capture. Multispec-
tral imaging (MSI) is a technique of spectral sensing that captures images and
includes spectral information at specific wavelengths in narrow spectral bands. In
order to separate the wavelengths, filters or instruments sensitive only to certain
wavelengths are used [208]. The development of multispectral imaging started as a
remote sensing technique [209) 210, 21T], but in the past few years, the use of multis-
pectral images has enabled greater contrast between different materials and is now
used for a variety of imaging purposes, including medical diagnoses, [212, 213 214],
art conservation [215], the food industry [216], in the quality assessment process
for products, controlling agricultural and water resources [217, 218] , and archae-
ology [219]. Multispectral imaging systems are becoming faster and more portable,

enabling quick investigations and analyses of crime scene details [220].

There are different methods to capture images in multispectral imaging systems.
Rotating a disc containing fixed wavelength filters in time with the camera’s shut-
ter speed or multiple sensors can be combined [221]. The disadvantages of these
methods are that the apparatus needed is often bulky and relatively expensive.
Another technique to achieve multispectral imaging is to place tuneable bandpass
filters within the camera’s optical path, such as a liquid crystal tuneable filter [222]
or optical filters [223]. Some researchers have performed multispectral imaging us-
ing two regular digital cameras, with an appropriate pair of colour filters chosen

for each [224].

Previously, detailed studies have been performed on the multispectral imaging sys-
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tem in the optical frequency range, and it has developed to cover the visible, and
near-infrared frequency range [225, 226]. However, multispectral imaging in the
THz frequency range is challenging because changing the frequency of devices is
inconvenient and time consuming. Therefore, several studies have been conduc-
ted in multispectral imaging in the THz frequency range. For instance, dual-THz
frequency imaging using a tuneable quantum cascade laser (QCL) has been demon-
strated. Here the image was created by raster scanning the sample, and by switch-
ing between two frequencies-3.05 and 3.24 THz, at each sample position [227].
Also this imaging system at five frequencies of 3.05, 3.18, 3.24, 3.30, and 3.35 THz,
was used to determine the attenuation coefficients of pentaerythritol tetranitrate

(PETN), along with several other polycrystalline materials [228].

In Chapter 5, we obtained an image with different contrast when we measured
the sample at two different frequencies. However, it required replacing the THz
source and the Rydberg laser, which means this method is inconvenient and time-
consuming. Therefore, we wish to perform multispectral imaging by having a

dual-species THz imager, as shown in Figl6.1]

There are two atomic species (Cs and Rb) in the same cell [93], and two different
sets of IR pump lasers; each set will excite different species to create two sheets
of Rydberg atoms within the vapour cell. The Cs and Rb vapour cell will be
illuminated by two co-propagating THz fields. The two THz fields are combined
using a beam splitter then propagate perpendicularly to the IR pump lasers. Each
THz field will interact with a different sheet of Rydberg atoms, leading to two
different optical fluorescence emissions. Interaction between the THz field and
the Cs sheet of Rydberg atoms causes the atoms to respond by emitting green
fluorescence; blue-turquoise fluorescence is emitted by atoms when the other THz
field interacts with the sheet of Rb atoms. These fluorescences can be separated
using a dichroic mirror after the cell to create a real-time dual-frequency imaging
system. Using this system would allow us to capture an image of the two different

incident THz fields using two different optical cameras.
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Figure 6.1: Multispectral THz imager experimental set-up: Two sheets of
Rydberg atoms are excited by IR pump lasers within the vapour cell, containing
two atomic species, Cs and Rb. Two THz fields, are combined by beam splitter,
then propagate perpendicularly to the IR pump beams; each THz field will interact
with a different atomic species. The atoms respond by emitting two different optical
fluorescences. The THz field, which interacts with the Cs vapour, will emit a green
fluorescence, and the other THz field, which interacts with the Rb vapour, will
emit blue-turquoise fluorescence, which can then be separated by a dichroic mirror,
and the image of the two different incident THz fields can be captured using two
different optical cameras.

In this chapter, we present progress towards multispectral imaging in the THz
frequency range. Excited state polarisation spectroscopy in Rb, which has a nar-
row dispersive signal, will be used for laser frequency stabilisation of excited-state

transition in the multispectral imaging experiments based on Cs and Rb atoms.

6.2 Excited State Polarisation Spectroscopy in Rb

6.2.1 Experiment

The experimental layout for studying the polarisation spectroscopy of an excited

state transition is shown in Fig. (a). A circularly polarised coupling beam at
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Figure 6.2: Experimental setup and level diagram: (a) Experimental setup:
A linearly-polarised probe beam (blue arrow) counter-propagates with a circularly
polarised coupling beam (red arrow). A dichroic mirror is used to overlap the
beams and direct them through a rubidium vapor cell. A polarising beam splitter
(PBS) analyses the rotation of the probe beam that is detected after the cell using
a differencing photodiode (DPD). We assume that a quantisation axis is defined in
the direction of probe beam propagation. (b) Schematic of the hyperfine structure
of the atomic states in 3> Rb relevant to the excited-state polarisation spectroscopy.
The ground state, 5S; /5 |F' = 3), is coupled to the intermediate state, 5P3/5 |F =
4), by a coupling laser with wavelength A\. = 780 nm. The intermediate state is then
coupled to the excited state 65}/, [F" = 3) by a probe laser with A, = 1366 nm.
The component of the probe which drives o~ transitions is preferentially absorbed
because there are no o allowed transitions from the 5Py |F' = 4,mp = 4).
Figure taken from [229].

Ae = 780 nm (1.2 mm 1/e? beam radius) counter-propagates with a weak, linearly
polarised probe beam at )\, = 1366 nm (1.6 mm 1/e* beam radius). The beams
are combined using dichroic mirrors, they are directed through the vapour cell
containing ®Rb and 8Rb in natural abundance. Fig. (b) shows the relevant
atomic energy levels. This experiment uses a three-level system for ®Rb. The
ground state, 551 /5 |F' = 3), is coupled to the intermediate state, 5P; /5 [F' = 4),
using a coupling laser. The intermediate state is then coupled to the excited state
6519 |[F" = 3) using a probe laser. Using ground state polarisation spectroscopy,

the frequency of the coupling laser is stabilised to the 55 jp| F'=3) — 5P3 9| ' =4)
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transition, and the probe laser frequency is scanned across the 5P; /2|F "'=4) —
6.5 /Q\F ""=3) transition. The probe beam, after passing through the vapour cell,
is split by a polarising beam splitter (PBS) which is oriented at 45° to the plane of
polarisation of the beam. The resulting signal from the PBS is a pair of orthogonally
polarised beams, each one is directed to a photodiode, producing signals S7 and
So. In the absence of birefringence within the system, we expect that S; = Ss.
The probe laser frequency is calibrated with a Fabry-Perot etalon (not shown),
which has a free spectral range of 1 GHz. Throughout our measurements, we used

a probe beam power of 27 W and coupling powers of up to 5 mW.

6.2.2 Result and discussion

Fig. [6.3] shows four signals resulting from coupling power of 200 W and 27 uW
probe power. The top of the figure (a) and (b), show the photodiode signals S; and
Ss. Each signal contains a Lorentzian shape as a result of the difference in absorp-
tion between left and right circularly polarised beam as well as a dispersive shape
resulting from the difference in dispersion between left and right circularly polar-
ised beam. The sum of these signals (S; + S2)/2 is the transmission of the probe
beam which results in a Lorentzian profile shown in Fig. (c) for 3Rb, while,
subtraction of these signals (57 — S2)/2, results in a dispersive lineshape, as shown
in Fig. 6.3[(d). An explanation for the polarisation spectrum feature can be given
as follows; we assume that a quantisation axis is defined in the direction of probe
beam propagation, the coupling beam which is circularly polarised induces aniso-
tropy in the atomic medium by driving o transitions and preferentially pumping

population into states with higher mpg.

We consider the linearly polarised probe beam in the excited state transition to
be a superposition of left and right circular polarisation, this beam is used to
couple states with |F'=4) to |F" =3); consequently, the component of the beam
which drives o~ transitions is preferentially absorbed because there are no allowed

ot transitions from |F' = 4,m’}. = 4) state to |F” = 3,m/, = 3) state. The
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difference in absorption coefficients between left and right circularly polarised beam
(Aa = at —a7) is proportional to the sum of the two signal S; and Sy which has

a Lorentzian profile

S+ .5

5 X Aa. (6.1)

As described by the Kramers-Kronig relation [230], there is a concomitant change
in refractive index together with the change in absorption coefficients, where the
difference in refractive indices between a left and right circularly polarised beam
(An = nt —n7) is proportional to the difference between the two signals S; and

So which produces the dispersion shaped signal

@ x An. (6.2)

This dispersive signal is a convenient, modulation-free signal and this technique can
be used for laser frequency stabilisation. In Fig. [6.3]it can be observed that there
is a smaller feature at approximately 470 MHz, which corresponds to excitation
via the |F’=3) state. This observed hyperfine splitting is due to the F” = 3 state,

which is scaled by the ratio of the wavelengths of the beams 1- A\./\, [231].

We study the development of the excited state polarisation spectroscopy signal
as a function of coupling power as shown in Fig. [6.4] (a-e). In response to an
increase in coupling power, the dispersive signal broadens and increases in size,
thereafter a second sub-Doppler dispersive signal which has the opposite sign to
the original signal, is observed on resonance. As coupling power increases further,
the magnitude of the sub-feature and the linewidth of the main signal increase.
As the ground state transition is saturated, power broadening and Autler-Townes

splitting (ATS) occurs in the intermediate state which causes this sub-feature.

The effect of Doppler averaging on the polarisation spectroscopy signal can be

investigated using numerical modelling. This is achieved by describing the atoms
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Figure 6.3: Absorptive and dispersive lineshapes for two components of
excited-state spectroscopy: (a) and (b) Probe transmission signals recorded
individually from each photodiode S; (blue line) and S (purple line), (c¢) the
average transmission (57 + S2)/2 of these two signals. (d) The difference of the
Probe transmission signals (57 — S3)/2 is a dispersive profile, the detuning is with
respect to F” = 4. A small peak at around +70 MHz can be observed which is due
to the F” = 3 hyperfine state. Figure taken from [229].

using a simplified three-level scheme and finding the steady-state solution by using
the optical Bloch equations. The optical Bloch equations are derived from solving
Lindblad master equation as a function of the time evolution of the density matrix

[111] as outlined in Chapter 2.

As demonstrated by the experimental spectra, when probing the excited state trans-
ition we see that the real part of the steady-state probe coherence between the in-
termediate and excited state Re(pa3) is equivalent to the difference in the refractive
index. The refractive index difference is, in turn, proportional to the probe dis-
persion signal, which is our experimental signal. The solution of the steady-state

probe coherence element of the density matrix (p23) between the intermediate state
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Figure 6.4: Excited-state polarisation spectroscopy as a function of coup-
ling power: (a-e) Excited-state polarisation spectroscopy signals with varying
coupling power experimentally and (f-j) theoretically by solving the real part of
the steady-state probe coherence in optical Bloch equations. The experiment and
theory qualitatively look similar and due to Autler-Townes splitting of the interme-
diate state a sub-feature appears at a critical value by coupling laser Rabi frequency.
Experimental parameters: Probe laser Rabi frequency €2, /27= 2.7 MHz, and coup-
ling laser Q./27= (a) 6.9 MHz (50 pW), (b) 13.9 MHz (0.2 mW), (c) 21.9 MHz
(0.5 mW), (d) 27.8 MHz (0.8 mW) and (e) 43.9 MHz (2.0 mW). Theoretical para-
meters: Probe laser Rabi frequency Q,/2m= 2.7 MHz, and coupling laser ./2r=
(f) 2.8 MHz, (g) 4.6 MHz, (h) 7.3 MHz, (i) 9 MHz and (j) 12.7 MHz. Figure taken
from [229].

and excited state can be obtained, by solving Eq. of motion for the density

matrix element (po3), with pe3=0 and using the result from [232]

- N
oy = S v L )
T1AC + T1y12? 4 71292 Yoz + il

(6.3)

-1

Q.2
x |y +i(Ap + Ag) + —2——
Y13 ( 9] c) 723+2Ap‘|

where (). is the Rabi frequency of the coupling laser between the ground and

intermediate states with detuning A, and €2, is the Rabi frequency of the probe

laser between the intermediate and the excited states with detuning Ap. 12,713
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and a3 are the decay terms of the coherences, as outlined in Eqs and 7y, and
~. are the terms describing dephasing due to the finite linewidth of the probe and
coupling field respectively. We set I'y = 0 by assuming there is no decay out from

the lowest level.

In a thermal vapour, due to the Doppler effect, each atomic velocity class will
experience a different laser detuning A, and A.. To include the effect of inhomo-
genous Doppler broadening into our model, we can modify the probe detuning and

coupling detuning in our total Hamiltonian Eq. 2:31] as,

Ap = Ay —kp-v (6.4a)

Ac — Ac+ke-v (6.4b)

where £}, and k. are the wave vectors of the probe and coupling beams, respectively,
and v represents the atomic velocity in the direction of the probe beam propagation.
We can model the optical response of the system by summing the contributions of
each velocity class of atoms which are scaled according to the Maxwell-Boltzmann

distribution at room temperature.

This model can be used to calculate and plot the steady-state probe coherence, as
a function of probe detuning, which is parameterised by the coupling laser Rabi
frequency, as shown in Fig. The results of the numerical simulation are shown in
Fig. (f—j). We found that the resulting dispersive signal is qualitatively consistent

with experimental data.
The coupling Rabi frequency can be written,

_ s [ 4P

Q
¢ h \ cegmw?

(6.5)

where P represents the peak beam power, w is the beam waist of the coupling laser,

and dog is the dipole moment between the intermediate state and excited state. In
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Figure 6.5: Gradient of the polarisation spectroscopy signals for 3Rb
and 8"Rb: On-resonance gradient, normalised to the maximum gradient of the
polarisation spectroscopy signals for ®Rb and 3’Rb when Ay is on resonance with
varying coupling power. The inset figure is the dispersive signal from ®°Rb at
coupling power of 0.2 mW, and the dashed line shows the on-resonance gradient.
Figure taken from [229].

the experiment, the Rabi frequencies are found to be consistently higher than those
indicated by the modelling; however, the model assumes the largest possible value
of the dipole moment and dominated by the closed transition, 5P; /Q\mp/ =4) —
6.5 /z\mpu = 3). However, in the actual experiment, in addition to the closed
transition there will be on average a smaller effective dipole moment due to the
population being distributed across all of the mp states and the dipole moment
will be an average over these states. Moreover, since the beams have a Gaussian
intensity profile, the Rabi frequency varies spatially across the beam, resulting in

inhomogeneous broadening since each atom experiences a different Rabi frequency.

To determine the conditions in which ATS occurs and the sub-feature appears, we
recorded the gradient of the signal as a function of coupling power at two-photon

resonance, i.e. at A, = 0 as shown in Fig. Initially, the on-resonance gradi-
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Figure 6.6: The theoretical modelling of the excited-state polarisation
spectroscopy signal depending on Doppler averaging: The theoretical mod-
elling of Doppler averaging on excited-state polarisation spectroscopy signal as a
function of probe laser detuning A, with different atomic velocity classes. The
steady-state probe coherence Re(p2s) is proportional to the dispersion signal. (a)
is the lineshape for v = 0. (b) non-zero velocity classes, vmax = 200 m/s and each
velocity class separated by 2 m/s. (c) is the Doppler-averaged lineshape, where the
contributions of non-zero velocity classes enhance the sub-feature. Figure taken

from [229].

ent increases as the coupling power increases, up to a maximum around 0.3 mW.
Thereafter, as splitting occurs, the slope decreases and then changes sign and in-
creases, then levels off at higher powers. We can see that the on-resonance feature
changes sign at around 0.8 mW of coupling power. Further, Fig. shows very

similar trends for 8> Rb and 8"Rb, similar to what Carr et al saw [I15].

To demonstrate how the appearance of the sub-feature is related to Doppler aver-

aging, we have shown how different velocity classes contribute to the overall signal.
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Fig. demonstrates the importance of using Doppler averaging when modelling
this sub-feature. If all atoms are at rest, the dispersive signal has an on resonance
gradient with a negative sign, as shown in Fig. (a) for certain values of coupling

Rabi frequency.

When considering the effect of the contribution from varying velocity classes, as
shown in Fig. (b), by integrating over all velocity classes, the Doppler-averaged
shape and the evolution of the sub-feature can be determined, which produces the
lineshape seen in Fig. c). In our model of atomic distribution, we summed over
the velocity classes separated by 2 m/s with a maximum velocity of vyax = 200 m/s.
This cut-off point was determined as increasing velocity greater than this resulted in
no further changes to the signal shape. In the simulation, we applied the following
parameters, probe laser Rabi frequency 2,/2r= 3.7 MHz, a coupling laser Rabi
frequency Q./2m= 12.8 MHz, dephasing decay due to the finite linewidth of the
probe and coupling field, respectively, v, /27 = v./2m = 0.5 MHz, the decay terms
of the coherences v12/2m = 3 MHz, v13/27 = 2.8 MHz, 23/27 = 5.3 MHz and a

temperature T= 293 K.

Based on our model, we conclude that the onset of the narrow sub-feature due to
ATS is enhanced by the contribution of atoms with non-zero velocity and occurs
at a lower coupling power in thermal atoms than in cold atoms. These findings
concur with similar results in other pump-probe experiments, different lineshapes
and narrow sub-features generated by Doppler averaging have been observed [233]

934, [235].

6.3 THz Imaging System based on Rb Atoms

The ®°Rb atomic system that will be used in future experiments to achieve multis-
pectral imaging in the THz frequency range is shown in Figl6.7] It is similar to the
atomic system for Cs that we used in this thesis and outlined in Chapter 3. This

atomic system uses three IR lasers in three steps to excite the atoms to Rydberg
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levels. The probe laser (780 nm) excites atoms from 55 /5 to 5P; /2, then the atoms
are promoted from 6P/ to 75}/ by a coupling laser (1366 nm). Using the Ry-
dberg laser (767 nm) we can excite the atoms to 17P3/, state. Applying a resonant
THz field will allow us to couple two Rydberg states. Using the method developed
in [94], we can identify the optimum transition for imaging in this system which
is 17P3/5 — 16D5,5 at a frequency of 0.65 THz. The interaction of the THz field
with the excited atoms leads to the emission of a blue turquoise fluorescence due to
the difference between Cs and Rb atomic structures, as shown in the inset picture
of Fig The strong optical fluorescence that is emitted from 16Dy, state at

491 nm [94], corresponds to 16D5,5 — 5P3/5 decay.

In the multispectral imaging experiments, we want to illuminate a dual-species
Cs-Rb cell by two different THz fields, ( 0.55 THz for Cs and 0.65 THz for Rb),
that will allowed us to obtain two different wavelengths for imaging, 535 nm and

491 nm, respectively.

6.4 Conclusions

In this chapter, we have presented an introduction of multispectral imaging. We
have investigated excited state polarisation spectroscopy in Rb as progress toward
multispectral THz imaging, and developed excited state polarisation spectroscopy
as a function of coupling power in room-temperature rubidium vapor. Via ex-
perimentation, we determined the characteristics of a sub-feature, subsequently
applying a theoretical model to demonstrate enhancement of this feature via Dop-
pler averaging. The narrow dispersion signal generated is ideal for laser frequency
stabilisation, due to its sharp derivative and simple experimental setup. In further
application of these findings, we plan to apply this technique to terahertz imaging
experiments. The Rb atomic system which will be used to obtain multispectral

THz imaging in the future experiments is displayed.
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Figure 6.7: THz imaging system based on Rb atom: Schematic of the atomic
system of 8Rb used in THz imaging. The red, blue and purple arrows correspond
to the laser excitations. A probe laser with wavelength A = 780 nm coupled
the ground state 551/, to the intermediate state, 5P5/5, a coupling laser with
wavelength A = 1366 nm coupled the intermediate state to the excited state 65 /.
The excited state then coupled to the Rydberg states 17P; /5 by Rydberg laser with
wavelength A = 767 nm. The yellow arrow represents the THz field that couples
the two Rydberg states 17P3/, and 16D5/5. The blue turquoise arrow is the decay
pathway of the optical fluorescence that is emitted from the 16D5 /5 state to 5Pz,
state. The inset picture is the image of the cell with blue-turquoise fluorescence
taken by Dr.Shuying Chen.
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CHAPTER 7

Conclusion and Outlook

This thesis studies a THz imaging system using atomic vapour. IR lasers excite
Caesium atomic vapour to a targeted Rydberg state, creating a 2D THz sensor that
converts an incident THz field into a detectable green fluorescence. This thesis uses
a 2D sheet of excited Rydberg atoms as a new THz detector to analyse polymer
materials using the Beer-Lambert Law to determine the absorption coefficient. This
imaging system is calibrated to measure the THz intensity from the fluorescence
emitted by the atomic vapour. In addition, the same experiment is performed using
a commercial thermal THz power meter as a comparison experiment as the THz
atomic detection technique is sensitive to any environmental changes in the system.

The results of both experiments show good agreement.

This thesis also demonstrated some real-world applications of an atom-based THz
imaging system; we showed that through THz imaging one can distinguish seem-
ingly identical electronic components by imaging their internal structures. This
system provided sufficient imaging contrast to distinguish between different mater-
ials in an image; in the case of a sample made from two different polymer materials
when imaged at two different frequencies. This result was a motivation to pursue
multispectral THz imaging. We made progress towards multispectral THz imaging
by investigating excited-state polarisation spectroscopy in Rb. This technique was

studied as a function of coupling power. In this technique, the 780 nm coupling
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power beam induces a birefringence that is probed by the 1366 nm probe beam,
resulting in narrow dispersive signals with excellent signal-to-noise ratios. Fur-
thermore, by stabilising the frequency of the coupling beam using ground state
polarisation spectroscopy, this technique can be used to frequency stabilise the

probe beam in an excited state transition to perform imaging THz experiments.

There are still unanswered questions, in the measurements described in Chapter 4,
the polymer samples were all taken from the same manufactured batch. We found
that they give different results when they should be identical. Such experiments
could be done by pressing these polymer materials and then squashing them, and
repeating absorption coefficient measurements. However, we do not have the re-

quired equipment to do this experiment.

In the measurements described in Chapter 4, we found our absorption coefficient
measurements are higher than the literature. We suggest that not all of the light
is lost due to absorption, but is partially lost to reflection. Further work would
measure the reflection loss from the surfaces of the material samples used in the
materials analysis experiment. One approach could make measurements of samples
with total thickness [, divided into n number of plates. Each plate, of thickness [/n,
would provide additional reflection surfaces. This would allow us to determine the
reflection losses. By measuring the transmission for each, then plotting it against
the number of plates. If the transmission remains the same that means there is no
reflection loss as we expected. When the reflection loss happens once, it will be
constant for all measurements, which is the benefit of normalising the data. If the

transmission is reduced, we can infer the reflection loss. This can be accounted for
in Eq[7.1] [141]
T=(1-R)e ™ (7.1)

where T is the transmission and R is the Fresnel reflection formula. The reflection

losses scales linearly with the number of plates (and therefore number of reflection
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DN\

0

Figure 7.1: Sample of polymer material with different thickness One piece
of polymer material with different thickness in steps to perform materials analysis
experiment automatically using a motorised translation stage.

surfaces). However, we do not have enough data to perform these measurements.

Noise fluctuations in the atomic based imaging system can be reduced by automat-
ing the experiment. This can be done by using a motorised stepping stage on which
the sample can be situated, and for each material, using a single sample containing
different thicknesses as in Fig[7.1] By doing this, we will avoid opening the encased
optical table to swap materials during the experiment, thereby reducing the cell

temperature fluctuation.

Future work will attain multispectral imaging using a dual-species (Cs-Rb) vapour
cell, providing a greater number of THz frequencies to image at. Such work will
be a step forward in THz imaging in a variety of applications such as wind turbine
inspection [236] and pharmaceutical industry’s quality control [237]. We hope the
principle of this technology and the dual-species imager could be applied in a wide
range of applications in far future such as security screening [238] and industrial

applications [239].
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APPENDIX A

Correct The Spatial Resolution By

The Magnification Factor

In Figl5.4] we can see the THz beam after being launched from the horn and is
collimated by the Teflon lens. This collimated beam will illuminate the letter “T”
sample at the imaging plane, then it will be imaged onto the light sheet imager in
the vapour cell by using optical system M1, and then the letter will be re-imaged
in the optical camera by using a second optical system M2. In order to determine
the spatial resolution of the system, we have placed our occlusion in the imaging
plane that has been imaged in our light sheet imager, which was then re-imaged in
our optical camera, which will be our data image. This image is converted to a 1D
array and the derivative was calculated to obtain a peak that has a width which
is obtained by knowing the scale of the magnification factor, M2. Our spatial
resolution needs to be corrected by finding the scale of the magnification factor
where the actual object is placed (M1). M1 is a commercial THz lens system that
is discussed in Chapter 3 and is designed to have a 1:4 magnification according to
the placement of the object. This magnification can be calculated from the real
size and the size of the image of the letter “T” in our piece sample. Since the letter
“T” has a non-uniform shape, the real size can be calculated by measuring the size

of the letter “T” using a travelling microscope. The magnification M1 which can
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A. Correct The Spatial Resolution By The Magnification Factor

be expressed as:

M1 - [mage size (A1)
object size
object size = 8.86 + 0.07 mm. (A.2)

where the error in the real scale is the statistical deviation of five measurements.
For the imaging scale, again, we have two different THz frequencies that have been
used, we have measured the width of the letter “T” in pixels by using 0.55 THz
frequency to be Nss5 = (354 + 10) pixels, and for the 1.1 THz frequency
N1y = (331 £ 10) pixels. The image scales for both frequencies can be written

as:

image size (g 55 = N(0.55) X converter

(A.3)
=4.78 £ 0.14 mm.

image size(; 1) = N(1.1) X converter (A4)

=447 +0.14 mm.

By inserting Eq[A2] Eq[A-3]and Eq[A 4] in EqJAT we can obtain the magnification
factor, M1, for 0.55 and 1.1 THz frequencies.

M1 g 55) = 0.54 £ 0.02, (A.5)

M1, 1y = 0.50 £ 0.02. (A.6)

To obtain the corrected spatial resolution, we substitute the width and magnifica-
tion factor M1 from Eql5.2land Eq[A 5| for 0.55 THz, EqJ5.3|and Eq[AZ6for 1.1 THz
into Eq[5-4}
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. Correct The Spatial Resolution By The Magnification Factor

Width g 55)

Spatial resolution(o 55) =
' M1 (g 55)

= 0.78 £ 0.07 mm,

Width 1)

Spatial resolution(l_l) = il
(1.1)

(A.8)
= 0.59 £ 0.08 mm.
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