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Abstract

This thesis proposes the design of a dual-mode photoacoustic tomography and

optical-resolution photoacoustic microscopy scanner. Photoacoustic tomography

can visualise larger blood vessels in the skin with a penetration depth of up to 1 cm.

Optical-resolution photoacoustic microscopy can image the microvasculature at a

capillary level in the skin with a penetration depth of up to 1 mm. A combina-

tion of both modes will result in images that have both, larger penetration depths

from the tomography mode and high resolution in superficial depths from the mi-

croscopy mode. The integration of both modes in one scanner is straightforward

if the scanner is based on the Fabry-Pérot ultrasound sensor since it is transparent

to the excitation wavelength image. A dual-mode Fabry-Pérot based scanner has

been reported before but modifications are needed for successful in vivo imaging.

Dual-mode piezoelectric detector based scanners have not been proposed so far.

This thesis describes the work that was undertaken to improve the perfor-

mance of both scanners and achieve dual-mode photoacoustic tomography (PAT)

and optical-resolution microscopy (OR-PAM). A novel laser-scanning optical-

resolution photoacoustic microscopy system (LSOR-PAM) was developed and in-

tegrated into the same scanner. The system performance was assessed individually

for all setups. PAT, OR-PAM and LSOR-PAM images were taken successfully from

various phantoms and a mouse ear (ex vivo).

A large part of the work that was undertaken in preparation of dual-mode im-

age acquisition was the design of a novel Fabry-Pérot sensor. The original design

of the mirrors that form the Fabry-Pérot cavity has been analysed in detail. The

effect of changes in the mirror design and the effect of uncertainties arising from
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the manufacturing process of the mirrors were analysed. Based on the results of this

analysis a new design for the mirrors was proposed. The new sensor is transparent

at excitation wavelengths for both PAT and OR-PAM/LSOR-PAM.



Impact statement

The design of a Fabry-Pérot sensor that can be used in both photoacoustic tomog-

raphy and optical-resolution photoacoustic microscopy has directly enabled the de-

velopment of a dual-mode scanner. The inclusion of the LSOR-PAM mode was a

first step towards improving image acquisition speed. The validation of the model

for the Fabry-Pérot sensor has provided a reliable method to predict the optical sen-

sitivity of the sensor and can be used as aid for future sensor designs. The analysis

of the impact of various parameters on the optical performance can be used to guide

future research, by suggesting sensor configurations.

By developing a multiscale dual-mode photoacoustic imaging scanner it has

become possible to image both deeper vessels in the tissue and the superficial cap-

illaries. When the image acquisition speed is improved further it will be possible

to acquire spectroscopic dual-mode images of the vasculature. No other imaging

modality can provide structural and functional information of the vasculature in

this way. They either suffer from poorer contrast, resolution or penetration depth.

Other photoacoustic scanners were developed for imaging the vasculature in

the skin. However, none offer both high imaging depth and high resolution. A

clinical dual-mode scanner could be used for non-invasive skin cancer diagnosis

and staging as well as monitoring treatment effects and developing highly targeted

and personalised treatment. It can also assist the development of new drugs in

pre-clinical models. Additionally, the scanner could be used to study other skin

conditions non-invasively, such as burn wounds, ulcers and psoriasis.
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4 Design of a Fabry-Pérot sensor for dual-mode imaging 35

4.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
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5.4 Setup of the Fabry-Pérot scanner in tomography mode . . . . . . . 80

5.5 Field of view of the PAT scanner . . . . . . . . . . . . . . . . . . . 82

5.6 Intensity profile of a carbon fibre image acquired in PAT . . . . . . 83

5.7 PA signal from a thin planar absorber acquired in PAT . . . . . . . . 84

5.8 Setup of the scanner in OR-PAM with a Fabry-Pérot sensor and a
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nar Fabry-Pérot sensor for different interrogation spot sizes. . . . . 107

5.20 Directivity measurements with a FWHM spot size of 15 µm for dif-

ferent sensor thicknesses. Top Figure shows the maximum inten-

sity projection of the recorded signals normalised to normal inci-

dence. The grey dotted line shows where the peak to peak values

sink below 50 % of the peak to peak value at normal incidence. The

other Figures show the measured and modelled frequency responses

at 5 MHz, 20 MHz, 40 MHz and 60 MHz between 0 ◦ to 60 ◦ for

ωFWHM =15 µm. . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

5.21 Effective element radius in relation to sensor thickness and interro-

gation spot size [8] . . . . . . . . . . . . . . . . . . . . . . . . . . 111



List of Figures xviii

5.22 Directional frequency response at 25 MHz for a 5 µm thick sen-

sor and an interrogation spot size of ωFWHM =10 µm (a) and

ωFWHM =15 µm (b). The dotted line shows the measured data. The

solid line shows the interrogation spot size as detector element size

and the dashed line shows the effective element size as detector el-

ement size. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

5.23 LSOR-PAM line scan of planar absorber. (a) shows the 2D plot of

the photoacoustic signal over angle of incidence and time for a 5 µm

soft dielectric sensor. (b) shows a close up of (a). (c) shows some

selected photoacoustic signals extracted from (b). (d) shows the 2D

plot of the photoacoustic signal over angle of incidence and time for

a 20 µm hard dielectric sensor. (e) shows a close up of (d). (f) show

some selected photoacoustic signals extracted from (e). . . . . . . . 115

5.24 Illustration of effect of PA detector and source arrangement in the

scanned OR-PAM and LSOR-PAM case on the time of arrival of

the PA signal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.25 LSOR-PAM line scan of planar absorber. The dotted line shows the

time of arrival determined by applying the Pythagorean theorem. . . 118

5.26 Photoacoustic images of a planar absorber acquired in LSOR-PAM

mode. (a) xy-view MIP, (b) xz-view MIP and (c) yz-view MIP of

the unreconstructed image. (d) xy-view MIP and (e) xz-view MIP

of the reconstructed image. (f) xz-view MIP close up of the recon-

structed image. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

5.27 Setup of the dual-mode photoacoustic imaging scanner with a
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Chapter 1

Introduction

This thesis was written as fulfilment of the requirements of the degree of Doctor of

Philosophy at University College London. The work presented here was carried out

in the Department of Medical Physics and Bioengineering. The results presented

here have been achieved by the author or were part of a collaboration if not stated

otherwise.

The purpose of this opening Chapter is to introduce the project, its motivations

and goals as well as outline the structure of this thesis.

1.1 Motivation
Photoacoustic imaging is based on the photoacoustic effect, which describes the

conversion of light to sound through the absorption of photons. If tissue is illumi-

nated with the correct excitation wavelength, it is possible to image the vasculature

non-invasively.

Photoacoustic imaging can be separated into different modalities. Rows one

and two in Figure 1.1 on page 6 illustrate the two main modalities relating to this

project. The difference between photoacoustic tomography (PAT, Figure 1.1 top

row on page 6) and optical-resolution photoacoustic microscopy (OR-PAM, Figure

1.1 middle row on page 6) lies in the generation of the acoustic waves. In PAT a

large area of tissue is illuminated, whilst in OR-PAM the excitation beam is focused

to a small spot. As a consequence PAT can image blood vessels to depths of 1 cm

into the tissue at a spatial resolution of approximately 40 µm. OR-PAM can achieve
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spatial resolutions of 6.1 µm, more than six times the resolution of PAT. The down-

side of OR-PAM is the imaging depth, up to 1 mm, due to scattering of the photons

in the tissue. The integration of both modalities into one scanner would enable a

user to take advantage of OR-PAM’s high resolution at lower depths whilst PAT

provides information on vessels deeper in the tissue, see Figure 1.1 bottom row.

The Fabry-Pérot sensor is an optical ultrasound detector. In PAT photoacoustic

signals are being detected by scanning the interrogation beam across the sensor sur-

face. This is illustrated by the dotted line in Figure 1.1A. In OR-PAM the focused

excitation beam and interrogation beam are coaligned and scanned across the sen-

sor surface together , as illustrated in Figure 1.1B1. When the sensor is produced

imperfections can occur within the sensor. As a result the data acquisition speed

can be reduced. In additon, some detection points along the sensor can have faults

or extremely low sensitivity which can reduce the image quality especially in mi-

croscopy mode. To improve image quality and data acquisition speed in OR-PAM

an alternative detection method was characterised where the detection point on the

planar Fabry-Pérot sensor stays fixed to one interrogation point only. This method

of image acquisition is called laser-scanning optical-resolution photoacoustic mi-

croscopy (LSOR-PAM). Alternatively, the detection in OR-PAM can be achieved

by keeping the interrogation beam static and scanning the excitation beam across

the sensor surface independently, illustrated in 1.1B2.

The planar sensor based scanner has the unique advantage that the detector is

transparent to the excitation light. In scanners containing conventional piezoelec-

tric transducers the delivery of the excitation light is not as straightforward and no

scanner has been reported that incorporates both PAT and OR-PAM. Additionally,

the frequency response of the Fabry-Pérot sensor tends to be more broadband than

piezoelectric transducers. This enables the detection of both high frequency sig-

nals generated by smaller superficial features as well as low frequency content from

larger absorbers and absorbers deeper in the tissue with one detector.

Furthermore, smaller detectors are desirable so that high spatial resolution can

be achieved. However, the sensitivity of piezoelectric detectors decreases with de-
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creasing size. The Fabry-Pérot sensor on the other hand provides high sensitivity

even for small detection elements, which are defined optically.

1.2 Aim
The aim of this project was the integration of two alternative optical-resolution pho-

toacoustic microscopy setups into the existing tomography scanner. A visual sum-

mary of the project can be found in Figure 1.1. The following key objectives were

identified:

1. The Fabry-Pérot sensor had to be adapted so that it is transparent for the

excitation wavelengths of both PAT and OR-PAM without compromising the

sensitivity.

2. To find a suitable model that can predict the optical sensitivity of the sensor

(by calculating the Fabry-Pérot interferometer transfer function).

3. To develop an alternative LSOR-PAM setup that involves a fixed detection

point on the Fabry-Pérot sensor and investigate the impact of the interrogation

spot size and sensor thickness on the sensitivity.

4. To build a Fabry-Pérot scanner that includes all three modalities.

5. All modes should be fully characterised in terms of field of view, spatial res-

olution and speed of image acquisition.

6. Acquire images of phantoms and vasculature ex vivo in all modes.

This thesis presents the work carried out to meet these objectives.

1.3 Structure of the thesis
The thesis is divided into five parts.

The first part forms the introduction to photoacoustic imaging. Chapter 2 in-

troduces photoacoustic imaging with a focus on the modes that form the dual-mode

scanner. The Chapter introduces the main features of PAT and OR-PAM and gives

a brief overview of the state of the art of similar scanners.
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Part two of the thesis aims to analyse the Fabry-Pérot sensor in depth and ad-

dresses objectives 1 to 3. Chapter 3 introduces the Fabry-Pérot sensor and what

parameters impact its performance. The Chapter then moves on to a model that was

developed as part of the photoacoustic imaging group. It can be used to determine

the interferometer transfer function (ITF) of the sensor depending on various pa-

rameters. Chapter 4 covers the in depth analysis of the sensor design and how it can

be modified to incorporate both PAT and OR-PAM.

The third part of the thesis is based on objectives 4 and 5. Chapter 5 introduces

each photoacoustic mode in the Fabry-Pérot scanner in detail and defines the field

of view, spatial resolution and scan speed. Chapter 6 is based on objective 6 and

shows images that were acquired with the multiscale dual-mode scanner and anal-

yses those. It covers both - images acquired from phantoms and images acquired

from mice (ex-vivo) for all three modalities.

Conclusions and future work (Chapter 7) are discussed in part four of this

thesis.

Finally, the Appendices include a look-up table of the optical performance of

the sensor depending on a large number of different parameters in Appendix A, a

brief analysis of a small part of the data presented in the look-up table, Appendix B

and finally an additional Chapter concerning the potential commercial application

of the multiscale dual-mode scanner, Appendix C.

All sources that were used as part of this thesis have been referenced and are

listed in the bibliography starting on page 199.
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Figure 1.1: Aim of the project. A: PAT setup with a planar Fabry-Pérot sensor. The sensor
sits on top of the tissue. The interrogation beam is focused on to the sensor and scanned
across its surface. The excitation light is transmitted through the sensor illuminating the
tissue below. The arrow leads to a reconstructed image of the vasculature. B: OR-PAM
setup with a planar Fabry-Pérot sensor. The sensor sits on top of the tissue. The focussed
excitation light is transmitted through the sensor and focused into the tissue below. B1: In-
terrogation and excitation beam are coaligned and scanned together across the imaged area.
B2: The excitation beam is scanned across the imaged area independent of the interrogation
beam. The interrogation beam is fixed to one point on the sensor. Both OR-PAM systems
lead to a high resolution image of the vasculature. C: Dual-mode PAT and OR-PAM setup
with a planar Fabry-Pérot sensor. C1: Shows a combination of A and B1; C2: Shows a
combination of A and B2. The arrow leads a PAT image with a high resolution OR-PAM
image of the region of interest.



Chapter 2

Background

In this Chapter the underlying principles of photoacoustic imaging will be intro-

duced (Section 2.1). Photoacoustic tomography (PAT) and optical-resolution mi-

croscopy (OR-PAM) will be discussed in more detail and an overview of the state

of the art will be given (Sections 2.2 and 2.3 respectively). Finally, Section 2.4 will

give an overview of existing dual-mode photoacoustic scanners.

2.1 Photoacoustic Imaging
Photoacoustic (PA) imaging is based on the photoacoustic effect, which describes

the conversion of light to sound. High energy light pulses irradiate a sample and

part of the energy is absorbed. The absorbed energy is converted into heat and

thermoelastic expansion causes the emission of acoustic waves. The waves travel

back to the tissue surface where they can be detected. For image reconstruction an

array of detection points is required.

The imaging contrast in PA imaging mainly depends on the optical absorp-

tion, but also on the conversion efficiency of heat energy to pressure and optical

fluence (delivered energy per unit area). The optical fluence itself depends on the

wavelength dependent scattering and absorption which can vary throughout the tis-

sue. The imaging depth is limited by optical and acoustic attenuation, but optical

attenuation dominates.

The generation of photoacoustic signals, sometimes also referred to as the ex-

citation of PA signals, is usually achieved in the wavelength range of 550 nm to
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900 nm with the near-infrared range (600 nm to 900 nm) providing higher penetra-

tion depths. Tissue chromophores such as haemoglobin, melanin, water or lipids

have a wavelength dependent absorption coefficient and by choosing a specific ex-

citation wavelength it is possible to visualise a specific tissue chromophore. Figure

4.1 on page 35 shows the wavelength dependent absorption coefficients for selected

chromophores. The endogenous chromophores enable label-free use of PA imag-

ing, but do not exclude the use of contrast agents. The absorption based contrast

provides better spatial resolution than pure ultrasound imaging. Because the signal

detection is not dependent on unscattered photons, as would be the case in pure op-

tical based imaging systems, the penetration depth is higher than in such systems.

As a result this hybrid imaging approach combines the advantages of both optical

and acoustic imaging techniques.

When imaging blood vessels PA imaging can provide structural information.

In addition, the use of spectroscopy can provide information on the oxygenation

status and photoacoustic doppler velocity measurements can provide information

on blood flow.

The non-ionizing illumination makes PA imaging an appealing imaging modal-

ity. Scanners have been developed for a wide range of applications. Endoscopic

devices have been reported [12, 13] as well as interventional devices [14]. Scan-

ners were developed to image deep into the breast [15] and handheld devices were

reported that can image the thyroid [16] and tumours in the breast [17]. Some scan-

ners focus on small animal imaging [18]. The scanner developed as part of this

project is aimed for imaging the vasculature in skin and this Section will mostly

focus on scanners with the same application. Photoacoustic imaging of the skin

has been used successfully to visualise the different layers in the skin [19], to assess

psoriasis [2], burn wounds [20] and melanoma [21]. The non-invasive, non-ionizing

and label-free nature of this modality enables the monitoring of treatments for skin

conditions.

Detection of PA waves can be achieved with various methods. One method

of detection is the use of a piezoelectric transducer. Mechanical stress from the ul-
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trasound waves deforms the piezoelectric material. This process creates an electric

charge in the material. By measuring the alternating current that results from the

modulation with an ultrasound wave the acoustic signal can be detected. An al-

ternative detector is the capacitive micro-machined ultrasound transducer (CMUT).

However, its use is a lot less common in photoacoustic imaging. CMUTs consist

of two charged plates. An incident acoustic wave changes the distance between the

plates and therefore their capacitance. Recording the change in voltage across the

two plates due to the change in capacitance enables the detection of acoustic waves.

Due to the relatively low penetration depth of photoacoustics, when imaging the

skin, signals have to be detected in reflection mode. This means that excitation and

detection are carried out from the same side of the sample. Both detectors have a

significant disadvantage when it comes to acquiring photoacoustic images in reflec-

tion mode - they are not transparent. As a consequence arrangements have to be

found that allow for the excitation light to be guided around the detector, increasing

the separation between sample and detector. Consequently, acoustic signals need to

travel further before they reach the detector, increasing attenuation of the signals,

especially at higher frequencies. Since the frequency content of the recorded signals

defines the spatial resolution of the images, the detection of high frequency acoustic

waves is highly desirable.

Alternatively, optical ultrasound detectors can be used. They are transparent

to the excitation light and can therefore be placed close to the sample, minimizing

the attenuation of acoustic signals. The most common optical detector in photoa-

coustics is the Fabry-Pérot sensor. The Fabry-Pérot sensor consists of two mirrors

separated by a spacer (∼ 5 µm to 50 µm thick). If light of a certain wavelength

is incident onto the sensor it will reflect back and forth within the cavity and the

reflected beams will interfere. Some will be reflected back from the sensor. An

acoustic wave will modulate the spacer thickness and if certain conditions are met

(see Section 3.1) this will modulate the intensity of the back reflected light. Detec-

tion of the back reflected light is achieved with an AC coupled photodiode.

An alternative optical detector reported in photoacoustic imaging is the micro-
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ring resonator. Interference occurs in the ring-shaped waveguide. Its shape and re-

fractive index are modulated by acoustic waves, which modulates the light intensity

[22]. However, a micro-ring resonator provides only one detection point, creating

the need for the sample to be scanned mechanically if a tomography image is to be

acquired. To the author’s knowledge no PAT scanners based on a micro-ring res-

onator have been reported so far. Mechanical scanning of the sample in OR-PAM is

currently being achieved at a speed of 16 Hz [23], well below the acquisition speeds

achieved with alternative detectors, which are currently limited by the excitation

laser repetition rate.

It is desirable for an acoustic detector to be small in size to minimize spatial

filtering and increase spatial resolution. With piezoelectric transducers this can be

challenging to achieve as a reduction in size also reduces its sensitivity. Element

size and sensitivity in a Fabry-Pérot sensor are generally independent. Furthermore,

piezoelectric transducers tend to be band-limited whilst the Fabry-Pérot sensors are

truly broadband [24].

Photoacoustic imaging can be implemented in different modalities. The two

modalities of importance to this project are photoacoustic tomography (PAT) and

optical-resolution photoacoustic microscopy (OR-PAM). In PAT signal generation

is achieved by illuminating a large area of tissue and recording the acoustic waves

with an array of detection points. A 3D image can be reconstructed from the

recorded waves. In OR-PAM the excitation light is focused to a small spot. Excita-

tion and detection are carried out point by point and the reconstruction is straightfor-

ward with a combination of the acquired A-lines. Alternatively, in laser-scanning

optical-resolution photoacoustic microscopy (LSOR-PAM) the detection point is

static and only the excitation light is being scanned. Image reconstruction is re-

quired if depth information needs to be extracted.

It is also possible to illuminate a large area of tissue and focus the detector.

This method is called acoustic-resolution photoacoustic microscopy (AR-PAM).

However, this modality is not part of this project.

The following Sections will give a more detailed introduction into the relevant
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Figure 2.1: Generation and detection of photoacoustic tomography signals

modes and an overview of existing multimodal photoacoustic scanners.

2.2 Photoacoustic tomography (PAT)
In photoacoustic tomography a large diameter pulsed laser beam is used for the

excitation of ultrasound waves. The waves are recorded by an array of detection

points and an image can be reconstructed.

Figure 2.1 shows a diagram of the generation and detection of the photoacous-

tic signals in PAT. The photoacoustic imaging process is split into two parts. Part

one is concerned with the optical side of the process, part two is concerned with

acoustic propagation and detection of the signal. The steps of the signal generation

and acquisition are as follows:

1. The sample is being illuminated by the excitation laser. In the case of the

setup used in this thesis the light is transmitted through the acoustic detector

and then enters the tissue.

2. Once in the tissue, the light is being scattered and

3. absorbed when a photon hits a chromophore (wavelength specific absorber).

4. The absorbed energy causes a temperature and pressure rise within the region

of energy absorption.
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5. Thermoelastic expansion generates acoustic waves that propagate outwards.

6. A part of the wave will travel back to the detector. Detecting over an array of

points allows for the reconstruction of a 3D image of the absorbers.

For planar detectors the spatial resolution is separated into lateral and vertical

resolution. The lateral resolution describes the resolution in the plane parallel to the

detector and usually referred to as the xy-plane. The vertical resolution is in the z

direction, perpendicular to the xy-plane.

The lateral resolution depends on both bandwidth of the recorded signal and

the detection aperture. When imaging a section within the tissue the accessibility

to that region is limited. The photoacoustic waves will not be detected from all

sides. The limited aperture results in incomplete information about the source and

imperfect reconstruction of the image.

The vertical resolution only depends on the bandwidth of the recorded signal

with the high frequency components enabling better temporal resolution.

The Fabry-Pérot sensor based scanner has a lateral resolution of 40 µm at the

centre of the imaged area and close to the detector [25]. It decreases with increasing

distance to the centre of the imaged area as well as increasing distance to the sensor.

The vertical resolution was found to be 23 µm and the acquisition speed is 30 Hz,

which is restricted by the repetition rate of the excitation laser.

An alternative scanner was developed by Wang et al and describes an array of

transducers integrated into a handheld probe [26]. Sample illumination is achieved

through fibre boundles next to the detector. The spatial resolution is 700 µm. How-

ever, the scanner provides higher penetration depth than the Fabry-Pérot sensor

based scanner.

2.3 Optical-resolution photoacoustic microscopy

(OR-PAM)
In OR-PAM the excitation light is focused to a small spot on or slightly below

the tissue surface. The generated ultrasound waves are detected at the same point.
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To acquire an image the excitation beam will be scanned across the tissue surface

together with the ultrasound detector. An image can be reconstructed directly from

the A-lines of the scan. The lateral resolution is defined by the spot size of the

excitation laser beam and is ideally diffraction-limited. The maximum penetration

depth is 1 mm due to optical scattering. The vertical resolution is the same as in

tomography mode for superficial absorbers since it only depends on the acoustic

attenuation and bandwidth of the sensor.

A large number of OR-PAM scanners were developed in the past. When ac-

quiring OR-PAM images with a piezoelectric transducer in reflection mode the de-

tector will need to be placed at a distance from the sample to allow for the excitation

light to be delivered. One example of an OR-PAM scanner is a raster scanning de-

vice by Hu et al [27]. It involves the use of two prisms with a thin film of silicone

oil between them. One prism is used to couple the ultrasound detector to the sam-

ple and the other prism diverts the excitation beam to the sample. Together the

prisms provide coaxial alignment. The scanner has a lateral resolution of 2.5 µm, a

field of view of 10.6 mm × 10 mm and an acquisition speed of 1.6 kHz. Alterna-

tively, a handheld device was developed [28]. Acoustic-optical coaxial alignment

is achieved with two prisms that have an aluminium coating between them. The

field of view is a circular region with a diameter of 6 mm. The area is scanned by

an xy-MEMS mirror at a speed of 2 kHz. A lateral resolution of 5 µm and an axial

resolution 26 µm were reported. Both setups use a 50 MHz transducer.

The highest lateral resolution reported so far is 220 nm [29]. However, data

acquisition was carried out in transmission mode.

The Fabry-Pérot scanner by Zhang et al [25] will be discussed in great detail

in Chapter 5. It consists of two beams: one for the excitation of PA waves and

one for the detection. The two beams are combined via a dichroic mirror. A 2D

galvanometer scanner can deflect both beams over a 2D area. A scan speed of

1 kHz was reported [25], however a faster scan speed can be achieved with this

setup by increasing the repetition rate of the excitation laser. Experiments were

carried out with a sensor with a −3 dB bandwidth of 10 kHz to 160 MHz. Lateral
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and vertical resolution were reported at 7 µm and 10 µm respectively. The Fabry-

Pérot sensor is transparent to the excitation wavelength. It can be placed in direct

contact with the tissue, minimising attenuation of high frequency acoustic waves.

Spatial resolution with the Fabry-Pérot sensor based scanner is poorer than in other

OR-PAM scanners. However, the Fabry-Pérot scanner has the unique advantage

that it enables dual-mode PAT and OR-PAM image acquisition.

An alternative method of acquiring OR-PAM images is laser-scanning OR-

PAM (LSOR-PAM). As mentioned previously, the detection point is kept static

whilst the excitation beam is being scanned across the sample. LSOR-PAM was

reported with an unfocused commercial ultrasound detector and can reach a lateral

resolution of 7 µm [30]. The circular field of view has a diameter of 6 mm and an

acquisition speed of 1 kHz was achieved. Alternatively, a LSOR-PAM scanner with

a fibre optic ultrasound sensor based on a Fabry-Pérot cavity was reported [31].

Allen et al state a lateral resolution of 7 µm with a field of view of 8 mm×8 mm and

an acquisition speed of 1 kHz. LSOR-PAM with a planar Fabry-Pérot sensor will

be investigated as an alternative OR-PAM modality in Section 5.4.

2.4 Multimodal photoacoustic scanners
Multimodal photoacoustic imaging scanners were developed with a range of dif-

ferent imaging modalities. Most commonly PAT and ultrasound imaging were

combined due to their similar resolution and complementary information (vascu-

lature and surrounding structure). The use of such dual-mode scanners was most

recently reported in a study of thyroid cancers [32], brain imaging [33] and lymph

node imaging in breast cancer [34]. Another common dual-mode scanner is the

combination of PA imaging with OCT. OCT provides structural information of the

tissue surrounding the blood vessels on a scale similar to OR-PAM. A dual-mode

PAT/OCT scanner was used to image mice skin in vivo [25] and human skin [35].

The development of a combined PAT and OR-PAM scanner has not been re-

ported so far. When using piezoelectric transducers it is difficult to find an ar-

rangement for the detectors that allows the wide field PAT excitation beam and the
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Figure 2.2: Photoacoustic imaging scanners: (a) Ultra-broadband optoacoustic mesoscopy
[2]; (b) Photoacoustic tomography with a planar Fabry-Pérot sensor

focused OR-PAM excitation beam to illuminate the tissue simultaneously. Combin-

ing PAT and OR-PAM in a Fabry-Pérot sensor based scanner is straightforward and

allows acquiring photoacoustic images of both larger deeper features and superfi-

cial features in high resolution. In clinical applications it would allow to zoom into

areas of interest.

A novel approach to photoacoustic imaging was developed by Ntziachristos

et al [2, 36, 37]. This approach is not exactly a dual-mode PAT and OR-PAM

scanner; however, the use of an ultra-broadband detector in combination with image

reconstruction in several frequency bands has produced images that have both high

penetration depth and high resolution at lower depths.

Figure 2.2 shows both the mesoscopy scanner by Ntziachristos et al and the

Fabry-Pérot scanner (in PAT only). Excitation in the mesoscopy case is achieved

with a 532 nm laser. It generates pulses of 1 mJ with a temporal width of 0.9 ns

and a repetition rate of up to 2 kHz. The light is delivered to the tissue from two

sides through fibre bundles. The transducer is spherically focused with a bandwidth

of 10 MHz to 180 MHz. Scanning is achieved by connecting the transducer to two

motorised translation stages and reconstruction is carried out for selected frequency

bands respectively. The reported field of view (FOV) is 8 mm×8 mm. The lateral

resolution is 18.4 µm and the axial resolution is 4.5 µm. A maximum imaging depth

of 5 mm was reported and the scan speed is 2 kHz.

The mesoscopy scanner provides two times higher lateral resolution than the
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PAT scanner with a Fabry-Pérot sensor and an axial resolution that is five times

better. The imaging depth is five times the imaging depth in OR-PAM. However,

combining PAT and OR-PAM in a dual-mode scanner will provide images with a

lateral resolution of 6 µm to 7 µm in superficial features and a penetration depth of

1 cm.

The following Chapters will highlight the steps that were taken to develop a

multiscale PAT/OR-PAM/LSOR-PAM scanner with a planar Fabry-Pérot sensor.
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Chapter 3

Fabry-Pérot sensor theory

This Chapter introduces the Fabry-Pérot sensor. The sensor was a fundamental part

of this project and was analysed in great detail. Section 3.1 describes the design

and operation principle of the sensor. It is devided into optical and acoustic sensi-

tivity. The optical sensitivity was an essential part of the analysis of the following

Chapter and Appendices A and B. The acoustic sensitivity plays an important role

in the analysis of the LSOR-PAM setup in Chapter 5. The rest of this Chapter will

introduce different approaches to modelling the optical performance of the sensor

when illuminated with a Gaussian beam. Section 3.2.1 lays out the basic equations

for the Gaussian beam; followed by Section 3.2.2, which describes the ITF model

used as part of this thesis. Two alternative models will be introduced that were used

to partially validate the model presented in Section 3.2.2. All three models were

developed independently and are based on different assumptions. When all three

models simulate the same ITF for different parameters it is safe to assume their

simulation is correct. Both models are being introduced briefly in Sections 3.2.3

and 3.2.4. Section 3.3 shows the comparison of those models.

3.1 Sensor transduction mechanism
In this Section the operation principle of the Fabry-Pérot (FP) sensor will be de-

scribed. Parameters that are used to describe the performance of the sensor will be

defined.

The Fabry-Pérot sensor is used as an optical ultrasound detector for photoa-
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Figure 3.1: Fabry-Pérot sensor schematic with the interrogation light incident from below
and the acoustic wave incident from the top.

coustic signals. It consists of a polymer spacer with partially reflective mirrors

on either side. In the scanner arrangements discussed in this thesis, the light will

always be at normal incidence to the Fabry-Pérot sensor. When describing the inci-

dent light on to the sensor in this thesis, it always refers to normal incidence. When

light is incident on the sensor, part of it will reflect back from the first mirror (num-

ber 1 in Figure 3.1), whilst the rest will enter the spacer. The transmitted light then

reaches the second mirror and the process of partial transmission and reflection re-

peats itself. As a result part of the light stays in the spacer for multiple round trips

(numbers 2, 3 and 5 in Figure 3.1). The power of the light reflected back from the

sensor is a result of the superposition of the back reflected optical fields. Each round

trip introduces a phase shift between the fields. The phase φ after one round trip is:

φ =
4πnl

λ
(3.1)

n is the refractive index of the spacer material, l is the spacer thickness and λ

is the wavelength of the light incident on to the sensor. It can be seen that the phase

depends on both optical thickness of the spacer and interrogation wavelength.

If an acoustic wave is incident on to the sensor the acoustic pressure will mod-

ulate the spacer thickness, see Figure 3.1. A change in thickness changes the phase

relationship between the reflected optical fields and how they interfere.
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Figure 3.2: Reflected Power Pr depending on the phase φ and the first derivative, which
describes the optical sensitivity of the Fabry-Pérot sensor [3]

The sensitivity S(µWMPa−1) of the sensor to spacer thickness modulation by

an acoustic wave is defined as the optical power modulation dPr per unit acous-

tic pressure d p and can be divided into the optical sensitivity IS and the acoustic

sensitivity AS [38]:

S =
dPr

d p
= ISAS (3.2)

3.1.1 The optical sensitivity

The optical sensitivity IS describes the relationship between reflected optical power

Pr and phase φ .

Section 3.2.1 will introduce the Gaussian beam. For introductory purposes it

is sufficient to describe the relationship based on a collimated beam.

For a sensor of fixed spacer thickness and mirror reflectivities the relationship

between power Pr and φ is described by the Airy function and is called the inter-

ferometer transfer function (ITF). From Equation 3.1 it follows that Pr can either

depend on φ or λ . It is therefore important to distinguish between ITFφ and ITFλ .

Figure 3.2 shows Pr(φ), which can also be referred to as IT Fφ , and its first

derivative. It becomes clear that the sensor is most sensitive to changes in phase re-

lationship at the maximum and minimum points of the first derivative. A sensor that

produces sharper fringes will have higher optical sensitivity. The optical sensitivity
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Figure 3.3: ITFλ and definition of the parameters that describe the fringe sharpness [3]

IS(µWrad−1) is given by the following equation [38]:

IS =

[
dPr

dφ

]
φ0

(3.3)

φ0 is the initial phase bias. IS depends on the incident laser power, the re-

flectance and absorbance characteristics of the mirrors and the divergence of the

beam [1, 38].

To evaluate the optical sensitivity, different parameters can be obtained from

the ITF. Figure 3.3 shows a plot of the Airy function. The free spectral range (FSR)

∆λ describes the separation of two neighbouring fringes and the full width at half

maximum (FWHM). δλ describes the width of a fringe at the halfway point of

the amplitude. Full width at half maximum and free spectral range are needed to

calculate the finesse F :

F =
∆λ

δλ
(3.4)

The finesse is the fringe sharpness for a symmetric fringe. In case of the Airy

function, which describes the ITF for a collimated beam, the finesse only depends

on the reflectance of the mirrors. When the amplitude reflection coefficients r1 and
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r2 are large, the coefficient of finesse F can be used to calculate F [3]:

F =
4 r1 r2

(1− r1 r2)2 (3.5)

F =
π
√

F
2

(3.6)

Another parameter relating to the ITF is the visibility V . The visibility de-

scribes the contrast of the fringes. To calculate the visibility, one needs to know the

maximum and minimum powers Prmax and Prmin reflected by the sensor [39]:

V =
Prmax−Prmin

Prmax +Prmin

(3.7)

3.1.2 The acoustic sensitivity

The acoustic sensitivity AS is defined as the change in phase per unit acoustic pres-

sure (radMPa−1):

AS =
dφ

d p
(3.8)

The acoustic response of the sensor is frequency dependent and

∆φ =
∂φ

∂ l
∆l =

(
4πn
λ

)
∂ l
∂ p

∆p (3.9)

In Equation 3.9 ∆l represents a change in physical thickness due to a change

in the external acoustic pressure ∆p. The term ∂φ/∂ l = 4πn/λ is the sensitivity

of the phase to a change in thickness and the term ∂ l/∂ p is the sensitivity of the

thickness to a change in pressure. Beard et al [38] determine that AS ∼ l, however

AS is also proportional to a frequency response PI of the sensor and PI ∼ 1/l. As

a result of those dependencies it can be said that sensors with a thicker spacer are

acoustically more sensitive. Thinner sensors on the other hand are more broadband

in their response.

The area on the sensor that is being illuminated by the interrogation beam
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defines the element size of the acoustic detector. The modulation of Pr represents the

average change in pressure over the area of the interrogation spot size ω . To reduce

spatial averaging and make the detector more omnidirectional, a small element size

is desirable. However, reducing the interrogation spot size does not necessarily

lead to a reduction in element size. Cox et al [8] introduce the effective element

size, which arises from the fact that the element size is not always the same as the

interrogation spot size. For interrogation beam radii that are twice as large as the

sensor thickness l the effective element size is the same as the interrogation spot

size. The smallest achievable effective element size is 0.9l. It can only be achieved

when ω0 < l/4.

The link between sensor thickness and interrogation spot size is not only rele-

vant to the acoustic performance of the sensor, but also to the ITF when interrogat-

ing with a Gaussian beam. A highly divergent beam will produce a different ITF to

a collimated beam and the thicker the sensor, the larger is the impact of the beam

divergence. The optical performance as function of spot size and sensor thickness

is described in Appendix B. The model that was used for the analysis of the optical

performance is introduced in the following sections.

This Section has described the transduction mechanism of the Fabry-Pérot sen-

sor and how optical and acoustic sensitivity are defined. The following Section will

describe how the optical sensitivity can be modelled.

3.2 Modelling the optical sensitivity
This Section is concerned with numerical models that were developed to analyse

the overall optical performance of the sensor. The previous Section introduced the

sensor’s performance based on a collimated beam. However, in practise the scanner

uses beams with a Gaussian profile (for scanner setup see Chapter 5 on page 73 and

onwards). Two models were developed within the photoacoustic imaging group at

UCL that model the optical performance of the sensor for parameters such as mirror

reflectances, spacer thickness, interrogation spot size and wavelength range, Sub-

sections 3.2.2 and 3.2.3. The model described in Section 3.2.2 was used for the
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Figure 3.4: Gaussian beam propagating through the focus and the change in wave front
with distance to the focal point [4].)

sensor analysis undertaken in this thesis. The model presented in Section 3.2.3 was

used to partially verify the model from Section 3.2.2 and will only be described

briefly. In addition, a third model was developed within the Medical Physics De-

partment at UCL, see Section 3.2.4. This model was used to verify the modelling

results further.

Partial experimental validation of the model was completed and discussed in

[1].

3.2.1 Gaussian beam

All three models describe the propagation of the TE00 mode Gaussian beam

through the Fabry-Pérot sensor. In this thesis, the term “Gaussian beam” always

refers to the TE00 mode.

A Gaussian beam is circularly symmetric about the optical axis, which is also

the direction of travel. The optical axis is parallel to the z-axis in the Cartesian

coordinate system. The amplitude profile at a given position along the z-axis can

be described by a Gaussian function. Since a Gaussian beam is divergent its radius

increases with increasing distance to the focal point whilst the amplitude decreases.

Figure 3.4 shows the divergence of the Gaussian beam depending on the dis-

tance to the focal point. ω(z) is the beam radius at position z on the z axis. The

beam waist is ω0 = ω(z0) in the focal plane and R(z) is the radius of curvature of

the wavefront at an axial distance z. The wave front is planar at the beam waist and

R(z = 0) = ∞.
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Figure 3.5: Gaussian beam change in amplitude profile between profile at focal point and
another point along the optical axis. (All Figures from [1].)

Figure 3.5 shows the change in amplitude profile with increasing axial distance

to the focal plane. When stating a beam radius ω(z), the value always refers to the

radial distance to the optical axis at which the electric field amplitude has dropped

to 1/e of the amplitude on the optical axis.

The expression for the phase and amplitude profile of a Gaussian beam is:

E(ρ,z) =
ω0

ω(z)
e
− ρ2

ω(z)2 e
ikρ2
2R(z) e−i tan−1

(
z

z0

)
ei(kz−2π f t) (3.10)

ρ is defined as the radial distance to the optical axis and z is the axial distance

from ω0. The term ei(kz−2π f t) describes the wave propagation of the beam with k

being the wavenumber (k = 2π/λ ), 2π f being the angular temporal frequency and t

being time. The term e−i tan−1
(

z
z0

)
is the Guoy phase. The Guoy phase describes the

phase difference between the Gaussian beam and a collimated beam. At z = 0 the

Gaussian beam resembles a planar wave and at z = ∞ the Gaussian beam resembles

a spherical wave with a phase retardation of 90 ◦. The impact on the phase when

changing from a planar a to spherical wave is described by the Guoy phase.

ω0 is the beam radius at the focal point of the beam. Equation 3.11 describes its

relationship to the wavelength λ and the Rayleigh range z0. The Rayleigh range z0

describes the distance z from the focal point over which the beam can be considered

collimated.
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ω0 =

[
λ z0

nπ

]1/2

. (3.11)

Equation 3.12 shows the relationship between the beam width ω(z), the focal

beam radius ω0, the Rayleigh range z0 and the refractive index n.

ω(z) = ω0

[
1+
(

z
z0

)2
]1/2

(3.12)

The radius of curvature R(z) of the wavefront is described in equation 3.13. It

depends on the the axial distance z and the Rayleigh range z0.

R(z) = z

[
1+
(

z0

z

)2
]

(3.13)

Equation 3.14 describes relationship between the beam spreading angle ψ , the

free space wavelength λ and the beam waist radius ω0 for large z, where the rela-

tionship between ω and z is linear. It shows that ψ reduces with increasing ω0.

ψ =
λ

nπω0
(3.14)

The implementation of the Gaussian beam in the models will be discussed in

the following Sections.

3.2.2 ITF model based on the summation of electric fields

Initially, this model was part of a PhD thesis by Paul Morris about the design and

analysis of a fibre-optic hydrophone [3]. It was improved and developed further by

Harikrishn Varu as part of another thesis [1], which changed the beam propagation

from fibre-coupled to free space, and introduced the option for non-parallel mir-

rors. In [1] the model was partially verified through experimental comparison. A

detailed explanation of the model introduced here can be found in [1]. This Section

presents a summarised version that explains the main aspects of the model. It uses

the Gaussian beam equation (Equation 3.10).

The model works under the assumption that the spacer material is free of any

absorption. It assumes a free space beam. Mirrors are defined by a single reflectance
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Figure 3.6: Gaussian beam propagation through the sensor unfolded along the optic axis z
[1]

value. A thin film design or wavelength dependent reflectance can not be included.

In the experimental setup the light propagates through a single-mode fibre for part

of the path. It has been found that the ITF of a free space beam shows lower F

and V in comparison to the fibre coupled ITF. Currently, there is no model that can

simulate the impact of spatial filtering to a satisfactory degree. It is being assumed

that the effect of spatial filtering alters all ITFs to the same degree. This could

be compared to an offset, meaning that the simulation results are still valid for

comparison amongst each other.

Figure 3.6 shows a schematic of the sensor extended along the axis of beam

propagation. It shows both mirrors 1 and 2 unfolded along the optical axis z. r

and θ are the amplitude reflection coefficients and phase change upon reflection

respectively. Subscripts 1 and 2 identify the mirror they refer to. l is the thickness of

the spacer. nc and ns are the refractive indices of the spacer material and surrounding

material respectively. The beam waist ω0 is located on the first mirror.

The total reflected power Pr for a specific sensor is being simulated by sum-

ming the reflected field contributions for each round trip in the cavity at the first

mirror. Em(ρ,2ml) is the electric field per round trip in the cavity after transmission

through the first mirror:

Em(ρ,2ml) = am EG,m(ρ,2ml) e(ik2ml−2π f t) E0 (3.15)
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m is the number of round trips, am is the complex amplitude coefficient and

EG,m is the Gaussian beam (Equation 3.10) after the mth round trip. 2ml is the

discontinuous representation of z in number of round trips, k is the wavenumber

and 2π f is the angular frequency. E0 is the amplitude of the initial electric field. am

reduces E0 and changes the phase of the wave. Below are the equations for am for

the first three round trips in the cavity and a general expression for the mth round

trip:

a1 = t2
1 r2 eiθ2 eiθt1

a2 = t2
1 r2

2 r′1 eiθ1 ei2θ2 eiθt1

a3 = t2
1 r3

2 r
′2
1 ei2θ1 ei3θ2 eiθt1

...

am = t2
1 rm

2 r
′(m−1)
1 ei(m−1)θ1 eimθ2 eiθt1 (3.16)

t1 is the transmission coefficients for mirror 1 and is considered to be the same

in both directions. Figure 3.6 introduces three reflection coefficients. r1 is the

reflection coefficient of mirror 1 for waves traveling in the direction of z, r′1 is the

reflection coefficient of mirror 1 for waves traveling in the direction of −z and r2

is the reflection coefficient of mirror 2 for waves traveling in the direction of z. θ1

and θ2 describe the phase change upon reflection. Substituting EG,m from Equation

3.15 with Equation 3.10 leads to:

Em(ρ,λ ) = am
ω0

ω(2ml)
e−
(

ρ

ω(2ml)

)2

e−i
(
−k 2ml+tan−1 2ml

z0

)
eik ρ2

2R(2ml) (3.17)

It is assumed that the focus of the Gaussian beam is directly on the first mirror

where z = 0, ω(z = 0) = ω0 and R(z = 0) = ∞. Inserting z,ω and R in Equation



3.2. Modelling the optical sensitivity 29

3.10 results in equation 3.18:

E f = r1 · e
−
(

ρ

ω0

)2

ei(2π f t+ϕ1) E0. (3.18)

The total electric field Et for a Gaussian beam reflected back from the Fabry-

Pérot sensor is defined by the electric field that is reflected off of the first mirror E f

and the summation of the electric field accumulated within the sensor cavity Em.

The total electric field is then:

Et = E f +
mmax

∑
m=1

Em (3.19)

Equations 3.20 and 3.21 show the conversion from electric field to power. Pin

stands for the incident power and Pout describes the power reflected back from the

sensor. The electric field of a specific sensor varies with wavelength λ and radius.

By summing the electric field over a circular area defined by the radial vector ρ the

intensity will only depend on the wavelength.

Pin(λ ) =
mmax

∑
m=1

Er1

r1
·

E∗r1

r1
·2π ρ dρ (3.20)

Pout(λ ) =
mmax

∑
m=1

Et ·E∗t ·2π ρ dρ (3.21)

The interferometer transfer function is defined as the reflected power divided

by the incident power and is therefore also dependent on the wavelength.

IT F = Pr =
Pout(λ )

Pin(λ )
(3.22)

3.2.3 ITF model based on the ABCD law

This Section describes the model that was developed by Jing Li for the photoacous-

tic imaging group at UCL. The description is based on the documentation for the

model [9].

This model does not have the option to include a thin film design. The mirrors



3.2. Modelling the optical sensitivity 30

can only be described by a single reflectance value. The model works under the as-

sumption that the mirror reflectance is wavelength independent over the wavelength

range analysed. It has the option to include mirrors with a curvature.

This model simulates the Gaussian beam propagation through the Fabry-Pérot

sensor based on the ABCD law or Ray-Transfer matrix. The ABCD law can be

applied to either ray optics or Gaussian beams that fulfil the paraxial approximation

(angles < 10°).

The Gaussian beam can be fully described by the complex Gaussian beam pa-

rameter q. Equation 3.23 shows how it can be calculated for a specific location z

from the beam’s vacuum wavelength λ0, the radius of curvature R(z) of the wave-

front, the index of refraction n and the beam radius ω(z).

q(z) =
1

R(z)
− i λ0

πnω(z)2 = z+ i z0 (3.23)

If q1, the parameter describing the incident Gaussian beam, is known, R(z) and

ω(z) can be determined by calculating q2, the parameter describing the emerging

Gaussian beam, with the ABCD law (equation 3.24).

q2 =
Aq1 +B
Cq1 +D

(3.24)

This law can be applied to any arbitrary optical system. The matrices for light

propagation through the sensor were derived by [9] and are shown in Table 3.1.

The variables in Table 3.1 are defined as: nc: refractive index of the spacer

layer in the given wavelength range; ns: refractive index of the substrate material

in the given wavelength range; ROC1,ROC2: radius of curvature for the respective

mirror; applies only to dome sensors and is ∞ in scenarios modelled here; l: spacer

thickness.

The final ABCD matrix for light propagation through the sensor including m

round trips is:

Mm =

Am Bm

Cm Dm

= m5(m4m3m2m1)
mm0 (3.25)
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Table 3.1: Matrices for light propagation through sensor defined by [9] as:

Transmission through mirror 1 from front: m0 =

 1 0
ns−nc

nc·ROC1

ns
nc



Propagation from mirror 1 to mirror 2: m1 =

1 l

0 1



Reflection by mirror 2: m2 =

 1 0
−2

ROC2
1



Propagation from mirror 2 to mirror 1: m1 =

1 l

0 1



Reflection by mirror 1: m4 =

 1 0
−2

ROC1
1



Transmission through mirror 1 from back: m5 =

 1 0
nc−ns

ns·−ROC1

nc
ns



and the final qm given by Mm is:

qm =
Amq1 +Bm

Cmq1 +Dm
. (3.26)

The final equation for the complex amplitude of the Gaussian beam can be

obtained by replacing R(z) and ω(z) in 3.10 with Rm and ωm. A more detailed

derivation can be found in [9].

A comparison between this model and the model in Section 3.2.2 will be dis-

cussed in Section 3.3.

3.2.4 Model for focussed fields in the vicinity of stratified media

The following model was developed for a more general application of random beam

propagation through any layered medium. A publication with a general description

of the model is in preparation [40]. The application of the model on the Fabry-Pérot
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sensor was part of a MSc thesis [41].

In this model the propagation of a focussed electromagnetic field through a

stratified medium is being described by the superposition of planar waves, which

is being achieved with the Debye-Wolf integral. The stratified medium is being

described by matrices.

When applying the model to the case of the Fabry-Pérot sensor the superposi-

tion of the electromagnetic waves creates a Gaussian beam. The layered medium

does not only consist of a spacer and two mirrors as in the previously described

models. Instead, each mirror is included as a stack of thin films. The wavelength de-

pendent transmission spectrum of the mirrors in the Fabry-Pérot sensor is achieved

by a stack of alternating thin film layers. Those need to be included in the model

as it calculates the propagation through layered media and reflectances can not be

included. Chapter 4 will analyse the thin film design of the dichroic mirrors in great

detail.

The model was used only to verify the model presented in Section 3.2.2. The

modelling results were kindly provided by Dr Peter Munro.

3.3 Model verification
When the model presented in Section 3.2.2 was developed it was also partially ver-

ified. Since it plays a significant part in the results presented in Chapter 4 it will be

validated further in this Section. The assumption is that if all three models that were

developed independently of each other and use slightly different approaches agree

then this can be considered as another step towards their validation.

The comparison is first carried out for very large ω0, approaching a collimated

beam. The results will be compared to the Airy function. Parameters will then get

varied so that the divergence of the beam increases with the expectation that the

models should agree in all cases. If the models agree in all cases, especially both

the collimated and highly divergent case, then this will be considered as another

step towards their validation.

At first, all three models that were presented in this Chapter were compared to
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Figure 3.7: Comparison of all previously presented models with the Airy function for a
reflectance R of 90 %, a sensor thickness l of 5 µm and an interrogation spot size ω0 of
25 µm; modelled for coatings deposited on glass with a refractive index of n = 1.44.

the Airy function. The results can be seen in Figure 3.7. All ITFs appear similar

in shape. The model that presents a differently shaped ITF is the model based on

vectorial diffraction (Section 3.2.4). This is the only model that uses a different

approach in regards to modelling the reflectance of the mirrors and it is possible

that the thickness of the mirrors does have an effect on the resulting ITF. The model

based on the ABCE law presents an ITF with lower visibility than the other models.

Additionally, all three models were compared for beams of different diver-

gence. Figure 3.8 (a) shows the ITFs produced by all three models for a sensor with

a reflectance of 94 %, a thickness of 10 µm and a beam waist of 10 µm. Figure 3.8

(b) shows the ITFs for a beam of much stronger divergence (R = R1 = R2 = 98%,

l = 40µm, ω0 = 5µm). The ITFs in both Figures show good agreement in general.

Especially the models from Sections 3.2.2 and 3.2.4 show very good agreement.

The ABCD law model shows higher visibility than the other models and in Figure

3.7 it shows lower visibility than the other models.

Table 3.2 lists the visibility and finesse values of all six graphs. The visibility

values confirm that the ABCD law based model produces ITFs of different visibility

than the other two models. For R = 94% the finesse of all models agrees vaguely.

For R = 98% the finesse of the ABCD law based model differs strongly whilst the
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Figure 3.8: Comparison of all previously presented models for a divergent beams and
R = R1 = R2: (a) R = 94%, l = 10µm, ω0 = 10µm,(b) R = 98%, l = 40µm, ω0 = 5µm

other two models agree well.

Table 3.2: Visibility V and Finesse F of all previously presented models for the divergent
beams presented in Figure 3.8

Visibility V Finesse F

R = 94% Summation E-field 0.75 39.7

l = 10µm Vectorial diffraction 0.71 45.5

ω0 = 10µm ABCD law 0.8 42.8

R = 98% Summation E-field 0.05 11.5

l = 40µm Vectorial diffraction 0.05 11.6

ω0 = 5µm ABCD law 0.06 15.2

Considering the very different approaches of the models in Sections 3.2.2 and

3.2.4 to calculating the ITFs, the results presented here are very convincing. If the

ABCD law based model is to be used in the future, the discrepancy in visibility

needs to be investigated. Factoring in that the model based on the summation of

electric fields has previously been validated in [1] it is safe to assume the model is

calculating reliable results and can be used in future Chapters.



Chapter 4

Design of a Fabry-Pérot sensor for

dual-mode imaging

4.1 Motivation
This Chapter is concerned with the design of the Fabry-Pérot sensor for dual-mode

imaging. Previous Fabry-Pérot sensors were designed for photoacoustic tomogra-

phy only. The excitation wavelength for photoacoustic tomography generally lies

between 600 nm to 900 nm where the penetration depth is highest. For photoacous-

Figure 4.1: Absorption coefficient spectra of endogenous tissue chromophores. Red line:
oxyhaemoglobin (HbO2), blue line: deoxyhaemoglobin (HHb), black line: water, brown
line: lipid(a), pink line: lipid(b), black dashed line: melanin, green line: collagen, yellow
line: elastin; [5]
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Figure 4.2: Schematic of the Fabry-Pérot sensor including the direction of the incident
light.

tic microscopy penetration depth is less of an issue due to optical scattering and the

optimal excitation wavelength lies around 580 nm, where the absorption coefficients

of oxy- and deoxyhemoglobin are higher, see Figure 4.1. For example, the absorp-

tion coefficient of oxyhemoglobin is 15 times higher at 580 nm than at 600 nm. The

higher absorption coefficient will result in stronger PA signals and better signal-to-

noise ratio in the images. The existing design of the sensor mirrors forming the

interferometer cavity does not provide high transmittance at around 580 nm. Ad-

justments to their transmittance spectra become necessary, ideally without reducing

the reflectance in the interrogation wavelength range and thus reducing the sensi-

tivity. This creates the need for a detailed analysis of the sensor and its thin film

mirrors, so that the mirrors can be adjusted to suit both imaging modalities.

Section 4.2 describes the sensor configuration. The change in mirror transmit-

tance was modelled with the Essential Macleod software, which will be introduced

in Section 4.3. The effect of the manufacturing process on the mirrors is described

in Section 4.4. Analysis and redesign of the mirrors forms Section 4.5. The eval-

uation of the novel dual-mode sensor is described in Section 4.6. An alternative

sensor design, which is also suitable for dual-mode image acquisition is described

in Scetion 4.7.

4.2 Fabry-Pérot sensor configuration
This Section gives a detailed description of the design of the Fabry-Pérot sensor.

Figure 4.2 shows a schematic of the sensor. It consists of a polymer substrate
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Figure 4.3: Transmittance spectrum of a single thin film mirror

with a dielectric thin film stack on top (8 thin film layers), a Parylene C spacer and

the second thin film stack (8 thin film layers). To protect the sensor from water

penetration, which is used for acoustic coupling when acquiring photoacoustic im-

ages, the sensor has been encapsulated in a thin layer of Parylene C. The mirrors

have a physical thickness of 1.8 µm, the spacer thickness can vary between 5 µm

to 90 µm and the substrate is around 1 cm thick and wedged to avoid interference

effects from within the substrate. The thickness of the protective Parylene C layer

varies between sensors, but is in the region of 10 µm.

Figure 4.3 shows the transmittance spectrum of one of the mirrors from the

original design. Highlighted in orange is the wavelength range for which the mirror

is highly transparent, allowing the excitation light to pass through. The wavelength

range that is highlighted in green shows the wavelength range for the interrogation

light. High reflectance is needed in that region to achieve high optical sensitivity.

4.2.1 Materials

This section briefly describes the properties of the materials used in the sensor. The

materials for the thin films were chosen by the company that designed the mirrors.

They can be deposited at low temperatures, as the substrate cannot be heated. Each

dichroic mirror is formed by a quarter-wave stack. A quarter-wave stack consists of
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alternating low and high refractive index materials. A more detailed description of

the design of the dichroic mirrors can be found in Section 4.3.2 on page 49. Parylene

C was chosen as the spacer material in the sensor due to its acoustic properties and

PMMA was chosen because it is a readily available material that has good optical

properties and is non-birefringent.

Cryolite

Cryolite is used as the low refractive index thin film layer in the mirror. It has the

chemical formula Na3AlF6 [42]. The deposition process changes the density of

the material in comparison to the density of the bulk material, see Section 4.4.2 on

page 55. The thin film packing density is usually low and inhomogeneous. The

link between packing density and refractive index (see Equation 4.34) causes the

refractive index to be inhomogeneous. Cryolite dissociates into the components

3NaF and AlF3 prior to evaporation. Both have different evaporation temperatures

(and refractive indices) so that at lower temperatures the vapour consists of more

NaF than AlF3 while at higher temperatures AlF3 dominates [43]. It has been found

that the composition of the deposited films depends on the source temperature. A

change in source temperature would automatically change the refractive index of

the deposited film. Furthermore, films that have low packing density tend to adsorb

water vapour from the air, causing the pores in the films to fill with water (capillary

effect) thus changing the refractive index.

The refractive index supplied by the manufacturer is 1.31 at 500 nm and 1.297

at 1500 nm. The extinction coefficient is assumed to be zero in the wavelength range

of interest.

Zinc Sulphide

Zinc sulphide is used as the high refractive index thin film layer. It has the chemical

formula ZnS [43]. It deposits with a packing density close to unity, the refractive

index is inhomogeneous [44]. Zinc sulphide shows a tendency to dissociate but also

to recombine on the substrate surface during film condensation [43].

The refractive index supplied by the manufacturer is 2.39 at 500 nm and 2.24 at

1550 nm. The extinction coefficient is assumed to be zero in the wavelength range
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of interest.

PMMA

PMMA (Poly(methyl methacrylate)) is used as the substrate of the sensor. It is a

bulk material and assumed to have an extinction coefficient of zero for the wave-

length range of interest. However, measurements of the ITF of the sensor have

shown an attenuation of the interrogation light at higher wavelengths (higher than

1550 nm) due to attenuation in the PMMA substrate.

The refractive index of PMMA is 1.49 at 500 nm and 1.46 at 1500 nm [45]. It

cannot be heated for deposition since the melting temperature is 160 °C.

Parylene C

Parylene C is the material for both the spacer and protective coating. The thickness

of the spacer varies depending on the application and can be between 5 µm and

90 µm. The thickness of the protective coating is between 5 µm and 12 µm. Parylene

C is deposited by vacuum deposition. The substrate is held in a chamber that is kept

at room temperature. A monomer gas is introduced into the vacuum chamber and

condenses and polymerizes on the substrate [24].

The refractive index of Parylene C is assumed to be 1.639 over the whole

wavelength range. The extinction coefficient is assumed to be zero.

4.3 A model for thin film coatings
When redesigning the thin film mirrors in the Fabry-Pérot sensor it is important

to understand how the mirrors are designed and what defines their transmission

spectrum. This Section introduces the Essential Macleod software from Thin Film

Center Inc which is based on [6] and [46]. In this work the software was used to aid

understanding and the re-design the Fabry-Pérot sensor mirrors.

The software allows the user to create a thin film multilayer coating by letting

him/her define a substrate, the thin film materials and thicknesses, as well as the

incident medium, see Figure 4.4. The incident and emergent media are assumed to

be infinite and therefore free of any interference effects. The program calculates

and plots the coating’s performance, which includes the transmittance, admittance
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Figure 4.4: Schematic of one dichroic mirror with definition of associated terms

and electric field throughout the coating and many others. A database with typical

thin film refractive indices and extinction coefficients is accessible and indices and

coefficients of other materials can be added.

The model assumes a linearly-polarised plane monochromatic wave in

isotropic media so that the results only depend on the distance along the direc-

tion of propagation and the refractive index of the materials. Wavelength always

refers to the free space wavelength.

The transmittance spectrum of a thin film coating is the result of interference

by partial reflection and transmission of incident light at a number of boundaries

and the resulting phase difference between partial reflections. The right-handed

relationship between direction of propagation unit vector ŝ, electric vector E and

magnetic vector H has been derived from Maxwell’s equations in [6]:

H = y(ŝ×E) (4.1)

y is the characteristic optical admittance with:

y =
amplitude of magnetic field
amplitude of electric field

= NY . (4.2)

The optical admittance describes how easy or hard it is for light to pass through

the material. Equation 4.2 is a simplification for high frequencies in the optical

region. Y is the admittance of free space with a value of Y = 1/376.73S. N is the
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Figure 4.5: Boundary conventions: (a) For positive directions of the electric and magnetic
field vector for p-polarised light. (b) For positive directions of the electric and magnetic
field vector for s-polarised light. [6]

complex refractive index with:

N =
velocity of the wave in free space

velocity of the wave in the medium
=

c
v
= n− ik. (4.3)

n is the real part of the refractive index, which is commonly used as refractive

index and k is the extinction coefficient, which is small in dielectric media. Extinc-

tion coefficient k and absorption coefficient α have the following relationship:

α =
4πk
λ

. (4.4)

The derivation of the equations for the thin film performance is based on the

boundary conditions for the tangential components of E and H, which is that they

are continuous across the boundary because there is no mechanism that will change

them.

Figure 4.5 shows the conventions for p- and s-polarised light at an angle of

incidence ϑ . Figure 4.5 (a) shows the convention for p-polarised light where

E = E‖ = E cosϑ0 and H = H‖ = H). Figure 4.5 shows the convention for s-

polarised light where E = E‖ = E and H = H‖ = H cosϑ0. The characteristic

optical admittance y only applies for waves at normal incidence. At an angle of

incidence ϑ the titled optical admittances ηp and ηs for p- and s-polarised light

respectively are:
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ηp =
y

cosϑ
(4.5)

ηs = y cosϑ (4.6)

At the interface, in accordance with the boundary condition, E and H are

defined as:

E = E++E− (4.7)

H= η1 E+−η1 E− (4.8)

+ denotes waves travelling in the direction of the z-axis, − denotes waves

travelling in the opposite direction of the z-axis. From the right-hand rule follows

that if the reflected electromagnetic wave travels in the −z direction and E points in

the positive direction, then H must be negative, or as in Equation 4.8 η1 E−.

Rearranging Equations 4.7 and 4.8 leads to:

E+ =
1
2

(
H
η1

+E
)

(4.9)

E− =
1
2

(
−H

η1
+E

)
(4.10)

H+ = η1 E+ =
1
2
(H+η1 E) (4.11)

H− =−η1 E− =
1
2
(H−η1 E) (4.12)

If the propagation of the fields through a thin film is being described, then a

second boundary has to be considered. Now we have E2 and H2 at z = 0 and E1

and H1 at d. If a wave travels a distance d along the z axis to a point on the second

boundary where x and y are still the same, then E1 and H1 can be determined by

altering the phase of E2 and H2 respectively. The change in phase φ for a wave
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Figure 4.6: Schematic of a single thin film of thickness d with boundaries 1 and 2 [6]

travelling from boundary 2 to boundary 1 is defined by1:

φ =
2πN f ilmd cosϑ

λ
(4.13)

A positive going wave will be multiplied by eiφ and a negative going wave

will be multiplied by e−iφ . A wave travelling from boundary 2 to boundary 1 is

travelling in the −z direction. Using equations 4.9 to 4.12 to determine the fields at

boundary 1 leads to:

E+
1 = E+

2 eiφ =
1
2

(
H2

η1
+E2

)
eiφ (4.14)

E−1 = E−2 e−iφ =
1
2

(
−H2

η1
+E2

)
e−iφ (4.15)

H+
1 =H+

2 eiφ =
1
2
(H2 +η1 E2) eiφ (4.16)

H−1 =H−2 e−iφ =
1
2
(H2−η1 E2) e−iφ (4.17)

The electric and magnetic fields at boundary 1 are then:

1The derivation can be found on pages 401 to 402 in [39].
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E1 = E+
1 +E−1

= E2

(
eiφ + e−iφ

2

)
+H2

(
eiφ − e−iφ

2 η1

)
= E2 cosφ +H2

i sinφ

η1
(4.18)

H1 =H+
1 +H−1

= E2η1

(
eiφ − e−iφ

2

)
+H2

(
eiφ + e−iφ

2 η1

)
= E2 i η1 sinφ +H2 cosφ (4.19)

Equations 4.18 and 4.19 can be written in matrix form:

 E1

H1

=

 cosφ (i sinφ)/η1

i η sinφ cosφ


 E2

H2

 (4.20)

Normalising Equation 4.20 to E2 leads to:

 E1/E2

H1/E2

=

B

C

=

 cosφ (i sinφ)/η1

i η sinφ cosφ


 1

η2

= M1

 1

η2

 (4.21)

Equation 4.21 determines the electric and magnetic fields through one thin

film. M1 is called the transfer matrix of the film. In case of a stack of p thin films

Equation 4.21 can be expanded to:
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B

C

= M1 M2 . . . Mp

 1

ηsub



=

{
p

∏
r=1

Mr

} 1

ηsub



=


p

∏
r=1

 cosφr (i sinφr)/ηr

i ηr sinφr cosφr



 1

ηsub

 (4.22)

with ηsub being the titled optical admittance of the substrate and

φr =
2πNrdr cosϑr

λ
. (4.23)

For fields at normal incidence ηr = yr and ηsub = ysub. The amplitude reflection

coefficient r and amplitude transmission coefficient t are defined as:

r = Êr/Êi (4.24)

t = Êt/Êi (4.25)

where Êi is the complex amplitude of the incident electric field, Êr is complex

amplitude of the the reflected electric field and Êt is the complex amplitude of the

transmitted electric field. More specifically, reflectance R and transmittance T can

be determined from Equation 4.22:
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Figure 4.7: Schematic of a Fabry-Pérot sensor including the thin film layers that form the
dichroic mirrors [6]

R =
(η0 B−C)(η0 B−C)∗

(η0 B+C)(η0 B+C)∗
(4.26)

T =
4η0 Real(ηsub)

(η0 B+C)(η0 B+C)∗
(4.27)

4.3.1 Thin film model suitability for Gaussian beam propaga-

tion

The Essential Macleod model works under the assumption that the light propaga-

tion through the sensor is collimated. This Section will answer the question as to

whether the model is suitable for analysing the propagation of a Gaussian beam

through thin films. The analysis will be conducted for both excitation and interro-

gation light. The model calculates the transmittance spectrum for both wavelength

ranges. When redesigning the sensor, the model will not only calculate the re-

flectance in the interrogation band, but also the transmittance in the excitation band,
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especially around 580 nm.

Figure 4.7 shows the Fabry-Pérot sensor including thin films. The reflections

on each thin film boundary were excluded. Nevertheless, the schematic still illus-

trates the difference in how interference is achieved between the thin film stacks and

the spacer. Both depend on the superposition of multiple beam reflections, however

they achieve it with slightly different approaches. In the case of the thin films, the

significant part of the beam interference is achieved by the reflections off multiple

thin film layers. Even though it can be assumed multiple reflections within a layer

occur, the effect is much smaller than in the Fabry-Pérot cavity. In the case of the

ITF the interference spectrum is achieved by a high number of reflections within the

spacer. This difference is important as the path length the light has to travel changes

with how the interference effect is achieved.

The distance the light travels when undergoing multiple reflections in the

spacer depends on the number of round trips in the sensor and the sensor thickness

l. The number of round trips has been linked to the finesse F [47]. The equation

for the total path length L the light travels through the sensor is:

L = 2l ·2F . (4.28)

For a sensor of a thickness of 10 µm and mirror reflectance of 95 % the to-

tal path length L is 2.4 mm. Now, if the Rayleigh range of the interrogation beam

were longer than L, the beam could be assumed to be collimated. Table 4.1 lists the

Rayleigh ranges z0 for three Gaussian beams relevant to this analysis. The excitation

beam with a beam waist of 6.55 µm at a wavelength of 580 nm, the scanned interro-

gation beam with a beam waist of 22 µm at a wavelength of 1550 nm and the static

interrogation beam with a beam waist of 12.95 µm at a wavelength of 1550 nm. The

results in Table 4.1 show that the total path length exceeds the Rayleigh range for

all beams. Furthermore, for a lot of sensors l and R are higher than assumed here,

which would increase the total path length even further.

Another aspect to consider in the case of the excitation light is the coherence

length. If the coherence length is short, the superposition of beams will not cause
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Table 4.1: Rayleigh ranges z0 and spreading angles ψ for excitation and interrogation
beams in the sensor (Parylene C)

λ in air ω0 z0 in Parylene C (n=1.639) ψ

580 nm 6.55 µm 0.38 mm 0.98°

1550 nm 12.95 µm 0.55 mm 1.6°

1550 nm 22 µm 1.6 mm 0.78°

any interference effects. The following equation determines the coherence length

Lcoh for the OR-PAM excitation laser used as part of this project [4]:

Lcoh = c · τcoh =
c

π∆ f
(4.29)

f =
c
λ
→ δ f

δλ
=− c

λ 2 (4.30)

Lcoh =
λ 2

π ·∆λ
=

(580nm)2

π ·4nm
= 26.8µm (4.31)

The coherence length of the excitation light is shorter than the total path length

as well as the Rayleigh range so that no interference effects are expected from the

spacer. Nevertheless, it is longer than the 1.8 µm thickness of a thin film stack. The

excitation light can be considered coherent within the mirror so that the mirrors will

have an effect on the transmission of the excitation light. It has to be noted, that

the reflectance of the thin films around 580 nm is low, but part of the light will be

reflected.

An alternative approach to investigating the suitability of the model is based

on the spreading angle ψ which is also listed in Table 4.1. In this approach the

impact of the divergence of the beam on the transmittance of the thin film stack is

approximated by replacing the Gaussian beam with planar waves at various angles

of incidence. The largest angle of incidence is defined by the spreading angle ψ . If

the transmittance at normal incidence and ψ is similar, then modelling results can

be used as an approximation of the transmittance of a Gaussian beam through the

thin film stack. A beam that travels through the mirror at oblique incidence, travels
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Figure 4.8: Schematic of a quarter-wave thin film stack showing the substrate, alternating
high and low refractive index thin film layers, incident medium as well as the direction of
travel of light [6].

a longer distance through each thin film layer. This results in a different phase φ

in comparison to beams that propagate at normal incidence. The Essential Macleod

software has an option to set the angle of incidence of the incident light. The re-

flectance of a mirror for an incident beam at normal incidence has been compared

to the reflectance of a mirror for a beam at ψ . The difference in reflectance for the

excitation light is ∆R ≤ 1%, which is within tolerances for the transmission of the

excitation light. The difference in reflectance for the interrogation light (θ = 1.6°)

is ∆R≤ 0.01%.

Ideally, in the future it might be possible to extent the ITF model from Section

3.2.2 to include thin films so that the films can be modelled with the correct beam

shape and the wavelength dependence of the reflectance can be factored in when

producing the IT Fλ .

4.3.2 Fabry-Pérot sensor mirror design

This Section focuses on the thin film design used in the Fabry-Pérot sensor for PAT.

The design is a quarter-wave stack, which is a simple filter design that can achieve

high reflectance at a defined wavelength. A schematic of the design can be seen in

Figure 4.8. The refractive index of the incident and emergent media is important, as

they influence the overall reflectance of the stack. High reflectance is achieved by
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Figure 4.9: Transmittance spectra of a quarter wave stack for different reference wave-
lengths. 8-layer quarter-wave stack, low refractive index material: Cryolite, high refractive
index material: Zinc sulphide, incident medium: air, emergent medium: glass.

alternating high- and low refractive index layers with an optical thickness of λ/4n

where n is the refractive index and λ is the reference wavelength λre f . The reference

wavelength defines the wavelength for which maximum reflectance is achieved.

λ/4n also holds for odd number multiples m(λ/4n),m = 1,3,5, · · · .

The optical thickness l0 is defined as:

l0 = n d (4.32)

Figure 4.9 shows the spectra for l0 = λ f ilm/4 and various reference wave-

lengths, obtained with the Essential Macleod software. It can be seen that the spec-

trum can be shifted by changing the reference wavelength. A change in reference

wavelength to shorter wavelengths will shift the entire spectrum towards shorter

wavelengths and a change in reference wavelength towards longer wavelengths will

shift the entire spectrum towards longer wavelengths. This effect will be used when

redesigning the sensor.

The spectrum varies strongly with wavelength. The higher the number of lay-

ers, the sharper does the spectrum become. Figure 4.10 shows the transmittance
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Figure 4.10: Quarter-wave stack for a reference wavelength of 1550 nm and varying num-
bers of layers. 8-layer quarter-wave stack, low refractive index material: Cryolite, high
refractive index material: Zinc sulphide, Incident medium: air, emergent medium: glass.

spectrum for different numbers of layers. The spectra were obtained with the Es-

sential Macleod model. Air was chosen as the incident medium and glass as the

substrate. The low refractive index material is cryolite and the first material on the

substrate. The high refractive index material is zinc sulphide. The reference wave-

length is λre f = 1550nm. The reflectance at the reference wavelength (and around)

increases with increasing numbers of layers and the spectrum gets sharper due to

the increase of sensitivity to the phase. The same effect can be observed when

modelling the ITF. The sharpness of the fringe increases with increasing reflectance

of the mirrors. Here, the spectrum of the stack becomes sharper with increasing

number of layers in the quarter-wave stack. In both cases the number of fields that

contribute to the superposition increases with increasing reflectance/number of lay-

ers.

4.4 Manufactured coatings
The manufacturing process of thin films, as any other manufacturing process, is

imperfect and introduces a divergence of the design parameters from the model.

Before changing the design of the mirrors in the Fabry-Pérot sensor it is valuable
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Figure 4.11: Manufactured spectra vs modelled spectrum of an 8-layer quarter-wave stack;
red solid line: ideal/design spectrum of the stack, dotted lines: six measured transmittance
spectra of the same design after it was deposited on a glass substrate; low refractive index
material: Cryolite, high refractive index material: Zinc sulphide, incident medium: air,
emergent medium: glass.

to consider the spectra of previously manufactured coatings. The variation in trans-

mission of the manufactured coatings at wavelengths critical to the sensor’s perfor-

mance in the dual-mode implementation should be considered when deciding how

far to shift the spectrum of the mirrors. Figure 4.11 shows spectra of one mirror for

identical coating designs with the solid line representing the spectrum acquired with

the Essential Macleod model and the dotted lines showing the spectra of manufac-

tured coatings. The spectra of the manufactured coatings shown here were provided

by the manufacturing company. The coatings are produced by placing a glass slide

in the vacuum chamber along with the substratres. The coatings deposited on the

glass slide are termed the witness pieces. Figure 4.11 shows that the transmission

varies between coatings and it is worth considering tolerances when designing the

new dichroic mirrors.

Figure 4.12 shows a close up of the spectra in Figure 4.11 for the excitation and

interrogation wavelength ranges. The Figure on the left shows the excitation wave-

length range in OR-PAM, which is the region in which the transmittance needs to

be improved. The Figure on the right shows the interrogation wavelength range.

Care must be taken to not shift the spectrum too far, as this could reduce the re-
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Figure 4.12: Witness piece spectra and modelled spectrum for the OR-PAM excitation
wavelength (left) and the interrogation wavelength range (right)

flectance and thus the optical sensitivity. The transmittance of the manufactured

dichroic mirror at 580 nm varies between 31% and 86%. The transmittance in the

interrogation wavelength range is less sensitive to variations arising from the manu-

facturing process. Two witness pieces were remeasured by the company after three

years in storage and a shift of the spectrum towards longer wavelengths of about

5 nm to 10 nm was observed in both pieces. This has hardly any effect on the in-

terrogation wavelength range in this design but can have a significant effect if the

transmittance in a wavelength range of interest has a high gradient, e.g. at 580 nm.

Furthermore, the maximum transmittance of the peak close to 590 nm is slightly

reduced by ca. 1 %, and the transmittance in the interrogation wavelength range is

slightly increased by less than 1 %. This is the effect on coatings stored by the man-

ufacturing company and might vary for coatings on the sensors. Since cryolite is

strongly hydroscopic and exposed to the atmosphere for extended periods of time,

until the production of the Fabry-Pérot sensor is completed, it can be assumed that

the transmittance spectrum of a mirror in the sensor is slightly different from the

transmittance spectrum on a witness piece.

Figure 4.12 shows that the excitation wavelength range is more sensitive to

uncertainties arising from the manufacturing process than the interrogation wave-

length range. A wavelength dependent error needs to be considered when redesign-

ing the sensors and factoring in the manufacturing process.
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4.4.1 Manufacturing process for thin film coatings

The variance in the transmittance spectra is due to changes in both physical layer

thickness and refractive index of the thin film layer during deposition. To better un-

derstand how the imperfections in the coatings arise it is essential to be aware of the

deposition process of the mirrors. The coatings described here were deposited by

electron beam vapour deposition. Physical vapour deposition is carried out under

very low pressure (103Pa), [6]. An electron gun is fired at the evaporant (here: cry-

olite or zinc sulphide). The kinetic energy of the electrons is converted into thermal

energy when they collide with the evaporant, causing it to heat up and eventually

vaporise. The vaporised molecules travel away from the source in straight lines and

deposit on the substrate (and other parts in the chamber). Depending on the posi-

tion of the substrate in reference to the vapour source non-uniformities can occur.

Normally, a deposited film is not perfectly flat, but is slightly raised in the middle

of the substrate. These non-uniformities will have an effect on the optical thick-

ness of the deposited layer across the surface and therefore the transmittance of the

coating. The microstructure of a physical vapour deposited material is different to

the microstructure of the same material in bulk form. This causes changes in the

properties of the films in comparison to the bulk material.

Filters consisting of dielectric thin films are formed by a series of discrete lay-

ers. Each layer has two primary parameters, the physical thickness and the refractive

index. Both parameters need to be controlled during film deposition. The refractive

index is controlled in an open loop by keeping the substrate temperature, deposition

rate and residual gas pressure constant. The manufacturing company has supplied

refractive indices for both materials they have measured themselves, so that uncer-

tainties should be relatively small. During deposition the layer thickness is con-

trolled by quartz-crystal monitoring. The mechanical vibration of the quartz-crystal

is transformed into an electric signal. A disturbance of the mechanical properties

causes a change of the resonant frequency. This can happen through alterations in

temperature or mass. If the crystal is exposed to the evaporant stream, the shift

in resonant frequency can be converted to film thickness. The measurement of the



4.4. Manufactured coatings 55

Figure 4.13: Electron microscope image of a columnar structure in a zinc sulphide thin film
[6]

mass can be carried out with an accuracy of about 2%, but the sensitivity decreases

with an increasing amount of deposited material.

4.4.2 Change in refractive index due to the manufacturing pro-

cess

The previous Sections have mentioned the dependence of the refractive index on

the deposition process. This Section will look closer at how the deposition of thin

films can change the refractive index.

Electron microscopy studies have shown that almost all physical vapour de-

posited optical coatings have a columnar structure (see Figure 4.13) with the

columns running along the direction of growth [6]. The columnar structure is af-

fected by the residual gas pressure in the chamber, which defines the mean free path

for the evaporant molecules. It should be longer than the distance from the source

to the substrate so that the evaporant molecules can travel in straight lines. Lower

substrate temperatures cause a more pronounced columnar structure. Generally, the

substrate temperature should not be lower than half the melting temperature of the

evaporant.

The columns in the structure are cylindrical and are packed in a hexagonal for-

mation. Between the columns are gaps, the pores. The packing density p describes

the density of the columns [6]:
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p =
Volume of solid part of film

Total volume of film
(4.33)

A reduced packing density normally results in a reduced refractive index.

n f = p ns +(1− p) nv (4.34)

Equation 4.34 is an expression for the refractive index of a deposited film de-

pending on the packing density. n f is the refractive index of the film, ns the refrac-

tive index of the solid part and nv the refractive index of the voids (pores). It is a

linear combination of the two media forming the film and in most cases sufficient

and widely used even though there are more complex equations available [6].

The pores between the columns have a capillary effect allowing the penetration

of moisture from the atmosphere, depending on the relative humidity. The change of

the void material changes the refractive index of the film. Depending on the amount

of absorbed moisture it can shift the spectrum of the filter to longer wavelengths.

A significant change in refractive index from the design refractive index is always

problematic since it changes the optical thickness of the film and therefore the phase

relationship of the reflected beams.

The materials for the mirrors in the Fabry-Pérot sensor are each held in a sep-

arate boat in the deposition chamber. Due to the fact that the chamber has to ac-

commodate more than one material, the deposition has to be carried out at oblique

incidence. Normally, this means that the columns grow at an angle, causing the

layer to be birefringent [43]. It is possible to rotate the substrate during deposi-

tion so that columns grow normal to the substrate surface [48], which is how the

manufacturing company deposits the thin films.

Vapour deposited thin films tend to be inhomogeneous due to defects in the

microstructure. One very common defect is the nodule which is a growth of de-

posited material arising from a small scratch on the substrate, a dust particle and

other irregularities. The sharp boundary between the nodule and the film is a region

of weakness and it is possible for the nodule to completely detach and fall out of the
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film leaving a hole behind. Contamination with small amounts of other materials is

another factor that can alter the optical properties of the coating.

4.5 Analysis and redesign of the mirrors
This Section is concerned with the redesign of the dichroic mirrors by factoring in

the uncertainties arising from the manufacturing process as well as factoring in both

the transmission at 580 nm and the reflectance in the interrogation band between

1500 nm to 1600 nm and therefore the optical sensitivity.

An increase in transmittance at around 580 nm can be achieved by shifting the

reference wavelength towards shorter wavelengths and with it the entire spectrum.

The analysis presented here is concerned with the overall question of how far it is

necessary and/or possible to shift the spectrum to shorter wavelengths to achieve

higher transmittance at 580 nm without compromising the optical sensitivity. Ad-

ditionally, the aim is to shift the spectrum to a point where wavelength ranges of

interest show low sensitivity to uncertainties arising from the deposition process.

Furthermore, it needs to be considered that a shift towards shorter wavelengths will

result in a wavelength dependent reflectance in the interrogation band. Since the

interrogation wavelength varies from 1500 nm to 1600 nm over the whole sensor

area (due to non-uniformities in the spacer) this will result in variations in sensor

sensitivity over the sensor area.

4.5.1 Assumptions

In this Section the assumptions that have been made, when modelling using the

Essential Macleod software, will be discussed.

Mirror 1 or first mirror refers to the first mirror the incident light encounters,

see Figure 4.2 on page 36. Mirror 2 or second mirror refers to the mirror the incident

light will encounter after it passed through the first mirror and spacer. Incident and

emergent media are assumed to be infinite and therefore free of interference effects.

The first mirror on the sensor has PMMA as incident medium and Parylene C as

emergent medium. The second mirror on the sensor has Parylene C as incident

medium. The question arises as to whether the protective Parylene C layer should be
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Figure 4.14: Transmittance spectra of an 8-layer quarter-wave stack made of cryolite and
zinc sulphide, λre f = 1550nm, incident medium: Parylene C, emergent medium: solid line:
water, dashed line: Parylene C.

treated as emergent medium for the second mirror and therefore free of interference,

or as an additional thin film layer that contributes to interference effects and use

water as the emergent medium. Figure 4.14 shows the transmittance spectra for

both cases with a 10 µm thick Parylene C layer.

It can be seen that Parylene C as additional layer causes oscillations in the spec-

trum. However, it was decided to use Parylene C as emergent medium. This was

done for several reasons. First of all for simplicity when analysing the optical sensi-

tivity but also because the thickness of the protective layer varies strongly between

sensors and therefore the interference effects that would be observed. Overall the

thickness and material of the protective layer are still under development. In many

cases a different material, such as Polyurethane, has been added on top of the Pary-

lene C layer as reinforcement of the protective coating. This is done manually and

the thickness is not known. Considering all unknowns with regard to the protec-

tive coating adding an extra layer to the design that contributes to the interference

with definite material and thickness would only be representative for a few sensors.

In addition, it should be noted that interference effects arising from the protective

coating are usually not observed in practice.
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4.5.2 Factoring in the uncertainties

The witness piece spectra in Figure 4.12 (p. 53) show that uncertainties due to vari-

ations in the manufacturing process can have a significant impact on the resultant

transmittance. It is important to consider uncertainties when analysing future de-

signs as they will show with how much dependability a certain transmittance can be

achieved in reality. For this reason the impact of uncertainties will be analysed.

The Essential Macleod software has a feature, the Errors Tool, that allows for

variations that occur in the deposition process to be accounted for. It can simulate

fluctuations in thickness and/or refractive index of a layer, causing variations in the

transmittance of the whole coating. The differences in thickness and/or refractive

index between the modelled coating and the deposited coating are called random

errors.

The errors relating to deposited thickness and refractive index have been sup-

plied by the manufacturing company. The Errors Tool is based on a Monte Carlo

model that randomly varies each film thickness and refractive index according to a

normal distribution of such errors. The mean of the normal distribution is normally

zero, but can be set to be different. The width of the normally distributed popula-

tion is defined by the error entered by the user. The user can choose if errors are

applied just for thickness, refractive index or both and it is possible to link layers so

that they have the same error. Results presented in this Chapter were acquired by

varying each layer independently. It is also possible to specify that certain layers

should not have any error. The software will repeat the simulation for a (user) spec-

ified number of coatings, and then calculate the mean and standard deviation of the

transmittance for a specified wavelength range.

Throughout this thesis the transmittance spectra acquired after statistical anal-

ysis will be referred to as mean transmittance spectrum and maximum or minimum

transmittance. The maximum transmittance is the mean transmittance plus 1.96

times the standard deviation. The minimum transmittance is the mean transmit-

tance minus 1.96 times the standard deviation. This creates an envelope, termed the

confidence interval, around the mean transmittance. Transmittances measured on a
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Figure 4.15: Comparison of transmittance spectra for Parylene C as incident and emergent
medium. Shown are the ideal spectrum, mean spectrum and two confidence intervals (CI)
produced with an error of e=1% and e=2% with the Essential Macleod Error Tool

witness piece will fall into this interval with a 95 % probability.

When redesigning the Fabry-Pérot sensor, the Errors Tool will be used to de-

termined the best shift of the spectrum so that the transmission at 580 nm is high

with low standard deviation.

Figure 4.15 shows the spectrum of the 8-layer quarter-wave stack made of cry-

olite and zinc sulphide with a reference wavelength of 1550 nm and air as incident

medium and glass as emergent medium. The solid line represents the ideal trans-

mittance spectrum, which is the design spectrum without any error in the individual

layers. The dash-dotted lines represent the 95 % confidence interval for a 1 % error

in both thickness and refractive index in both materials. The dotted lines show the

95 % confidence interval for a 2 % error in thickness and refractive index in both

materials. The Figure shows that the width of the confidence interval is wavelength

dependent.

Figure 4.16 (a) shows the transmittance spectra for the ideal and mean trans-

mittance calculated by the Essential Macleod Errors Tool in Parylene C/Parylene C

together with the standard deviation for errors of 2.5 % in thickness and refractive

index in all layers after 30000 runs. Figure 4.16 (b) shows the normalised standard

deviation and the normalised absolute of the first derivative of the ideal spectrum. It

can be seen that the standard deviation and first derivative correlate. The correlation
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Figure 4.16: (a) Transmittance spectra for Parylene C as incident and emergent medium
for the ideal and the mean case as well as the standard deviation. (b) shows the normalised
standard deviation together with the normalised absolute first derivative of the ideal spec-
trum.

Figure 4.17: Witness piece data and modelled confidence interval for different uncertainties
in the OR-PAM excitation wavelength range

coefficient is 0.87. As a result the design should be chosen in such a way that the

transmittance spectrum in wavelength ranges of interest has a low gradient.

To identify the best shift for the spectrum and consider the errors in the coatings

a suitable value for the errors is needed. Figure 4.17 shows the measured transmit-

tance spectra for the OR-PAM excitation wavelength range of the six witness piece

data available together with the mean transmittance and three 95 % confidence in-

tervals (CI) (Errors Tool for 30000 runs). The innermost envelope represents the

confidence interval for an error of 1 % for both materials for thickness and refractive

index, followed by a confidence interval for errors of 1.5 %, then 2 % and finally the

outermost envelope for 2.5 %. The 2.5 % error produces the confidence interval

that includes all witness piece spectra. One spectrum diverges more from the ideal
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Figure 4.18: Witness piece data and modelled confidence interval for different uncertainties
in the interrogation wavelength range

spectrum than the others and it is being assumed that this is an exceptional case.

Figure 4.18 shows the witness piece data and confidence intervals for errors

of 1 %, 1.5 %, 2 % and 2.5 % in the interrogation band. Assuming an error of 1 %

for the wavelength range of 1500 nm to 1600 nm generates a confidence interval

that includes most data points, when one spectrum is treated as an outlier. It needs

to be considered, that when the spectrum is shifted towards shorter wavelengths,

the gradient of the spectrum in the interrogation band will change and with it the

standard deviation. It seems appropriate to choose a slightly higher error of 1.5 %

for the interrogation band analysis of the shifted spectrum to account for the increase

in standard deviation.

4.5.3 Effect of shift on transmittance at 580 nm

This Section investigates the impact of a shift of the spectrum towards shorter wave-

lengths on the transmission at around 580 nm as well as the transmittance confi-

dence interval.

Figure 4.19 shows the design transmittance through both mirrors (the entire

sensor for two different emergent media) at 580 nm depending on the spectrum is

shifted to different reference wavelengths. Additionally, it shows the mean trans-

mittance of the sensor at 580 nm for an error of 2.5 % with error bars for a 96.4 %

confidence interval. The mean transmittance is at its maximum value for a refer-
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Figure 4.19: Change in design and mean transmittance depending on the reference wave-
length for both mirrors at 580 nm. The mean transmittance has error bars for a 96.4 %
confidence interval. (Parameters: 8-layer quarter-wave stack, low refractive index layer:
cryolite, high refractive index layer: zinc sulphide, incident/emergent media in legend, er-
ror is 2.5 %)

ence wavelength of 1518 nm. For reference wavelengths shorter than 1518 nm the

transmittance at 580 nm decreases slowly and so does the width of the confidence

interval. It is not necessary to shift the spectrum further than 1518 nm since the de-

crease in mean transmittance and variance only results in a lower maximum possible

transmittance, while the minimum possible transmittance stays constant. Keeping

in mind that the further the spectrum shifts to shorter wavelengths, the more the

high reflectance area will shift in the same direction and optical sensitivity might

decrease, the spectrum should not be shifted further.

The transmittances of each mirror at 580 nm is slightly different from each

other. However, at a reference wavelength of approximately 1518 nm the difference

seems minimal in comparison to the width of the confidence interval.

4.5.4 Effect of shift on optical sensitivity

This Section investigates the impact of a shift of the transmittance spectrum towards

shorter wavelengths on the reflectance as well as the corresponding confidence in-

terval in the interrogation band and therefore the optical performance. Finesse F

and the visibility V will be determined to evaluate the impact of the shift and find

the best dual-mode design.
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Figure 4.20: Mean reflectance spectra and 95 % confidence interval of the 8-layer quarter-
wave stack between 1500 nm to 1600 nm for two reference wavelengths. (Parameters: low
refractive index layer: cryolite, high refractive index layer: zinc sulphide, incident/emergent
media: Parylene C, error is 1.5 %)

The Essential Macleod Errors Tool was used to acquire the mean reflectance

and standard deviation of both mirrors in the interrogation wavelength range for

spectra of different reference wavelengths. It has to be considered that the re-

flectance of the mirrors in the interrogation wavelength range varies with wave-

length, especially when the spectrum is shifted towards shorter wavelengths. In

practice the location of a fringe in the interrogation band can not be predicted, so

that all reflectances in the range from 1500 nm to 1600 nm have to be considered.

Figure 4.20 shows the mean reflectance spectra from 1500 nm to 1600 nm

and the corresponding 95 % confidence intervals for two reference wavelengths,

1550 nm and 1500 nm. Minimum and maximum reflectance values from the spec-

tra, including confidence intervals, were extracted. The reflectance for the 1550 nm

reference wavelength spectrum varies from 94.44 % to 95.41 %. The difference ∆R

between the maximum and minimum reflectance is 1 %. The reflectance for the

1500 nm reference wavelength spectrum varies from 92.24 % to 94.84 %. The dif-

ference ∆R between the maximum and minimum reflectance is 2.6 %. It can be

observed that the reflectance in the interrogation band decreases when the spectrum



4.5. Analysis and redesign of the mirrors 65

is shifted towards shorter wavelengths and that the range of reflectances that can be

expected increases.

F and V were established using the model discussed in Section 3.2.2. Finesse

and visibility were determined for a 10 µm thick sensor and a beam waist of 15 µm.

This is similar to the usual sensor thickness and interrogation spot size used during

dual-mode experiments. The impact of different sensor thicknesses and spot sizes

on the optical performance of the sensor can be seen in Appendix B. Here, the

analysis focuses on a specific set of thickness and spot size and looks at the change

of the optical sensitivity depending on the reference wavelength.

Figure 4.21 shows the finesse, visibility and the corresponding confidence in-

tervals depending on the reference wavelength. The data were acquired through the

following steps:

1. Set the reference wavelength λre f in the Essential Macleod software, so that

the thin film layer thicknesses can be adjusted.

2. Run the Errors Tool for the interrogation wavelength range. This is necessary

because there is a range of reflectances in the interrogation band. This pro-

duces the mean and standard deviation reflectance values for all previously

specified interrogation wavelengths.

3. Calculate single mean and standard deviation value that represents the en-

tire interrogation wavelength range for a specific reference wavelength. This

is achieved by calculating the mean of all values in that range. This re-

sults in Rmean(λre f ) and stdmean(λre f ), which can be used to determine

the confidence interval (Rmax(λre f ) = Rmean(λre f )+ 1.96 · stdmean(λre f ) and

Rmin(λre f ) = Rmean(λre f )−1.96 · stdmean(λre f )).

4. Note that R1mean 6= R2mean due to the different incident and emergent media so

that the previous steps have to be carried out for both mirrors separately.

5. The resulting reflectances are used in the model described in Section 3.2.2.

Rmean produces IT Fmean from which Fmean and Vmean can be determined.
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Figure 4.21: Mean value and confidence interval for (a) finesse and (b) visibility re-
sulting from a shift in reference wavelength and consideration of errors; in this example
l = 10µm,ω0 = 15µm,e = 1.5%

Rmax is used for the upper boundary of the confidence interval of F and V

and Rmin is used for the lower boundary of the confidence interval.

Figure 4.21 (a) shows that shifting the spectrum towards shorter wavelengths

reduces the finesse. This is caused by a loss of reflectance due to the reference wave-

length moving out of the interrogation wavelength range. The shift towards shorter

wavelengths increases the gradient of the spectrum in the interrogation band. The

gradient was linked to the wavelength dependent standard deviation in Section 4.5.2.

A wider confidence interval for the finesse can be observed. The mean visibility in-

creases due to a reduction in reflectance in the interrogation band. The confidence

interval for the visibility in Figure 4.21 (b) increases for smaller reference wave-

lengths.

The reduction in mean finesse from a reference wavelength of 1550 nm to a

reference wavelength of 1510 nm is less than 3 %. The maximum expected finesse

is unchanged, but the potential drop in finesse has increased by 45 % (∆F (λre f =

1550nm) = 8.44 to ∆F (λre f = 1510nm) = 12.69).

The increase in mean visibility from a reference wavelength of 1550 nm to a

reference wavelength of 1510 nm is less than 1 %. The maximum expected visibility

has increased slightly whilst the minimum value is almost unchanged. The range of

potential visibility values has increased by 37 % (∆V (λre f = 1550nm) = 0.0387 to
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∆V (λre f = 1510nm) = 0.0529).

When deciding on a new reference wavelength for the dual-mode sensor both

transmission at 580 nm and optical sensitivity in the interrogation band need to be

considered. A shift to a reference wavelength shorter than 1510 nm reduces the

transmission at 580 nm. The impact on the mean values for finesse and visibility is

negligible, there is however an increase in uncertainty the further the spectrum is

shifted towards shorter wavelengths. To reduce the risk of losing too much optical

sensitivity a shift to a reference wavelength of 1520 nm was chosen. The transmit-

tance at 580 nm of a spectrum with a reference wavelength of 1520 nm has a 32 %

increase in transmittance in comparison to a spectrum with a reference wavelength

of 1550 nm. The standard deviation was reduced by 46 %. The mean optical sensi-

tivity is expected to drop by 2 % with the maximum being the same and the mini-

mum being reduced by 6 %. This shows a significant improvement in transmission

at the cost of a small reduction in optical sensitivity.

4.6 Dual-mode sensor evaluation
As a result of the analysis discussed in the previous Sections a new Fabry-Pérot sen-

sor with improved transmittance at 580 nm was fabricated. This Section evaluates

the performance of the manufactured dual-mode sensors.

Figure 4.22 shows the witness piece spectra relating to the manufactured mir-

rors with a reference wavelength of 1520 nm. On the top left and right are close

ups of the regions of interest. The top left shows a close up of the transmission at

around 580 nm. It shows that the spectra of the deposited mirrors are in the previ-

ously established confidence interval. The transmittance at 580 nm is 91.8 % for the

first mirror and 75.4 % for the second mirror. The transmittance at 580 nm for the

old design was in the range of 31 % to 86 %. The transmittance of the first mirror at

580 nm exceeds any previously measured transmittance in the original design. The

transmittance of the second mirror is high in comparison to the range of previous

values.

The total number of sensors built with the new design was 30, of which 8 were
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Figure 4.22: Witness pieces and modelled spectra for the dual-mode dichroic mirror.
Dashed lines in close up represent the confidence interval for uncertainties of 2.5 % around
580 nm and 1.5 % around 1550 nm. The solid line represents the modelled spectrum and
the crosses are the measured data points provided by the manufacturing company

of good quality. Unfortunately, the manufacturing process for this specific batch of

sensors malfunctioned. The deposited spacer material was contaminated and had

to be stripped off the first mirror after which the spacer material was deposited a

second time. As a result a significant part of the manufactured sensors had a high

number of failure points (low or no optical sensitivity points), leaving less than a

third usable.

Of the 30 manufactured sensors, seven sensors had a spacer thickness of 5 µm.

Of those two were usable. 20 sensors had a spacer thickness of 10 µm and five

of those were of good quality, two were of moderate quality. Three sensors had a

thickness of 50 µm of which one was of good quality.

To evaluate the sensitivity of a sensor it is necessary to measure its noise-

equivalent pressure (NEP):
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NEP =
UNoisePUS

UPeak
(4.35)

The measurement requires the knowledge of the pressure of the acoustic signal

PUS that is being detected. UNoise describes the peak noise value detected prior to

the ultrasound signal. The noise peak is defined as three times the variance of the

noise data [49]. UPeak is the measured voltage value of the ultrasound peak. The

measurement was carried with a 15 MHz planar transducer with a peak pressure

of 390 kPa at a distance of 2.4 cm. The following table lists the noise-equivalent

pressures acquired for the new sensors:

Table 4.2: Noise-equivalent pressure of the new dual-mode sensors

Sensor thickness Noise-equivalent pressure (NEP)

5 µm 10 kPa

10 µm 8 kPa

50 µm 7 kPa

The NEP values for the different sensors are comparable to values that were

measured previously on sensors with the original design. However, the values fluc-

tuate strongly from sensor to sensor and point to point. The sensor performance

would potentially have been better if the deposition of the spacer material would

have been more successful.

It was decided to not produce another batch of sensors because an alternative

sensor design was developed at the same time and is also suitable for dual-mode

imaging. The coating design discussed here is often being referred to as the soft

dielectric coating and was originally the common mirror coating. The coating dis-

cussed in this section is a soft dielectric coating. An alternative design was devel-

oped by Dr Edward Zhang in parallel and is called a hard dielectric coating. The

hard dielectric coatings were developed to improve sensor durability. However, as a

by product the transmittance at 580 nm was improved in comparison to the original

design. Hard dielectric sensors have been used mostly during experiments as they

are more durable and they will be briefly introduced in the next Section.
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4.7 Hard dielectric sensor
The hard dielectric mirrors developed for the Fabry-Pérot sensor are similar to the

soft dielectric mirrors discussed in the previous Section. They also consist of a

quarter-wave stack, but they use different materials and therefore produce a slightly

different spectrum. The materials used are zirconium dioxide (ZrO2) and silicon

dioxide (SiO2). Zirconium dioxide is the high refractive index material and the

first deposited on the substrate. Silicon dioxide is the low refractive index material

and the last deposited on the alternating high and low refractive index thin film

stack. The deposition process is the same as for the soft dielectric coatings. The

manufacturing company estimates the errors to be the same or slightly higher (up to

1 % more).

The refractive index for ZrO2 is 2.03 and for SiO2 1.44. The difference be-

tween the high and low refractive index for the hard dielectric films is significantly

lower (∼ 0.6) than for the soft dielectric films (∼ 1). To achieve the same reflectance

in the interrogation band as with the soft dielectric sensors more layers are needed.

The physical thickness of the hard dielectric mirrors is therefore higher than the

thickness of the soft dielectric sensors for the same reflectance.

In the original design an 8-layer quarter-wave stack has a reflectance of 95 %

and a physical thickness of 1.8 µm for a reference wavelength of 1550 nm. The hard

dielectric 8-layer quarter-wave stack produces a mirror reflectance of approximately

80 % (1.8 µm thickness), which drastically reduces the optical sensitivity. Adding

another high and low refractive index layer to the quarter-wave stack increases the

reflectance to 90 % and the thickness to 2.3 µm. A 12-layer stack produces a re-

flectance of 94.4 % and a mirror thickness of 2.7 µm. Table 4.3 shows the ideal,

mean, minimum and maximum transmittance values of the 12-layer hard dielectric

mirror design at 580 nm. Additionally, it shows the corresponding reflectance values

in the interrogation band. The analysis was carried out for a reference wavelength

of 1550 nm, PMMA as incident medium and Parylene C as emergent medium. The

error for the excitation wavelength was 2.5 % and for the interrogation wavelength

1.5 %. The entire interrogation band was included.
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Table 4.3: Transmittance and reflectance of the hard dielectric mirrors for PMMA/Parylene
C

Transmittance at 580 nm Reflectance at 1500 nm to 1600 nm

Design 93.48 % 94.4 %

Minimum 76.62 % 93 %

Mean 91.04 % 94.11 %

Maximum 100 % (105.5 %) 94.8 %

The transmittance of the soft dielectric mirrors at 580 nm for a reference wave-

length of 1520 nm was in the range of 76.4 % to 99.4 % with a mean value of 87.9 %.

Even though the values are close to the transmittance values of the hard dielectric

sensors, overall the hard dielectric sensor has better transmittance at 580 nm.

The difference ∆R between the maximum and minimum reflectance in the in-

terrogation band is smaller than 1 % for the soft dielectric coating. ∆R for the hard

dielectric coating is 1.8 %.

It can be concluded that the optical performance of the hard dielectric sensors

is equally well suited for dual-mode PAT and OR-PAM imaging as the soft dielectric

sensors, if not better. However, the question of the impact of the thicker mirrors on

the acoustic detection, especially for higher frequency waves, remains.

4.8 Summary
In this Chapter the motivation for redesigning the dichroic mirrors in the Fabry-

Pérot sensor was given. The configuration of the sensor was explained and the

model used for the thin film coating design was described. The sensor design was

given and it was explained how the manufacturing process can affect the trans-

mittance spectrum of the mirrors. Errors arising from the manufacturing process

were defined and included in the analysis of the coating design. The ideal shift for

both transmittance and reflectance was established and a reference wavelength of

1520 nm was chosen. The new sensor was evaluated and compared to an alternative

sensor that is also suitable for dual-mode PAT and OR-PAM image aquisition. The

following Chapter will describe the scanner setup in which the sensor was used.
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Chapter 5

Dual-mode photoacoustic scanner:

design and performance evaluation

This Chapter is concerned with the operation of the dual-mode photoacoustic imag-

ing scanner that was developed as part of this thesis. Each mode will be introduced

and analysed individually before presenting the complete scanner followed by mul-

timodal images in Chapter 6. The first Section presents scanner components that

are shared by different modes and are not unique for a specific mode. Section 5.2

introduces the photoacoustic tomography scanner, Section 5.3 describes the optical-

resolution photoacoustic microscopy (OR-PAM) scanner with a scanned interroga-

tion beam and Section 5.4 introduces the alternative LSOR-PAM mode, where the

interrogation beam is fixed to a single interrogation point on the Fabry-Pérot sen-

sor. Each Section begins with the setup of the mode followed by an analysis of

parameters such as field of view as well as lateral and vertical resolution. Section

5.5 introduces the dual-mode scanner and Section 5.6 compares acquisition speeds

of the different modes.

5.1 Common features in the dual-mode scanner
To understand the role of various components in the setup, it is beneficial to recall

the fundamental principles of PA image acquisition with a Fabry-Pérot sensor, also

see Chapter 2.

Image acquisition consists of two parts - the generation and the detection of
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the photoacoustic signals. Generation is achieved by illuminating the sample with

the excitation light, which will be absorbed (the photons) in the sample. The light

is emitted by the excitation laser and transmitted through the Fabry-Pérot sensor,

which is transparent in the excitation wavelength range. The absorption of the pho-

ton’s energy generates the ultrasound waves, which travel back to the tissue surface.

Detection is achieved optically with the Fabry-Pérot sensor, which is reflective in

the interrogation wavelength range (1500 nm to 1600 nm). The light from the in-

terrogation laser is focused on to the sensor surface. An incident acoustic wave

modulates the thickness of the sensor cavity. When the correct interrogation wave-

length is chosen (refer to Section 3.1 on page 18), the tickness modulation will

modulate the intensity of the back reflected light. The modulated light intensity is

then recorded with a photodiode.

If an image of the absorber is to be reconstructed, it is necessary to record the

PA signals for an array of detection points. The signal acquisition is then: point

interrogation beam and in the OR-PAM case the excitation beam. Emit a pulse of

excitation light, which will trigger the recording of the back reflected interrogation

light. When the recording is complete the interrogation and/or excitation light can

be directed to the next point. Which beam is being scanned depends on the mode in

which image acquisition is taking place.

The optimal interrogation wavelength usually varies between interrogation

points. To improve acquisition speed the interrogation points and their correspond-

ing interrogation wavelengths are being recorded prior to data acquisition.

Table 5.1 lists the components that are used within the dual-mode scanner.

The interrogation laser (1) is identical for all modes discussed in this Chapter. The

excitation lasers (2) and (3) are different for tomography and microscopy mode.

The excitation laser for microscopy mode is tunable and was provided without a

spectrum. It was analysed prior to image acquisition and the results are summarised

in Section 5.1.1. The scanning mirrors (4) steer the interrogation and OR-PAM

excitation beams across the imaged area. The focal lens (5) is placed between the

scanning mirrors (4) and the sensor. The photodiode is contained in the electronics
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Table 5.1: Common scanner components

Component Component details Description

1 Interrogation
laser

Yenista, Tunics
T100S

Continuous wave tunable laser
(1500 nm to 1630 nm)

2 PAT excitation
laser

Innolas Spitlight 600 ND:YAG (Q-switch) and OPO,
30 Hz repetition rate, 6 ns to 7 ns
pulse length at 1064 nm, wave-
length ranges 413 nm to 690 nm
and 720 nm to 2500 nm, fibre
coupled pulse energy at 580 nm is
17 mJ

3 PAM excitation
laser

Elforlight, SPOT &
DL

SPOT laser (Q-switch) pumps
tunable dye laser (565 nm to
605 nm), 1.2 ns pulse length, see
Section 5.1.1, p.76

4 Scanning mir-
rors

Cambridge Technol-
ogy

XY-scan operation, galvanometer
based

5 Focal lens Thorlabs focal lens Plano-convex lens combination

6 Scanner control
box

Custom built contains circulator, photodiode
detection board (−3 dB band-
width of 100 MHz), galvanome-
ter mirrors control boards and
power supplies for both

7 DAQ card National Instru-
ments, PCI 6229

125 MHz Bandwidth, 2-Channel,
8-Bit

8 Oscilloscope National Instru-
ments, PCI 5114

32 AI (16-Bit, 250 kSs−1), 4 AO
(16-Bit, 833 kSs−1)

9 Excitation beam
alignment laser

Thorlabs, S1FC637 fibre coupled cw laser, 637 nm,
tunable output power of 0 mW to
8 mW)

box (6) and has a DC and an AC coupled output. Both detect the back reflected

interrogation light. The DC output is used for recording the ITF and is connected

to the DAQ card (7). The AC output is for recording the photoacoustic signals and

is connected to the oscilloscope (8).

Due to the multimodal design of the scanner, most features are shared. There

are a few differences in image acquisition between different modes and these will

be discussed in Sections 5.2 to 5.4.
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5.1.1 OR-PAM excitation laser

A new laser was obtained for the OR-PAM experiments of this project. The laser

is tunable and the spectrum was not provided by Elforlight so that some time was

spent in analysing the laser. This Section presents a summary of the results.

(a) (b)

Figure 5.1: Elforlight dye laser analysis ((a) Pyrromethene conversion efficiency [7], (b)
Elforlight dye laser average power spectrum

The dye laser from Elforlight is pumped by a Q-switched diode pumped laser

(SPOT). The pump laser output has a wavelength of 532 nm with a pulse width

of 1.44 ns and a pulse energy of 30 µJ. The dye is Pyrromethene 597 dissolved in

ethanol. The spectrum expected to be generated by a Pyrromethene 597 dye laser

pumped by a 532 nm laser can be seen in Figure 5.1a. It shows the conversion

efficiency spectrum of the dye for a pump wavelength of 532 nm. For comparison

Figure 5.1b shows the measured average power spectrum of the Elforlight dye laser.

Parameters that might affect the measured power, such as dye concentration or rep-

etition rate, were the same at all wavelengths. It can therefore be assumed that the

curve in Figure 5.1b represents the conversion efficency of the laser. Both curves

in Figure 5.1a and Figure 5.1b agree well up to approximately 580 nm. For wave-

lengths longer than 580 nm the dye laser output decreases faster than one would ex-

pect when comparing to the conversion efficiency of the dye. The dye converts the

532 nm pump wavelength to a broad range of wavelengths from 565 nm to 630 nm.

A dichroic mirror behind the dye chamber allows for a specific wavelength to be

filtered out of the spectrum. The wavelength can be tuned by changing the angle
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of the dichroic mirror, which is mounted on a translation stage, in reference to the

incident beam. It is being assumed that the dichroic mirror does not transmit larger

wavelentghs.

Figure 5.2: Elforlight dye laser spectra for different dichroic mirror settings

A spectrometer was used to analyse the relationship between the angle of the

dichroic mirror and the direct wavelength output from the laser. A look-up table

of the translation stage settings for certain wavelengths was created. The settings

were found to be repeatable. For wavelengths higher than 580 nm the output spec-

trum was as expected and always confined to a “single” wavelength. However, the

spectrum between 560 nm and 580 nm consists of two separate wavelength peaks.

The dichroic mirror used in the scanner was not designed to be used at oblique inci-

dences. The manufacturer (Edmund Optics, NT68-847) has provided us with three

modelled spectra of the filter. It shows a single peak for angles of incidence of 0 ◦

and 30 ◦ but two at 45 ◦. It can be assumed this effect is related to the change of path

length with angle of incidence in the thin film layers that form the dichroic mirror.

The appearance and disappearance of the two wavelengths with changing angle of

the dichroic mirror can been seen in Figure 5.2. It shows how a second wavelength

peak starts to appear at around 570 nm (plot 2) and starts to increase in intensity un-

til both wavelengths have the same intensity (plot 3). For even higher wavelengths
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the original wavelength peak starts to disappear and the new wavelength peak de-

fines the filtered spectrum (plot 4). This makes single wavelength excitation around

570 nm challenging and should be kept in mind when using the laser. The same

spectrum was observed after coupling the light into a single-mode fibre.

The coupling efficiency of the dye laser light into a single-mode fibre was

kept below 20 %. Several aspects need to be considered when coupling the laser

light into a single-mode fibre. If too much light is coupled into the fibre Raman

scattering can occur, which changes the wavelength that exits the fibre. This is not

important for a black absorber, which would absorb all visible wavelengths, but

the absorption coefficient of blood is wavelength dependent and in spectroscopy

the correct excitation wavelength is especially important. Furthermore, it has been

observed that when the coupling efficiency was improved further, after the onset of

Raman scattering, the single-mode fibre got damaged. The fibre tip was damaged

repeatedly and in a few cases the damage occurred at the other end of the fibre

instead. Damage to phantoms has also been observed when pulse energies where

too high. When the absorber, and therefore the focus of the excitation light, was

close to the sensor, damage to the sensor could be observed. Pulse energies exiting

the single-mode fibre were therefore kept equal to or below 600 nJ (this value was

determined empirically).

Figure 5.3: Elforlight dye laser average power depending on the repetition rate
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The temporal pulse length of the light exiting the dye laser is 1.2 ns. The pulse

energy depends on the wavelength, dye concentration, freshness of the dye as well

as repetition rate and energy of the pump laser. The approximate average power for

the optimum dye concentration at 1 kHz repetiton rate is 5 mW. The average power

output can be increased with increasing repetition rate up to 8 kHz. For higher

repetition rates the dye flow is too slow and the dye molecules are not refreshed on

time to increase the average power further, see Figure 5.3. The pulse energy starts

to drop at repetition rates higher than 5 kHz.

For experiments carried out as part of this project the repetition rate was kept

equal to or below 3 kHz. The pulse energy was monitored regularly and varied be-

tween 200 nJ to 600 nJ. The excitation wavelength was 600 nm for images acquired

in this Chapter. The wavelength was chosen based on the transmittance spectra of

the sensors used for the analysis presented here. Further relevant details regarding

the experiments will be given in the according Sections.

5.2 Mode 1: Photoacoustic tomography
This Section introduces the photoacoustic tomography (PAT) arrangement of the

scanner. A general introduction into photoacoustic tomography can be found in

Chapter 2 on page 11. This Section starts with a brief summary of PAT, Section

5.2.1 describes the scanner setup for tomography mode, followed by the analysis of

the scanner performance in Section 5.2.2.

Both PAT and OR-PAM signals are being generated with short high energy

laser pulses. However, in tomography mode the excitation light illuminates the en-

tire field of view, whilst in optical-resolution microscopy the light is being focused

to a small spot. The way the photoacoustic signals are being generated impacts the

resolution and depth of the acquired image.

PAT has lower lateral resolution (∼ 40µm) than microscopy mode (∼ 6µm),

but a higher penetration depth of up to 1 cm in contrast to 1 mm in OR-PAM. De-

tection is carried out at several points and the recorded signals are used for image

reconstruction (see Section 5.2.3).
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5.2.1 Setup

Figure 5.4: Setup of the Fabry-Pérot scanner in tomography mode

Figure 5.4 shows the setup of the scanner in tomography mode. Data acquisi-

tion is achieved by the following steps:

1. Point the interrogation light. The interrogation laser is single-mode fibre

coupled. The light exits the fibre through a collimating lens and travels as a

free space beam through the scanner to the Fabry-Pérot sensor. The scanning

mirror steers the interrogation beam across the sensor surface. It consists of

two mutually orthogonal galvanometer mirrors that can each tilt across one

axis.

2. Tune the interrogation wavelength to optimum wavelength.

3. Fire the excitation laser once the mirrors have settled and the interrogation

laser has been tuned to the correct wavelength. The excitation light is deliv-

ered through a multi-mode fibre. The fibre points towards the Fabry-Pérot

sensor and the diverging light travels through the sensor, which is transparent

in the excitation wavelength range, into the tissue where it is being scattered
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and absorbed. The absorbed energy generates the acoustic waves that travel

back to the tissue surface and modulate the sensor thickness and therefore the

intensity of the back reflected interrogation light.

4. Start recording the PA signals for a previously specified length of time using

the excitation pulse as trigger. The (modulated) back reflected light travels

back through the scanner to the collimator, where it is coupled back into the

single-mode fibre and a circulator diverts it on to a photodiode.

5. Repeat from 1 until detection has been carried out at all previously defined

detection points.

Prior to data acquisition the sensor needs to be aligned correctly so that it is in the

focal plane of the interrogation beam. This is achieved by scanning the interrogation

beam across the sensor surface and detecting the back reflected light. The sensor is

mounted on a translation stage so that it can be moved up and down. It can also be

tilted along the x- and y-axis to ensure the interrogation beam is at normal incidence.

The sensor alignment is complete when the intensity of the back reflected light has

reached its maximum. To increase the acquisition speed the ideal interrogation

wavelength at each detection point is determined prior to data acquisition.

5.2.2 System performance

This Section covers the performance of the PAT scanner. It focuses on field of view

(Section 5.2.2.1) as well as lateral (Section 5.2.2.2) and vertical resolution (Section

5.2.2.3).

5.2.2.1 Field of View

The field of view in photoacoustic tomography depends on both the interrogation

and excitation area. The region for which both excitation and interrogation area

overlap is the effective imaging region and defines the field of view. Figure 5.5

shows a reconstructed tomography image of a planar absorber. The entire image is

the interrogation area. It can be seen that most of the area is being illuminated by

the excitation light, apart from the corners on the top of the image. This image was

acquired for a step size of 80 µm.



5.2. Mode 1: Photoacoustic tomography 82

Figure 5.5: Field of view of the PAT scanner

The scratches in the image are a result of poor polishing of the sensor. To

avoid interference effects within the sensor substrate, the substrate is wedged. This

is achieved manually by using sand paper and then polishing the wedged substrate.

If the polishing is done insufficiently, scratches from the wedging with sand paper

can appear.

5.2.2.2 Lateral resolution

The lateral resolution of the Fabry-Pérot sensor based photoacoustic tomography

scanner in reflection mode was analysed in great detail in the past and published in

[24]. The paper found that the resolution depends on the position of the absorber

within the field of view. An absorber close to the sensor and mostly in the centre of

the recorded area will have the best resolution. The best achievable resolution was

found to be 40 µm. The resolution reduces to 60 µm at a 4 mm distance to the sensor

and 80 µm to 90 µm at the edges of the recorded area.

The distribution of the lateral resolution was not analysed as part of this work.

However, the lateral resolution of an absorber in the centre of the field of view

and relatively close to the sensor was obtained. A single carbon fibre was used to

determine the line spread function of the PAT system. Carbon fibres have a diameter

of 7 µm to 8 µm, a value well below the expected resolution of the scanner. The
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carbon fibre approximates a spatial delta function and the width of the reconstructed

carbon fibre determines the resolution. The resolution of the PAT system is assumed

to be identical in the x and y direction, so that it will only be determined for one

direction. A single carbon fibre was glued to a frame and the frame was placed on

top of the sensor. The fibre was parallel to the y-axis, perpendicular to the x-axis

and had a distance of 850 µm to the sensor. A line scan was performed along the

x-axis and an image of the fibre was reconstructed (see Section 5.2.3). Figure 5.6

shows the intensity profile of the reconstructed carbon fibre line scan. The data were

acquired over a length of 6 mm with the carbon fibre in the centre of the line scan.

The step size was 1 µm and the sensor had a thickness of 20 µm. The sensor used in

[24] had a reported thickness of 22 µm, making the results comparable.

Figure 5.6: Intensity profile of a carbon fibre image acquired in PAT

The full width at half maximum of the profile in Figure 5.6 is 40.1 µm. This

confirms that the optimum lateral resolution of the PAT system is the same as the

one reported in [24]. The dependence on imaging aperture and frequency content of

the recorded signal is the same so that [24] can be used as reference for the location

dependent resolution.

5.2.2.3 Vertical resolution

The vertical resolution refers to the resolution of the scanner in the z direction/depth.

It depends on the bandwidth of the recorded photoacoustic signal. The bandwidth

depends on the excitation pulse length, detector bandwidth and sampling rate of the



5.2. Mode 1: Photoacoustic tomography 84

DAQ card. The DAQ card used in the system described here has a sampling rate

of 250 MHz, resulting in a resolution of 125 MHz. Since high frequency acoustic

waves get attenuated strongly, this is usually not the restricting element. It is pos-

sible for the attenuated signals to get band limited further by the bandwidth of the

detector. The bandwidth of the Fabry-Pérot sensor depends on the spacer thickness.

The acoustic thickness is similar to the optical thickness in equation 4.32, page 50.

It is the product of the physical thickness l and the ratio of the speed of sound in

water (1500 ms−1) and Parylene C (2200 ms−1) that defines the vertical resolution.

The thinner the sensor, the better is the vertical resolution. A 5 µm thick sensor has

a vertical resolution vres of 3.4 µm, doubling the sensor thickness will also double

the vertical resolution: l = 10µm→ vres = 6.8µm; l = 20µm→ vres = 13.6µm; l =

40µm→ vres = 27.3µm and so forth. In the case of a very broadband sensor the

excitation pulse length can become the restricting factor.

To determine the vertical resolution of the tomography scanner a planar ab-

sorber was chosen to generate the photoacoustic signals. Since thicker sources pro-

duce longer photoacoustic signals, the absorbing surface had to be very thin. A

PMMA substrate was painted with a black felt tip pen to ensure the absorber is very

thin and not the restricting element in the experiment.

Figure 5.7: PA signal from a thin planar absorber acquired in PAT

Figure 5.7 shows the detected photoacoustic signal for one pulse. The sensor

had a thickness of 14 µm and therefore a vertical resolution of 10 µm. The excitation
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laser in use was the Ultra by Big Sky Laser with a pulse length of 8 ns. The pulse

length of the Ultra decreases with increasing pulse energy so that the laser was

operated at maximum energy output in combination with a neutral density filter.

The full width at half maximum of the recorded pulse in Figure 5.7 is 15.78 ns. With

a sound speed of 1480 ms−1 in water this gives a vertical resolution of 23.25 µm.

Zhang et al reported a 19 µm vertical resolution for a 22 µm thick sensor [24].

The absorber was also pen on PMMA, even though manually applied there might

have been slight variations in thickness. An excitation laser pulse length of 5.6 ns

was reported. The discrepancy between [24] and what was found here can be ex-

plained by the difference in excitation pulse length. Furthermore, the peak in Figure

5.7 is poorly resolved and it is possible that the true peak value was missed. A higher

peak value would reduce the full width at half maximum.

Finally, it can be said that the aim of this experiment was to verify what has

already been reported in [24]. The photoacoustic tomography scanner has been

well analysed previously and the results presented here verify that the tomography

scanner used for this project performs as expected.

5.2.3 Image reconstruction

The reconstruction of PAT images is carried out with the k-wave toolbox [50]. The

user interface of the toolbox allows the user to trim, upsample, frequency filter

and reconstruct the signals. One can choose between two different reconstruction

methods: time-reversal or k-space.

The initial pressure distribution is recovered from the time-resolved photoa-

coustic signals that were recorded across the sensor surface. The k-space method

uses the Fourier transform of the signals in time and space to convert them to tem-

poral and spatial frequencies. The temporal frequency is then mapped to spatial

frequency with the dispersion relation (ω = ck (ω-temporal frequency, c-speed of

sound, k-spatial frequency)). This results in a signal that is only dependent on

spatial frequencies. An inverse Fourier transform of the spatial frequencies gives

the pressure distribution in space. The principle of the image reconstruction with

time-reversal is the computational re-emission of the photoacoustic signals, as if
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the detector was the source of the signal, for the same length of time as the signal

was detected. Doing this for all detection points results in an image of the initial

pressure distribution. Images presented here were all reconstructed with the time-

reversal method.

5.3 Mode 2: OR-PAM using a scanned interrogation

beam
This Section introduces the optical-resolution photoacoustic microscopy (OR-

PAM) setup of the scanner with a Fabry-Pérot sensor and a scanned interrogation

beam. A general introduction into OR-PAM can be found in the introduction in

Section 2.3. This Section begins with a brief summary of OR-PAM, Section 5.3.1

describes the scanner setup for OR-PAM, followed by the analysis of the system

performance in Section 5.3.2.

The difference between OR-PAM and PAT lies in the excitation of the photoa-

coustic waves. With PAT the same large area will be illuminated by the excitation

light for each detection point. In optical-resolution photoacoustic microscopy the

excitation beam is focused down into the tissue to a small spot. Interrogation and

excitation are carried out point by point. OR-PAM images have higher lateral reso-

lution, but lower penetration depth than PAT images.

5.3.1 Setup

Figure 5.8 shows the setup for a scanner in optical-resolution photoacoustic mi-

croscopy with a scanned interrogation beam and the Fabry-Pérot sensor as the de-

tector.

Section 5.2.1 gave a detailed description of the steps taken to acquire a photoa-

coustic tomography image and how the scanner components contribute to it. Similar

steps need to be taken to acquire an OR-PAM image with a scanned interrogation

beam. The steps are:

1. Point the interrogation and excitation beams using the galvanometer scan-

ning mirrors.
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Figure 5.8: Setup of the scanner in OR-PAM with a Fabry-Pérot sensor and a scanned
interrogation beam

2. Tune the interrogation wavelength to the previously determined wave-

length.

3. Fire the excitation laser to generate the PA signals and trigger the recording

of the generated signals.

4. Start recording the PA signals by detecting the modulated back reflected

interrogation light with a photodiode.

5. Repeat at a different point.

The OR-PAM setup uses a different excitation laser to PAT (see Table 5.1) and

the excitation light is delivered differently (focused instead of divergent). The setup

uses an Elforlight dye laser with a tunable wavelength range from 560 nm to 600 nm

and a pulse length of 1.2 ns. More details about the laser are provided in 5.1.1.

The excitation laser light is coupled into a single-mode fibre. It enters the scan-

ner through a collimating lens and travels through the scanner as a free space beam.

The free space interrogation and excitation beams are combined via a dichroic mir-

ror (M1 in Figure 5.8) and travel through the scanner together. The interrogation

beam is focused on to the sensor, which is reflective for the interrogation wave-

length, and the excitation beam is transmitted through the sensor and focused into
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the tissue. Both beams can be steered across the imaged area together by the scan-

ning mirrors (M2) and excitation and interrogation are carried out point by point.

Image acquisition in OR-PAM can only be successful if the sample is in the

focal plane of the excitation beam. To ensure this it is important to initially align

the position of the sample. This is achieved through the same method that is being

used when aligning the sensor in the focal plane of the interrogation light. To be

able to detect back reflected excitation light the sample is replaced by a mirror and

the pulsed excitation laser by a cw laser with a similar wavelength (see Table 5.1).

The cw light travels through the scanner and sensor onto the mirror where it will

be reflected back into the scanner. The light is being scanned across the mirror.

The back reflected light gets coupled back into the single-mode fibre, where it will

be diverted by a circulator on to a photodiode. The photodiode provides feedback

about the coupling efficiency of the back reflected light. The coupling efficiency

is optimised, when the back reflected light has reached its maximum value. In this

case the mirror is in the focal plane of the excitation beam. Once the alignment is

complete the mirror will be replaced by the sample and the cw laser will be replaced

by the dye laser.

5.3.2 System performance

This Section analyses the field of view (Section 5.3.2.1) as well as lateral (Section

5.3.2.2) and vertical resolution (Section 5.3.2.3) of the OR-PAM scanner with a

scanned interrogation beam.

5.3.2.1 Field of View

Figure 5.9 shows the field of view of the OR-PAM scanner with a scanned interro-

gation beam. To acquire the image a planar absorber was placed in the focal plane

of the excitation beam. The field has a size of 15mm× 16mm and is the entire

region over which signal detection can occur. The image was acquired with a step

size of 80 µm in the x and y direction.

The excitation beam is focused to a small spot (∼ 6.5µm, see Section 5.3.2.2).

When imaging small features it is important to keep the spot size in mind. A step
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Figure 5.9: Field of view in OR-PAM with a scanned interrogation beam

size of 80 µm causes the excitation beam to skip over a significant part of the sample.

This part never gets illuminated by the excitation light and therefore never gener-

ates any photoacoustic signals. In the measurement provided here it is acceptable

to image the planar absorber with a large step size. The aim was to determine the

FOV and the absorber does not provide any structural information. However, when

imaging a sample where the structural information is relevant, the size of the area

that can be imaged with a suitable step size of 2 µm to 10 µm is limited. The number

of data points that can be acquired is computationally limited. It is possible to inter-

rogate approximately 90 k points, each for a length of approximately 600 samples

(→ 2.4µs→ 3.6mm) before exceeding the memory of the computer. If a longer

record length per sample is required, the number of interrogation points must be

reduced. However, acquiring that many data points is very time consuming as it

is close to the limit of what the computer can work with. 40 k interrogation points

significantly improve the acquisition speed. Additonally, it is possible to acquire

several images of different regions and combine them in hindsight. In that case the

total acquisition time might become too long if acquiring in vivo images.

If the acquisition is carried out at 40 k data points and the imaged area is a

square, both x and y direction have 200 data points. Using a step size of 5 µm results

in an imaged area of 1mm×1mm. If the data points are increased to the maximum
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of 90 k, x and y direction have 300 points, resulting in an area of 1.5mm×1.5mm,

but drastically reducing the acquisition speed. More about acquisition speed of all

modes can be found in Section 5.6.

To summarise: It is possible to detect a signal over an area of 15mm×16mm.

However, due to computational and time constraints the area that can currently be

imaged is usually limited to 1 mm2 to 2 mm2. Using a better computer and optimis-

ing the data acquisition code could speed up acquisition and therefore increase the

area over which an image can be acquired.

Reconstruction in the xy-plane is not necessary as the origin of the PA signals is

known. Reconstruction of the depth information is straightforward by multiplying

the time of arrival of the PA signal with the speed of sound of the medium the wave

was travelling in.

5.3.2.2 Lateral resolution

The lateral resolution of the OR-PAM system with a scanned interrogation beam

is defined by the spot size of the excitation beam. Two approaches were used to

establish the lateral resolution. Firstly, the beam diameter was measured with a

beam profiler and secondly, the edge spread function of the setup was established

using a black ribbon as absorber.

Figure 5.10: Intensity profile of the excitation beam in the focal plane acquired with Data
Ray Beam’R2 beam profiler
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Figure 5.10 shows the beam profile of a 637 nm cw beam that travels the same

path as the excitation beam. The profile was acquired with a Data Ray Beam’R2

beam profiler. The beam profiler does not work for the pulsed excitation laser that

is being used for image acquisition. A different laser, that has been used as part

of the scanner alignment process, was used for analysing the beam profile of the

excitation beam. The laser is a single-mode fibre coupled cw 637 nm laser from

Thorlabs (see Table 5.1). Since the light travels the same path through the scanner

before meeting the beam profiler and since the wavelength is very similar to the

580 nm of the excitation laser, it is assumed that the beam profile is the same for

both lasers. Figure 5.10 shows the intensity profile for both the x and y cross section

of the beam in the focal plane. The full width at half maximum (FWHM) of the

measured beam is ωFWHM ≈ 6.5µm and is expected to be the lateral resolution of

the OR-PAM system.

Additionally, the lateral resolution was verified by imaging an absorber in OR-

PAM. In photoacoustic tomography it is common to image an absorber that is signif-

icantly smaller than the expected lateral resolution and to determine the line spread

function. The lateral resolution in OR-PAM is significantly smaller than in PAT

and it can be challenging to find an absorber that is small enough to approximate a

spatial delta function.

An alternative approach is to image an absorber that is significantly larger than

the suspected lateral resolution. If the absorber has a sharp edge it is possible to

determine the edge spread function instead. When using the edge spread function it

is the sharpness of the edge that is being imaged that defines the lateral resolution.

The full width at half maximum of the first derivative of the step gives the value of

the lateral resolution.

Figure 5.11 shows the scanned OR-PAM image of a ribbon with the region

that was analysed highlighted by the white box. When using a focused excitation

beam and a phantom, such as a stretched carbon fibre or ribbon in water, it can be

observed that the excitation beam causes the phantom to vibrate. The amplitude of

the vibration is proportional to the pulse energy of the excitation light. It is possible
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Figure 5.11: Photoacoustic image of a
black ribbon acquired in OR-PAM with a
scanned interrogation beam

Figure 5.12: Intensity profile of the ribbon
in Figure 5.11

to cause carbon fibres to rip off the frame they have been glued to due to the force

of the vibration. A vibrating absorber blurs the image. When acquiring data to

determine the lateral resolution it is therefore essential to image with low excitation

pulse energies. A low excitation pulse energy results in an image with poor signal

to noise ratio. It was therefore decided to acquire a 2D image of the ribbon with its

edge perpendicular to the scan direction. It is then possible to average several line

scans and improve the signal to noise ratio without causing any vibrations.

Figure 5.12 shows the averaged profile of the ribbon edge. The full width at

half maximum of the first derivative (not shown here) gives a lateral resolution of

6.1 µm, which is in agreement with what was determined with the beam profiler.

5.3.2.3 Vertical resolution

The vertical resolution can be determined in a similar way as in PAT, which has

been described in Section 5.2.2.3. The results presented here were acquired with

a 10 µm thick sensor and a PMMA substrate painted black with a felt tip pen as

absorber. Using a thin sensor increases the bandwidth of the detector. This avoids

that the choice of detector limits the vertical resolution. The absorber was the same

as in Section 5.2.2.3.

Figure 5.13 shows the photoacoustic signal over time. Note that because the

excitation beam is focused the PA source is a point source and the photoacoustic

waves are spherical. The shape of spherical photoacoustic waves is bipolar. The
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Figure 5.13: Photoacoustic signal from a thin planar absorber generated with the focused
OR-PAM excitation beam

vertical resolution is defined by the full width at half maximum of the envelope

of the bipolar wave. The width is 16.3 ns. Multiplied with the speed of sound of

1480 ms−1 gives a vertical resolution of 24.1 µm. The vertical resolution measured

here is very similar to the one measured in PAT.

5.4 Mode 3: Laser-scanning OR-PAM with a planar

Fabry-Pérot sensor
OR-PAM with a scanned interrogation beam was introduced in Section 5.3. Here,

an alternative setup for OR-PAM is introduced in which the interrogation beam is

kept fixed to a single point on the Fabry-Pérot sensor. The excitation beam travels

through the scanner as previously described and is steered across the area that is to

be imaged.

Keeping the interrogation beam static has two advantages. Firstly, the interro-

gation can be carried out at a point of high sensitivity and interrogation points that

present low sensitivity or are faulty will not get used for detection. Secondly, the

acquisition speed can be improved. It has been highlighted in the previous Sections

that the optimal interrogation wavelength varies between interrogation points. The

optimum interrogation wavelength needs to be defined at each interrogation point
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prior to data acquisition. During data acquisition the interrogation laser needs to

be tuned to a new wavelength when a new point is being interrogated. This process

slows down the data acquisition. By keeping the interrogation beam fixed to a single

point those steps become redundant.

Section 5.4.1 describes the scanner setup, followed by a more detailed analysis

of the system’s performance in Section 5.4.2.

5.4.1 Setup

Figure 5.14: LSOR-PAM setup with a planar Fabry-Pérot sensor

Figure 5.14 shows the setup of the scanner in LSOR-PAM with the Fabry-Pérot

sensor as the detector.

Section 5.2.1 gave a detailed description of the steps taken to acquire a pho-

toacoustic image and how the scanner components contribute to it. Summarised for

the case discussed here they consist of:

1. Point only the excitation beam using the galvanometer scanning mirrors

(M2).

2. Fire the excitation laser to generate the PA signals and trigger the recording

of the generated signals.
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3. Start recording the PA signals by detecting the modulated back reflected

interrogation light with a photodiode.

4. Repeat at the next excitation point.

Note that this list misses the step “Tune the interrogation wavelength”. This is

because the interrogation point stays the same and so does the interrogation wave-

length. It should be noted that heating effects within the sensor can cause a shift

in the optimal interrogation wavelength. It is being tracked throughout data acqui-

sition without having any effect on the acquisition speed.The interrogation beam

enters the scanner via a dichroic mirror (M3, DMSP1000 by Thorlabs), which is

transparent to the excitation wavelength range and reflective to the interrogation

wavelength range. The mirror is placed between the focal lens and the sensor at

a 45 ◦ angle, diverting the interrogation beam on to the sensor. Both sensor and

fixed interrogation beam collimator are mounted on a translation stage. Mounting

the collimator on a translation stage allows the interrogation beam to be focused on

to the desired point on the sensor without having to move the sensor. This enables

the dual-mode image acquisition: the sensor is in the focal plane of the scanned

interrogation beam for PAT and scanned OR-PAM and the fixed interrogation beam

can be aligned as needed without the need to move the sensor.

The excitation laser is the same Elforlight dye laser as in the scanned OR-PAM

case. It has a tunable wavelength range of 560 nm to 600 nm and a pulse length of

1.2 ns. More details about the laser are provided in 5.1.1 on page 76.

The excitation laser light is coupled into a single-mode fibre. It enters the scan-

ner through a collimating lens and travels through the scanner as a free space beam.

It is transmitted through the sensor and focused into the tissue. The scanning mir-

rors (M2) steer the excitation beam across the sensor surface and signal generation

is achieved point by point. The generated PA signals travel back to the fixed inter-

rogation point. The further the PA signals have to travel, the larger will be effects of

spreading of the spherical wave and attenuation, especially for higher frequencies.

This is expected to be the limiting factor in the field of view and will be discussed

in the next Section.
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Reconstruction in the xy-plane is not necessary as the origin of the PA signals

is known. However, if the depth of an absorber is of interest, the data need to be

corrected accordingly. In scanned OR-PAM the excitation and interrogation beam

overlap in lateral terms so that the time of arrival of a PA signal can be directly

linked to the depth of the absorber. In LSOR-PAM on the other hand the time of

arrival of the PA signal is affected by the lateral displacement between interrogation

and excitation beam. The time of arrival does therefore not represent the depth of

the absorber and needs to be corrected for the lateral displacement. Section 5.4.2.3

introduces a simple approach to correcting the time of arrival of signals acquired in

LSOR-PAM.

5.4.2 System performance

This Section analyses the field of view (Section 5.4.2.1) and resolution (Section

5.4.2.2) of the LSOR-PAM scanner. Section 5.4.2.3 discusses a basic reconstruction

algorithm for the z-dimension (depth).

5.4.2.1 Field of View

The dependence of the directional response of the sensor on interrogation spot size

and sensor thickness was mentioned in Section 3.1. For data acquisition with a fixed

interrogation beam the directional response defines the field of view (FOV). This

Section analyses the relationship between FOV, sensor thickness and interrogation

spot size.

Figure 5.15 (a) shows an image of a mirror placed in the focal plane of the

excitation beam, approximately 1.5 mm from the sensor. The image was acquired

by replacing the Elforlight dye laser with a single-mode fibre coupled cw laser (see

Table 5.1). The image shows the light that was reflected back from the mirror. After

travelling back through the scanner the light was coupled back into the single-mode

fibre. The light then travelled through a circulator on to a photodiode. This image

shows the size of the excitation focal plane and defines the size of the field of view

for an omnidirectional detector.

It can be seen that the FOV in the y direction is approximately 3 mm to 5 mm
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Figure 5.15: Field of view (FOV) of a planar absorber. (a) 637 nm continuous wave light
reflected off a mirror in the focal plane. The distance between sensor and excitation focal
plane is approximately 1.5 mm. (b) Photoacoustic image of a planar absorber detected with
a soft dielectric sensor. (c) Photoacoustic image of a planar absorber detected with a hard
dielectric sensor. Imaged areas in (b) and (c) are approximately 2 mm by 2 mm.

smaller than in the x direction. This is caused by the dichroic mirror (M3 in Figure

5.14). The mirror is placed at a 45 ◦ angle in the path of the excitation beam between

focal lens and sensor to transmit the excitation beam and deflect the interrogation

beam onto the sensor. The 45 ◦ angle of the dichroic mirror limits the size of the

window for the excitation beam in the y direction. Imperfections in the image result

from damage to the mirror.

Due to the directivity of the detector and the spreading of the spherical acoustic

waves the FOV is smaller than in Figure 5.15 (a) when detecting PA waves. Figures

5.15 (b) and 5.15 (c) show two example photoacoustic images that were acquired

from a planar absorber placed in the focal plane of the excitation beam with LSOR-

PAM. Figure 5.15 (b) shows the FOV acquired with a soft dielectric sensor and

Figure 5.15 (c) shows the FOV acquired with a hard dielectric sensor. The difference

between soft and hard dielectric sensors lies in the materials used to create the

dichroic mirrors and as a result hard dielectric mirrors are thicker than soft dielectric

mirrors. The design of soft and hard dielectric sensors was discussed in Chapter 4

in great detail. The field of view is circular with the centre of the circle being the

same point as the interrogation point on the sensor in xy-coordinates. The FOV of

the soft dielectric sensor has one ring of low sensitivity around the centre and the

hard dielectric sensor measurement shows two low sensitivity rings.
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The following Subsections (A)-(C) discuss the analysis that was carried out to

understand the effects of interrogation spot size and sensor thickness on the direc-

tivity of the sensor. Cox et al [8] have determined that the directional response of

a sensor depends on the sensor thickness and interrogation spot size. This Section

aims to find the best spot size and sensor thickness combination for LSOR-PAM.

It is split in Subsections (A)-(C). Figures 5.15 (b) and (c) show that the sensor

response is symmetric and further analysis was carried out based on a line scan

through the centre of the circle.

A significant part of the analysis in Subsections (A)-(C) consists of a frequency

analysis of the acquired signals. The measured frequency responses were obtained

by placing a planar absorber in the focal plane of the excitation beam. The planar

absorber consisted of a circular PMMA substrate (2.5 mm diameter, 8 mm thick)

with a thin layer of black spray-paint (PlastiKote® GLOSS SUPER) deposited on

top. All results discussed in Subsections (A)-(C) have been obtained with the same

planar absorber. To improve the signal to noise ratio for the frequency response

analysis, the results were averaged over 1000 measurements. The distance between

absorber and detector was kept at 1.5 mm for all measurements.

The measured frequency responses are being compared to frequency responses

calculated with a model that was developed by Beard et al [38] and extended further

by Cox et al [8]. The model presented in [38] and [8] was developed for planar

acoustic waves. Since the acoustic waves generated in OR-PAM are spherical the

question as to whether the model is suitable for comparison arises. The following

paragraphs aim to answer that question.

Figure 5.16 shows the interrogation point (black line, length 2a) with a planar

(orange lines) and a spherical wave (blue lines) incident at a random angle of inci-

dence θ . The spacing between the lines corresponds to the wavelength. The planar

and spherical waves travelling along R to the centre of the interrogation point are

always in phase. However, other parts of the waves are out of phase. To be able to

treat the spherical wave as planar the phase difference between both waves at the
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Figure 5.16: Planar and spherical waves incident onto the detection point. The vectors are
used to derive the criterion that needs to be fulfilled so that a spherical wave can be treated
as planar.

edge of the interrogation point must be significantly (at least 10x) smaller than 2π .

For planar waves incident at an angle θ 6= 0 a phase difference across the in-

terrogation point arises (φplanar(−a) 6= φplanar(a)). In Figure 5.16 the planar wave

travels a distance rp1 from the source to the left hand side of the interrogation point

and a distance rp2 from the source to the right hand side of the interrogation point.

The phase difference ∆φp between the two is defined as follows:

∆φp = φp2−φp1 =
2πnrp2

λ
−

2πnrp1

λ
(5.1)

With k = 2π/λ the equation becomes:

∆φp = kn(rp2− rp1) (5.2)

In the spherical case the phase difference ∆φs is defined as:

∆φs = kn(r2− r1) (5.3)

To be able to treat the spherical wave as planar the difference between ∆φp and
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∆φs must be less than 2π/10:

|∆φs−∆φp|< 2π/10 (5.4)

kn|(rp2− rp1)− (r2− r1)|< 2π/10 (5.5)

|(rp2− rp1)− (r2− r1)|< λ/10n (5.6)

The values for r2− r1 and rp2− rp1 can be determined the following way:

r1 =
√

x2 +h2 (5.7)

r2 =
√
(x+2a)2 +h2 (5.8)

rp2− rp1 = 2a sinθ (5.9)

Inserting θ , h and a = ω0 into the equations determines λ . Experiments are

carried out in water so that n = 1.3. The maximum frequency for which the spheri-

cal wave can be treated as planar is determined by the maximum value of λ , which

varies with θ , h and ω0. When determining the maximum frequency up to which

the planar wave model holds for the spherical case the values of θ and h were varied

as follows: θ =0 ◦ to 90 ◦ and h =1 mm to 2 mm. Experiments were carried out for

h =1.5 mm and the 1 mm to 2 mm range generously accounts for any inaccuracies

in distance. ω0 is varied depending on the values used during directivity measure-

ments. The sensor thickness is not being considered in this analysis. Table 5.2

shows the relevant spot sizes as ωFWHM (as measured in the lab), as ω0 (as required

for the equations) and the maximum frequency up to which the planar model can be

used for each spot size.

Considering the DAQ card can only resolve signals with a frequency of up to

125 MHz it is save to assume that the planar model can be used as an approximation

of the spherical case.

The following Subsections (A)-(C) present the analysis of the frequency re-
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Table 5.2: Interrogation spot sizes and maximum frequency up to which the planar model
can be used to establish the expected frequency response in the spherical case.

ωFWHM ω0 fmax

10 µm 8.5 µm 1.1 THz

15 µm 12.7 µm 333 GHz

35 µm 29.7 µm 26 GHz

64 µm 54.3 µm 4.3 GHz

135 µm 114.6 µm 454 MHz

sponse with results from measurements in the lab and the model discussed here. In

(A) the frequency response of the sensors depending on their thickness will be anal-

ysed for PA waves at normal incidence. This is to show what the frequency response

of an omnidirectional sensor would look like and how it is affected by the choice of

sensor thickness. Sections (B) and (C) look into how the response discussed in (A)

changes with the angle of incidence together with the interrogation spot size (B) as

well as the sensor thickness (C).

A - Frequency response at normal incidence

The initial analysis focuses on the frequency response of various sensors at normal

incidence. It shows how the sensor thickness effects the bandwidth. The detection

of higher frequencies is directly linked to higher vertical resolution of the system.

The results will be used as reference to the directional response discussed in the

following Sections.

During experiments the correct excitation point for normal incidence was ob-

tained by performing line scans in the x and y direction. The x- and y- coordinates

for which the PA signal had the shortest time of arrival refer to the location where

interrogation and excitation beam overlap in xy-corrdinates.

Figure 5.17 shows the frequency response of three sensors at normal incidence.

The 5 µm and 50 µm thick sensors are soft dielectric sensors. The 20 µm thick sensor

is a hard dielectric sensor. To verify the results presented in Figure 5.17 a modelled

frequency response for each sensor was included.
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Figure 5.17: Modelled and measured frequency response at normal incidence for three
different sensors.

The model used here was validated for soft dielectric sensors only. However,

the 20 µm sensor is a hard dielectric sensor. To verify the spectrum presented in

Figure 5.17 an additional spectrum was included. The spectrum of the sensor named

BE26 was provided by Dr Zhang. The sensor is an alternative 20 µm hard dielectric

sensor of the same design. The spectrum was obtained by generating planar PA

waves by illuminating a planar absorber over a large area (similar to PAT).

Figure 5.17 shows low frequency content below 20 MHz in all spectra acquired

with a focused excitation beam, which is expected. The 5 µm sensor shows good

agreement with the model between 20 MHz to 60 MHz. It is possible that the gen-

erated PA signal is band-limited. It is also possible that higher frequencies were

attenuated strongly and are not detectable anymore. The −3 dB bandwidth of the

5 µm sensor was measured to be 71 MHz. The 20 µm sensor response shows some

correlation with the model and the measurement provided by Dr Edward Zhang.

The−3 dB bandwidths of the measured PA waves and the model agree well and are

approximately 40 MHz. The bandwidth of the measurement provided by Dr Zhang

is 10 MHz lower, which could be due to the frequency content of the PA signal.

The 50 µm sensor response is similar to the modelled results up to 50 MHz

and there is some similarity in shape at higher frequencies. The measured −3 dB

bandwidth is 26 MHz and 10 MHz wider than the bandwidth predicted by the model.
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The directional response will be analysed in the following Sections.

B - Interrogation spot size dependent directivity

Figure 5.15 on page 97 showed that the response of the Fabry-Pérot sensor is not

omnidirectional. The frequency spectra presented in Section 5.4.2 (A) are therefore

only valid for signals at normal incidence or for very small angles of incidence.

This Subsection will analyse the frequency response of the sensor depending on the

angle of incidence of the PA wave for different interrogation spot sizes.

The directivity measurements were carried out for five different interrogation

spot sizes (ωFWHM = 10µm,15µm,35µm,64µm,135µm). The spot sizes were de-

termined with a beam profiler (Beam’R2 by DataRay). They were measured and

are presented here as FWHM. To maximise the detector bandwidth measurements

were carried out with a 5 µm sensor.

Due to the use of a planar absorber the distance between PA source and de-

tection point increases with increasing angle of incidence. Geometrical spreading

of the spherical acoustic wave causes the signal strength that reaches the detection

point to decrease with increasing angle of incidence. The relationship between dis-

tance and intensity of the wave is 1/R2 and 1/R for the amplitude. By knowing

the time of arrival of each signal, the amplitude can be corrected for the spreading.

Results presented in this Subsection were all corrected for spherical spreading.

When the directivity measurements are obtained, the acoustic signals are

recorded in the time domain. Each excitation point produces a signal similar to the

one in Figure 5.13 on page 93. It is possible to consider the peak to peak value of a

time domain signal only, without including the time of arrival. Presenting the peak

to peak values for all angles of incidence results in a graph termed the maximum

intensity projection (MIP). It shows how the signal strength changes with angle of

incidence. Because signals were corrected for spherical spreading it does not de-

pend on the detector - absorber separation, which changes with angle of incidence,

but as a result of the directional response of the detector.

Figure 5.18 (a) shows the maximum intensity projection (MIP) of the acquired

signals for all five interrogation spot sizes with a 5 µm sensor. The x-axis shows the
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angle of incidence of the acoustic wave. The y-axis shows the peak to peak values

after the time domain signals were corrected for spherical spreading. The curves

are normalised to the MIP value at normal incidence. The dashed line shows the

peak to peak value at which the intensity has dropped to 50 % of the value at normal

incidence. This value was used to determine the diameter of the field of view.

Figure 5.18: (a) Maximum intensity projection (MIP) between−60 ◦ to 60 ◦ of a 5 µm thick
soft coated planar Fabry-Pérot sensor detecting spherical waves. (b) Angular field of view
(FOV) for different interrogation spot sizes including (o) and excluding (x) the intensity
peaks at around ±40◦. (c) Drop in signal amplitude due to spherical spreading, absorber-
detector distance in mm

It can be seen that as the interrogation spot size increases, the sensor response

becomes more directional and the FOV decreases. This is especially evident for

the 135 µm and 64 µm interrogation spot sizes. The three smallest spot sizes show

a reduction in sensitivity at ∼ 20◦. Sensitivity increases between 20 ◦ to 40 ◦. At

40 ◦ the sensitivity peaks, exceeding the sensitivity at normal incidence. The sensi-
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tivity then drops below the noise level at approximately 45 ◦. The appearance of a

secondary sensitivity peak is consistent with what has been observed in Figure 5.15

(b). It is also consistent with what was reported in [51], where the acoustic wave

was planar. The drop in sensitivity at around 20 ◦ is thought to correspond to the

critical angle for transmission of compressional and/or shear waves into the sensor.

A sharp drop in intensity at around 50 ◦ is not visible in results presented in [51]. It

should be noted that results in [51] have not been presented beyond 45 ◦/50 ◦ so that

an appearance of the drop at slightly higher angles can not be ruled out. The sharp

drop is not related to the spherical spreading. The blue plot shows that at around

−50 ◦ signal was detected and corrected for spherical spreading, but the value is

much lower than at smaller angles. The reasons for the sharp drop are not fully un-

derstood. In the future a newer complexer acoustic model for Fabry-Pérot sensors

might aid the understanding of the directional behaviour of the sensor.

When the interrogation spot size is decreased from 15 µm to 10 µm it can be

seen that the amplitude of the secondary peak drops. This drop is due to a significant

loss of optical sensitivity and very poor signal to noise ratio for the smaller spot size.

The data acquisition with a 10 µm spot size was challenging. Aberrations reduced

the light intensity that was coupled back into the single-mode fibre. The alignment

with a 10 µm interrogation spot was very sensitive to any minor vibrations on the

optical table. The poor signal-to-noise ratio impacted the tracking of the optimum

interrogation wavelength, causing the computer program to tune the laser to less

ideal wavelengths or sometimes to loose the fringe all together. It is possible to

turn the tracking off. However, heating effects within the sensor will change the

optimum wavelength which will not be tracked. Interrogating with a 10 µm spot

size might be achievable with an improved lens arrangement.

Figure 5.18 (b) shows the angular field of view for different interrogation spot

sizes. Where two field of views were marked for a single interrogation spot size, the

smaller value represents the the centre peak only and the larger FOV includes the

secondary peak, ignoring a drop in sensitivity below 0.5 at smaller angles at around

20 ◦.
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Figure 5.18 (c) shows the drop in signal strength due to spherical spreading of

the acoustic wave. This plot has been included to highlight the trade-off between

field of view and signal to noise ratio. Increasing the distance between absorber and

sensor increases the field of view in lateral terms, but decreases the signal strength

due to spherical spreading. The stronger attenuation of higher frequencies also

needs to be considered. An absorber - detector separation of 1.5 mm results in a

FOV with a diameter of 3 mm. Recording over a square of 3mm× 3mm with a

step size of 10 µm results in 90000 data points. Ideally, the step size and number of

data points is smaller than the stated number, so that an absorber distance of 1.5 mm

results in a sufficient FOV without decreasing the signal strength too much.

So far, the directional response of the sensor in terms of sensitivity has been anal-

ysed. Furthermore, the question arises as to whether the frequency response changes

with angle of incidence and what the impact of the increased detector - PA source

separation has.

The results of the analysis of the frequency dependent directivity are presented

in Figure 5.19. The measured results are shown in comparison to modelled results.

The suitability of the model for comparison was discussed from page 98 onwards.

The data set analysed in Figure 5.19 is from the same as the one presented in

Figure 5.18 on page 104. It was acquired with a 5 µm thick soft dielectric sensor

and five different interrogation spot sizes (ωFWHM = 10 µm, 15 µm, 35 µm, 64 µm,

135 µm). Section 5.4.2.1 (A) determined a 71 MHz−3 dB bandwidth for the sensor

used here. However, depending on the signal to noise ratio signals are potentially

still detectable at a −10 dB cut off. This increases the bandwidth over which sig-

nals are detectable to 95 MHz. In OR-PAM the detection of high frequencies is

especially important. For this reason frequencies higher than the −3 dB limit of the

sensor were included in the analysis. The frequencies that were compared in Figure

5.19 are 5 MHz, 25 MHz, 50 MHz and 80 MHz.

The measured directivity data at 5 MHz show a fairly flat response up to an

angle of incidence of 10 ◦ for all interrogation spot sizes. The three smallest spot
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Figure 5.19: Frequency dependent directivity of a 5 µm thick soft dielectric planar Fabry-
Pérot sensor for different interrogation spot sizes.

sizes show a flat response up to 30 ◦ and increased sensitivity at 30 ◦ to 50 ◦. A slight

change in angular response with interrogation spot size can be observed (larger spot

size leads to lower sensitivity at larger angles). The results do not agree well with

the model, however they agree well with what was reported in [51] and with what

can be seen in the maximum intensity projection in Figure 5.18.

The influence of interrogation spot size on angular response becomes even

more evident in the 25 MHz plots. The 15 µm results present a slightly higher sensi-

tivity around 30 ◦ to 50 ◦ than the 10 µm results, which is in agreement with Figure

5.18 (a). The measured and modelled results for the three smallest spot sizes show a

similar trend if the location of the sensitivity dip is being ignored. Larger spot sizes

of 64 µm and 135 µm show good agreement with the model up to 20 ◦. Comparing
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to the results in Figure 5.18 (a) shows that the signal at angles higher than 20 ◦ is

mostly noise.

Comparing the previous results with the 50 MHz and 80 MHz plots shows an

increasing dependence of the angular response on the interrogation spot size. Using

the three smallest spot sizes as an example (10 µm, 15 µm, 35 µm) the directional

response at 5 MHz mostly overlaps for all three, at 25 MHz the 35 µm response

appears slightly more directional than the other two and at 50 MHz the response of

the 10 µm and 15 µm sensor begins to separate as well.

The 80 MHz results appear to be dominated by noise. However up to 10 ◦ to

20 ◦ some response can be seen.

In summary it can be said that the larger the spot size is, the sooner the angular

response starts to decrease with increasing frequency.

The maximum intensity projection in Figure 5.18 (a) shows a dip in sensitivity

between 20 ◦ to 30 ◦ for the three smallest interrogation spot sizes. In the directivity

plots in Figure 5.19 only the 25 MHz diagram shows a similar dip. At 50 MHz only

a very small dip can be observed. The increase in sensitivity at larger angles in

Figure 5.18 (a) can be seen in all directivity plots but the 80 MHz diagram.

A FWHM spot size of 15 µm was chosen for LSOR-PAM imaging. The 15 µm

setup has proven to be more robust than the 10 µm setup and the optical sensitivity

is increased. In comparison the gain in directivity is negligible.

C - Sensor thickness dependent directivity

The directional response of the detector does not only depend on the interrogation

spot size, but also on the thickness of the sensor. The thicker the sensor, the more

directional is its response for the same interrogation spot size. For this reason the

effect of the sensor thickness on the directional response was analysed. The analysis

was carried out with a FWHM interrogation spot size of 15 µm, which was chosen

as the ideal interrogation spot size in Subsection (B).

The method for data acquisition was the same as in the previous Sections. Fig-

ure 5.20 shows the maximum intensity projection and frequency dependent direc-

tivity for three sensors already introduced in Subsection (A). The 5 µm and 50 µm
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Figure 5.20: Directivity measurements with a FWHM spot size of 15 µm for different sen-
sor thicknesses. Top Figure shows the maximum intensity projection of the recorded signals
normalised to normal incidence. The grey dotted line shows where the peak to peak values
sink below 50 % of the peak to peak value at normal incidence. The other Figures show
the measured and modelled frequency responses at 5 MHz, 20 MHz, 40 MHz and 60 MHz
between 0 ◦ to 60 ◦ for ωFWHM =15 µm.

thick sensors are soft dielectric sensor and the 20 µm thick sensor is a hard dielectric

sensor. The FOV in the maximum intensity projection appears to be similar for all
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sensor thicknesses. The 20 µm and 50 µm thick sensors show significantly higher

sensitivity between 30 ◦ to 50 ◦ in the MIP. However, the signals are more noisy in

comparison to the 5 µm sensor.

The −3 dB and −10 dB bandwidths of the sensors can be determined from

Figure 5.17 in Subsection (A). It was mentioned previously that even though

−3 dB is the standard given bandwidth of a detector, signal detection beyond is

still achievable, so that a −10 dB bandwidth was used to determine the frequen-

cies for the analysis in Figure 5.20.The −3 dB bandwidth for the 5 µm sensor is

71 MHz and the −10 dB bandwidth is 95 MHz. The 20 µm sensor has −3 dB

and −10 dB bandwidths of 40 MHz and 55 MHz respectively. For the 50 µm

sensor the −3 dB/−10 dB bandwidths are 26 MHz and 35 MHz. Frequencies of

5 MHz,20 MHz, 40 MHz and 60 MHz were chosen for the analysis presented in

Figure 5.20. When analysing the frequency response the bandwidth of each sensor

should be kept in mind. For example, the signal recorded with the 20 µm thick sen-

sor is potentially too noisy at 60 MHz to present any meaningful result. The same

applies for the 50 µm thick sensor at 40 MHz and especially 60 MHz.

At 5 MHz the frequency dependent directivity of the sensors appears to be

similar for all thicknesses. At 20 MHz for angles of incidence larger than 15 ◦ the

20 µm sensor appears to be more sensitive than the other sensors. At 40 MHz the

50 µm thick sensor result is noisier than the other sensors but the overall directional

response is the same. At 60 MHz the 5 µm sensor has the lowest noise but the 20 µm

sensor appears to be more sensitive.

Since the choice of sensor thickness does not seem to have a strong impact on

the FOV, sensors will be chosen depending on the requirements for vertical resolu-

tion and acoustic sensitivity.

Discrepancy between measured results and model

Even though the analysis on page 98 and onwards has concluded that the plane wave

model is a suitable approximation for the spherical wave case Figures 5.19 and 5.20

show that there is some disagreement between experimental and modelled results.

This Section will look into possible reasons as to why the results do not agree.
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When Cox et al [8] analysed the frequency dependent directivity of the Fabry-

Pérot sensor for planar acoustic waves they found that there is a difference between

interrogation spot size and what is termed the effective element size. The effective

element size refers to the true size of the acoustic detector on the sensor, which

differs from the interrogation spot size. The interrogation spot size tends to be

smaller than the effective element size, especially for thicker sensors. Cox et al

[8] found the smallest achievable element size to be 90 % of the sensor thickness

even if the interrogation spot size is much smaller. To reach the smallest achievable

element size, the interrogation spot size needs to be less than a quarter of the sensor

thickness. For example, a sensor with a thickness of 50 µm has a smallest achievable

element size of 45 µm for an interrogation spot size of ω0 ≤ l/4 =12.5 µm. This

shows that a very small interrogation spot size does not guarantee a very small

effective element size and the response of the detector might be more directional

than expected.

The analysis on page 98 was carried out for the interrogation spot sizes only.

This Sections aims to determine the effective element size for the various interro-

gation spot size and sensor thickness combinations used during experiments and

whether the planar model still holds for the spherical case when the effective ele-

ment size is being considered.

Figure 5.21: Effective element radius in relation to sensor thickness and interrogation spot
size [8]
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Figure 5.21 from [8] shows the effective element size ae f f in relation to sen-

sor thickness and interrogation spot size. The Figure was used to approximate the

effective element sizes. In Figure 5.21 k (wavenumber with k = 2π f/c) highlights

that the effective element size is frequency dependent. a is the interrogation spot

size, which in this thesis is being referred to as ω0. d is the spacer thickness of the

sensor, usually referred to as l in this thesis.

Table 5.3: Effective element radii for the interrogation spot size and sensor thickness com-
binations found in Subsections (A)-(C) between f =1 MHz to 125 MHz.

ωFWHM l aeff

10 µm 5 µm 9.5 µm to 40 µm

15 µm 5 µm 12.5 µm to 40 µm

35 µm 5 µm 30 µm to 50 µm

64 µm 5 µm Not on diagram.

135 µm 5 µm Not on diagram.

15 µm 5 µm 9.5 µm to 40 µm

15 µm 20 µm 20 µm to 30 µm

15 µm 50 µm 45 µm to 47.5 µm

Approximating the effective element sizes from Figure 5.21 leads to the data

presented in Table 5.3. It shows that ae f f is more frequency dependent for smaller

spot sizes. The smallest spot size applies to the upper end of the frequency range

( fmax =125 MHz) and the largest spot size applies to the lower end of the frequency

range fmin =1 MHz. The effective element size of thicker sensors shows less sen-

sitivity to the frequency range. The effective element size of the thickest sensor

(50 µm) barely changes.

It appears that the analysis on page 98 and onwards was carried out for the

incorrect detector element sizes. However, entering the effective element size values

into Equations 5.1 to 5.6 shows that the planar wave model still holds when the spot

size is increased to the effective element size. For Equations 5.1 to 5.6 to provide

at least a maximum frequency of 125 MHz, the effective element size needed to be

ae f f = 220µm, well above the spot sizes discussed here.
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Figure 5.22: Directional frequency response at 25 MHz for a 5 µm thick sensor and an in-
terrogation spot size of ωFWHM =10 µm (a) and ωFWHM =15 µm (b). The dotted line shows
the measured data. The solid line shows the interrogation spot size as detector element size
and the dashed line shows the effective element size as detector element size.

Figure 5.22 shows two data sets that were discussed in Subsection (B). It shows

the measured directional frequency response for the 5 µm thick sensor at 25 MHz

together with the modelled response for the planar wave case. The black solid line

shows the modelled response when the spot size is set to the interrogation spot

size and the dashed line shows the modelled response when the spot size is set to

the effective element size. Even though the modelled responses differ from one

another, neither agree with the measured result. An alternative explanation as to

why the results disagree must be found.

When investigating the discrepancy further it should be considered that the

critical angle for transmission of compressional and/or shear waves into the sensor

does not require the wave to hit the detection element. The wave gets coupled into

the sensor and travels along the sensor to the detection element. When analysing

planar waves, the entire wave will be at the critical angle only once. However,

when discussing spherical waves, a part of that wave will always be at the critical

angle, even when the angle of incidence onto the detection element is not the critical

angle. This part of the wave will then travel along the sensor and to the detection

point where it will be recorded.

The impact of the various angles of incidence in a spherical wave case could

potentially be investigated with a more complex model. However, it might not

answer all questions as other processes within the sensor are not fully understood

yet. For example, the following Section discusses the vertical resolution of the setup
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and the change in phase of the recorded signal with changing angle of incidence.

5.4.2.2 Resolution

In this Section the resolution of the LSOR-PAM setup will be discussed. Since

the lateral resolution is defined by the excitation spot size (∼ 6.5µm), which was

analysed in Section 5.3.2.2, this Section will only discuss the vertical resolution.

Vertical resolution

Section 5.4.2.1 has analysed the directional response of the fixed interrogation point

setup for a combination of different sensor thicknesses and interrogation spot sizes.

It was highlighted that the frequency response, which directly links to the vertical

resolution, changes with angle of incidence. The data used for the analysis pre-

sented here is from the same data that was analysed previously and the vertical

resolution will be analysed for a wide range of angles of incidence.

Figure 5.23 shows the acquired signals in the time domain. Figures 5.23 (a)

and 5.23 (d) show results acquired with a 5 µm thick soft coated (a) and a 20 µm

thick hard coated (d) sensor for a full line scan. The y-axis represents the angle

of incidence of the photoacoustic waves and the x-axis shows the time. It can be

observed that at normal incidence the time of arrival is the earliest of all signals.

The distance to the interrogation point increases with increasing angle of incidence.

The Figures shown here were not corrected for spherical spreading and a de-

crease in signal strength for larger angles of incidence can be observed.

Figures 5.23 (b) and 5.23 (e) show a close up (top half) of Figures 5.23 (a)

and 5.23 (d), respectively. White regions in the 2D plots represent maxima of the

photoacoustic waves and black regions represent minima. Figures 5.23 (c) and 5.23

(f) show selected photoacoustic signals at specific angles of incidence θ for refer-

ence. It can be seen that at normal incidence the photoacoustic wave is a simple

bipolar wave similar to the waves detected in the scanned interrogation beam case.

At θ = 20◦ a second peak appears that follows the first peak. For angles higher than

40 ◦ the first peak begins to decline until the bipolar wave is inverted. Figures 5.23

(b) and (e) show a splitting of the PA signal into two parts (marked as 1 and 2 in

the images. The gap between 1 and 2 increases with increasing θ . Figure 5.23 (e)
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Figure 5.23: LSOR-PAM line scan of planar absorber. (a) shows the 2D plot of the photoa-
coustic signal over angle of incidence and time for a 5 µm soft dielectric sensor. (b) shows a
close up of (a). (c) shows some selected photoacoustic signals extracted from (b). (d) shows
the 2D plot of the photoacoustic signal over angle of incidence and time for a 20 µm hard
dielectric sensor. (e) shows a close up of (d). (f) show some selected photoacoustic signals
extracted from (e).

shows the splitting off of a third component (marked as 3) at around 30 ◦.

Comparing the recorded signals at 0 ◦ and 40 ◦ in Figures 5.23 (c) and (f) high-

lights the significant change in vertical resolution with angle of incidence. Deter-

mining the exact length of the signals is slightly ambiguous. Previously, the pulse

length was determined by taking the FWHM of a monopolar wave or of the envelope
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of a bipolar wave. Due to the splitting of the waves it is not always straightforward

to create the correct envelope. Using Figure 5.23 (f) at 50 ◦ as example - the wave-

form looks like a combination of a monopolar and bipolar wave that are a significant

distance apart. However, the entire length needs to be considered when determining

the vertical resolution. The pulse lengths determined for this analysis were based

on a different approach. The threshold with which the pulse length was determined

was set to six times the standard deviation of the noise. Signal amplitude (absolute)

above six times the standard deviation of the noise was considered to contribute

the the pulse length. The shortest pulse length is at normal incidence. At 40 ◦ to

50 ◦ the pulse length is the longest as the waves have split apart the furthest. For

the soft dielectric sensor it is 2.4 times the length at normal incidence and for the

hard dielectric sensor it is 2.8 times the length at normal incidence. A reconstruc-

tion algorithm that recombines the split off components of the acoustic waves could

improve the vertical resolution of images acquired in LSOR-PAM, ideally creating

data with a vertical resolution as good as in the scanned OR-PAM case.

The time of arrival of the signals in Figure 5.23 does not directly correspond

to the depth of the absorber. To create LSOR-PAM images that are depth resolved

the following Section introduces a straightforward reconstruction algorithm.

5.4.2.3 Image reconstruction

Due to the arrangement of the PA source and detector the recorded time of arrival of

signals does not directly correspond to the depth of the absorber. It is not possible

to convert the signals to depth by multiplying time by the speed of sound, as was

done in the scanned OR-PAM case. The lateral displacement between detector and

source and its effect on the time of arrival needs to be considered. This Section

introduces a simple image reconstruction approach based on the geometry of the

setup alone.

Figure 5.24 illustrates the effect of the scanner setup on the time of arrival of

the signal. In this illustration a planar absorber is being assumed. The top black

dashed line represents the uncorrected recorded signal. It is similar to the plots

shown in Figure 5.23 on page 115. The black dots on the line represent the points
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Figure 5.24: Illustration of effect of PA detector and source arrangement in the scanned
OR-PAM and LSOR-PAM case on the time of arrival of the PA signal.

where the excitation beam was pointed and a PA signal was generated. The grey

dashed line shows the same absorber as it would appear in the scanned OR-PAM

case. The scanned OR-PAM setup does not result in a lateral displacement between

interrogation and excitation beam. This means that the time of arrival of a signal

can be directly converted to the depth of the absorber. In simple terms the goal of

the image reconstruction is to correct the black dashed line so that it looks like the

grey dashed line. The red dot in Figure 5.24 represents the interrogation point in the

LSOR-PAM case and one of the interrogation points in the scanned OR-PAM case.

The yellow dots represent additional interrogation points present in the scanned

OR-PAM case. The black arrow shows the PA signal propagation when excitation

and interrogation point overlap in lateral terms. The grey arrow shows the same,

which is the PA signal propagation in the scanned OR-PAM case and is the goal of

the correction of the time of arrival. The vertical green arrow shows the path the PA

signal appears to have propagated when LSOR-PAM images are presented without

any correction of the time of arrival. This is because the point of excitation in lateral

terms is assumed to be the point of detection when visualising the data. The other

green arrow is the same length as the vertical green arrow and shows the actual

propagation of the PA signal. The yellow distance shows the lateral displacement

between PA detector and source. To reconstruct the image it is necessary to correct

the time of arrival of the green arrow to the time of arrival of the grey arrow. This

can be achieved by applying the Pythagorean theorem. The theorem needs to be
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applied to each voxel of the acquired data.

Figure 5.25: LSOR-PAM line scan of planar absorber. The dotted line shows the time of
arrival determined by applying the Pythagorean theorem.

Figure 5.25 shows the data acquired from a line scan along a planar absorber.

The point along the x axis where the depth (or time of arrival) is the smallest value

is the location of where the interrogation beam and excitation beam overlap in lat-

eral terms (m, red dot in Figure 5.24). It shows the distance between the planar

absorber and sensor. The dashed line shows the estimated time of arrival (TOA,

black dashed line in Figure 5.24) of the PA signal. It was established by using the

Pythagorean theorem in combination with the time of arrival of the signal when ex-

citation and interrogation point overlap (TOAm, signal propagating along the black

arrow in Figure 5.24) as well as the step size in the x direction (dx, gap between

dots of one colour in Figure 5.24) and number of steps (i, number of yellow dots

from the red dot in Figure 5.24) from the m. Inserting these parameters into the

Pythagorean theorem leads to:

TOA(x) =
√
(m− i ·dx)2 +(TOAm · c)2/c (5.10)

TOA(x) in Figure 5.25 shows good agreement with the front of the recorded PA

signal. However, it can be seen that parts of the signal present a secondary peak, see
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Section 5.4.2.2 and Figure 5.23. At x=−2 mm to−1.5 mm and x=1.5 mm to 2 mm

it can be seen that the primary peak has disappeared and TOA(x) does not agree

well with the detected signal anymore. Potentially a purely geometrical approach

to the image reconstruction will not hold beyond x >0.75 mm and x <−0.75 mm

(approximatel ±25 ◦) where the secondary peak becomes more dominant.

Furthermore, it needs to be kept in mind that if the splitting of the waves is not

corrected for, the vertical resolution discussed in Section 5.4.2.2 decreases further

when the reconstruction algorithm is applied as the signal will be stretched in time.

This is crucial as the vertical resolution is effected twice in LSOR-PAM. Firstly,

due to the change in shape of the recorded signal when it is not at normal incidence.

Secondly, because the already expanded PA signal will be expanded further when a

purely geometric reconstruction algorithm is applied.

Figure 5.26: Photoacoustic images of a planar absorber acquired in LSOR-PAM mode. (a)
xy-view MIP, (b) xz-view MIP and (c) yz-view MIP of the unreconstructed image. (d) xy-
view MIP and (e) xz-view MIP of the reconstructed image. (f) xz-view MIP close up of the
reconstructed image.

Initially, the reconstruction algorithm was applied to a planar absorber. Figure

5.26 shows the original and reconstructed images of a 2D scan of a planar absorber.
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The top row shows the original data as maximum intensity projections in the xy-,

xz- and yz-view. The bottom row shows the data after the reconstruction algorithm

was applied. As there is no significant difference between xz-view and yz-view

Figures 5.26 (e) and (f) both show the xz-view. In (e) the scale in the z direction is

kept the same as in (b) and (c). The data now appears to show a planar absorber. (f)

shows a close up of (e). It becomes evident that the reconstructed planar absorber

has a slight curvature and does not show the same thickness across the entire area.

At ±1.5 mm (meaning ±45 ◦) the signal seems to split into three parts.

These observations point towards the need of a more elaborate approach to the

reconstruction where the effects discussed in Section 5.4.2 are factored in. The ob-

served effects do not appear critical when reconstructing a planar absorber but could

lead to issues when reconstructing more complex phantoms. The reconstruction of

a more complex phantom, one of the imaged phantoms presented in Chapter 6, will

be discussed in Section 6.1.1 on page 131.

5.5 Dual-mode scanner
This Section introduces the dual-mode scanner. The aim of this scanner is to com-

bine all three acquisition modes that were introduced in the previous Sections.

5.5.1 Setup of the dual-mode scanner

Figure 5.27 shows the setup of the dual-mode scanner. Most of what can be seen in

this Figure was described in great detail in the previous Sections. This Section will

discuss how acquisition in all modes in one scanner was achieved.

Before data acquisition can begin, the mode in which an image is to be acquired

has to be chosen. If an image is to be acquired in PAT or scanned interrogation beam

OR-PAM, the dichroic mirror M3 must be removed from the setup. The mirror is

mounted with a magnetic mount (Kinematic Base KB25 from Thorlabs) that can

be removed and put back in place with high repeatability. Images in LSOR-PAM

must be acquired with M3 in place. The fibre coupled interrogation laser can be

connected to either collimator, depending on the mode that was chosen.

When a sample is placed in the dual-mode scanner it is important to ensure it is
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Figure 5.27: Setup of the dual-mode photoacoustic imaging scanner with a Fabry-Pérot
sensor

in the focal plane of the excitation beam. Alignment of the sample is achieved with

the same steps that were discussed in Section 5.3. In short: The sample is being

replaced by a mirror and the dye laser by a cw laser. The mirror position is being

adjusted so that the intensity of the back reflected light is at its maximum value.

When changing the setup from scanned OR-PAM to LSOR-PAM the position of

the focal plane changes slightly in the x and z directions due to the dichroic mirror

M3. It is possible to bring the sample back into the focal plane of the excitation

beam by adjusting the translation stage. It is not possible to replace the sample with

the mirror to re-find the focal plane as this would require moving the sample and

therefore the region of interest. However, it should be possible to calibrate the setup

and measure the distance between both focal planes.

After the setup is complete, the steps highlighted in the previous Section can

be followed to acquire the desired image.
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5.6 Comparing speed of image acquisition
The aim of introducing the LSOR-PAM setup was to improve image quality and

image acquisition speed. The sensitivity of interrogation points varies across the

sensor surface. The fixed interrogation point method enables the use of a single

high sensitivity point for the detection of all signals. However, it does not overcome

poor transmittance of excitation light at some points.

Data acquisition in PAT is limited by the repetition rate of the excitation laser.

The laser used as part of this project has a repetition rate of 30 Hz. The excitation

laser used for OR-PAM can operate at a much faster rate between 1 kHz to 5 kHz.

Data acquisition has a speed of 200 Hz for a scanned interrogation beam and 630 Hz

for LSOR-PAM. The scanned interrogation beam setup is being slowed down by

the need to retune the interrogation laser at new interrogation points. The speed of

LSOR-PAM is three times the speed of scanned OR-PAM.

Ideally, it should be possible to acquire LSOR-PAM data at a speed that is

limited by the settling time of the scanning mirrors (200 µs) or the excitation laser

repetition rate if it is set below 5 kHz. However, currently the computer program

that is used for data acquisition limits the maximum acquisition speed that could

be reached. Dr Allen of the Photoacoustics group has successfully modified his

program to improve acquisition speed by ten times. In the future it should be pos-

sible to use Dr Allen’s version of the program to improve acquisition speed further,

enabling LSOR-PAM images in the dual-mode scanner to be acquired much faster.

5.7 Conclusion
This Chapter has introduced the three acquisition techniques that were included in

the scanner. The three techniques are: photoacoustic tomography (PAT), optical-

resolution microscopy with a scanned interrogation beam (scanned OR-PAM) and

laser-scanning optical-resolution microscopy (LSOR-PAM). Each mode was intro-

duced independently and each setup was discussed separately together with image

acquisition steps and performance of the setup. It was highlighted which com-

ponents are shared by the different modes and the dual-mode scanner setup was
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described. The difference in acquisition speed between modes was discussed.

The next Chapter will present images of phantoms and ex vivo mice ears that

were acquired with the dual-mode scanner.



Chapter 6

Dual-mode photoacoustic scanner:

imaging

This Chapter presents the images that were acquired with the multiscale dual-mode

Fabry-Pérot scanner.

To demonstrate the dual-mode capability of the scanner, images of selected

samples were acquired with all three approaches (PAT, scanned OR-PAM, LSOR-

PAM). Initially, images were acquired of phantoms and results will be presented

in Section 6.1. Subsequently, images were acquired of a mouse ear ex vivo. The

results can be found in Section 6.2.

Before data acquisition could begin, the correct sensor had to be chosen. All

images presented here were acquired with a hard dielectric sensor with a 20 µm

spacer thickness. The thickness was chosen after the results acquired with thinner

sensors did lead to images of very poor signal to noise ratios. The increased acoustic

sensitivity of the 20 µm sensor was found to be beneficial. A hard dielectric sensor

was chosen instead of the novel soft dielectric sensors presented in Chapter 4 as its

durability is higher than the soft dielectric sensor.

The sensor was mounted in the setup shown in Figure 5.27 and aligned so that

it was in the focal plane of the interrogation laser. The sample was placed in the

focal plane of the excitation laser in the scanned OR-PAM setup. A PAT image was

acquired, reconstructed and a region of interest was identified. The smaller region

of interest was then imaged in scanned OR-PAM. Following the image acquisition
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Figure 6.1: Diagram of the sample placement in the dual-mode scanner for phantoms (ex-
ample for an uneven skeleton leaf, see Section 6.1.1)

in scanned OR-PAM, the setup was adjusted to allow LSOR-PAM data acquisition.

The interrogation laser was connected to the collimator for LFOR-PAM and the

dichroic mirror was placed between sensor and focal lens. As a result the sample

had to be moved into the new focal plane and the coordinates for image acquisition

had to be adjusted. An image in LSOR-PAM was then acquired.

PAT images were acquired at 580 nm with pulse energies of 17 mJ without av-

eraging. All images were reconstructed with the time reversal method, see Section

5.2.3. OR-PAM images were acquired at 580 nm with pulse energies of 200 nJ and

averaged over 20 measurements.

6.1 Phantom experiments
At first images were acquired of phantoms. Section 6.1.1 presents the images that

were acquired of a skeleton leaf phantom and images resulting from the reconstruc-

tion algorithm discussed in Section 5.4.2.3 of page 116. A skeleton leaf phantom

is commonly used in photoacoustics due its vascular-like structure. Section 6.1.2

shows images that were acquired from a 4-layer carbon fibre phantom. It is well

suited to highlight the complementary properties of PAT and OR-PAM. PAT is well

suited to image carbon fibres further away from the sensor and OR-PAM is well

suited to accurately resolve dimensions of the very thin carbon fibres.

Phantoms were imaged by fixing them to a plastic frame, as shown in Figure
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6.1. The frame was held by a post that was connected to a translation stage. This

allowed for the phantom to be moved up and down so that it could be kept in the

focal plane of the excitation beam in all modes.

6.1.1 Skeleton leaf phantom

To prepare the skeleton leaf phantom for imaging it was first painted with India ink,

which is highly absorbing. A section of the leaf was cut to a rectangle and glued to a

plastic frame. The frame was mounted to a post that was connected to a translation

stage. The translation stage allowed for the leaf to be moved up and down to ensure

it was in the focal plane.

The surface of the skeleton leaf veins is very rough. When the leaf is placed

in water small air bubbles get trapped on the veins. PA signals get reflected from

the air bubbles, resulting in artefacts in the PA image. To improve image quality

the leaf was placed in a water container under a bell jar which was connected to a

vacuum pump for 30 min to 60 min prior to data acquisition.

Figure 6.2 shows maximum intensity projections of the skeleton leaf acquired

with PAT in the xy-, yz- and xz-plane. The images were acquired with a 80 µm step

size in both x and y direction. Signals were recorded with a 250 MHz sampling

rate. During reconstruction a 60 MHz low pass filter was applied. Data in the x and

y direction were upsampled by a factor of 3 prior to image reconstruction.

Figure 6.2 shows a clear picture of the skeleton leaf. The veins are clearly

visible and the phantom can be seen over the entire FOV. Minor details such as

damages to the bigger veins are clearly visible. Figures 6.2 (b) and (c) show the

skeleton leaf from different sides. It can be seen that the leaf, even though stretched

and glued to a frame, is not perfectly flat. It was observed that, if placed in water

for a long period, the skeleton leaf absorbs water and increases in size. Because it is

still fixed to the same size frame, it is forced to bend slightly. The white rectangle on

the images shows the region of interest, that was imaged in both OR-PAM modes.

Figure 6.3 shows the region of interest in all modes. Figure 6.3 (a) shows a

cropped image of Figure 6.2 (a). Figure 6.3 (b) was acquired with the scanned OR-

PAM setup at a 10 µm step size in both x and y direction. Signals were recorded
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Figure 6.2: PAT image of a skeleton leaf acquired at 580 nm excitation wavelength; (a)
shows the xy-plane of the skeleton leaf and (b) and (c) show the yz- and xzplanes respec-
tively

with a 250 MHz sampling rate and later band pass filtered (2 MHz to 60 MHz).

Figure 6.3 (d) was acquired in LSOR-PAM at a 20 µm step size in both x and y

direction. Signals were recorded with a 250 MHz sampling rate and no filter was

applied. Figure 6.3 (c) shows a photo of the phantom acquired with a microscope.

The same structure is clearly visible in all images. The OR-PAM images show

the structures more clearly than the tompgraphy image, highlighting the better lat-

eral resolution of OR-PAM. In the LSOR-PAM image, the surface of the leaf struc-

ture looks smoother than in the scanned OR-PAM image. This is either caused by



6.1. Phantom experiments 128

Figure 6.3: xy-plane view of skeleton leaf image acquired with (a) PAT, (b) scanned OR-
PAM, (c) optical microscope and (d) fixed OR-PAM. A and B mark the features for which
a profile was extratecd and the FWHM was determined.

the difference in step size between both images or the difference in sensitivity be-

tween various interrogation points in the scanned OR-PAM image. In Figure 6.3

(d) the leaf structure does not reach the edges of the imaged area. This is due to

a too short acquisition time, rather than a loss in sensitivity. A longer acquisition

time is needed in LSOR-PAM to allow enough time for the signal to travel from the

excitation point to the interrogation point.

Table 6.1 lists the widths of the features highlighted in Figure 6.3. A profile

of the features was extracted and the full width at half maximum used to determine
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Table 6.1: Full width at half maximum of profiles through features highlighted in Figure
6.3

Feature A (large vessel) Feature B (small vessel)

PAT 218 µm not visible

scanned OR-PAM 222 µm 27 µm

LSOR-PAM 127 µm 30 µm

microscope 370 µm 18 µm

the width. Feature A is a cross section through the largest vessel. The widths

determined in tomography and scanned microscopy mode agree well. The width

determined in LSOR-PAM is 100 µm less. From Figure 6.3 (d) it can be seen that

the large vessel is only partially visible and the side that is facing away from the

interrogation point is not visible. Problems with the excitation of the PA waves can

be ruled out considering that the full vessel is visible in Figure 6.3 (b). It appears

that parts of the generated PA waves are being blocked from reaching the detection

point, most likely by the visible side of the vessel. The width of feature A in Figure

6.3 (c) is significantly larger than what was determined in both tomography and

microscopy mode. Keeping in mind that the leaf is not perfectly flat it is possible

the large feature at the edge of the imaged area is out of focus in the image acquired

with the optical microscope.

Feature B is one of the smallest vessels on the phantom. From Figure 6.3 (c) it

was determined to have a full width at half maximum of 18 µm. Both microscopy

modes have measured the vessel to be ∼30 µm wide. The lateral resolution in OR-

PAM was determined to be 6.5 µm in Section 5.3.2.2. It must be assumed that the

leaf was not directly in the focal plane when PA images where acquired. However,

the benefits of microscopy mode still become evident when looking at the tomogra-

phy image, where the feature was not resolved at all.

Figure 6.4 shows the maximum intensity projections of the skeleton leaf phan-

tom in the xz-plane. Figure 6.4 (a) shows the PAT image, Figure 6.4 (b) shows the

scanned OR-PAM image and Figure (c) shows the LSOR-PAM image. Figures 6.4

(a) and (b) appear very similar. Considering that both images were acquired with
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Figure 6.4: xz-plane view of skeleton leaf image acquired with (a) PAT, (b) scanned OR-
PAM, (c) LSOR-PAM

the same sensor and that the vertical resolution depends on the bandwidth of the

recorded signal, this would be expected. They also show that the leaf is not flat.

Figure 6.4 (c) has a different shape than the other images. This is caused by the

static interrogation beam. The distance between interrogation point and PA source

changes with lateral distance to the interrogation point and causes the signal to ar-

rive later.

Even though improvements need to be made to the acquisition process it can be

seen that the scanner is suitable for imaging complex structures in all three modes.
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LSOR-PAM image reconstruction

Figure 6.4 shows that the image acquired in LSOR-PAM does not agree with the

images acquired in scanned OR-PAM or PAT when considering the z dimension. A

simple reconstruction algorithm was discussed and applied to a planar absorber in

Section 5.4.2.3 on page 116. In this Section the same algorithm was applied to the

LSOR-PAM image of the skeleton leaf.

When creating Figure 5.25 on page 118 the shape of the dotted line was varied

to fit the shape of the recorded signal by altering the speed of sound. In the case

of the skeleton leaf this is not possible. Figures 6.4 (a) and (b) show that the leaf

is not flat. Fitting a line to the shape of the LSOR-PAM image would result in a

speed of sound that creates a flat skeleton leaf, when in fact the leaf is bent. The

reconstruction was attempted with the speed of sound that was established for the

planar absorber - 1462 m/s.

Figure 6.5 shows OR-PAM images of the skeleton leaf. The images in the first

column were generated from the data presented in Figures 6.3(b) and 6.4(b), which

were acquired with the scanned OR-PAM setup. The second and third columns

show images of data presented in Figures 6.3(d) and 6.4(c). Those data were ac-

quired with the LSOR-PAM setup. The images in column two show the original

data and the images in column three show the data after the reconstruction algo-

rithm was applied. If the reconstruction is correct, the images in the third column

should look identical to the images in the first column.

In the first row of Figure 6.5 one can see the xy-view of all data. It shows that

data was acquired from the same region on the leaf. Therefore, the data should look

the same in the xz- and yz-view. Furthermore, it confirms that the reconstruction

algorithm does not distort the image in the xy-plane. The second row presents

the same data in the xz-view. As expected Figures (d) and (e) look very different

from one another. Figure (f) should look the same as Figure (d), however this is

not the case. The difference in absorber depth is not important. It is a result of

the effect the dichroic mirror (M3 in Figure 5.14 on page 94) has on the location

of the excitation focal plane. Figures (d) and (f) show a similarity in shape but
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Figure 6.5: Skeleton leaf phantom images. The first column shows images acquired in
scanned OR-PAM ((a), (d), (g), (j)). The second column shows the uncorrected LSOR-
PAM images ((b), (e), (h), (k)). The third column shows the LSOR-PAM images after they
were corrected ((c), (f), (i), (l)) for the time of arrival. The top row shows the xy-views,
the second row shows the xz-view over the entire width. The third row shows the xz-view
for data cropped to a width of 2 mm in both x and y direction. The bottom row shows the
xz-view for data cropped to a width of 1.2 mm and interpolated to a step size of 6 µm in x
and y direction.
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overall it is not obvious that the same phantom was imaged. The reconstruction

algorithm applied here does not account for the angular response of the detector,

such as the splitting of the acoustic waves. To reduce the impact of the angular

response of the detector on to the final image, the size of the imaged area was

reduced. The results can be seen in row three. No significant change in comparison

to row two can be observed. In the bottom row the area to which the reconstruction

was applied was reduced further to 1.2 mm x 1.2 mm (±6 mm from the interrogation

point) and the data was interpolated to a step size of dx=dy=6 µm. However, the

image reconstruction remains unsuccessful.

Attempts were made to improve the outcome of the image reconstruction by

varying dx, dy and the sound speed all independently of each other in smaller and

larger steps. This was done for two reasons. Firstly, because it was not clear how

sensitive the reconstruction algorithm is to tolerances in these values. Secondly,

because an improved image reconstruction with parameters that are significantly

different from the actual parameters might point towards any issues with the used

algorithm. However, no improvement was achieved. Care was also taken to ensure

the location of the interrogation beam is established correctly.

The main reason for the unsuccessful image reconstruction is assumed to be the

phase change. The phase change was mentioned in Chapter 5. It effects the vertical

resolution as discussed in Section 5.4.2.2 on page 114. It was also highlighted in

Section 5.4.2.3 about the LSOR-PAM image reconstruction algorithm, specifically

in Figure 5.25. As can be seen in Figure 5.25, the time of arrival is difficult to predict

by a purely geometrical approach because the change in phase has an effect on the

time of arrival. When reconstructing a planar absorber a curvature remains that is

consistent with the change in phase, meaning that a larger angle of incidence has a

later time of arrival caused by the phase change. When looking at the reconstruction

of the skeleton leaf the same effect can be observed. The reconstructed leaf should

have a curvature in the opposite direction to the curvature of the reconstructed planar

absorber. However, the effect of the phase change results in a reconstructed leaf that

looks more flat than the original absorber.
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In the future it should be considered to thoroughly investigate the cause of the

phase change and how it can be eliminated through data processing. This could im-

prove the vertical resolution of an image acquired in LSOR-PAM as well as enable

correct image reconstruction.

6.1.2 Multilayer phantom

Additionally to the skeleton leaf phantom, a multilayer carbon fibre phantom was

imaged. The phantom consists of four layers of carbon fibres, each 1 mm apart.

The top row in Figure 6.6 shows the make up of the phantom. Each layer consists

of two crossing fibres fixed to a frame. The frames are then stacked on top of

each other. The aim of imaging the fibres in PAT and OR-PAM is to highlight the

complementary aspects of a dual-mode scanner. PAT has the capability of imaging

all layers of carbon fibres whereas OR-PAM has the capability to image a region of

interest, for example where the fibres cross, at a much better lateral resolution.

Below the illustration in Figure 6.6, PAT images of the phantom are shown.

Figures (a) to (d) show the individual layers of the PAT image, cropped from the

original image. They can be linked to the layers illustrated above. Figure (e) shows

the whole image of all layers. The data were acquired at a lateral step size of 80 µm

and data acquisition was averaged over three times. Before reconstruction a band-

pass filter of 15 MHz to 100 MHz was applied and the raw data were upsampled to

a lateral step size of 16 µm. Reconstruction was carried out in time reversal and for

a speed of sound of 1479 m/s.

In Figures (a) to (d) a section of a fibre was highlighted across which a profile

was taken and the FWHM determined. The results can be seen in the box in Figure

6.6. The box also gives the distance to the sensor of each layer. It can be seen that

the lateral resolution decreases with increasing distance to the sensor, which is in

accordance with what was reported in [24]. Generally, one might expect slightly

lower values for the width of the fibres, considering they are approximately 8 µm

in width and the lateral resolution of the scanner is 40 µm. However, the lateral

resolution was determined at a fine step size, without any averaging and by detecting

PA waves over a larger area. It can be expected that both factors contribute to the
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Figure 6.6: Multilayer carbon fibre phantom. Top row: Schematic of the make up of the
phantom layer by layer. Layer 1 refers to the layer closest to the sensor. Each layer is
highlighted by a different colour for clarity. Bottom five images: xy-view images of the
phantom acquired in PAT shown layer by layer and (e) of the whole phantom. Each layer is
approximately 1 mm apart.

increase in lateral resolution as well as the possibility that the profile is not always

taken perfectly perpendicular to the fibre. Overall, the values determined for the

width of the fibres in each layer are reasonable.

Figure 6.7 shows a region of interest of the phantom imaged in PAT ((a) and

(b)) as well as OR-PAM ((c) and (d)). The difference in lateral resolution between

PAT and OR-PAM is immediately obvious. Figure 6.7 (a) shows an xy-view of

a region of interest for the entire depth of the phantom and Figure 6.7 (b) shows

the same PAT data and region of interest with the relevant layer extracted post re-

construction. Figure 6.7 (c) shows the OR-PAM image acquired with an excitation
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Figure 6.7: Region of interest of the multilayer carbon fibre phantom in PAT and scanned
OR-PAM. (a) PAT xy-view image for the entire depth. (b) PAT xy-view image of relevant
layer. (c) OR-PAM xy-view image acquired of Layer 2 at medium signal strength (approxi-
mately 400 nJ). (d) OR-PAM xy-view image acquired at high signal strength (approximately
600 nJ).

Figure 6.8: xz-view of the multilayer carbon fibre phantom. Images acquired in (a) PAT
and (b) scanned OR-PAM.

energy of approximately 400 nJ and a lateral step size of 3 µm. A frequency filter

of 20 MHz to 70 MHz was applied after data acquisition. Only one layer is visible

and a profile was taken across the width of the fibre. The FWHM of the profile is

11.8 µm, less than a fifth of what was measured with PAT. Figure 6.7 (d) shows an

image acquired with a pulse energy of 600 nJ, all other parameters were kept identi-

cal. The difference between Figures 6.7 (c) and (d) is the imaging depth. In Figure

6.7 (d) the layer below is vaguely visible. The arrows on the right of the image show

where the fibres can be seen. However, imaging at such a high pulse energy causes

damage to the fibres, as can be seen in Figure 6.6 (b) on page 135 as well as Figure

6.8.

Figure 6.8 shows the phantom in PAT (a) and OR-PAM (b) in the xz-view.

Again it can be seen that PAT can image fibres of all depths whereas OR-PAM
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Figure 6.9: Photo of a mouse (ex vivo) imaged as part of this project and the setup of the
scanner when imaging a mouse

mainly images one layer, in this case Layer 2.A faint Layer 3 is visible where the

arrow points. However, this image was acquired at a pulse energy that damages the

fibres. The damage to the fibre can be seen in both images. In (b) the fibre seems

to vibrate strongly at around x=2 mm. In (a) a white line that is not parallel to the

other fibres is visible. The PAT images was acquired after the OR-PAM images and

this shows the damaged carbon fibre floating in the water.

In conclusion it can be said that this phantom illustrates the complementary

aspects of of both PAT and OR-PAM with PAT providing much more depth in-

formation and OR-PAM providing improved lateral resolution for a (3D) area of

interest.

6.2 Mouse ear (ex vivo)
This Section presents images acquired from a mouse ear. The image acquisition

steps will be highlighted, then both PAT and scanned OR-PAM images will be pre-

sented. LSOR-PAM images were acquired from a separate mouse and will be pre-

sented last.

Currently, the setup does not enable the user to switch between modes fast

enough to acquire an ex vivo image of a mouse ear in all three modes. It should

be possible to overcome this issue by making adjustments to the scanner. Possible

changes will be discussed in Chapter 7.

Figure 6.9 shows a photo of one of the imaged mice next to a diagram of
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the scanner setup. The diagram shows the sensor in the sensor tray. The sample

holder is mounted to a post that is connected to a translation stage. It is possible

to move the sample tray up and down so that the sample is in the focal plane of

the excitation beam. The sample tray consists of a plastic rectangular frame with

a rectangular hole in the centre. It has a thickness of 1 mm. Identical frames were

used when imaging the phantoms. The skeleton leaf was glued to such a frame and

the multilayer carbon fibre phantom consisted of a stack of five of those frames. In

both cases the phantoms were light and cut to fit the shape of the frame.

Initially, when imaging the mouse ear a 20 µm PMMA sheet was glued to the

frame. The mouse was placed on its side or back on the sensor tray with its ear on

the sample tray. The ear was flattened between the PMMA sheet and a weight.

Imaging the ear in that way was unsuccessful. The height difference between

sensor tray and sample tray caused the mouse to slip off the sample tray. Positioning

the mouse so that the ear was flat against the sample tray was challenging. It was not

possible to place a heavy enough weight on top of the ear. The design of the sample

tray meant that the thin PMMA sheet would sag under the pressure of a heavy

weight, moving the ear out of the focal plane of the excitation beam. Furthermore,

the weight of the mouse’s body bent the sample tray. Referring to Figure 6.9 the

sample tray on the left hand side of the diagram would be significantly lower than

on the right hand side of the sample tray. As a result it would not be possible to have

the entire ear in the focal plane of the excitation beam. When changing OR-PAM

modes the height of the sample tray needs to be adjusted. However, the mouse’s

body would stay in place on the sensor tray, therefore moving the ear in relation to

the tray. This made it impossible to image the same region as in PAT and scanned

OR-PAM.

In the future, it would be possible to overcome these challenges by designing

an improved sample tray. One of the main motivations for photoacoustic imaging

is the non invasive image acquisition of blood vessel. It is essential to develop a

sample tray or novel scanner setup that allows to place bigger heavier samples in

the setup.
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Figure 6.10: PAT image of a mouse ear ex vivo in the (a) xy-plane, (b) yz-plane and (c)
xz-plane.

Due to time constraints in this project it was decided to remove the ear from

the mouse post mortem and place only the ear on the sample tray. This can be seen

as a proof of concept and a motivation that spending time to find a solution that

overcomes the challenges described here is worthwhile.

Figure 6.10 shows the PAT image acquired at 580 nm from the mouse ear in all

three planes. The image was acquired at a step size of 60 µm. Before reconstruction,

the data were interpolated to a step size of 20 µm and 5 µm post reconstruction. The

xz- and yz-plane images show that the mouse ear is not perfectly flat, something to

consider when analysing the OR-PAM images. A white circle marks the region of
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Figure 6.11: PAT and scanned OR-PAM images of the region of interest (ROI) highlighted
in Figure 6.10. (a) ROI acquired in PAT, (b) ROI acquired in scanned OR-PAM, (c) close
up of ROI in (a), (d) close up of ROI in (b)

interest that was selected and imaged in scanned OR-PAM.

Figure 6.11 shows images from the region of interest identified in Figure 6.10.

Figure 6.11 (a) shows a close up of the same PAT image and Figure 6.11 (b) shows

an image acquired from the same region in scanned OR-PAM. The image in Figure

6.11 (b) was acquired at a step size of 10 µm in the x and y direction. The image

was then interpolated to a step size of 2 µm. The same features are clearly visible

in both images. In the OR-PAM image features appear sharper than in the PAT

image. Some smaller vessels appear to be blended together into one vessel in the

PAT image. On the other hand, comparing the right hand side region in both images
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Figure 6.12: LSOR-PAM images of a mouse ear ex vivo. (a) xy-plane and (b) xy-plane.

shows that a number of vessels that are present in the PAT image are missing in the

OR-PAM image. This could be for two reasons. One is that those vessels might

not be in the focal plane. Figure 6.10 (c) shows that the ear is not perfectly flat.

Alternatively, this could be due to the time delay of data acquisition in both modes

and the haemoglobin has started to break down.

Figures 6.11 (a) and (b) show a region of interest highlighted by a white box. A

close up of that region in PAT and scanned OR-PAM can be found in Figures 6.11

(c) and (d) respectively. Figure 6.11 (c) is a close up of the original PAT image.

Figure 6.11 (d) was acquired with a 5 µm step size in both directions. The image

was then interpolated to a 1 µm step size. Vessels that are in the focal plane of the

scanned OR-PAM excitation beam are defined clearer than in PAT. However, some

vessels that do appear in the image acquired with PAT are not visible in the OR-

PAM image. Again, this could be due to either the vessels not being in the focal

plane or to the time delay between image acquisitions.

The width of the vessel marked with a white line was determined by acquiring

a profile and taking the full width at half maximum. The same vessel acquired in

PAT measured 69 µm and 24 µm when acquired in scanned OR-PAM.

Figure 6.12 shows an image of a mouse ear acquired in LSOR-PAM. The im-

age was acquired with a step size of 20 µm and interpolated to a step size of 4 µm.
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A frequency filter of 2 MHz to 60 MHz was applied. Vessels are clearly visible over

a 4×4mm2 area. The smallest vessel has a full width at half maximum of 28 µm.

The image quality is poorer than in the scanned OR-PAM case. Once a mouse

is euthanised, the haemoglobin in the blood begins to break down, resulting in poor

visibility of vessels. Work on this specific mouse had been going on for more than

six hours before image acquisition was successful. The poor image quality is most

likely due to the delay in data acquisition.

This Section proofs that image acquisition of blood vessels is achievable in all

three modes using the multi-scale dual-mode scanner. By optimising the design of

the scanner further, especially the sample tray, it should be possible to improve the

acquisition speed and therefore image quality. Suggestions as to how the scanner

can be improved further will be made in the following Chapter.
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Chapter 7

Conclusions

Summary
This thesis has presented the integration of two imaging modalities - optical-

resolution photoacoustic microscopy and photoacoustic tomography - into a single

Fabry-Pérot scanner. This resulted in a scanner that can image vasculature up to a

depth of 1 cm. The lateral resolution in superficial regions can be as good as 6.1 µm.

So far no other scanner can provide photoacoustic images of the vasculature with

the same depth and lateral resolution. Additionally, a new OR-PAM mode with

faster acquisition speed was analysed and integrated into the same scanner.

The thesis is split into five parts. The introduction begins with motivation,

aims and structure of the thesis, followed by an introduction into PA imaging and

specifically PAT and OR-PAM imaging.

The second part covers the analysis of the Fabry-Pérot sensor. It was necessary

to alter the design of the existing sensors to enable successful image acquisition of

vasculature in both modes with a single sensor. The section starts with a descrip-

tion of the design and transduction mechanism of the sensor. A number of models

that can be used to calculate the optical sensitivity of the sensor were introduced.

One of those models was partially verified as part of this thesis and used for fur-

ther modelling throughout the project. The thin film design of the current dichroic
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mirrors is given and a model for thin film coatings is described. The models for

optical sensitivity and thin film coatings were used to find a new improved mirror

design in fulfilment of objective 1. Uncertainties arising from the manufacturing

process of the thin films were discussed and included in the analysis and re-design

process. A new design with a reference wavelength of 1520 nm was derived. This

was expected to improve transmission in the 580 nm range by 32 % and reduce the

standard deviation in the same area by 46 %. The loss in optical sensitivity was es-

timated to be 2 %. Sensors with the new design were manufactured and evaluated.

The new sensors confirmed improved transmission in the 580 nm area, however the

sensitivity was reduced more than expected. The reduction in sensitivity was due

to problems during the manufacturing process rather than the new design. Even

though the produced sensors were mostly faulty, the batch showed that a new sen-

sor that enabled dual-mode PA data acquisition with a planar Fabry-Pérot sensor

was successfully developed.

The third part of the thesis presents the experimental work which was carried

out with the dual-mode scanner. In fulfilment of objective 5 all three acquisition

modes (PAT, OR-PAM, LSOR-PAM) were described and characterised individu-

ally. The analysis of PAT and scanned OR-PAM confirmed the scanner was operat-

ing in the same parameters as previously reported. More time was spent analysing

the new LSOR-PAM setup, which was in accordance with objective 3. The field

of view depending on different interrogation spot sizes and sensor thicknesses was

examined. It was found that with increasing interrogation spot size the angular re-

sponse becomes more directional, especially with increasing frequency. Line scans

of planar absorbers have shown that the acoustic waves begin to split at 40 ◦ as well

as 30 ◦ in the case of a hard dielectric sensor.

Part of the analysis of the directional response was the frequency analysis. A

model was used to produce reference results. The modelled and measured results

did not agree. The modelled results were produced for two different detector el-

ement sizes - the interrogation spot size and the effective element size. However,
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modelled and measured results did not agree in either case. It must be assumed that

the acoustic response of the planar Fabry-Pérot sensor needs further examination

and the model needs to be expanded.

Images acquired in LSOR-PAM require reconstruction of the acquired signals

in the depth direction. A purely geometric reconstruction algorithm was proposed

and applied to the data acquired from a planar absorber. However, it was found that a

purely geometric approach is not sufficient. Two aspects that are assumed to hinder

a straightforward reconstruction are the phase change of the recorded signal with

angle if incidence and the splitting of the acoustic waves. As mentioned previously,

it is necessary to study the acoustic properties of the sensor in more detail so that a

more elaborate reconstruction algorithm can be developed.

Finally, the dual-mode scanner is described, fulfilling objective 4, and differ-

ent acquisition speeds are compared (PAT 30 Hz, OR-PAM 200 Hz, LSOR-PAM

630 Hz).

In the fourth part of the thesis images acquired with the dual-mode scanner

of phantoms and mice (ex vivo) in PAT, OR-PAM and LSOR-PAM are being pre-

sented. This is in fulfilment of objective 6. The phantom images are of a skeleton

leaf phantom and a multilayer carbon fibre phantom. The skeleton leaf phantom

provides example images in all three modes of a vascular structure. The carbon fibre

phantom highlights the complementary aspects of the dual-mode scanner with PAT

providing the depth information and OR-PAM providing high resolution images of

the region of interest. The LSOR-PAM reconstruction algorithm was applied to the

skeleton leaf phantom, but the reconstructed images do not agree with the images

acquired in scanned OR-PAM.

A mouse ear was imaged ex vivo in all three modes. Due to the switching

between acquisition modes being very slow some images had to be acquired of

different mice. Nonetheless, this part of the thesis shows images acquired with

the same scanner in both PAT and OR-PAM of vasculature in a mouse ear. To the

author’s knowledge photoacoustic dual-mode images of the vasculature have not
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been reported so far.

The last part of the thesis covers conclusions and future work. This is followed

by the Appendix providing a look-up table for the optical performance of the Fabry-

Pérot sensor for various parameters as well as a preliminary analysis of some of the

data provided by the look-up table. The last Chapter in the Appendix discusses the

potential commercial application of the project presented here.

Limitations and Future Work
During this project two core limitations were identified. Firstly, the understanding

of the acoustic properties of the planar Fabry-Pérot sensor needs to be improved.

Secondly, the acquisition speed, including the time in which the phantom placement

is completed and the time it takes to switch between acquisition modes, requires

significant improvement.

Better understanding of the acoustics of the planar Fabry-Pérot sensor, espe-

cially in regards to a spherical acoustic wave incident at various angles, should help

with a number of issues. A more accurate model should provide modelled directiv-

ity data that agree with the measured data. It should also help understand the field of

view limitation to a 45 ◦ angle of incidence. The reconstruction of the LSOR-PAM

data should provide an image that is the same as an image acquired in scanned OR-

PAM in the x-, y- and z-direction. Ideally, studying the acoustic properties of the

sensor in more detail will provide answers to questions such as: What is the reason

behind the phase change? What is causing the waves to split? Can this be integrated

in a reconstruction algorithm to rejoin the two parts of the wave and improve the

vertical resolution? Why is the splitting of the waves different for soft and hard

coated dielectric sensors? (Probably the mirrors.) Does this mean that a different

reconstruction algorithm is necessary depending on the choice of sensor? Is there

an acoustic reason (such as the splitting of the waves) which points towards the soft

coated sensors being better suited for OR-PAM data acquisition even though the

sensors have limited durability? What is the impact of the thicker mirrors in hard
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dielectric sensors on the frequency content of the detected signals?

A more elaborate acoustic model of the Fabry-Pérot sensor was developed as

part of a PhD project in the BUG group at UCL and it is worth considering to

spend some time with the model, once completed and verified, to address the issues

discussed here.

In regards to the acquisition speed a few issues need addressing. Imaging in

PAT is straightforward as the sample does not need to be in the focal plane of the

excitation laser and placing the sensor in the focal plane of the scanned interrogation

laser is well optimised. However, when imaging in OR-PAM the sample needs to be

in the focal plane of the excitation beam. This is achieved by placing a mirror behind

the sensor and replacing the excitation laser with a cw laser of a similar wavelength.

The cw laser is scanned across the mirror and the mirror alignment is then optimised

for maximum back reflection of the cw light, which is being detected by a photo

diode after travelling through a single-mode fibre. However, when replacing the

mirror with a sample, the sample is usually only near the focal plane, not directly

in the focal plane. Further line scans of the sample with the excitation laser in

place are required. The sample is moved up and down until the line scan shows

the sharpest image. This is the usual approach in other Fabry-Pérot sensor based

OR-PAM scanners. However, it is a point where the image acquisition procedure is

slowed down significantly. The margin of error when placing a mirror in the focal

plane of the excitation beam is assumed to arise from the Rayleigh Range as well as

noise. A better standardised alignment procedure is necessary to speed up this part

of the data acquisition.

Once mirror M3 is inserted into the scanner the excitation focal plane is moved

and needs to be found again. However, it should be straightforward to determine

the distance in focal planes with/without M3 in place and maybe even automate the

movement of the sample.

Other issues impacting the speed of data acquisition are the download time

from the DAQ card and the RAM limitations of the computer. Especially in LSOR-
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PAM, where the main aim was improved acquisition speed, the reduction in speed

due to the DAQ card is significant. Acquisition time per excitation point in LSOR-

PAM is longer than in scanned OR-PAM since the signal travels a longer distance to

the interrogation point. This requires a higher number of downloads from the DAQ

card, which in turn slows down the acquisition speed. Too much data also fills up the

RAM, which slows down the computer and reduces acquisition speed. Adjustments

to the LSOR-PAM acquisition program where successfully made by Dr Allen with

significant improvements in acquisition speed. This might be a suitable start. Some

adjustments might be applicable to other modes as well. However, acquisition of

OR-PAM images over larger areas that include depth information would require a

more powerful computer.

Furthermore, it would be advantageous to develop a better sample holder. The

sample holder used as part of this project was sufficient when imaging phantoms.

Imaging the mouse ear on the other hand was challenging to the point where the ear

had to be removed from the mouse. The aim of a new holder would be to develop

something that is large and strong enough to hold a mouse or any other sample that

would be of interest, but acoustically transparent enough to allow the broadband PA

waves to travel from the sample to the sensor. There is also an area in the sensor tray

where the sensor is recessed (see Figure 6.9 in page 137) from the sample. On some

occasions the sample might need to be close enough to the sensor that the holder

needs to reach into the recess. Having a sample holder that provides sufficient

support for the sample without hindering the signal detection would facilitate the

adjustment of the sample height when switching between modes whilst keeping the

sample in the correct position so that the region of interest identified previously is

not lost.

In addition to the need for a better sample holder, a better mount for the LSOR-

PAM interrogation collimator holder would be greatly beneficial. Currently, when

replacing a sensor and adjusting the sensor tray to place the new sensor in the inter-

rogation focal plane the LSOR-PAM collimator requires adjustment as well. How-

ever, when adjusting the collimator angle of incidence, the position of the beam on
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the sensor changes. It currently requires the constant monitoring of the position

of the interrogation beam on the sensor with a viewing card. This is only possible

without a sample on top of the sensor as M3 blocks the access to the sensor from the

other side. If one were to image vasculature in vivo and had identified a region of

interest with PAT, it would be almost impossible to move the LSOR-PAM beam to

the correct region of interest without removing the sample. A more advance auto-

mated system that calibrates the collimator once a sensor has been mounted would

be the best solution for a speedy and straightforward image acquisition.

Two minor issues are the ABCD model and its discrepancy from the other

models presented in this thesis as well as the spectrum of the dye laser if it were to

be used for spectroscopy.

It should be possible to extend the scanner further. The incorporation of OCT

has already been reported [25]. The integration of ultrasound imaging could also be

investigated. The laser generation of ultrasound waves and detection by a FP sensor

in a fibre was reported in [52]. Depending on the required application other imaging

modalities could be investigated. An investigation into the potential commercial

application of the scanner can be found in the Appendix C.

All modes utilise tunable excitation lasers that should make the acquisition of

spectroscopic images straightforward.

Achievements
This thesis has shown successfully that image acquisition in both PAT and OR-

PAM with a single scanner is achievable. To the author’s knowledge no dual-mode

PAT and OR-PAM images of the vasculature have been reported so far. As part of

enabling the dual-mode image acquisition a novel sensor was designed successfully

so that transmission in both PAT and OR-PAM excitation wavelength ranges is high

without losing too much optical sensitivity.

A novel approach to OR-PAM imaging was developed successfully with the

aim of improved acquisition speed. The new setup was integrated into the dual-

mode scanner and characterised. This is the first time LSOR-PAM image acqui-
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sition of both phantoms and vasculature of a mouse ear with a planar Fabry-Pérot

sensor was reported.
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Appendix A

Optical performance of the

Fabry-Pérot sensor for different

parameters: Look-up table

In this Chapter a look-up table is presented. The table was created for three sensor

parameters: Finesse F , Visibility V and optical sensitivity dR/dλmax. It lists the

change in all three parameters when design parameters on the Fabry-Pérot sensor

are varied.

Visibility describes the fringe contrast and was calculated based on Equation

3.7 on page 22. The Finesse describes the fringe sharpness and was calculated based

on Equation 3.4 on page 21. To reduce the computational effort only one fringe was

modelled. The free spectral range (see Figure 3.3 on page 21) was determined with

the Airy function.

The parameters that were varied are: Reflectance R between 90 % to 99 % for

all combinations of R1 and R2, spacer thicknesses l of values 5 µm, 10 µm, 20 µm

and 40 µm as well as interrogation spot sizes of ω0 of values 5 µm, 10 µm, 15 µm

and 25 µm. All results were determined for glass as substrate and air as surrounding

medium. On the following pages each page lists Finesse, Visibility and optical

sensitivity for a specific set of sensor thickness and interrogation spot size for all

reflectance combinations. This results in 16 pages of look-up tables.

The table was created with the aim to provide a database that can be used to
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predict the optical performance of the planar Fabry-Pérot sensor when parameters

are changed without the need to use the model. The data presented here form the

basis of a potentially extensive data analysis. However, this is beyond the scope of

this thesis. Appendix B on page 171 shows some preliminary analysis results.
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ω0 = 15 µm l = 10 µm

Finesse

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 27.25 28.69 30.24 31.95 33.84 35.93 38.30 40.92 43.88 47.31

0.91 28.69 30.24 31.98 33.90 36.03 38.44 41.13 44.17 47.63 51.63

0.92 30.24 31.98 33.92 36.09 38.52 41.25 44.36 47.91 51.95 56.74

0.93 31.95 33.90 36.09 38.52 41.29 44.45 48.02 52.22 57.05 62.98

0.94 33.84 36.03 38.52 41.29 44.45 48.13 52.35 57.37 63.17 70.39

0.95 35.93 38.44 41.25 44.45 48.13 52.41 57.45 63.46 70.76 79.79

0.96 38.30 41.13 44.36 48.02 52.35 57.45 63.56 70.88 80.10 91.87

0.97 40.92 44.17 47.91 52.22 57.37 63.46 70.88 80.10 92.08 107.98

0.98 43.88 47.63 51.95 57.05 63.17 70.76 80.10 92.08 107.98 130.95

0.99 47.31 51.63 56.74 62.98 70.39 79.79 91.87 107.98 130.95 165.66

Visibility (10−2)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 96.22 95.28 92.94 88.87 82.74 74.30 63.40 50.10 34.69 17.73

0.91 95.28 95.43 94.25 91.33 86.23 78.52 67.90 54.30 37.96 19.53

0.92 92.94 94.25 94.39 92.88 89.14 82.57 72.61 58.97 41.76 21.68

0.93 88.87 91.33 92.88 92.99 90.98 86.05 77.31 64.09 46.19 24.29

0.94 82.74 86.23 89.14 90.98 91.04 88.29 81.51 69.45 51.31 27.49

0.95 74.30 78.52 82.56 86.05 88.29 88.23 84.30 74.52 57.07 31.47

0.96 63.40 67.90 72.61 77.31 81.51 84.30 84.03 78.07 63.03 36.42

0.97 50.10 54.30 58.97 64.09 69.45 74.52 78.07 77.40 67.63 42.37

0.98 34.69 37.96 41.76 46.19 51.31 57.07 63.03 67.62 66.26 48.10

0.99 17.73 19.53 21.68 24.29 27.49 31.47 36.42 42.36 48.09 45.81

dR/dλmax (107m−1)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 42.02 44.07 45.97 47.57 48.62 48.78 47.48 43.85 36.50 23.14

0.91 44.07 46.63 49.11 51.36 53.13 54.02 53.38 50.16 42.58 27.64

0.92 45.97 49.11 52.28 55.33 58.01 59.88 60.22 57.73 50.17 33.47

0.93 47.57 51.36 55.33 59.35 63.18 66.37 68.10 66.84 59.74 41.22

0.94 48.62 53.13 58.01 63.18 68.44 73.37 77.09 77.83 71.97 51.80

0.95 48.78 54.02 59.88 66.37 73.37 80.54 87.05 90.96 87.77 66.69

0.96 47.48 53.38 60.22 68.10 77.09 87.05 97.38 106.20 108.22 88.39

0.97 43.85 50.16 57.73 66.84 77.83 90.96 106.20 122.32 134.07 121.27

0.98 36.50 42.58 50.17 59.74 71.97 87.77 108.22 134.06 162.79 172.16

0.99 23.14 27.63 33.47 41.22 51.80 66.68 88.38 121.26 172.15 239.35
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ω0 = 10 µm l = 10 µm

Finesse

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 25.21 26.38 27.65 29.01 30.51 32.15 33.92 35.93 38.12 40.56

0.91 26.38 27.65 29.05 30.56 32.20 34.04 36.06 38.30 40.80 43.65

0.92 27.65 29.05 30.56 32.25 34.09 36.12 38.41 40.96 43.84 47.14

0.93 29.01 30.56 32.25 34.12 36.18 38.52 41.09 44.02 47.36 51.24

0.94 30.51 32.20 34.09 36.18 38.52 41.17 44.17 47.52 51.50 56.05

0.95 32.15 34.04 36.12 38.52 41.17 44.17 47.58 51.63 56.28 61.84

0.96 33.92 36.06 38.41 41.09 44.17 47.58 51.63 56.43 62.03 68.98

0.97 35.93 38.30 40.96 44.02 47.52 51.63 56.43 62.03 69.10 77.83

0.98 38.12 40.80 43.84 47.36 51.50 56.28 62.03 69.10 78.13 89.87

0.99 40.56 43.65 47.14 51.24 56.05 61.84 68.87 77.98 89.87 106.59

Visibility (10−2)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 86.64 85.16 82.46 78.30 72.46 64.75 55.08 43.48 30.15 15.48

0.91 85.16 84.54 82.75 79.49 74.45 67.34 57.96 46.26 32.39 16.76

0.92 82.46 82.75 81.97 79.78 75.77 69.54 60.75 49.17 34.86 18.22

0.93 78.30 79.49 79.78 78.79 76.06 71.04 63.19 52.08 37.54 19.89

0.94 72.46 74.44 75.77 76.05 74.79 71.33 64.90 54.75 40.37 21.82

0.95 64.75 67.34 69.54 71.04 71.33 69.70 65.21 56.73 43.16 24.01

0.96 55.07 57.96 60.74 63.19 64.90 65.21 63.12 57.13 45.44 26.42

0.97 43.47 46.26 49.17 52.08 54.75 56.72 57.13 54.43 46.10 28.79

0.98 30.15 32.39 34.86 37.54 40.37 43.16 45.43 46.10 42.69 30.07

0.99 15.48 16.75 18.21 19.89 21.81 24.00 26.41 28.78 30.06 26.23

dR/dλmax (107m−1)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 38.62 40.27 41.73 42.87 43.48 43.24 41.68 38.08 31.31 19.58

0.91 40.27 42.33 44.26 45.91 47.08 47.39 46.32 42.99 35.99 22.99

0.92 41.73 44.26 46.73 49.02 50.88 51.94 51.57 48.74 41.68 27.29

0.93 42.87 45.91 49.02 52.05 54.78 56.82 57.46 55.48 48.65 32.85

0.94 43.48 47.08 50.88 54.78 58.58 61.88 63.94 63.33 57.28 40.17

0.95 43.24 47.39 51.93 56.82 61.88 66.79 70.80 72.33 67.97 50.05

0.96 41.68 46.32 51.57 57.46 63.94 70.80 77.42 82.19 81.14 63.79

0.97 38.08 42.99 48.74 55.47 63.33 72.33 82.19 91.68 96.67 83.39

0.98 31.31 35.99 41.67 48.65 57.27 67.97 81.14 96.66 111.87 111.35

0.99 19.58 22.98 27.29 32.84 40.16 50.04 63.78 83.36 111.32 142.88
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ω0 = 25 µm l = 10 µm

Finesse

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 27.95 29.46 31.16 33.00 35.11 37.43 40.09 43.06 46.51 50.49

0.91 29.46 31.16 33.05 35.20 37.53 40.24 43.28 46.82 50.86 55.67

0.92 31.16 33.05 35.20 37.60 40.32 43.42 47.04 51.18 56.12 62.03

0.93 33.00 35.20 37.60 40.36 43.51 47.14 51.37 56.43 62.41 69.80

0.94 35.11 37.53 40.32 43.51 47.20 51.50 56.58 62.69 70.27 79.48

0.95 37.43 40.24 43.42 47.14 51.50 56.58 62.79 70.51 80.10 92.28

0.96 40.09 43.28 47.04 51.37 56.58 62.79 70.51 80.25 92.91 109.71

0.97 43.06 46.82 51.18 56.43 62.69 70.51 80.25 92.91 110.29 134.36

0.98 46.51 50.86 56.12 62.41 70.27 80.10 92.91 110.29 134.80 172.59

0.99 50.49 55.67 62.03 69.80 79.48 92.28 109.71 134.36 172.59 238.44

Visibility (10−2)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 99.44 98.77 96.65 92.72 86.60 77.99 66.71 52.80 36.59 18.70

0.91 98.77 99.30 98.47 95.82 90.84 83.05 72.06 57.76 40.43 20.79

0.92 96.65 98.47 99.12 98.05 94.63 88.13 77.88 63.48 45.03 23.37

0.93 92.72 95.82 98.05 98.85 97.43 92.84 84.00 70.02 50.62 26.60

0.94 86.60 90.84 94.63 97.43 98.44 96.47 89.99 77.35 57.45 30.77

0.95 77.99 83.05 88.13 92.84 96.47 97.80 94.87 85.07 65.78 36.31

0.96 66.71 72.06 77.88 84.00 89.99 94.87 96.68 91.91 75.59 43.89

0.97 52.80 57.76 63.48 70.02 77.35 85.07 91.91 94.53 85.60 54.51

0.98 36.59 40.43 45.03 50.62 57.45 65.78 75.59 85.60 89.65 68.55

0.99 18.70 20.79 23.37 26.60 30.77 36.31 43.89 54.51 68.55 75.19

dR/dλmax (107m−1)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 43.25 45.48 47.58 49.40 50.69 51.07 49.96 46.41 38.89 24.86

0.91 45.48 48.27 51.01 53.55 55.64 56.86 56.52 53.48 45.78 30.00

0.92 47.58 51.01 54.51 57.95 61.07 63.43 64.23 62.10 54.51 36.81

0.93 49.40 53.55 57.95 62.49 66.93 70.82 73.28 72.67 65.76 46.07

0.94 50.69 55.64 61.07 66.93 73.04 78.97 83.84 85.72 80.51 59.08

0.95 51.07 56.86 63.43 70.82 78.97 87.61 95.91 101.81 100.20 78.08

0.96 49.96 56.52 64.23 73.28 83.84 95.91 109.01 121.29 126.83 107.17

0.97 46.41 53.48 62.10 72.67 85.72 101.81 121.29 143.40 162.68 154.24

0.98 38.89 45.78 54.51 65.76 80.51 100.20 126.83 162.68 207.16 234.53

0.99 24.86 30.00 36.81 46.07 59.08 78.08 107.17 154.24 234.53 362.30
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ω0 = 5 µm l = 10 µm

Finesse

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 16.96 17.48 18.02 18.60 19.21 19.87 20.56 21.31 22.12 22.98

0.91 17.48 18.04 18.62 19.24 19.90 20.62 21.36 22.18 23.06 24.01

0.92 18.02 18.62 19.24 19.91 20.64 21.40 22.23 23.11 24.10 25.15

0.93 18.61 19.24 19.92 20.64 21.42 22.26 23.15 24.15 25.23 26.43

0.94 19.22 19.91 20.63 21.42 22.26 23.19 24.17 25.26 26.48 27.83

0.95 19.87 20.62 21.41 22.25 23.19 24.19 25.29 26.51 27.89 29.42

0.96 20.57 21.37 22.24 23.16 24.17 25.31 26.53 27.91 29.49 31.27

0.97 21.32 22.19 23.12 24.15 25.26 26.53 27.91 29.51 31.32 33.46

0.98 22.13 23.07 24.10 25.21 26.49 27.91 29.49 31.35 33.48 36.15

0.99 23.02 24.04 25.18 26.41 27.83 29.46 31.25 33.48 36.15 39.55

Visibility (10−2)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 50.12 48.35 46.04 43.11 39.48 35.09 29.86 23.75 16.72 08.79

0.91 48.34 46.94 45.02 42.48 39.24 35.18 30.22 24.26 17.25 09.16

0.92 46.03 45.02 43.52 41.42 38.61 34.97 30.37 24.66 17.74 09.53

0.93 43.09 42.48 41.41 39.80 37.50 34.37 30.22 24.89 18.18 09.92

0.94 39.47 39.22 38.60 37.50 35.76 33.22 29.67 24.86 18.50 10.30

0.95 35.07 35.16 34.96 34.36 33.22 31.35 28.52 24.41 18.61 10.65

0.96 29.84 30.19 30.35 30.22 29.67 28.52 26.53 23.32 18.36 10.92

0.97 23.72 24.23 24.64 24.88 24.85 24.40 23.31 21.20 17.44 10.98

0.98 16.69 17.22 17.72 18.17 18.49 18.60 18.35 17.43 15.24 10.49

0.99 08.76 09.12 09.50 09.91 10.29 10.63 10.91 10.96 10.48 08.43

dR/dλmax (107m−1)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 24.70 25.29 25.71 25.88 25.68 24.97 23.49 20.91 16.72 10.15

0.91 25.29 26.07 26.70 27.10 27.15 26.67 25.38 22.90 18.60 11.50

0.92 25.71 26.70 27.58 28.25 28.60 28.43 27.43 25.14 20.79 13.14

0.93 25.87 27.10 28.25 29.25 29.96 30.19 29.59 27.62 23.36 15.16

0.94 25.68 27.14 28.60 29.96 31.11 31.84 31.80 30.35 26.37 17.70

0.95 24.95 26.65 28.42 30.18 31.84 33.20 33.90 33.25 29.89 20.96

0.96 23.47 25.37 27.41 29.58 31.79 33.90 35.57 36.10 33.91 25.23

0.97 20.88 22.88 25.11 27.61 30.34 33.24 36.10 38.29 38.18 30.93

0.98 16.69 18.57 20.76 23.34 26.35 29.86 33.90 38.16 41.46 38.39

0.99 10.11 11.46 13.10 15.14 17.68 20.91 25.20 30.89 38.36 45.23
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ω0 = 15 µm l = 20 µm

Finesse

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 25.64 26.84 28.14 29.59 31.16 32.87 34.75 36.86 39.17 41.79

0.91 26.84 28.18 29.63 31.20 32.95 34.87 37.00 39.36 42.05 45.03

0.92 28.14 29.63 31.23 33.00 34.93 37.10 39.47 42.22 45.33 48.82

0.93 29.59 31.20 33.00 34.96 37.13 39.59 42.35 45.48 49.05 53.23

0.94 31.16 32.95 34.93 37.13 39.63 42.40 45.58 49.22 53.43 58.35

0.95 32.87 34.87 37.10 39.59 42.40 45.63 49.28 53.57 58.59 64.66

0.96 34.75 37.00 39.47 42.35 45.58 49.28 53.64 58.76 64.86 72.37

0.97 36.86 39.36 42.22 45.48 49.22 53.57 58.76 65.06 72.62 82.34

0.98 39.17 42.05 45.33 49.11 53.43 58.59 64.86 72.62 82.50 95.49

0.99 41.79 45.03 48.82 53.23 58.43 64.66 72.37 82.50 95.49 114.58

Visibility (10−2)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 88.65 87.26 84.61 80.44 74.51 66.64 56.71 44.76 31.03 15.91

0.91 87.26 86.77 85.07 81.84 76.76 69.50 59.86 47.78 33.44 17.28

0.92 84.60 85.07 84.44 82.34 78.34 72.01 62.96 50.98 36.12 18.85

0.93 80.44 81.84 82.34 81.51 78.86 73.81 65.75 54.23 39.08 20.67

0.94 74.51 76.75 78.34 78.86 77.78 74.38 67.82 57.29 42.24 22.78

0.95 66.64 69.50 72.01 73.81 74.38 72.94 68.46 59.68 45.44 25.22

0.96 56.70 59.86 62.96 65.75 67.82 68.46 66.55 60.46 48.17 27.97

0.97 44.76 47.78 50.97 54.23 57.29 59.68 60.46 57.93 49.26 30.75

0.98 31.03 33.44 36.12 39.07 42.24 45.43 48.17 49.25 45.95 32.48

0.99 15.91 17.27 18.84 20.67 22.78 25.22 27.96 30.74 32.47 28.63

dR/dλmax (107m−1)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 78.67 82.12 85.21 87.65 89.02 88.67 85.62 78.38 64.58 40.49

0.91 82.12 86.43 90.49 94.01 96.55 97.37 95.35 88.68 74.42 47.66

0.92 85.21 90.49 95.69 100.53 104.53 106.92 106.40 100.80 86.43 56.78

0.93 87.65 94.01 100.53 106.94 112.78 117.23 118.85 115.07 101.23 68.58

0.94 89.02 96.55 104.53 112.78 120.88 128.01 132.64 131.78 119.61 84.23

0.95 88.67 97.37 106.92 117.23 128.01 138.56 147.34 151.07 142.56 105.48

0.96 85.62 95.35 106.39 118.84 132.63 147.34 161.70 172.40 171.02 135.22

0.97 78.37 88.68 100.80 115.06 131.78 151.07 172.40 193.25 204.93 177.98

0.98 64.57 74.41 86.42 101.22 119.61 142.55 171.01 204.92 238.79 239.67

0.99 40.48 47.65 56.77 68.58 84.21 105.46 135.19 177.94 239.62 310.76
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ω0 = 10 µm l = 20 µm

Finesse

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 21.69 22.52 23.42 24.39 25.43 26.53 27.74 29.05 30.49 32.08

0.91 22.52 23.44 24.41 25.46 26.60 27.82 29.15 30.60 32.20 33.98

0.92 23.42 24.41 25.46 26.61 27.85 29.19 30.67 32.33 34.12 36.12

0.93 24.39 25.46 26.61 27.87 29.24 30.74 32.40 34.20 36.25 38.55

0.94 25.43 26.60 27.87 29.24 30.76 32.43 34.26 36.34 38.70 41.33

0.95 26.53 27.82 29.19 30.74 32.40 34.32 36.41 38.73 41.46 44.60

0.96 27.74 29.15 30.69 32.40 34.26 36.41 38.81 41.50 44.69 48.42

0.97 29.05 30.60 32.33 34.20 36.34 38.77 41.50 44.74 48.53 53.16

0.98 30.49 32.20 34.12 36.25 38.70 41.50 44.69 48.53 53.16 59.01

0.99 32.05 33.98 36.15 38.55 41.37 44.60 48.42 53.16 59.10 67.07

Visibility (10−2)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 70.41 68.55 65.79 61.99 57.02 50.75 43.12 34.12 23.80 12.34

0.91 68.55 67.28 65.15 61.98 57.58 51.79 44.47 35.55 25.04 13.10

0.92 65.79 65.15 63.71 61.26 57.57 52.42 45.58 36.90 26.32 13.93

0.93 61.99 61.98 61.26 59.61 56.77 52.43 46.30 38.09 27.60 14.82

0.94 57.01 57.58 57.57 56.77 54.88 51.55 46.37 38.92 28.80 15.79

0.95 50.74 51.78 52.41 52.43 51.55 49.38 45.44 39.12 29.75 16.79

0.96 43.11 44.46 45.58 46.30 46.37 45.44 42.96 38.20 30.17 17.75

0.97 34.11 35.54 36.89 38.08 38.91 39.11 38.20 35.39 29.44 18.45

0.98 23.79 25.03 26.31 27.59 28.79 29.75 30.16 29.43 26.33 18.28

0.99 12.33 13.09 13.92 14.82 15.78 16.78 17.74 18.44 18.27 15.18

dR/dλmax (107m−1)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 65.55 67.78 69.61 70.83 71.09 69.92 66.60 60.07 48.71 30.01

0.91 67.77 70.60 73.10 75.05 76.09 75.68 73.00 66.80 55.06 34.58

0.92 69.61 73.10 76.38 79.21 81.21 81.81 80.07 74.49 62.61 40.24

0.93 70.83 75.05 79.21 83.07 86.26 88.17 87.75 83.26 71.64 47.36

0.94 71.09 76.09 81.21 86.26 90.89 94.48 95.91 93.17 82.47 56.47

0.95 69.92 75.67 81.80 88.16 94.48 100.17 104.11 104.07 95.47 68.42

0.96 66.59 72.99 80.06 87.75 95.91 104.11 111.36 115.37 110.81 84.45

0.97 60.06 66.78 74.48 83.26 93.16 104.06 115.37 125.16 127.88 106.40

0.98 48.69 55.04 62.59 71.63 82.46 95.44 110.79 127.86 142.68 136.11

0.99 29.98 34.56 40.21 47.34 56.45 68.38 84.42 106.35 136.07 165.93
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ω0 = 25 µm l = 20 µm

Finesse

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 27.61 29.09 30.72 32.51 34.49 36.70 39.17 41.96 45.18 48.82

0.91 29.09 30.72 32.53 34.55 36.80 39.32 42.18 45.48 49.17 53.57

0.92 30.72 32.53 34.58 36.86 39.40 42.31 45.68 49.46 53.92 59.27

0.93 32.51 34.55 36.86 39.44 42.40 45.78 49.64 54.21 59.61 66.00

0.94 34.49 36.80 39.40 42.40 45.78 49.76 54.35 59.78 66.43 74.46

0.95 36.70 39.32 42.31 45.78 49.76 54.42 59.96 66.64 74.86 85.23

0.96 39.17 42.18 45.68 49.64 54.35 59.96 66.64 75.00 85.58 99.16

0.97 41.96 45.48 49.46 54.21 59.78 66.64 75.00 85.58 99.64 118.53

0.98 45.18 49.17 53.92 59.61 66.43 74.86 85.58 99.64 118.53 146.28

0.99 48.82 53.57 59.27 66.00 74.46 85.23 99.16 118.53 146.28 190.97

Visibility (10−2)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 97.90 97.09 94.86 90.84 84.71 76.17 65.07 51.45 35.63 18.21

0.91 97.09 97.43 96.42 93.62 88.56 80.79 69.98 56.01 39.17 20.14

0.92 94.86 96.42 96.80 95.50 91.89 85.33 75.21 61.17 43.34 22.49

0.93 90.84 93.62 95.50 95.93 94.19 89.38 80.56 66.93 48.29 25.37

0.94 84.71 88.56 91.89 94.19 94.67 92.25 85.56 73.16 54.16 28.99

0.95 76.17 80.79 85.33 89.38 92.25 92.78 89.24 79.36 60.99 33.61

0.96 65.07 69.98 75.21 80.56 85.56 89.24 89.80 84.22 68.47 39.59

0.97 51.45 56.01 61.17 66.93 73.16 79.35 84.22 84.74 75.03 47.22

0.98 35.63 39.17 43.34 48.29 54.15 60.98 68.47 75.03 75.32 55.58

0.99 18.21 20.14 22.49 25.37 28.99 33.61 39.59 47.21 55.58 55.34

dR/dλmax (107m−1)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 85.32 89.60 93.60 96.99 99.32 99.85 97.41 90.21 75.31 47.93

0.91 89.60 94.94 100.15 104.93 108.76 110.84 109.84 103.53 88.22 57.50

0.92 93.60 100.15 106.81 113.28 119.05 123.23 124.31 119.62 104.42 70.03

0.93 96.99 104.93 113.28 121.80 130.03 137.04 141.14 139.17 125.05 86.85

0.94 99.32 108.76 119.05 130.03 141.32 152.08 160.52 162.96 151.69 110.07

0.95 99.85 110.84 123.23 137.04 152.08 167.72 182.29 191.76 186.56 143.21

0.96 97.41 109.84 124.31 141.14 160.52 182.29 205.31 225.77 232.49 192.45

0.97 90.21 103.53 119.62 139.17 162.96 191.76 225.77 262.82 291.98 268.86

0.98 75.31 88.22 104.42 125.05 151.69 186.56 232.49 291.97 360.98 391.22

0.99 47.93 57.50 70.03 86.85 110.06 143.20 192.44 268.84 391.20 563.57
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ω0 = 5 µm l = 20 µm

Finesse

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 12.00 12.28 12.56 12.85 13.17 13.51 13.87 14.23 14.62 15.04

0.91 12.28 12.57 12.87 13.18 13.52 13.88 14.26 14.66 15.08 15.54

0.92 12.57 12.88 13.20 13.53 13.88 14.28 14.69 15.12 15.57 16.08

0.93 12.88 13.20 13.54 13.89 14.28 14.70 15.13 15.60 16.11 16.66

0.94 13.19 13.54 13.90 14.28 14.70 15.15 15.61 16.14 16.70 17.30

0.95 13.53 13.90 14.29 14.69 15.14 15.63 16.14 16.71 17.34 18.03

0.96 13.88 14.28 14.70 15.13 15.62 16.16 16.71 17.35 18.05 18.84

0.97 14.27 14.69 15.14 15.61 16.13 16.73 17.35 18.07 18.87 19.78

0.98 14.69 15.14 15.63 16.12 16.70 17.38 18.05 18.89 19.81 20.92

0.99 15.18 15.66 16.19 16.69 17.34 18.11 18.84 19.84 20.94 22.27

Visibility (10−2)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 31.89 30.57 28.96 27.01 24.69 21.96 18.74 14.99 10.65 05.67

0.91 30.56 29.45 28.06 26.34 24.25 21.73 18.69 15.08 10.82 05.82

0.92 28.93 28.05 26.90 25.44 23.60 21.32 18.52 15.09 10.95 05.96

0.93 26.98 26.32 25.42 24.23 22.68 20.69 18.16 14.99 11.03 06.10

0.94 24.65 24.22 23.57 22.67 21.43 19.77 17.59 14.74 11.02 06.21

0.95 21.90 21.68 21.28 20.68 19.77 18.48 16.69 14.24 10.89 06.30

0.96 18.67 18.63 18.46 18.15 17.57 16.68 15.36 13.41 10.54 06.32

0.97 14.91 15.01 15.03 14.96 14.71 14.22 13.40 12.04 09.84 06.21

0.98 10.57 10.74 10.88 10.99 10.99 10.85 10.53 09.82 08.47 05.79

0.99 05.58 05.73 05.88 06.06 06.18 06.25 06.30 06.18 05.77 04.55

dR/dλmax (107m−1)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 32.89 33.37 33.62 33.52 32.94 31.71 29.52 26.00 20.56 12.34

0.91 33.36 34.08 34.57 34.74 34.45 33.49 31.53 28.13 22.58 13.79

0.92 33.60 34.56 35.35 35.84 35.89 35.29 33.66 30.49 24.91 15.54

0.93 33.49 34.72 35.83 36.70 37.17 37.03 35.85 33.07 27.61 17.68

0.94 32.90 34.42 35.87 37.17 38.14 38.58 38.03 35.84 30.72 20.33

0.95 31.63 33.43 35.24 37.00 38.56 39.70 40.00 38.71 34.30 23.69

0.96 29.42 31.45 33.59 35.82 38.01 39.98 41.38 41.39 38.30 28.04

0.97 25.87 28.02 30.38 33.01 35.79 38.64 41.37 43.21 42.39 33.76

0.98 20.40 22.43 24.77 27.53 30.64 34.18 38.24 42.34 45.21 41.11

0.99 12.15 13.60 15.35 17.58 20.23 23.50 27.94 33.61 41.00 47.43
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ω0 = 15 µm l = 40 µm

Finesse

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 22.38 23.28 24.25 25.29 26.39 27.59 28.91 30.33 31.88 33.59

0.91 23.28 24.25 25.29 26.43 27.65 28.99 30.42 32.00 33.76 35.68

0.92 24.25 25.29 26.44 27.67 29.03 30.49 32.10 33.87 35.84 38.05

0.93 25.29 26.43 27.67 29.03 30.53 32.15 33.95 35.96 38.19 40.72

0.94 26.39 27.65 29.03 30.53 32.18 33.98 36.03 38.30 40.88 43.79

0.95 27.59 28.99 30.49 32.15 33.98 36.03 38.34 40.96 43.98 47.47

0.96 28.91 30.42 32.10 33.95 36.03 38.34 41.00 44.02 47.52 51.76

0.97 30.33 32.00 33.87 35.96 38.30 40.96 44.02 47.63 51.89 57.05

0.98 31.88 33.76 35.87 38.23 40.88 43.93 47.52 51.89 57.13 63.76

0.99 33.59 35.68 38.05 40.72 43.79 47.47 51.76 57.05 63.76 72.88

Visibility (10−2)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 73.62 71.80 69.01 65.11 59.94 53.38 45.36 35.86 24.99 12.93

0.91 71.79 70.61 68.50 65.27 60.72 54.65 46.94 37.50 26.38 13.77

0.92 69.01 68.50 67.14 64.68 60.89 55.51 48.30 39.09 27.84 14.69

0.93 65.11 65.27 64.68 63.10 60.22 55.72 49.25 40.51 29.32 15.71

0.94 59.94 60.71 60.89 60.22 58.37 54.96 49.53 41.59 30.75 16.81

0.95 53.38 54.65 55.50 55.72 54.96 52.82 48.72 42.00 31.94 17.97

0.96 45.35 46.93 48.29 49.25 49.53 48.72 46.23 41.21 32.57 19.12

0.97 35.86 37.49 39.08 40.51 41.59 42.00 41.21 38.34 31.97 20.02

0.98 24.98 26.38 27.83 29.32 30.74 31.93 32.57 31.96 28.73 19.99

0.99 12.92 13.76 14.69 15.70 16.81 17.97 19.11 20.01 19.98 16.71

dR/dλmax (107m−1)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 135.87 140.71 144.76 147.55 148.39 146.24 139.59 126.19 102.57 63.36

0.91 140.71 146.82 152.30 156.66 159.15 158.64 153.38 140.69 116.29 73.25

0.92 144.76 152.30 159.43 165.68 170.24 171.89 168.66 157.35 132.65 85.52

0.93 147.55 156.65 165.67 174.14 181.26 185.74 185.38 176.42 152.28 101.02

0.94 148.38 159.14 170.24 181.26 191.49 199.60 203.24 198.07 175.96 120.96

0.95 146.23 158.63 171.88 185.74 199.60 212.27 221.36 222.08 204.51 147.21

0.96 139.58 153.37 168.65 185.37 203.24 221.36 237.64 247.18 238.45 182.61

0.97 126.17 140.67 157.32 176.41 198.06 222.06 247.17 269.35 276.56 231.38

0.98 102.54 116.26 132.61 152.26 175.94 204.48 238.42 276.53 310.30 297.91

0.99 63.32 73.20 85.47 100.98 120.92 147.14 182.55 231.30 297.81 365.89
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ω0 = 10 µm l = 40 µm

Finesse

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 16.93 17.44 17.98 18.56 19.18 19.82 20.52 21.26 22.07 22.94

0.91 17.44 18.00 18.58 19.20 19.86 20.57 21.32 22.14 23.02 23.97

0.92 17.99 18.58 19.20 19.87 20.58 21.36 22.19 23.07 24.04 25.11

0.93 18.56 19.20 19.88 20.59 21.37 22.21 23.11 24.11 25.17 26.36

0.94 19.18 19.87 20.59 21.37 22.21 23.14 24.12 25.21 26.44 27.78

0.95 19.83 20.56 21.36 22.21 23.12 24.15 25.25 26.48 27.85 29.38

0.96 20.53 21.33 22.19 23.11 24.12 25.26 26.48 27.87 29.44 31.23

0.97 21.27 22.14 23.08 24.11 25.21 26.48 27.87 29.46 31.27 33.43

0.98 22.08 23.03 24.05 25.17 26.43 27.85 29.44 31.30 33.46 36.12

0.99 22.97 24.00 25.15 26.38 27.80 29.42 31.20 33.43 36.12 39.51

Visibility (10−2)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 50.10 48.33 46.02 43.09 39.47 35.08 29.86 23.75 16.72 08.79

0.91 48.33 46.93 45.01 42.47 39.22 35.17 30.21 24.25 17.25 09.15

0.92 46.01 45.01 43.50 41.41 38.60 34.96 30.36 24.66 17.74 09.53

0.93 43.08 42.46 41.40 39.79 37.49 34.36 30.22 24.89 18.18 09.92

0.94 39.46 39.21 38.59 37.49 35.75 33.21 29.66 24.85 18.50 10.30

0.95 35.06 35.15 34.95 34.35 33.21 31.35 28.52 24.41 18.61 10.65

0.96 29.83 30.18 30.34 30.21 29.66 28.51 26.52 23.31 18.36 10.92

0.97 23.72 24.23 24.63 24.87 24.84 24.39 23.31 21.19 17.43 10.97

0.98 16.69 17.22 17.71 18.16 18.48 18.59 18.35 17.43 15.24 10.49

0.99 08.76 09.12 09.50 09.90 10.29 10.63 10.91 10.96 10.48 08.43

dR/dλmax (107m−1)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 98.78 101.14 102.82 103.50 102.72 99.84 93.93 83.61 66.86 40.59

0.91 101.13 104.26 106.79 108.39 108.58 106.64 101.51 91.59 74.38 45.99

0.92 102.81 106.78 110.29 112.99 114.38 113.68 109.68 100.52 83.15 52.54

0.93 103.48 108.38 112.98 116.97 119.82 120.72 118.33 110.47 93.42 60.62

0.94 102.69 108.55 114.36 119.82 124.42 127.35 127.16 121.39 105.46 70.78

0.95 99.79 106.60 113.64 120.70 127.34 132.78 135.58 132.99 119.53 83.81

0.96 93.86 101.45 109.63 118.30 127.15 135.56 142.26 144.38 135.62 100.90

0.97 83.52 91.50 100.44 110.42 121.35 132.94 144.36 153.13 152.69 123.70

0.98 66.74 74.27 83.04 93.35 105.40 119.44 135.57 152.63 165.80 153.53

0.99 40.45 45.83 52.38 60.54 70.69 83.65 100.80 123.55 153.41 180.91
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ω0 = 25 µm l = 40 µm

Finesse

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 26.56 27.89 29.34 30.92 32.66 34.61 36.73 39.10 41.75 44.79

0.91 27.89 29.38 30.97 32.74 34.66 36.83 39.25 41.96 45.08 48.59

0.92 29.34 30.97 32.76 34.72 36.93 39.40 42.14 45.28 48.87 53.02

0.93 30.92 32.74 34.72 36.96 39.40 42.22 45.38 49.11 53.30 58.26

0.94 32.66 34.66 36.93 39.40 42.26 45.48 49.22 53.50 58.51 64.66

0.95 34.61 36.83 39.40 42.22 45.48 49.22 53.64 58.68 64.86 72.37

0.96 36.73 39.25 42.14 45.38 49.22 53.64 58.85 65.06 72.62 82.17

0.97 39.10 41.96 45.28 49.11 53.50 58.68 65.06 72.75 82.34 94.83

0.98 41.75 45.08 48.87 53.30 58.51 64.86 72.62 82.34 95.05 112.09

0.99 44.79 48.59 53.02 58.26 64.66 72.37 82.01 94.83 112.09 137.96

Visibility (10−2)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 93.07 91.92 89.42 85.28 79.21 70.99 60.49 47.76 33.08 16.93

0.91 91.92 91.77 90.33 87.25 82.11 74.57 64.35 51.40 35.94 18.52

0.92 89.42 90.33 90.10 88.29 84.39 77.87 68.28 55.36 39.20 20.39

0.93 85.27 87.25 88.29 87.93 85.58 80.52 72.04 59.55 42.89 22.60

0.94 79.21 82.11 84.39 85.58 85.04 81.91 75.15 63.74 47.02 25.25

0.95 70.99 74.57 77.87 80.52 81.91 81.10 76.80 67.39 51.42 28.43

0.96 60.49 64.35 68.28 72.04 75.15 76.80 75.58 69.40 55.61 32.18

0.97 47.76 51.40 55.36 59.55 63.74 67.39 69.40 67.58 58.17 36.34

0.98 33.08 35.94 39.20 42.89 47.02 51.42 55.61 58.17 55.49 39.66

0.99 16.93 18.52 20.39 22.60 25.25 28.42 32.18 36.33 39.65 36.15

dR/dλmax (107m−1)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 163.62 171.24 178.20 183.89 187.42 187.40 181.74 167.15 138.46 87.33

0.91 171.24 180.75 189.86 197.96 204.09 206.72 203.42 190.22 160.61 103.57

0.92 178.20 189.86 201.50 212.53 221.97 228.16 228.30 217.63 187.92 124.43

0.93 183.89 197.96 212.53 227.10 240.70 251.59 256.67 250.28 221.98 151.80

0.94 187.42 204.09 221.97 240.70 259.43 276.50 288.57 289.09 264.89 188.59

0.95 187.40 206.72 228.16 251.59 276.50 301.48 323.29 334.67 319.36 239.42

0.96 181.74 203.42 228.29 256.67 288.57 323.29 358.26 386.31 388.34 311.94

0.97 167.15 190.22 217.63 250.28 289.09 334.67 386.31 438.88 472.93 418.79

0.98 138.46 160.60 187.91 221.97 264.88 319.35 388.33 472.91 562.00 577.99

0.99 87.33 103.56 124.42 151.79 188.56 239.38 311.89 418.71 577.88 773.44
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ω0 = 5 µm l = 40 µm

Finesse

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 07.84 07.97 08.10 08.21 08.36 08.54 08.69 08.86 09.03 09.21

0.91 07.98 08.11 08.25 08.37 08.52 08.70 08.87 09.05 09.23 09.43

0.92 08.12 08.26 08.40 08.52 08.69 08.88 09.06 09.25 09.45 09.66

0.93 08.26 08.41 08.56 08.69 08.86 09.08 09.26 09.47 09.68 09.91

0.94 08.42 08.57 08.73 08.87 09.05 09.28 09.45 09.70 09.94 10.19

0.95 08.58 08.75 08.92 09.05 09.25 09.50 09.68 09.95 10.21 10.49

0.96 08.76 08.93 09.11 09.25 09.46 09.73 09.93 10.23 10.52 10.83

0.97 08.96 09.14 09.33 09.47 09.69 09.99 10.20 10.53 10.86 11.22

0.98 09.19 09.38 09.58 09.70 09.95 10.29 10.50 10.89 11.25 11.68

0.99 09.58 09.76 09.96 10.00 10.26 10.70 10.86 11.34 11.75 12.22

Visibility (10−2)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 18.76 17.93 16.94 15.76 14.40 12.83 10.98 08.83 06.32 03.40

0.91 17.90 17.18 16.31 15.27 14.03 12.58 10.85 08.79 06.34 03.45

0.92 16.88 16.28 15.55 14.65 13.55 12.24 10.64 08.70 06.35 03.49

0.93 15.69 15.22 14.62 13.88 12.94 11.78 10.34 08.55 06.32 03.52

0.94 14.31 13.96 13.50 12.92 12.15 11.17 09.91 08.31 06.24 03.55

0.95 12.69 12.47 12.15 11.75 11.15 10.37 09.33 07.95 06.09 03.55

0.96 10.82 10.70 10.52 10.29 09.88 09.30 08.52 07.41 05.82 03.51

0.97 08.64 08.62 08.56 08.48 08.26 07.89 07.39 06.59 05.37 03.39

0.98 06.11 06.15 06.18 06.24 06.18 06.00 05.79 05.33 04.57 03.11

0.99 03.17 03.24 03.30 03.44 03.47 03.43 03.46 03.33 03.08 02.41

dR/dλmax (107m−1)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 39.46 39.79 39.82 39.40 38.46 36.80 34.03 29.75 23.36 13.91

0.91 39.74 40.32 40.64 40.54 39.91 38.56 36.05 31.92 25.44 15.42

0.92 39.71 40.58 41.22 41.49 41.24 40.29 38.15 34.30 27.81 17.21

0.93 39.26 40.44 41.44 42.14 42.37 41.91 40.29 36.86 30.53 19.39

0.94 38.25 39.74 41.13 42.33 43.11 43.27 42.29 39.58 33.65 22.08

0.95 36.45 38.25 40.03 41.78 43.20 44.11 44.08 42.34 37.20 25.47

0.96 33.56 35.62 37.78 40.09 42.19 43.98 45.16 44.81 41.11 29.84

0.97 29.16 31.37 33.78 36.58 39.34 42.04 44.69 46.26 45.01 35.54

0.98 22.62 24.72 27.12 30.17 33.31 36.68 40.85 44.76 47.42 42.76

0.99 13.00 14.51 16.31 18.94 21.63 24.66 29.42 34.90 42.32 48.65
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ω0 = 15 µm l = 5 µm

Finesse

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 27.85 29.36 31.02 32.84 34.90 37.20 39.78 42.70 46.09 49.94

0.91 29.36 31.04 32.90 34.96 37.30 39.93 42.92 46.35 50.37 54.93

0.92 31.02 32.90 35.02 37.36 40.05 43.06 46.56 50.61 55.37 61.02

0.93 32.84 34.96 37.36 40.05 43.15 46.72 50.80 55.67 61.48 68.41

0.94 34.90 37.30 40.05 43.15 46.72 50.86 55.82 61.66 68.87 77.68

0.95 37.20 39.93 43.06 46.72 50.86 55.82 61.84 69.10 78.13 89.67

0.96 39.78 42.92 46.56 50.80 55.82 61.84 69.21 78.42 90.07 105.50

0.97 42.70 46.35 50.61 55.67 61.66 69.10 78.42 90.26 106.04 128.11

0.98 46.09 50.37 55.37 61.48 68.87 78.13 90.07 106.04 128.50 161.76

0.99 49.94 54.93 61.02 68.41 77.68 89.67 105.50 128.11 161.76 218.25

Visibility (10−2)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 98.94 98.22 96.07 92.10 85.98 77.39 66.17 52.35 36.27 18.53

0.91 98.22 98.69 97.80 95.09 90.09 82.30 71.36 57.17 40.00 20.57

0.92 96.07 97.80 98.35 97.20 93.71 87.18 76.97 62.69 44.45 23.06

0.93 92.10 95.09 97.20 97.87 96.34 91.66 82.82 68.95 49.81 26.17

0.94 85.98 90.09 93.71 96.34 97.16 95.02 88.45 75.87 56.28 30.13

0.95 77.39 82.30 87.18 91.66 95.02 96.05 92.88 83.01 64.03 35.31

0.96 66.17 71.36 76.97 82.82 88.45 92.88 94.20 89.08 72.91 42.24

0.97 52.35 57.17 62.69 68.95 75.87 83.01 89.08 90.83 81.48 51.60

0.98 36.27 40.00 44.45 49.80 56.27 64.03 72.91 81.48 83.82 63.05

0.99 18.53 20.57 23.06 26.17 30.13 35.31 42.24 51.60 63.05 66.12

dR/dλmax (107m−1)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 21.50 22.61 23.64 24.53 25.15 25.32 24.75 22.97 19.22 12.27

0.91 22.61 23.98 25.33 26.57 27.59 28.16 27.97 26.43 22.59 14.77

0.92 23.64 25.33 27.05 28.73 30.25 31.38 31.74 30.63 26.83 18.08

0.93 24.53 26.57 28.73 30.95 33.11 34.99 36.15 35.77 32.28 22.55

0.94 25.15 27.59 30.25 33.11 36.08 38.95 41.26 42.08 39.39 28.78

0.95 25.32 28.16 31.38 34.99 38.95 43.12 47.08 49.80 48.80 37.80

0.96 24.75 27.97 31.74 36.15 41.26 47.08 53.33 59.07 61.39 51.44

0.97 22.97 26.43 30.63 35.77 42.08 49.80 59.06 69.41 78.07 73.13

0.98 19.22 22.58 26.83 32.28 39.39 48.80 61.39 78.07 98.20 109.10

0.99 12.27 14.77 18.07 22.54 28.78 37.80 51.44 73.13 109.10 163.32
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ω0 = 10 µm l = 5 µm

Finesse

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 27.09 28.49 30.00 31.71 33.54 35.59 37.88 40.44 43.28 46.61

0.91 28.49 30.04 31.71 33.62 35.68 37.98 40.60 43.56 46.88 50.74

0.92 30.00 31.71 33.62 35.71 38.09 40.76 43.74 47.20 51.12 55.67

0.93 31.71 33.62 35.71 38.12 40.80 43.84 47.31 51.37 55.97 61.57

0.94 33.54 35.68 38.09 40.80 43.84 47.41 51.50 56.28 61.94 68.75

0.95 35.59 37.98 40.76 43.84 47.41 51.50 56.35 62.12 69.10 77.54

0.96 37.88 40.60 43.74 47.31 51.50 56.35 62.12 69.21 77.98 88.90

0.97 40.44 43.56 47.20 51.37 56.28 62.12 69.21 77.98 89.09 103.90

0.98 43.28 46.88 51.12 55.97 61.94 69.10 77.98 89.09 104.17 124.62

0.99 46.61 50.74 55.67 61.57 68.75 77.54 88.90 103.64 124.62 156.84

Visibility (10−2)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 95.38 94.38 91.99 87.89 81.78 73.39 62.60 49.45 34.24 17.51

0.91 94.38 94.44 93.19 90.21 85.09 77.42 66.91 53.49 37.39 19.25

0.92 91.99 93.19 93.22 91.61 87.82 81.25 71.40 57.95 41.03 21.31

0.93 87.89 90.21 91.61 91.58 89.47 84.49 75.81 62.79 45.24 23.80

0.94 81.78 85.09 87.82 89.47 89.34 86.47 79.68 67.79 50.06 26.83

0.95 73.39 77.42 81.25 84.49 86.47 86.17 82.11 72.42 55.39 30.56

0.96 62.60 66.91 71.40 75.81 79.68 82.11 81.52 75.46 60.78 35.13

0.97 49.45 53.49 57.95 62.79 67.79 72.42 75.46 74.39 64.68 40.47

0.98 34.24 37.39 41.03 45.24 50.05 55.39 60.77 64.68 62.82 45.36

0.99 17.51 19.24 21.31 23.80 26.83 30.56 35.12 40.46 45.35 42.56

dR/dλmax (107m−1)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 20.84 21.85 22.78 23.55 24.05 24.11 23.44 21.63 17.98 11.38

0.91 21.85 23.10 24.31 25.41 26.26 26.67 26.32 24.70 20.94 13.56

0.92 22.78 24.31 25.86 27.35 28.64 29.53 29.65 28.38 24.62 16.39

0.93 23.55 25.41 27.35 29.30 31.15 32.68 33.48 32.80 29.25 20.13

0.94 24.05 26.26 28.64 31.15 33.70 36.07 37.82 38.10 35.14 25.21

0.95 24.11 26.67 29.53 32.68 36.07 39.52 42.61 44.40 42.70 32.31

0.96 23.44 26.32 29.65 33.48 37.82 42.61 47.54 51.66 52.43 42.60

0.97 21.63 24.70 28.38 32.80 38.10 44.40 51.66 59.26 64.60 58.05

0.98 17.98 20.94 24.62 29.25 35.14 42.70 52.42 64.60 77.91 81.66

0.99 11.38 13.56 16.39 20.13 25.20 32.31 42.59 58.04 81.65 112.11
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ω0 = 25 µm l = 5 µm

Finesse

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 28.04 29.57 31.27 33.16 35.26 37.64 40.32 43.38 46.93 50.99

0.91 29.57 31.30 33.21 35.35 37.78 40.48 43.61 47.20 51.37 56.43

0.92 31.27 33.21 35.38 37.84 40.60 43.74 47.41 51.76 56.74 62.98

0.93 33.16 35.35 37.84 40.60 43.84 47.58 51.89 57.05 63.36 71.00

0.94 35.26 37.78 40.60 43.84 47.58 52.02 57.21 63.56 71.49 81.36

0.95 37.64 40.48 43.74 47.58 52.02 57.37 63.76 71.74 82.01 95.27

0.96 40.32 43.61 47.41 51.89 57.21 63.76 71.86 82.17 95.71 114.27

0.97 43.38 47.20 51.76 57.05 63.56 71.74 82.17 95.93 114.90 142.24

0.98 46.93 51.37 56.74 63.36 71.49 82.01 95.71 114.90 142.73 187.50

0.99 50.99 56.43 62.98 71.00 81.36 95.27 114.27 142.24 187.50 271.38

Visibility (10−2)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 99.86 99.23 97.15 93.24 87.14 78.51 67.19 53.20 36.87 18.84

0.91 99.23 99.82 99.05 96.44 91.49 83.70 72.68 58.29 40.81 20.99

0.92 97.15 99.05 99.77 98.79 95.43 88.95 78.69 64.19 45.57 23.65

0.93 93.24 96.44 98.79 99.70 98.40 93.89 85.07 71.00 51.38 27.01

0.94 87.14 91.49 95.43 98.40 99.59 97.79 91.41 78.73 58.58 31.40

0.95 78.51 83.70 88.95 93.89 97.79 99.41 96.75 87.04 67.51 37.32

0.96 67.19 72.68 78.69 85.07 91.41 96.75 99.08 94.74 78.36 45.66

0.97 53.20 58.29 64.19 71.00 78.73 87.04 94.74 98.40 90.13 57.90

0.98 36.87 40.81 45.57 51.38 58.58 67.51 78.36 90.13 96.62 75.77

0.99 18.84 20.99 23.65 27.01 31.40 37.32 45.66 57.90 75.77 89.57

dR/dλmax (107m−1)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 21.69 22.82 23.89 24.82 25.48 25.70 25.17 23.41 19.64 12.58

0.91 22.82 24.23 25.63 26.92 28.00 28.64 28.51 27.01 23.16 15.21

0.92 23.89 25.63 27.41 29.16 30.76 31.99 32.44 31.42 27.64 18.72

0.93 24.82 26.92 29.16 31.48 33.76 35.77 37.08 36.86 33.45 23.52

0.94 25.48 28.00 30.76 33.76 36.89 39.96 42.52 43.61 41.11 30.32

0.95 25.70 28.64 31.99 35.77 39.96 44.44 48.79 51.99 51.44 40.37

0.96 25.17 28.51 32.44 37.08 42.52 48.79 55.68 62.27 65.59 56.01

0.97 23.41 27.01 31.42 36.86 43.61 51.99 62.27 74.17 85.04 81.95

0.98 19.64 23.16 27.64 33.45 41.11 51.44 65.59 85.04 110.09 128.06

0.99 12.58 15.21 18.72 23.52 30.32 40.37 56.01 81.95 128.06 208.06
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ω0 = 5 µm l = 5 µm

Finesse

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 21.75 22.58 23.49 24.45 25.48 26.60 27.82 29.11 30.56 32.13

0.91 22.58 23.49 24.47 25.53 26.67 27.89 29.21 30.67 32.28 34.04

0.92 23.49 24.47 25.53 26.68 27.93 29.28 30.74 32.40 34.18 36.22

0.93 24.45 25.53 26.68 27.93 29.30 30.81 32.46 34.32 36.31 38.62

0.94 25.49 26.67 27.93 29.30 30.83 32.48 34.35 36.41 38.77 41.42

0.95 26.60 27.89 29.28 30.81 32.48 34.38 36.47 38.84 41.54 44.64

0.96 27.82 29.21 30.76 32.46 34.35 36.47 38.88 41.58 44.79 48.53

0.97 29.11 30.67 32.40 34.32 36.41 38.84 41.58 44.79 48.64 53.23

0.98 30.56 32.28 34.20 36.31 38.77 41.54 44.79 48.64 53.23 59.18

0.99 32.13 34.06 36.22 38.62 41.42 44.69 48.53 53.23 59.18 67.07

Visibility (10−2)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 70.43 68.57 65.81 62.01 57.03 50.76 43.13 34.13 23.81 12.35

0.91 68.56 67.30 65.17 62.00 57.60 51.80 44.48 35.55 25.05 13.10

0.92 65.80 65.17 63.73 61.28 57.59 52.43 45.59 36.91 26.33 13.93

0.93 62.00 61.99 61.27 59.63 56.78 52.45 46.31 38.10 27.61 14.83

0.94 57.02 57.59 57.58 56.78 54.89 51.56 46.39 38.93 28.80 15.79

0.95 50.76 51.80 52.43 52.45 51.56 49.40 45.45 39.13 29.76 16.79

0.96 43.13 44.47 45.59 46.31 46.39 45.45 42.98 38.21 30.18 17.75

0.97 34.12 35.54 36.90 38.09 38.93 39.12 38.21 35.40 29.44 18.45

0.98 23.80 25.04 26.32 27.60 28.80 29.75 30.17 29.44 26.33 18.28

0.99 12.34 13.09 13.92 14.82 15.78 16.78 17.74 18.44 18.28 15.18

dR/dλmax (107m−1)

R2

R1
0.90 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

0.9 16.38 16.94 17.40 17.71 17.77 17.48 16.65 15.02 12.18 07.50

0.91 16.94 17.65 18.27 18.76 19.02 18.92 18.25 16.70 13.77 08.65

0.92 17.40 18.27 19.09 19.80 20.30 20.45 20.02 18.63 15.66 10.06

0.93 17.70 18.76 19.80 20.77 21.57 22.04 21.94 20.82 17.91 11.84

0.94 17.77 19.02 20.30 21.57 22.72 23.62 23.98 23.30 20.62 14.12

0.95 17.48 18.92 20.45 22.04 23.62 25.05 26.03 26.02 23.87 17.11

0.96 16.65 18.25 20.02 21.94 23.98 26.03 27.85 28.85 27.71 21.12

0.97 15.02 16.70 18.62 20.82 23.29 26.02 28.85 31.30 31.98 26.61

0.98 12.17 13.76 15.65 17.91 20.62 23.87 27.70 31.97 35.68 34.03

0.99 07.50 08.64 10.06 11.84 14.12 17.10 21.11 26.59 34.02 41.49



Appendix B

Optical performance of the

Fabry-Pérot sensor for different

parameters: Data analysis

In this Chapter the impact of mirror reflectance, interrogation spot size and sensor

thickness on visibility, finesse and optical sensitivity are being investigated. The

results are based on the model that was introduced in Section 3.2.2 and used in

Chapter 4. A similar analysis was carried out as part of a PhD thesis [1]. This

analysis is an extension of the previously presented results. The data analysed here

are from the look-up table in Appendix A. This Chapter presents some preliminary

data analysis results. However, a detailed analysis was beyond the scope of this

project.

The first Section summarises the findings that were presented in 3.2.2. It is

then followed by the results for finesse in Section B.1 and visibility in Section B.2

as well as the impact of the difference between R1 and R2 in Section B.3.

B.0.1 Summary of ITF results from [1]

[1] analysed the dependence of reflectance, sensor thickness and interrogation spot

size on the ITF. Below is a summary of the discoveries that are relevant to the

analysis presented here.

To aid the understanding of the points that will be made below, Figure B.1 from

[1] shows ITFs for a selected combination of parameters.
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Figure B.1: ITFs for a sensor thickness of 40 µm, a reflectance of R = 90%, R = 95% and
R = 98% and beam radii of ω0 = 10µm, ω0 = 25µm and ω0 = 40µm, [1].

1. The finesse F of a non-divergent beam, as in the Airy function, is the maxi-

mum achievable finesse for a specific set of parameters.

2. Finesse and visibility increase with increasing beam radius. As the beam

radius is increased, finesse and visibility values increase and approach values

corresponding to the finesse and visibility values for a non-diverging beam.

3. There are two effects that result in an asymmetric fringe (for an example see

Figure 3.8 on page 34)

(a) The slope in the fringe is more shallow on the left hand side where

the wavelength is shorter. The phase difference for each round trip for

a non-divergent beam is: φ = 4πnl
λ

which means that the phase shift

depends on the wavelength and is smaller for larger wavelengths and

different within one fringe as it spreads over several wavelengths.

(b) Decreasing spot sizes result in increasing asymmetry in a fringe. The

shallower slope occurs for shorter wavelengths and the steeper slope at
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longer wavelengths. This effect results from the Gouy phase, which

describes the curvature of the wave front of a Gaussian beam. More

precisely it describes the lag in phase of the wave front, as the beam

propagates, compared to a non-diverging planar wave front. The lag

in phase is non-linear as the variation in the radius of curvature of the

wave front with propagation distance is non-linear. This effect can also

be amplified by an increase in reflectance.

4. At high reflectances (> 90%) an increase in reflectance reduces the visibility

and increases the finesse. The effect is stronger for smaller interrogation spot

sizes.

5. The finesse is proportional to the optical sensitivity (the maximum gradient)

and can be used as an alternative measure.

The following Sections present the results determined in addition to what was

found in [1].

B.1 Finesse and optical sensitivity
In the past the analysis of the optical performance of the Fabry-Pérot sensor was

focused on the finesse. Finesse and optical sensitivity are sometimes treated as in-

terchangeable. However, the finesse assumes a symmetric fringe. For asymmetric

fringes there is a difference in the gradient on both sides of the fringe, which is not

being reflected by the finesse. The gradient is essential when it comes to determin-

ing the suitability of a sensor as it is the gradient that defines the optical sensitivity.

Figure B.2 (a) shows the finesse depending on the optical sensitivity (=gradi-

ent: dR/dλ ). The plot is coloured by the product of R1 and R2. The Figure shows

different clusters of finesse. Within each cluster there is a dependence on R1R2 with

a small value of R1R2 corresponding to a small value in finesse and vice versa. This

leads to the conclusion that each cluster represents a specific sensor thickness and

interrogation spot size combination.

Figure B.2 (b) shows a selected cluster for a sensor thickness of 10 µm and an
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Figure B.2: (a) Finesse over dR/dλmax for all reflectances, l and ω0 coloured for R1 ·R2;
(b) Finesse over dR/dλmax for l = 40µm, ω0 = 5µm and all R; (c) Finesse over dR/dλmax

for R1 = R2 = 98%, all l and ω0; (d) Finesse over dR/dλmax for R1 = 98%, l = 40µm,
ω0 = 5µm, all R2

interrogation spot size of 10 µm. In this Figure optical sensitivity and finesse do not

have a linear relationship.

Figure B.2 (c) shows the finesse depending on the optical sensitivity for R1 =

R2 = 98% and all l as well as ω0. Each point in this Figure can be linked to a

cluster in Figure B.2 (a). Each point was assigned a colour depending on what

sensor thickness it represents (red - 5 µm, cyan - 10 µm, green - 20 µm, blue - 5 µm).

Each point was also assigned a symbol representing the interrogation spot size (plus

- 5 µm, circle - 10 µm, triangle - 20 µm, star - 5 µm).

From the Figure it can be concluded that dR/dλ becomes more sensitive to

a change in interrogation spot size with increasing sensor thickness. The increase

in dR/dλ from dR/dλ (ω0 = 5µm) to dR/dλ (ω0 = 25µm) at l = 40µm is seven

times the increase at l = 5µm. Considering that the path length the beam propa-

gates increases with increasing sensor thickness, an increased sensitivity to beam
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divergence can be expected. The finesse on the other hand does not show a signif-

icant dependence on the beam divergence and ∆F is the same at l = 40µm is and

l = 5µm.

Figure B.2 (d) shows the finesse depending on the optical sensitivity for

R1 = R2 = 95%, a sensor thickness of 10 µm and an interrogation spot size of

10 µm. Part of the plot shows a linear relationship between Finesse and gradient.

For R2 =97 % to 99 % the gradient appears to decrease whilst the finesse still in-

creases. The decrease at large R for R1 6= R2 was also observed in [1].

B.2 Visibility and optical sensitivity
An additional value characterising the optical performance of the sensor is the visi-

bility. Understanding how the visibility is effected by different parameters is impor-

tant because low visibility increases the intensity of the back reflected light, which

increases the shot noise and therefore reduced the signal to noise ration. High visi-

bility is therefore preferable.

Figure B.3 (a) shows the visibility depending on the gradient of the fringe.

The plot is coloured by the product of R1 and R2. As in the Figure for finesse, the

visibility appears in clusters. Within each cluster there is a dependence on R1R2. A

small value of R1R2 corresponds to a high value of visibility and vice versa. It can be

concluded that each cluster represents a specific sensor thickness and interrogation

spot size combination.

Figure B.3 (b) shows a specific cluster for a sensor thickness of 10 µm and an

interrogation spot size of 10 µm.

Figure B.3 (c) shows the visibility depending on the optical sensitivity for R1 =

R2 = 98%, all l and ω0. As in the previous Section, each point in this Figure is

linked to a cluster. Each point was assigned a colour depending on what sensor

thickness it represents (red - 5 µm, cyan - 10 µm, green - 20 µm, blue - 5 µm) and a

symbol representing the interrogation spot size (plus - 5 µm, circle - 10 µm, triangle

- 20 µm, star - 5 µm).

From the Figure it can be concluded that best visibility is achieved with the
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Figure B.3: (a) Visibility over dR/dλmax for all reflectances, l and ω0 coloured for R1 ·R2;
(b) Visibility over dR/dλmax for l = 10µm, ω0 = 10µm and all R, ; (c) Visibility dR/dλmax

for R1 = R2 = 98%, all l and ω0; (d) Visibility over dR/dλmax for R1 = 95%, l = 10µm,
ω0 = 10µm, all R2

smallest sensor thickness and largest interrogation beam size, meaning the set of pa-

rameters that produces the lowest beam divergence. An increase in beam divergence

always decreases the visibility. The visibility appears more sensitive to a change in

spot size for thicker sensors. ∆V between V (ω0 = 25µm) and V (ω0 = 5µm) is

0.7 for a sensor thickness of 40 µm and 0.5 for a sensor thickness of 5 µm. This

agrees well with previous assumptions that the visibility decreases with increasing

divergence of the beam.

Figure B.3 (d) shows the visibility depending on the optical sensitivity for

R1 = R2 = 95%, a sensor thickness of 10 µm and an interrogation spot size of

10 µm. It can be seen how initially visibility and finesse increase together. Max-

imum visibility is reached for R2 = 93.5% and maximum gradient is achieved for

R2 = 97%. Visibility and gradient are high, even though not at their maximum val-

ues, for R1 = R2 = 95%. As can be seen in Figures B.3 (a) and (b), V (dR/dλ )
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changes with various parameters.

The following Section will investigate how gradient and visibility change de-

pending on the difference between R1 and R2.

B.3 Figure of merit and ∆R
When dichroic mirrors for the Fabry-Pérot sensor are manufactured, uncertainties

in the manufacturing process result in a divergence of the final spectrum in the

mirrors from the modelled spectrum (see Section 4.4). The two mirrors that form

the Fabry-Pérot cavity are both deposited individually. As a results they will have

slightly different reflectances in the interrogation band so that R1 6= R2 even if the

design intended for them to be equal. The question arises as to how the difference

in R1 and R2 effects the performance of the sensor.

Optical sensitivity and visibility are both important parameters when it comes

to analysing the optical performance of the Fabry-Pérot sensor. The previous Sec-

tion and especially Figure B.3 (d) have highlighted that both have differing require-

ments to reach their maximum value and a compromise must be found.

In [1] a figure of merit (FOM) was defined that considers both optical sensitiv-

ity and visibility. The metric is defined as:

FOM =
dR
dλ

V (B.1)

The analysis of ∆R= R2−R1 was investigated in relation to the figure of merit.

Figure B.4 (a) shows the figure of merit depending on ∆R for a sensor thickness

of 40 µm and an interrogation spot size of 5 µm, producing a highly divergent beam.

The plot was coloured for R1. It can be seen that the highest FOM is achieved for

R1 = R2 if R can be chosen freely. However, if R is set to a specific value it can be

advantageous for R1 6= R2. Figure B.4 (b) shows the same data for R1 = 93% and it

can be seen that the figure of merit increases with increasing ∆R.

Figure B.4 (c) shows the figure of merit depending on ∆R for a sensor thickness

of 5 µm and an interrogation spot size of 25 µm, close to a non-divergent beam. The

plot was coloured for R1. Again the highest FOM is achieved for R1 =R2 if R can be
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Figure B.4: (a) l = 40µm,ω0 = 5µm; (b) l = 5µm,ω0 = 25µm; (c) l = 5µm,ω0 =
25µm,R1 = 96%; (d) l = 40µm,ω0 = 5µm,R1 = 93µm

chosen freely and if R is set to a specific value it can be advantageous for R1 6= R2.

Figure B.4 (d) shows the same data as in Figure Figure B.4 (c) for R1 = 96%¿ It

can be seen that the maximum value of FOM is for R1 6= R2.

The shapes in the plots in Figures B.4 (a) (highly divergent beam) and B.4

(c) (beam of low divergence) are very different. Fewer combinations of parameters

appear to provide a high figure of merit for a beam of low divergence in comparison

with the high divergent beam results. However, the maximum FOM of the low

divergence beam is more than two times has high as the maximum figure of merit

of the high divergence beam.

Furthermore, it can be seen that the FOM of the low divergence beam increases

with increasing R1. However, the opposite is the case when the beam is highly

divergent.
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B.4 Conclusion
In this Chapter data acquired with the model introduced in Section 3.2.2 were anal-

ysed. All data are listed in a look-up in Appendix A.

The relationship between Finesse and optical sensitivity was analysed together

with the relationship between visibility and optical sensitivity. This led to the anal-

ysis presented in Section B.3. The best achievable figure of merit varies with the

chosen parameters. The ideal values of R1 and R2 depend strongly on other param-

eters.

This Chapter only provides a snapshot of the data analysis that is possible with

this vast data set.



Appendix C

Future work

Photoacoustic imaging can image the vasculature in ways no other imaging modal-

ity can. A dual-mode scanner is a high resolution, yet scalable system. By varying

the excitation wavelength and exploiting different endogenous absorption coeffi-

cients it is possible to either image the vasculature and oxygenation of blood or

the melanin content of the cells, providing anatomical and functional information.

The application of exogenous contrast agents enables the acquisition of molecular

information [53].

Photoacoustic imaging could improve several skin related imaging techniques.

It could increase survival rates and reduce healthcare costs by providing non-

invasive skin cancer diagnosis and staging as well as monitoring treatment effects

and developing highly targeted and personalised treatment. It can also assist the de-

velopment of new drugs in pre-clinical models [1]. The microvasculature plays an

important role in wound healing and photoacoustic imaging has successfully been

used in the assessment of burn wounds and diabetic ulcers.

Currently clinically used imaging modalities for the vasculature include op-

tical imaging, which has a lower penetration depth than photoacoustic imaging.

PET and SPECT suffer from lower resolution and are ionising modalities. MRI

has a lower temporal resolution in comparison to photoacoustic imaging [54]. The

strongest competition comes from OCT imaging. OCT can image the tissue mor-

phology in high resolution and the introduction of speckle variance detection fa-

cilitates high resolution detection of the microvasculature [55]. However, OCT’s
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penetration depth is limited to 2 mm and the detection of blood vessels is not based

on absorption but requires the blood to flow. The blood vessel network of tumours

is usually chaotic and can consist of static blood pools which cannot be detected by

OCT. Furthermore, since speckle variance detection is only based on the movement

of the blood it cannot determine the oxygenation levels in the blood or benefit from

exogenous contrast agents. OCT and photoacoustic imaging are complementary

imaging modalities and have been combined in the past [25].

C.1 Key features of the industry

CE marking

To sell a diagnostic device in the United Kingdom and any other European country

the device requires CE marking. The CE marking assures the buyer that all safety

requirements have been met. In the United Kingdom a medical device has to be reg-

istered with the national health regulator (MHRA) which appoints an independent

verification body to verify that all CE marking requirements have been met. Devices

are tested for electrical and mechanical safety, but do not always require clinical tri-

als before approval. In addition to electrical and mechanical safety a commercial

photoacoustic scanner has to fulfil laser safety requirements. The excitation light

pulse energy exceeds the eye safety limit. Furthermore, it will have to be ensure

that pulse energies reaching the skin will not exceed 200 J/m2 [56].

Patents

The first patent relating to photoacoustics was published by the University of Ari-

zona in the early 80s. Since then the number of granted patents has continuously

risen. Table C.1 shows the number of patents listed on Espacenet, a free patent

search engine developed by the European Patent Office, between 2005 and 2016

sorted by year.

Overall there are more than 100 different applicants for patents relating to

biomedical photoacoustic imaging and 900 different patent families [57]. A report

by Knowmade discusses the patent landscape in biomedical photoacoustic imaging

and can potentially be purchased for $3.452. The report flyer lists the key players
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Table C.1: Issued patents with ”photoacoustic” in title and abstract per year between 2005
and 2016 [10]

Year Number of patents issued

2016 (first quarter) 33

2015 412

2014 353

2013 293

2012 243

2011 164

2010 112

2009 87

2008 64

2007 47

2006 49

2005 31

with most patents and highest blocking potential as Canon, Fujifilm, ENDRA Life

Sciences, Visual Sonics, Seno Medical Instruments, OptoSonics and TomoWave

Laboratories. One patent relating to dual-modality photoacoustics could be found

covering the combination of photoacoustic tomography and ultrasound. Further-

more, Eurospacenet lists 14 patents with ”photoacoustic microscopy” in the title.

UCL holds two patents regarding photoacoustic imaging. The first patent describes

the photoacoustic tomography scanner described in this thesis in great detail.

The second patent suggests the use of a reflector for acoustic waves to increase

image reconstruction accuracy. This is not applicable to photoacoustic microscopy.

Since the difference in setup of the photoacoustic microscopy scanner to the to-

mography scanner is not significantly different the patent currently held by UCL is

considered sufficient. The novelty factor is not considered big enough to justify the

issuing of a separate microscopy patent.
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C.2 Market analysis - Target market

Skin cancer

The estimated number of skin cancer cases in the UK is 72000 to 78000 per year.

This number is expected to double to triple by 2040 [11]. Early diagnosis of skin

cancer is still the most important factor to increase the chances of survival. The

survival rate for cases discovered before the tumour metastasizes to the sentinel

lymph nodes and organs is 98 % [21]. Once a tumour has invaded the reticular

dermis it will be able to access the blood and lymphatic vessels. From there tumour

cells can spread through the body and the chance for tumour metastasis increases

significantly. The standard method for diagnosis skin cancer is through biopsy.

Photoacoustic imaging has shown great potential in diagnosing and staging skin

cancer in vivo. It can sufficiently resolve the epidermal-dermal junction in vivo,

identify lesion boundaries and measure lesion thickness [21].

Tumours have a denser network of blood vessels than the surrounding tissue.

They are usually abnormally shaped, dilated, tortuous, and can have blind ends

where leaking or flow stasis can occur. Some tumours develop a hypoxic region

in the core, making the treatment of the tumour with drugs that are designed to

be delivered through the blood stream difficult. Being able to diagnose hypoxic

tumours would allow to opt for alternative treatment early. Furthermore, the level

of oxygen saturation in blood around a tumour 24 h post treatment is an indicator

of the success of the treatment. So far success is only visible 10 to 30 days after

treatment has finished and tumour re-growth is visible.

Skin cancer is estimated to cost the NHS over £100 million a year [11]. Of this

55 % are attributed to skin cancer due to melanoma. Due to a steady increase in skin

cancer cases it is expected that by 2020 it will cost the NHS around £190 million.

Table C.2 shows the distribution of skin cancer treatment for different skin cancers

and treatment options. It can be seen that most cancers require surgical removal and

less than 5 % are diagnosed early enough to be treated with topical treatments. In

fact even benign cases have an estimated cost of £181 , most likely due to the need

for biopsies.
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Table C.2: Percentage of treatment given and tumour type, after [11]

Tumour type

Basal cell carcinoma Squamous cell Melanoma

in % carcinoma in % in %

Topical treatment 3 2 0

Curettage 7.5 4.5 0

Excision & direct closure 56 55 85

Complex repair 26 35 18

Table C.3: Costs of cancer treatment

Cancer Costs for stage 1 Costs for stage 4

Colon cancer £3.373 £12.519

Rectal cancer £4.449 £11.815

Lung cancer £7.952 £13.078

Ovarian cancer £5.328 £15.081

Cancer Research UK have published a report that compares the cost of cancer

treatments for stage 1 and stage 4 cancers [58].

This shows that the non-invasive detection of skin cancer does not only in-

crease the chances of survival but also has the potential to significantly reduce costs.

A commercial dual-mode PAT/OR-PAM scanner could potentially be a low cost,

non-invasive, radiation free monitoring device to assist the diagnosis of moles and

other areas on the skin that can potentially become malign. For skin cancers that

have been diagnosed late the scanner could be used to monitor the progression and

efficiency of the treatment as well as assist the development of an effective treat-

ment, which is still needed in a lot of cases. A commercial pre-clinical dual-mode

PAT/OR-PAM scanner could assist the development of effective treatment by mak-

ing the acquisition of sequential non-invasive images of the tumour vasculature a

possibility. Photoacoustic imaging can also provide functional and physiological

information. The acquisition of images at multiple wavelengths allows the ex-

traction of haemoglobin concentration and oxygen saturation, helping to analyse
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the metabolism of tumour cells and identify hypoxic conditions in cancer tumours.

Photoacoustic Doppler measurements allow the measurement of blood flow.

Photoacoustic imaging with genetically altered human cell lines so they ex-

press an optical absorption label has also been reported. They aid understanding the

effect of cell therapies, by visualising changes in cells or cell groups.

Photoacoustic imaging has been part of a number of pre-clinical and clini-

cal skin cancer studies. In one pre-clinical example the growth of the tumour and

the re-arrangement and growth of the blood vessels around the tumours could be

observed [59]. Another study used gold nanocages to target melanoma in a mouse.

Imaging at three different excitation wavelengths clearly showed the melanoma plus

surrounding blood vessels and their oxygenation [60].

In humans the boundaries of the epidermis, stratum corneum and the

epidermal-dermal junction were distinguishable [61]. The oxygenation of larger

vessels in fingers, wrists and forearms have been determined [62]. The commer-

cially available Vevo Lazr® 2100 photoacoustic imaging system has been used in

a study with skin cancer patients. The thickness of the suspected lesion was mea-

sured using photoacoustic imaging and the surrounding vasculature was imaged

using a different wavelength. The results were compared to histological results

and a 90 % correlation coefficient between photoacoustic imaging and histology

could be found for the measurement of the lesion thickness. The discrepancy was

explained with the shrinking of the sample of removal [21]. Another study has

used photoacoustics for the detection of melanoma cells in sentinel lymph nodes

for staging. The experiments were carried out in vivo and ex vivo and compared

to radioactive tracing and histology. In the ex vivo case the detection rate was

increased, in vivo measurements did not give any false negatives [63].

PAI has tremendous potential in guiding therapeutic procedures and could pro-

vide oncologists with structural and functional information regarding tumours to

facilitate personalised therapy [64].



C.3. Superficial soft tissue damage 186

C.3 Superficial soft tissue damage
Tissue damage can be caused by burns or abnormalities of the microcirculation

through lower limb venous disease, diabetes and pressure sores.

Wound classification is a critical first step in assessing severity, healing po-

tential, and determining the correct treatment across all wound types. Until now

assessment of wounds has largely relied on visual inspection by an experienced

clinician.

C.3.1 Example 1: Diabetes

Diabetes mellitus is a disease that affects $347 million people worldwide and is one

of the most common chronic diseases in the United Kingdom [65], [66]. In 2013

2.9 million people diagnosed with diabetes lived in the United Kingdom and it is

estimated that by 2025 the number will rise to 5 million. Between 2006 and 2013

the number of people diagnosed with diabetes has increased by about 53 %. 15 %

of people with diabetes develop foot ulcerations, which is in 84 % of cases followed

by lower limb amputations. In fact, diabetes is the most common cause for non-

traumatic limb amputation and people that already had an amputation are twice as

likely to have a subsequent amputation. Ulcers are caused by either diabetic nerve

damage (neuropathy) or peripheral arterial disease (poor blood supply) or both. Pe-

ripheral arterial disease affects a third of people over 50 that have diabetes. It has

been linked to cardiovascular disease and there is an increased risk of heart attack

and stroke. After an amputation 70 % of people die within 5 years and 50 % die

within 5 years after developing a diabetic foot ulcer. Good diabetic and cardiovas-

cular risk management are essential. The NHS spends £650 million every year on

foot ulcers and amputations.

20 % of people aged over 60 years have some degree of peripheral arterial

disease, but it is predominant in people who smoke, have diabetes or coronary artery

disease [67]. 20% will develop increasingly severe symptoms with the development

of critical limb ischaemia. There is an increased risk of limb loss or cardiovascular

events.

Assessment and monitoring of the diabetic foot ulcer involves a visual exam-
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ination of the dimensions as well as neurological and vascular evaluation. In more

severe or potentially infected ulcers, x-ray and magnetic resonance imaging (MRI)

may be ordered. In people that suffer from peripheral arterial disease blood pressure

in foot is usually assessed and if necessary blood perfusion is imaged with Doppler

ultrasound. Patients that require further assessment before revascularisation surgery

might be offered MRI angiography.

C.3.2 Example 2: Burn wounds

Each year 250000 burn injuries occur in the UK of which 175000 visit A&E and

13000 need to be admitted to hospital [68]. Accurate assessment of the depth of

burn wounds is essential to optimise outcomes. Burns of different depth have dif-

ferent capacities for spontaneous healing and different risks for further burn wound.

Misjudging the severity of a burn wound can lead to either unnecessary surgical

procedures, increasing the risk of infection and cost of care, or allow further burn

wound progression. Currently the depth of burn wounds is assessed by histological

analysis of the tissue (which is invasive).

For severe cutaneous injuries such as deep burn, skin grafting is required to

help the healing of the wound and prevent infection. Until now, the success of

grafting can only be determined after at least one week.

For burn wounds that require assessment beyond the visual examination by

a trained clinician NICE currently recommends the use of a laser Doppler blood

flow imager [69]. Studies have found that the use of the moorLDI2-BI enables

decisions about surgery to be made earlier and for surgery to be avoided in some

patients. The average cost saving is estimated to be around £1240 per patient due to

a 17 % reduction in skin graft operations. Results showed the moorLDI2-BI to be

97 % accurate (74/76) in predicting wound healing at 21 days compared with 70 %

(53/76) for clinical evaluation (no statistical comparison reported).

It has been demonstrated that photoacoustic imaging can detect neovasculari-

ties in grafts as soon as six hours after transplantation, allowing for faster adjustment

of the treatment if grafting is not successful [70].
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C.4 Market analysis - Market size
In 2012 the optical imaging technologies market was $915.75 million. With an es-

timated mean annual growth of 11.37 % is expected to reach $1.9 billion by 2018

with OCT having an estimated market share of 70 % [71]. The driving forces for this

growth are the shift of the global healthcare industry towards non-invasive methods

to take advantage of higher patient comfort and safety. Furthermore, optical imag-

ing technologies enhance the drug discovery process by enabling better imaging of

tissues and other biological entities at the molecular level [72]. Photoacoustic to-

mography is expected to be part of the driving forces for the global optical imaging

market in the next five years (published in 2014) [73].

In 2014 the global dermatology devices market was $6578 million. With an

estimated mean annual growth of SI11.50% is expected to reach $11337 million by

2019 [74]. Driving forces for this market are considered to be the rising incidences

of skin disorders and increasing awareness for aesthetic procedures. The global

dermatology diagnostic devices market has an estimated mean annual growth of

8.2 % from 2014 to 2019 [75]; imaging techniques have the highest market share.

Its growth is mainly driven by the increasing significance of dermatology techniques

for the early detection of skin disorders.

The global preclinical imaging market has an estimated mean annual growth

of 6 % from 2014 to 2019 and is expected to reach $797 million by 2019 [76]. Driv-

ing factors include technological advancements in molecular imaging modalities,

increasing adoption of multimodality imaging systems in preclinical research, and

increasing acceptance of preclinical imaging systems in drug development.

C.5 Commercially available competing products
The following section lists currently available photoacoustic scanners. All but one

scanner are photoacoustic tomography systems that do not offer the same lateral

resolution as the proposed OR-PAM system. For completeness the systems will

still be mentioned, but their configuration will not be discussed in great detail.

Apart from Canon all key players mentioned by the patent landscape in
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biomedical photoacoustic imaging report have a commercially available photoa-

coustic imaging scanner on the market. Canon is currently working on a photoa-

coustic mammography technique in collaboration with Kyoto University [77].

The Visualsonics Vevo LAZR Imaging System is a pre-clinical small animal

photoacoustic tomography system with a 45 µm lateral resolution and an imaging

depth of up to 1 cm [78]. The excitation laser is tunable, enabling multispectral

photoacoustic tomography.

ENDRA Life Sciences has also created a pre-clinical small animal photoa-

coustic tomography system called Nexus 128 [79]. It consists of a hemispherical

scanner that can image the whole body of a mouse. In the future this setup might

be suitable for mammography. Data regarding the resolution could not be found but

are expected to be in the 40 µm to 50 µm region like most photoacoustic tomography

systems.

Seno Medical Instruments have developed the Imagio® breast imaging system

which has been awarded the CE marking and is a dual-mode ultrasound and pho-

toacoustic tomography system. The system is currently be used for studies in the

USA and Canada to image breast and prostate cancer tumours respectively [80].

OptoSonics and TomoWave Laboratories have developed a mammography and

small animal scanner. Optosonics are currently carrying out a clinical trial in mam-

mography. The detector arrangement is similar to that of ENDRA Life Sciences.

MicroPhotoAcoustics, Inc. (MPA) have developed a commercially available

photoacoustic microscopy system. It is possible to switch between optical res-

olution (OR-PAM) and acoustic resolution (AR-PAM) photoacoustic microscopy,

making the system scalable. In OR-PAM the lateral resolution is about 5 µm and

the imaging depth is 1 mm. AR-PAM has a lateral resolution of 45 µm and an imag-

ing depth of 3 mm. The axial resolution is determined by the detector and stated as

15 µm in both cases [81]. The system uses a piezoelectric detector with a 50 MHz

central frequency and a rhomboid prism to couple the transducer to the sample.

The scalable latera resolution is similar to the system presented in this thesis.

However, due to the microscopic setup of MPA’s scanner, the penetration depth is
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limited to 3 mm. The dual-mode Fabry-Pérot scanner can achieve imaging depths of

up to 1 cm, provide more information about features deeper in the tissue than MPA’s

scanner. Additionally, the MPA’s scanner uses a piezoelectric detector, which needs

to be placed a distance away from the tissue to allow the delivery of the excitation.

This results the in attenuation of acoustic signal before they reach the detector. This

is especially the case for high frequency signals

Furthermore, Zhang, et al [25] have already successfully combined the Fabry-

Pérot based photoacoustic tomography scanner with OCT. Due to the transparency

of the sensor it should be straightforward to combine a dual-mode OR-PAM/PAT

scanner with OCT. This is not only a great advantage because OCT can deliver

complementary tissue information, but also because OCT is already clinically es-

tablished with a marked share in optical imaging devices of SI70%. Integrating

the proposed scanner with an imaging modality that is already well established can

hopefully accelerate the acceptance of this novel imaging technique into a clinical

environment.

The moorLDI2-BI is a laser Doppler blood flow imager recommended by

NICE for the assessment of burn wounds. The main advantage of this scanner is

that the blood flow assessment can be carried out contact less and therefore will not

require any additional pain medication. The disadvantage is that the resolution is

poor in comparison to the proposed system. It is unlikely that neovascularities in

grafts as reported in [70] would become visible with the moorLDI2-BI.

C.6 Challenges
The main hurdle for the development of a clinical OR-PAM/PAT scanner is the

need of a suitable excitation laser. Pulsed lasers in the visible usually cannot deliver

both high enough repetition rates and high pulse energies. Signal to noise ratio

and/or the image acquisition speed are therefore not ideal. The current scanner

is not suitable to be used in a clinical environment yet Before it can be used in a

clinical environment laser safety needs to be improved and the software and setup

need to be more user-friendly.
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