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Abstract 

 

Distance and angle measurement in water and 
air for visual inspections in radioactive 
environments 

 

Therése Fahlström 

 

 

Ahlberg Cameras is a company that manufactures advanced 
camera systems and inspection equipment for the nuclear 
industry.  
Every nuclear plant shuts down their reactors approximately 
every 18 months to perform visual inspections of the vessels 
to find cracks and other damage.  
The company has received a request from Electric Power 
Research Institute (EPRI) to develop a distance meter that will 
operate in the reactor vessel, placed in an inspection camera. The 
device should measure the distance between the camera and an 
object, and the angle between them. The measurement is 
performed in air and underwater and the device has therefore a 
requirement to be waterproof and radiation tolerant.  
This thesis work has studied different possible technologies and 
technically excluded the ones that are not suitable for the intended 
application. A large part of the study has been about whether 
sound or light is a good enough source to use in the different 
technologies.  
The study has excluded to use sound mainly because the 
reflection back to the receiver at large angles becomes too weak. 
The choice of technology stands between structured light and a 
self-designed trigonometry technology, both using lasers. Tests 
have been made to determine if laser light underwater can be 
observed by the camera and the results indicates that lasers work 
well enough for this kind of application. Further in-depth studies 
into the sources of errors and measurement accuracy are needed 
for determining which of the two technologies is the most suitable. 
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Sammanfattning 
Ahlberg Cameras är ett företag som tillverkar avancerade kamerasystem och inspektionsutrustning 

för kärnkraftsindustrin. Alla kärnkraftverk stänger ner sina reaktorer då och då (ungefär var 18e 

månad) för att genomföra visuella inspektioner av reaktortankarna för att leta efter sprickor och 

andra skador.  

Företaget har mottagit en förfrågan från EPRI att utveckla en avståndsmätare som ska sitta på 

inspektionskamerorna som skickas ner i reaktortanken. Enheten ska kunna mäta avstånd från kamera 

till objekt, samt visa vinkeln kameran förhåller sig till objektet med. Inspektionerna utförs i både luft 

och vatten och enheten har då ett krav på sig att vara vattentät och strålningstålig.  

Examensarbetet har mest studerat olika tekniker för avståndsmätning och tekniskt uteslutit de 

metoder som inte skulle fungera eller passa för den tilltänkta anordningen. En stor del av studien har 

behandlat huruvida ljud eller ljus är en bra källa att använda med de olika avståndsteknikerna.  

Studien har uteslutit att använda ljud som källa, främst på grund av att reflektionen tillbaka till 

mottagaren blir för svag när vinkeln mellan objektet och kameran är för stor.  

Valet av teknik står mellan strukturerat ljus och en egendesignad trigonometrimetod båda bestående 

av laserljus. Tester har gjorts för att fastställa att laserljus under vatten är tillräckligt starkt för att 

tydas av kameran och resultaten visar på att ljus fungerar tillräckligt bra för denna typ av applikation.  

Djupare studier gällande felkällor och mätnoggrannhet behöver behandlas för att slutligt kunna 

bestämma vilken teknik som är mest lämplig.   
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Nomenclature 

Notations 
Symbol Description  Unit 
_______________________________________________ 

CS Speed of sound [m/s] 

CL Speed of light  [m/s] 

K Bulk modulus  [N/m2] 

Ρ Density  [kg/m3] 

A Amplitude of wave [m] 

k Wavenumber  [m-1] 

ε Phase constant [rad] 

ω Angular frequency [rad/s] 

f Frequency  [Hz] 

λ Wavelength  [nm] 

I Intensity  [W/m2] 

P Power  [W] 

nx Refractive index [-] 

vx Velocity  [m/s] 

θ1 Angle of incidence [ °] 

θ2 Refracted angle [ °] 

  Logarithmic Intensity [dB] 

d  Distance  [m] 

∆ϕ Phase shift  [ °] 

t  Time  [s] 

 

Prefixes  
G Giga [109]  µ Micro [10-6] 

M Mega [106]  n Nano [10-9] 

k Kilo [103]  p Pico [10-12] 

m Milli [10-3]  f Femto [10-15] 

 
Abbreviations 
EPRI Electric Power Research Institute 

ASME The American Society of Mechanical Engineers 

VT Visual Testing 

MOS Metal Oxide Semiconductor 

BJT Bipolar Junction Transistor 

GaAs FET Gallium Arsenide Field-Effect Transistor 

TOF Time of Flight 

HD High Definition 

LED Light Emitting Diode 

PTZ Pan Tilt Zoom 

CAD Computer-Aided Design 

 

 



5 
 

Table of Contents 
Abstract ............................................................................................................................................... 1 

Sammanfattning .................................................................................................................................. 2 

Foreword ............................................................................................................................................. 3 

Nomenclature ...................................................................................................................................... 4 

Notations ......................................................................................................................................... 4 

Prefixes ............................................................................................................................................ 4 

Abbreviations .................................................................................................................................. 4 

1. Introduction ..................................................................................................................................... 6 

1.1 About Ahlberg Cameras............................................................................................................. 6 

1.2 Problem Description .................................................................................................................. 6 

1.3 Intention and Limitations .......................................................................................................... 7 

1.4 Project Structure ....................................................................................................................... 7 

2. Technical background ...................................................................................................................... 8 

2.1 Specifications ............................................................................................................................. 8 

2.2 Radioactive environment .......................................................................................................... 9 

3. Sound ............................................................................................................................................. 11 

3.1 Theory ...................................................................................................................................... 11 

3.2 Methods with sound applications ........................................................................................... 13 

4. Light ............................................................................................................................................... 15 

4.1 Theory ...................................................................................................................................... 15 

4.2 Methods with light applications .............................................................................................. 16 

5. Method .......................................................................................................................................... 26 

5.1 Laser test ................................................................................................................................. 26 

5.2 Underwater laser test .............................................................................................................. 28 

6. Result ............................................................................................................................................. 30 

6.1 Results from the laser test ...................................................................................................... 30 

6.2 Results from the underwater laser test .................................................................................. 31 

7. Discussion and conclusion ............................................................................................................. 33 

7.1 Discussion ................................................................................................................................ 33 

7.2 Conclusion ............................................................................................................................... 34 

8. Future work and recommendations .............................................................................................. 35 

References ......................................................................................................................................... 36 

Appendix A ........................................................................................................................................ 38 

Appendix B ........................................................................................................................................ 44 

 



6 
 

1. Introduction 
This is a master thesis from Uppsala University, in cooperation with Ahlberg Cameras, Norrtälje, 

Sweden. The project has a time frame of 20 weeks and will during this time investigate methods to 

measure distances underwater in a nuclear reactor.  

 

1.1  About Ahlberg Cameras 
Ahlberg Cameras is a company that designs and manufactures advanced color camera systems and 

inspection equipment for the nuclear industry.  

Ahlberg Cameras was founded 1981 by Ulf Ahlberg, an inspector in the nuclear industry who thought 

that the camera equipment available at the time could be considerably developed.  

 

For the first twenty years Ahlberg Cameras have focused on the local market of nuclear power plants 

in Sweden and Finland, but in the last ten years the company has entered the international market 

and is now a major supplier of camera equipment for inspection and surveillance.  

The company consists of 35 employees and is now led by Ulf Ahlberg’s son, Joakim. Ahlberg Cameras 

supplies the latest in nuclear visual inspection and surveillance technology in countries like USA, 

China, Korea and Japan.  

More than 30 % of all nuclear power plants worldwide uses cameras from Ahlberg Cameras and the 

company strives to be the best at what they do. [1] 

 

 

 

 

 

 

 

 

 

 

 

1.2  Problem Description 
EPRI, the Electric Power Research Institute conducts research and development on issues related to 

the electric power industry in the United States. Ahlberg Cameras has been requested by EPRI to 

develop a device that measures distances in nuclear reactor vessels. The device should also be able 

to determine the angle from the camera´s focal plane to an object such as a surface crack. By 

performing such measurements, an inspection can determine if an existing crack has grown over the 

previous 18 months. This requires measurements to be taken at the same distance, with the same 

angle, as the last inspection.  

Ahlberg Cameras has previously manufactured a camera, complete with two lasers located at a 

known distance from each other so that the inspector can thus estimate how large the object is. This 

method is obviously not very accurate but gives the inspector an idea in what range the object lies 

between. Unfortunately the company has not received any feedback on the camera and has 

therefore not developed the product any further to meet all the requirements of a distance meter.  

The new device will in some way be integrated with the already existing camera and must, therefore, 

stand the challenging environment primarily consisting of high radiation doses.  

Figure 1. The Ahlberg Cameras logo. 
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It’s of interest to know the distance to the object since you can: 

 Measure the size of the object (in combination with other information/measurement) 

 Ensure image quality (maintain a constant distance) 

 Measure the angle to the object, angled surface 

 

 

1.3  Intention and Limitations 
The intention with this thesis work is to investigate different technologies used for distance 

measurement and technically exclude the ones that don’t operate in the nuclear environment or 

have other reasons not to be developed. 

An important part of the work is to give the company knowledge about available methods and their 

potential advantages and disadvantages.  

Image processing will not be studied as this is beyond the scope of the project. Additionally, how the 

technology can be mechanically integrated into the camera is not taken into account, aside from that 

it must be a possibility to realize the technology. A prototype will not be manufactured due to lack of 

time.  

 

1.4 Project Structure 
The project started with a pre-study, gathering knowledge about the company, what they do and 

where their products are used. Information was obtained about how the inspections in the nuclear 

reactors are accomplished, and what the difficulties are. This included a visit to WesDyne TRC in Täby 

who have previously attempted to develop a distance meter.  

The next step was to write a technical specification identifying the requirements the distance 

measurement should fulfill, including limitations of this project.  

A literature study was undertaken to review the methods that are commercially available today 

regarding distance measurement, as well as their suitability within a radioactive environment where 

studied. When a sufficient amount of information was gathered, an evaluation of the different 

methods was performed. 

Based on these findings, tests in air and underwater were performed to assess if lasers are a possible 

suitable technology.  

Finally, the results were evaluated and conclusions were drawn as to which method would be most 

effective, and suggestions provided for further work to develop a real product. 
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2. Technical background 
A technical specification has been made which contains the requirements that the intended distance 

measurement application must fulfill. Further studies of the radioactive environment are required in 

addition to the specification for understanding the whole problem description.   

 

2.1 Specifications 
The following requirements comply with EPRI’s demands [2], which in turn are based on applicable 

standards, namely: 

1) American Society of Mechanical Engineers (ASME) standard Boiler and Pressure Vessel Code 

(BPVC) which regulates the design and construction of boilers and pressure vessels [3] . 

 

2) Visual Testing standard VT-01: a visual inspection procedure that covers detection 

measurement and position information for surface breaking cracks. The standard is 

developed by Westinghouse through their subsidiary WesDyne TRC in close collaboration 

with the Swedish nuclear industry and power plants. [4]   

 

Functional requirements 

The device shall: 

 Tolerate being submerged in water 

 Display the distance from the camera to the object 

 Display the angle from the camera to the object 

 Tolerate gamma radiation 

 Have known accuracy and precision 

 

Specified requirements 

The device shall meet the following constraints as specified by EPRI (ASME requirements are shown 

as a comparison): 

 EPRI ASME 

Application 
environment 

Water + air Water + air 

Maximum angle 60° 60° 

Range 0-406.4 mm 600 mm 

Size requirement 
for prototype 

Max 304.88 mm3 
Max 2.27 kg 

 

 

Environmental requirements 

The device shall be designed to survive the following environment: 

Submerged depth 0 – 30m 

Pressure 0 – 3 bar (a depth of 10 m ~ 1 bar pressure) 

Temperature 10 – 40° C 

Radiation dose Up to 1*103 Gy  (1*105 rad) 
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Additional information 

The following information should also be taken into account: 

 The surface of the reactor vessel consists of rolled steel and has an estimated roughness of 

20µm. 

 The camera will not be completely still underwater. 

 There will be disturbances in the form of sound, light, vibration and particles. 

 

 

2.2 Radioactive environment 
When radioactive substances decay an ionizing radiation is emitted that consists of alpha particles, 

beta particles, gamma rays or neutrons. The ionizing radiation can have enough energy to detach 

electrons from a substance’s atoms or split molecules.  

Alpha radiation is a particle radiation consisting of a helium nucleus, usually emitted by a decaying 

atomic nucleus. The alpha radiation has a range in air of only a few centimeters, it doesn’t pass thin 

paper and can’t penetrate the skin.  

Beta radiation (also particle radiation) consists of electrons or positrons emitted by a decaying 

nucleus. The beta radiation has a range in air of tens of centimeters and can penetrate the skin but 

can be stopped by a thin sheet of aluminum.  

Gamma radiation is an electromagnetic radiation consisting of photons emitted when a radioactive 

substance decays. Gamma radiation is the most penetrating, where even small energies can pass thin 

metals, and has a range of many meters. High energies of gamma radiation can be stopped by many 

centimeters of lead or many meters of concrete or water. Higher density materials absorbs the 

radiation faster.  

The range of Alpha, Beta and Gamma radiation can be seen in Figure 2Figure 2 below.  

 

 

Figure 2. Alpha, Beta and Gamma radiation through different materials. [6]  

Neutron radiation occurs from nuclear fission in the nuclear reactors and is present in the reactor 

when it is in operation. The neutron radiation has a range in air of many meters and can be stopped 

by a few meters of water. [5]  

Due to radiation, the surface of the reactor is covered in a red-brown oxide layer and needs to be 

brushed before the inspections, hence the surface will be uneven and matt.  
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Blue light can be seen in nuclear reactors, which is an electromagnetic radiation called the Cherenkov 

radiation, see Figure 3. This occurs when charged particles move through a medium faster than the 

speed of light in that medium.  

The molecules in the medium become electrically polarized by the electrical field from the beta 

particles (electrons), and the molecules emit a coherent wave front in the form of light when the 

electrons travel faster than the speed of light in the medium. 

 

Figure 3.  Cherenkov radiation in a reactor core. [7]  

Radiation has a major impact on electronics and can change their characteristics or destroy them. 

Alfa and Beta particles don’t need to be taken into account since they easily can be stopped, 

however it’s more complicated with neutron and gamma radiation. The photons in gamma radiation 

creates electron-hole pairs which will be trapped in the insulator (often silicon). The electrons are 

mobile and are often swept out of the oxide rapidly. The holes are much less mobile, and go through 

a stochastic trap-hopping process due to influence of the internal electric field. Before the electrons 

are swept out of the oxide, some of the electrons and holes will recombine. Furthermore, some small 

fraction of the electrons may be trapped and typically a much larger fraction of the holes are 

trapped, many of them near the insulator interface. Interaction at the insulator interface can give 

rise to interface trap sites which can exchange charge with the silicon. The trapped carriers and 

interface traps are responsible for the primary changes in device properties caused by ionizing 

radiation. The trapped charges and interface traps are usually characterized by their impact on metal 

oxide semiconductor (MOS) device properties. For MOS transistors, a significant effect is the change 

in threshold voltage.  

A metal oxide semiconductor (MOS) transistor does not reach the required threshold voltage to open 

the gate when gamma radiation exposes the silicon. Bipolar transistor (BJT) in general tolerates 

radiation better and the required threshold voltage is reached to open the base.   

 

Neutrons decelerate in materials containing hydrogen as the neutrons lose some of their energy 

when they collide with smaller atoms. Hence neutron radiation decelerates in water. Electronics can 

be shielded by a layer of plastic (high hydrogen content) which acts in the same way as water. A layer 

of boron can be added after the plastic which absorbs the decelerated neutrons since they travel 

much slower in the material. Finally, a layer of wolfram (tungsten) can be used as shielding, which 

causes the neutrons to bounce off the surface with an inelastic collision.  This is because the wolfram 

atom has a radius of 178 pm (10-12), which is much bigger (or heavier) than the neutron that has a 

radius of 1.32 fm (10-15).  
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3. Sound 
Sound is commonly used in various types of distance measurement applications, with the advantage 

that it’s possible to use sound with frequencies above 20 kHz which a human can’t hear. Deeper 

studies behind the theory and suitable measurement technologies using sound are needed and will 

be investigated in this chapter. 

 

3.1 Theory 
Sound is in the form of pressure changes that propagates as mechanical waves. The medium the 

sound travels through affects the speed of the sound, depending on the medium’s characteristics; 

the denser the medium and the higher the temperature, the faster the sound propagates. This 

means that the speed of sound is slower in gases, higher in liquids and highest in solid mediums.  

The speed of sound is dependent on temperature, pressure, mass density and salinity. It increases by 

4 m/s per 1°C and by 1 m/s per mille salinity. [8] 

The speed of sound is designated as Cs and estimated by equation 1, 

𝐶𝑠 = √
𝐾

𝜌
       (1) 

where K is the Bulk modulus, a measure of the substance’s resistance to uniform compression, and ρ 

the density of the medium.   

Usually, the speed of sound in air is estimated as ~340 m/s at room temperature (20°C) and in water 

it increases to ~1500 m/s.  

 

Sound waves are longitudinal waves where the particles of medium move parallel to the propagation 

direction. Its form can be described by the wave equation 2. 

𝜕2𝑦(𝑥,𝑡)

𝜕𝑥2 =
1

𝐶2

𝜕2𝑦(𝑥,𝑡)

𝜕𝑡2    (2) 

 y(x,t) is the wave function shown in equation 3. 

𝑦(𝑥, 𝑡) = 𝐴𝑠𝑖𝑛(𝑘𝑥 ± 𝜔𝑡 + 𝜀)   (3) 

Where A is the amplitude of the wave, k is the wavenumber, ε the phase constant and ω is the 

angular frequency that is determined by ω =2πf. 

The wavelength can be determined when the speed of sound and the frequency are known by 

equation 4.  

𝜆 =
𝑐

𝑓
    (4) 

Since the speed of sound is faster in water, the wavelength will increase compared to the wavelength 

in air where the speed is much slower.  

 

Intensity  

Intensity is the amount of sound energy passing per second through a unit area perpendicular to the 

direction of propagation of the sound wave and can be determined by equation 5. 
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𝐼 =
𝑃

𝐴𝑟𝑒𝑎
    (5) 

 

Often sound intensity is described in a logarithmic scale called sound intensity level (equation 6), 

which is the level of the sound intensity relative to a reference value I0.  

𝛽 = 10 log10
𝐼

𝐼0
 𝑑𝐵                      (6) 

 

 

Snell’s law of refraction 

Snell’s law describes the relation between the angles of incidence, reflection and refraction of waves 

that pass through different mediums.  As seen in Figure 4, the angle of incidence θ1 is the same as the 

angle of the reflected ray VL1’ and θ2 is the refracted angle.  

 

 

Figure 4. Snell’s law showing the incident and the refracted beams and their angles. [9] 

 

Equation 7 shows the formula of Snell’s law, where n is the refractive index for the respective 

material. 

𝑛1𝑠𝑖𝑛𝜃1 = 𝑛2𝑠𝑖𝑛𝜃2   (7) 

The value of the refractive index is wavelength and temperature dependent; n is commonly equal to 

1 for air as the medium and 1.33 for water [10]. The refractive index can be used to determine the 

velocity of the ray, if the speed of sound (or light) is known, as shown by equation 8.  

  

𝑉𝐿1 =
𝐶

𝑛1
         𝑉𝐿2 =

𝐶

𝑛2
   (8) 
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3.2 Methods with sound applications 
After the theory behind sound has been studied, it’s time to learn how sound can be implemented in 

different technologies. Only one technology is suitable for this intention, but it can be realized with 

different methods.   

 

3.2.1 Time of flight 

Time of flight is a highly accurate technology for distance mapping and 3D imaging.  

There are two ways of using time of flight as a distance meter, but the concept is the same. Basically 

a transmitted signal will hit the surface and reflect back to a receiver, see Figure 5. One way is to 

clock the time it takes for the transmitted signal to reflect back to the received sensor. Since the 

velocity of the transmitted signal is known and the time it takes to reflect back is measured, equation 

9 can be used to calculate the distance to the surface.  

𝑑 =
𝐶∗𝑡𝑇𝑜𝐹

2
    (9) 

Both laser and ultrasonic waves can be used to modulate the transmitted signal, so the value of C 

depends on which medium the signal travels through and if it is modulated with light or sound.  

The time can also be determined by sending out a delayed signal and comparing it to a reference 

signal. By cross-correlation, it can be seen where the signals have similarities and then determine the 

time on the delayed signal.   

 

The other method for time of flight is to measure the phase shift. The reflected and received signal’s 

phase is compared with the carrier signal. The phase shift between the two signals can then be used 

to calculate the distance with equation 10.  

𝑑 =  
1

2
𝐶

∆𝜑

2𝜋

1

𝑓𝑚𝑜𝑑
   (10) 

Equation 10 can also be reconstructed by using frequency modulation, where the reflected signal’s 

frequency is compared with the modulated frequency. 

 

 

 

Figure 5. The procedure for Time of Flight. [11] 
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Advantages and disadvantages 

Time of flight is a very useful technology in many applications as a fast and simple solution for 

distance measurements with accurate results. However, this method requires that the surface’s 

material doesn’t absorb too much sound, causing the reflection to be too small to measure.  

An advantage is that this technology does not require references to be able to estimate the distance 

and angle between camera and object, since the distance can only be calculated by transmitting one 

signal. Three points are needed to estimate the angle, which then requires triple sets of components.  

The beam spread of sound increases in general when increasing the distance which could be a 

problem when looking at small areas as three sound beams must fit in the inspection area.  

The application also requires that the three transmitted signals are sent out one by one in a 

sequence to avoid interference with each other. This sequence will be sent really fast since sound 

travels much faster in water than in air, which will make it possible for good repeatability.  

 

Unfortunately, ultrasound requires a large surface as a target [12] and since the length of the sound 

waves will be in size of millimeters depending on the used frequency, the waves will perceive the 

surface, which has a roughness estimated to be 20 µm, as smooth. Thus, when the sound waves hit 

the surface with a large angle, the sound will bounce off the surface as if the target is smooth.  Most 

of the reflection will travel in another direction away from the camera, resulting in a low reflection 

back to the receiver.  

Tests have been made by WesDyne TRC with ultrasound and the application worked satisfactorily 

when measuring in front of the object. Unfortunately, it did not work well enough when the angle 

between the object and the camera became too large, or at sharp edges and corners.     

The wavelength can be shorter with higher frequencies (> 10MHz), but this requires high frequency 

components in the designed application.  

Another disadvantage with sound is that you don’t know at which point you measure, but this can 

easily be solved with a laser that indicates where the measurement takes place at the surface.  
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4. Light 
Light is widely used in the everyday life; there is light that can be seen and light that the human eye 

can’t detect. Light can be applied in many ways due to its various characteristics.   

 

4.1 Theory 
Light is electromagnetic waves consisting of photons, which are massless particles in the size of the 

wavelength. Electromagnetic waves have many appearances; radio waves, micro waves, infrared and 

UV radiation and visible light for example. What separates them is the wavelength, visible light has a 

wavelength of 400-800 nm and is the type of electromagnetic waves used in this project.  

The speed of light depends on which medium it travels through. The refracting index is the quotient 

between the speeds of light in the different materials, see equation 11.  

𝑛 =
𝐶𝐿

𝑣
    (11) 

Where n is the refracting index, CL is the speed of light in the first material and v is the velocity in the 

medium which is of index n. In this project, it’s only of interest to investigate what happens when 

light travels from air through water. It’s known that the refractive index of water is 1.33 and the 

speed of light in air is 3*108 m/s, which with equation 12 gives us that the speed of light in water is: 

𝐶𝑤𝑎𝑡𝑒𝑟 =
𝐶𝑎𝑖𝑟

𝑛𝑤𝑎𝑡𝑒𝑟
=

3∗108

1.33
≈ 2.25 ∗ 108 𝑚/𝑠     (12) 

 

 

 

Laser 

Laser stands for Light Amplification by Stimulated Emission of Radiation. This is a technique where an 

incoming photon can excite an atom or molecule and create light rays that are monochromatic 

(single color) and where the waves are in phase (coherent). The laser light has low divergence, high 

intensity and the light is often polarized.  

There are both continuous lasers that provide constant light rays and pulsed lasers where controlled 

light pulses are transmitted with high power. [13] 

 

The intensity of the laser can be calculated with equation 13 below.  

|𝐼| =
𝑃

𝐴
=

𝑃

𝜋𝑟2    (13) 

Where I is the intensity of the surface of the laser point, P is the power of the laser, A is the surface 

area of the laser point and r is the radius of the laser point.  
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4.2 Methods with light applications 
An advantage using light instead of sound as a measurement technology is that the photons are so 

small that they will enter the rough surface (estimated to be around 20µm) and bounce off at 

different directions. This will give a sufficient amount of light rays that reflect back to the receiver to 

allow a measurement to be taken, even at sharp angles.  

A few more methods can be useful when using light, and the most appropriate methods are 

described in the subsections below.  

 

4.2.1 Time of flight 

The technology behind the Time of flight method has already been described in the sound section 

above and the implementation for light is the same as for sound. The only difference is that instead 

light pulses from a laser transmit towards the surface. The reflected light rays are observed by a 

receiver in this application too and determined the same way.  

 

Advantages and disadvantages 

The difference between sound and light for this method is as mentioned above that the reflection at 

sharp angles is much more intense than with sound.  

The significant disadvantage with this method is that the components needed are very hard to 

implement in the radioactive environment. It requires high frequency components, which in general 

can’t withstand the radioactive environment. The signal delay time of fiber optics is ~ 5ns/m [14] and a 

distance at 50mm generates a period of 250ps (5*10-9 [s/m]*0.05[m] = 2.5*10-10 s)   which gives a 

frequency of 4 GHz. There are transistors that operate at those high frequencies, but the higher the 

frequency the smaller the component, and in general smaller transistors doesn’t tolerate radiation.  

As previously mentioned, the BJT transistors often tolerates radiation better than a MOS transistor 

but the BJT doesn’t at high frequencies.  

 

There exists a transistor called GaAs FET (Gallium Arsenide Field Effect Transistor) which is radiation 

resistant and is mainly used in space communications and radio astronomy in amplifier circuits at 

very high radio frequencies. Gallium arsenide has a very superior electron mobility compared to 

silicon that enables high frequency operations. GaAs technology is less well developed than the 

silicon technology and may be the reason why GaAs FETs aren’t found in that many radiation 

sensitive applications. [15] 

 

Also, the application requires a transmitter and receiver, and since the whole system needs to at 

least determine the distance in three points at the surface, there would be too many components to 

fit in the camera housing. It’s easier to place components in the inspection station that stands above 

the reactor, which isn’t exposed to the same amount of radiation as the camera.  

 

4.2.2. Structured light 

Structured light is a 3D scanning technique that is based on known light patterns that are projected 

onto the target surface. The technology belongs to the category ‘active triangulation’ and the 

projected pattern can for example be modulated with vertical or horizontal lines, dots, circles or 

crossed lines like a chessboard.  
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Depending on the object’s three-dimensional geometry, the projected light pattern will be distorted, 

and the resulting pattern can be converted to 3D-coordinates for the target surface. The camera can 

detect the distortion by comparing the projected image with the image that the camera detects. [16] 

Structured light can be realized with one camera detecting the image and one projector creating the 

pattern, see Figure 6. Instead of a projector the pattern can be realized by a laser with raster, which 

can make the device much smaller and easier to apply with the company’s products.  

 

Figure 6. The principle behind the structured light technique. [17] 

 

Regarding distance measurement, the dispersive projected pattern will be smaller at a near distance 

and grow with increased distance and, therefore using image processing, the distance can be 

determined. Two reference lines need to be parallel at a known distance from each other to be able 

to determine the distance. The reference can either be created by two lasers or one laser split to two 

beams by a beamsplitter. 

 

Advantages and disadvantages 

Structured light makes it possible to determine more measurement points at the surface of interest 

and more measurements gives often a more accurate result. This technique can obtain much 

information, more than needed for this project, for example the size of cracks and how the geometry 

of the surface looks like.  

 

The significant advantage with this technique is that there are few components needed, which takes 

up less space and less electronics that needs to be radiation tolerant.  

Another advantage is that it only requires one image of the inspection area to be able to estimate 

the distance and the angle between the camera and object with image processing. This is because 

the technology makes it able to process many points in the taken image and can, therefore, take at 

least three points to estimate the angle.  

The technology allows fast measurements which gives good repeatability.  

 

One disadvantage with this method could be a problem with the focus from the projector at near 

distances to the surface.  
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4.2.3 Trigonometry 

The distance to the object can be measured by trigonometry where lasers are directed in a specific 

geometry. This is not an already existing method invented when looking for solutions for distance 

measurement, but a self-designed idea.  

This application requires at least three lasers, and three prisms that can split each laser beam into 

two parallel beams. Seen in Figure 7, the two red laser lines are the reference lines, and are parallel 

in the horizontal plane at a known distance from each other. The green lines on the right side are one 

laser split into two parallel beams along the vertical plane, and the same with the yellow lines to the 

left.  

 

 

   

    

Figure 7. The trigonometry technique showing the reference lines and the laser beams on a surface at 
different angles, CAD design made in SolidWorks [18]. 

The idea is to light up one laser at a time, take a picture of each, and via image processing get the 

coordinates for every laser point and find how they are referenced to each other. Since the angle of 

the directed laser is known, the distance to where the laser cuts the reference line is also known. 

Hence it’s easy to see if the laser point is on the right or left side of the reference point and can then 

be used to determine the distance with image processing.  
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Observe that it’s not necessary to use different colors on the lasers, the colors are just for 

clarification. 

 

 

 

 

Figure 8. Three different cases illustrating how the points change depending on distance when looking 
through the camera. The first image shows an object close to the camera and the last further away. 
The image in the middle is showing a position somewhere in between near and far, close to the 
intersection with the reference. Observe that the image scale is normed and that the vertical distance 
from point 1 and 2 to point 3 is the same in these cases (like if the zoom would be fixed).  
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Figure 8 illustrates how the laser dots will be seen from the camera. The images describe three cases 

as the distance from the camera to the object increases. In the first case (top image) the camera is 

considered to be close to the object. It can be seen that the yellow and green lasers are on the 

outside of the reference lines. In the second case (middle image) it can be seen that the lasers are 

still on the outside of the reference lines, but they are really close which indicates that it’s nearly at 

the intersection between the lasers and the reference. When increasing distance, the third case 

(bottom mage) shows that the yellow and green lasers have switched places with the reference lines 

and are positioned on the inside. This indicates that the distance is greater than the intersection with 

the reference line.  

The images illustrate the camera in a position looking straight ahead the object, observe that when 

looking at objects at an angle the yellow and green points will not be found at the same distance to 

the reference lines. If looking through the camera directed to the right, the yellow laser beam will be 

closer to the left reference line while the green laser will be further away from the right reference 

line.  

Point 3 can either be determined by comparing the yellow point with the green or comparing the 

respective point with the reference points. The latter does make the technique a bit simpler, since 

only one laser has to be divided to two and the measurements on point 3 can be determined with 

only one laser point compared to the red ones.  

Point 1 and Point 2 gives the distance from the camera to the surface while Point 3 (in combination 

with point 1 and 2) provides the information on which angle the camera is looking at.  
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4.2.3.1 Mathematical calculations for the Trigonometry method.  

The trigonometry behind this technique can be explained with Figure 9 and some equations below. 

 
Figure 9. A simple drawing of the laser trigonometry technology to the left and a more detailed sketch 
showing the index of the angle and different lengths used for calculations. The dotted lines to the left 
is the divided laser beams for point 3. 

 

 Firstly, distance a can be measured on the screen looking at the object from the camera. But a on 

the screen is not the value of a in reality, so therefore a’ is used as the real value in the equations and 

can be calculated with a reference value ref, see equation 14.  

𝑎′ =
𝑎

𝑟𝑒𝑓
    (14) 

The length L1 is known since it’s the distance between the mounted lasers. L2 can be calculated with 

equation 15 and the ratio between L1 and a’ can be determined with the peak triangle theorem seen 

in equation 16.  

𝐿2 =
𝑎′

tan(𝛼)
    (15) 

   
𝐿1

𝑎′ =
𝐿2+𝑥

𝐿2
     (16) 

 

The wanted distance x can be calculated by combining equation15 and 16, then solving it for x. The 

resulting formula for x can be seen in equation 17.  

 

𝑥 =
1

tan(𝛼)
(𝐿1 − 𝑎′)   (17) 
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4.2.3.2 Calculations of resolution for the Trigonometry method.  

It’s of interest to find out what resolution the method could achieve when determining the 

possibilities for the different technologies. The calculations below reveals the resolution at two 

occasions, one when changing the distance 10mm (see Figure 10) and another when changing the 

angle 1° between the camera and the object, see Figure 11.  Notate that the camera in this case is a 

point and that the calculations are based in air.   

 

Figure 10. Sketch showing how the different lasers are related to each other depending on mounted 
angle and distance between camera and object. L is the distance between camera and object. B is the 
image width that the camera observes. A is the distance between the reference lines. D is the distance 
between the measuring laser and the reference line seen in the figure.  

 

The resolution for the first occasion, choosing the distance to be 400mm and then changing it by 

increasing and decreasing 10 mm, can be calculated by equation 18 and equation 19 and some 

estimated parameters for the camera seen below.  

 

𝐷 = 𝐿 tan(𝛼)    (18) 

 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑖𝑥𝑒𝑙𝑠 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝐴 − 𝐷 =  𝑘(𝐴 − 𝐷)  (19) 

 

Where k is a constant that scales how many pixels there are per millimeter, at different distances L 

based on the original location where L=400mm gives B=110mm. The number of pixels of the 

cameras’ image width is 1280 px.  

 

𝑘 =  
1280

𝐿
400

∗ 110
 

 

A distance of L = 400 mm results in an image width B = 110mm, which will be the original location for 

this estimation. The value of α has been chosen after reconstructing equation 18. 

L = 400 mm, B = 110 mm, A = 100 mm (ref), α = 12.5° 
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Figure 11. Similar sketch as figure 10, but with a leaning surface depending on angle . 

 

The resolution for the second occasion, choosing the distance to be 400mm and then changing the 

angle  between camera and object by increasing and decreasing the angle 1°, can be calculated by 

equation 20 – equation 23 and finally equation 19 (where A-D is y in this case).  

 

𝑥𝑜𝑏𝑗𝑒𝑐𝑡 = 𝑦 tan(𝛽) + 𝐿   (20) 

 

𝑦𝑙𝑎𝑠𝑒𝑟 = 𝑥 tan(𝛼) −
𝐴

2
   (21) 

 

𝑦𝑅𝑒𝑓2 = 5    (22) 

 

𝑦𝑅𝑒𝑓1 = −5    (23) 

 

 

Where the equation 20 is the straight line equation for the plane (object) and equation 21 is the 

straight line equation for the measuring laser. Equation 22 is for the reference point 2 and equation 

23 is for the reference point 1.  

Notate that it’s the object moving in this case while the camera is fix, but the results will be the same 

as in reality when it’s the camera moving towards the object.  

 

 

The result of the calculations shows that it’s possible to achieve a resolution of approximately 

2.8px/mm when changing the distance between camera and object. It may not be possible to set the 

distance with a millimeter accuracy, but it will definitely be possible to see that the laser point have 

been moved when changing the distance a millimeter.  

Regarding the second occasion, changing the angle 1° between camera and object (with positive 

values of ) results in a resolution of approximately 0.3 px/° at small angles (~ 1°- 2°) looking at the 

differential between ref 2 and the measuring laser,  and approximately 4.5 px/° at larger angles (59° - 

60°) when looking at the differential between the two reference lines (Ref2-Ref1). The resolution 

will, therefore, change depending on the value of angle  and which region the differential 

calculations are made.  
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The result for the second occasion reveals that changing one degree gives a very low resolution for 

small angles, resulting in difficulties selecting the wanted degree with a one degree accuracy. 

However, since the visual inspections are looking at 0°, 45° and 60°, the resolution will be a bit 

higher. The calculations can be seen in Appendix A.  

Notate that this is not a good method to use for determining the angle between camera and object, 

but for estimation of the resolution. A better way of determining the angle would be to have several 

measurement points and calculate the differential between them in both the horizontal plane and 

the vertical plane.  

 

 

4.2.3.3 Prism 

Prisms are used for reducing the number of lasers, therefore avoiding as much mechanical alignment 

and calibration as possible.  It’s really important that the prisms split the lasers so they are parallel, 

otherwise it’s not possible to estimate distance and angle with image processing.  

A suitable prism for this application is the Lateral Displacement Beamsplitter. 

The beamsplitter consists of a precision rhomboid prism cemented to a  
1

8
𝜆 right angle prism. The 

high tolerance design ensures the exiting beams are parallel to within 30 arcseconds. Entrance and 

exit faces feature a multilayer anti-reflection coating for increased efficiency.  [19] 

The design of the beamsplitter can be seen in Figure 12, where the size of A is the same as the beam 

separation.  

 

Figure 12. The design of the Lateral Displacement Beamsplitter from Edmund Optics.  

There are a few sources of error that can affect the measurement. For example, the alignment of the 

lasers has a substantial impact and requires calibration. Also, bad focus and changes in beam size 

when changing distance will affect the measurements. Camera lens distortion and camera sensor 

pixel density are also factors that may affect the results. 

The refractive index n is dependent on temperature and material properties, and the light traveling 

through the laser lens made of glass and then in water will affect the divergence of the laser beam. 

Temperature differences in the reactor vessels also occur and will in some way affect the calculation 

model and should be taken into account.  
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Advantages and disadvantages 

This is a simple application where the only image processing needed is mathematical calculations, 

and no components besides the lasers (and prisms) are needed.  

The disadvantage with this method is that either five, maybe six lasers needs to be used or two-three 

prisms. The mechanical alignment can be complicated, as the lasers need to be calibrated so that the 

laser beams are exactly parallel to each other. Furthermore, it can be difficult to find commercially 

available prisms that withstand radiation and therefore a special design may be required.  

Edmund Optics, for example, don’t recommend their Lateral Displacement Beamsplitter for this kind 

of application, as tests haven’t been made on the radiation tolerances. The beamsplitter has a 

coating that most likely will react in a radioactive environment.  

 

There may be a risk that the laser point is not visible with the surrounding light.  An advantage is that 

this can be solved with camera equipment that can fix the iris and focus and turn off the LEDs very 

fast, which makes it able to fire away the sequence with each laser separately in about 1 second 

during measurements.  

Another thing to have in mind is how many calculations the computer has to solve, and how time 

consuming it is relative to other techniques.  

 

This technology requires an advanced calibration model to reduce the sources of error.  
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5. Method  
Following a review of the possible technologies, light seems much better than sound, mainly because 

the reflection should be more intense at sharp angles. An experimental setup in air was made to test 

if light is good enough for this type of application. Later, the same laser test was made underwater to 

establish the theory.  

5.1 Laser test 
Firstly steel sheeting was treated in five different ways in an attempt to recreate the real surface in 

the reactor; milled, blasted, ground with 40K sandpaper, harder ground and warm rolled. This 

resulted in five different metal plates to be used as test pieces, see Figure 13.  

     

Figure 13. The test pieces where Fräst = milled, 40K = ground with 40K sandpaper, Blästrad = blasted, 
Hård slip = hard grounded and Varmvalsad = warm rolled.   

The test performed was to transmit a laser point onto the test pieces, and see if the camera could 

perceive the dot. The test pieces were moved to different distances from the camera and angled 

between 0° and nearly 85°. The purpose of this test was to shine as much white light as possible on 

the steel plates, and determine when the camera can’t distinguish the laser anymore. White light can 

be used to mask the red laser dot as the white light contains all wavelengths.  

This technique was used since it’s much easier to measure how much light it takes to mask the laser 

than to measure the reflection of the laser beam. 

 

Measurements were taken of the lux levels the camera recorded before the laser was masked by the 

white light. These were taken using a lux meter (Lutron LX-101), lying next the test pieces.  

The red dot was created by a laser module S836351D/R from Egismos [20] which has a wavelength of 

635nm and an output power <1mW. This laser was selected as it is simpler with respect to safety, 

and it was already available at the company. The laser has a beam diameter of 3mm at a distance of 

10cm and 4mm at a distance of 100cm, thus it’s not a problem that the size of the beam diameter 

becomes too big at large distances and sharp angles.  

The used camera equipment was Ahlberg Cameras’ HI-RAD XS inspection camera, which is a 720p HD 

pan-tilt-zoom (PTZ) color camera with four LED lights, giving 3600 lumen in total. The camera is 

normally used for underwater inspections in confined irradiated areas, where high definition 
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resolution images are needed. The camera was connected to the control unit PIS200 which is a 

portable inspection station designed by Ahlberg Cameras. The camera equipment can be seen in 

Figure 14.  

 

Figure 14. The HI-RAD XS camera and the portable inspection station PIS200 used in the laser test. 

The red laser was mounted inside the camera head and connected to a 5V power supply. The camera 

was attached to a tripod to allow repeated measurements, with an external light source seated 

beside to increase the amount of light shining on the test piece. The external light source was a 

Vision off road light containing 6 housings, each packed with 10 watt LED bulbs. The setup can be 

seen in Figure 15 and Figure 16. 

 

Figure 15. Setup for the laser test. 
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Figure 16. Setup for the laser test. 

Intensity measurements (in lx) were taken with the test pieces placed at 0°, 45°, 60° and ~80°, at 

three distances (100cm, 50cm, and 12cm) from the camera. Light levels were regulated for each test 

piece depending on how clearly the laser dot was seen, so the external light source and the LEDs on 

the camera were not at the same level the whole time. This is because the test pieces had different 

surface properties, and also because the LEDs became too hot very fast and needed to be turned off 

quickly so as not to overheat them.  

The measurements were combined and plotted in the numerical computer program MATLAB [21], and  

graphs can be seen in the result section below, 6.1 Results from laser test. 

 

 

5.2 Underwater laser test 
The purpose of performing the same laser test underwater was to verify that the application works 

as well in water as in air.   

The waterproof camera was submerged into a tank full of deionized water, and the test pieces were 

placed on a rod that also was submerged in the water. The external light source used in the previous 

test was installed on top of the tank (in air). The rod made it easier to rotate the test piece to 

different angles seen from the camera lens. Note that the angles were estimated to be ~0°, ~45° and 

~60-70° and were not precise, as the test was to ensure that the laser is as visible in water as in air. 

The lux meter was not water resistant and could not be submerged into the water, therefore the 

maximal light which shone on the test piece was measured to be 800x100 lux before the tank was 

filled with water. The distance between the camera and the object was fixed at 40cm and was not 

changed during the test due to difficulty with moving the rod in the tank. The test setup for the 

underwater test can be seen in Figure 17 and Figure 18.  
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Figure 17. Setup for the underwater test taken from the side. 

 

 

Figure 18. Setup for the underwater test taken from above. 

Since the light intensity underwater was not possible to measure, the tests needed to be evaluated 

visually. Neither was it possible to take photos with the mobile camera right on the test pieces, 

instead the snapshot function on the PIS200 was used. Snapshots were taken for every test piece at 

all tested angles and evaluated.  

The underwater test made it easier to study the result directly on the PIS200 screen since the light 

could be on much longer, as the LEDs on the inspection camera were cooled by the water around the 

camera head. The external light source could be on at high current for a longer time but needed to 

be turned down after a while to avoid overheating.  
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6. Result 
The final results of the tests described in the section above are satisfactory and strengthen the 

theory that light can be used in the applications proposed in this thesis work. A more detailed review 

of the results are described in this section.  

 

6.1 Results from the laser test 
The result from the laser test in air was generally satisfactory, and the measurements on the test 

piece hard ground (named Hård slip) can be seen in Figure 19 below. All test pieces, except the 

milled, will resemble different surfaces in the nuclear reactor vessel, according to several video 

recordings of visual inspections from different nuclear plants. The hard grounded test piece was the 

one best estimated to resemble the real surface and is therefore the most applicable case. The 

results for the other test pieces can be seen in Appendix B.  

 

Figure 19. Intensity measurements (lx) from the laser test in air for the hard ground test piece at 
increasing angles (°), with the test piece at a distance of 100cm (top), 50cm (middle) and 12cm 
(bottom) from the camera. The circles indicate the measurement points and the red stars indicate 
when the laser dot was masked by the white light.   

 

The results got worse when the distance to the object decreased, as the light intensity was too 

powerful and difficult to control smoothly. Furthermore, it turned out that the laser should be placed 

closer to the camera lens since the laser point almost couldn’t be seen in the image when being so 

close to the object.  Hence, measurements closer than 12 cm were not possible.  

However, this doesn’t affect the general result. First, the light intensity will probably never be as 

powerful in the reactor as in this test and secondly, inspections only measure at angles 0°, 45° and 

60°, and the tests at 80° and higher light levels were just to investigate the extremes.  
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6.2 Results from the underwater laser test 
The test was made with all test pieces but as described earlier, the hard ground piece is the most 

interesting one. One image was taken at an angle of 0° and another at ~60°. By looking at Figure 20 

and Figure 21 below, it’s clear that the camera can perceive the laser dot with full light, even at large 

angles.  

The milled test piece was the worst. This is because the surface was too smooth and shiny, and the 

laser is not reflected back when the angle between the camera and object increases.  

 

Figure 20. Hard ground test piece at 0° from the camera. 

 

 

Figure 21. Hard ground test piece at ~60° from the camera. 

 

However, it’s not obvious that the laser dot at 60 degrees can be seen by image processing. 

Therefore one picture was taken with the laser on and another picture at the same angle when 

the laser was off. The images were opened in Photoshop, where the difference between the two 
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pictures was determined. The resulting image of the difference can be seen in the upper right 

corner in Figure 22.  The lower right corner is the difference between the original pictures but 

with suppressed blue and green color channel. Furthermore, one can get rid of some weak 

disturbances through further image processing.  

 

 

Figure 22. Hard ground test piece at 60 degrees with laser on (top left) and off (bottom). The 
images were then processed to only show the difference between the two images (top right), with 
further processing to suppress the blue-green wavelengths (bottom right).  
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7. Discussion and conclusion 
The sections below will reveal personal thoughts and draw some conclusions regarding this thesis 

work.  

 

7.1 Discussion 
A visit to WesDyne TRC to review their attempt to build an ultrasonic distance meter raised questions 

about why their prototype did not work well at sharp edges and with large angles. The theory study 

for sound showed that reflections off the surface would not be good enough because the wavelength 

is too long. Another problem could be that the beam spread is too big at large distances and causes 

trouble at corners and sharp edges.  

 

Light, on the other hand, seems much more efficient to use in distance measurement applications 

since the photons are so small (~ 1µm), compared to the rough surface at 20µm. The reflection from 

the rough surface will be diffuse and therefore the photons will be reflected back to the receiver 

even at large angles. The laser test indicates that the intensity of the laser seems enough, but it’s 

easy to turn off the LEDs quickly during measurements if there is a problem with perceiving the 

beam.  

 

By analyzing the “advantages and disadvantages” section in every method description it turns out 

that Time of Flight is not a suitable technology for this project. This is partly because it requires at 

least three transmitters and one receiver (if it’s possible to combine one receiver for every 

transmitted signal). The reflected signal must then be sent and processed by the inspection station 

where more components are required. The technology is quite simple and used in many distance 

applications on the market, however the environmental conditions are better than in a reactor 

vessel.  

The structured light technology is of interest since the method doesn’t require lots of components 

and can mainly be used to get more information about cracks in future work to make the inspections 

easier and more accurate. Structured light is a quite complex technology and requires significant 

image processing, however since it’s used in many 3D scanning application it’s a good commercial 

alternative that possibly may be developed further. However, it’s hard to say if this technology will 

be a good option in the intended environment at small areas and how focused the pattern will be 

without doing any practical tests in similar surroundings.  

The trigonometry technology has many advantages and seems like a good alternative for distance 

measurements. The disadvantage is that the mechanical alignment requirements may affect the 

choice of technology, and a solution for improving the manufacturing and calibration would be 

needed.  

 

The air test was generally satisfying, but, as seen in Figure 19, the laser dot was masked at a distance 

of 12cm and 60°. The distance meter has a requirement to handle an angle at 60°. The problem when 

measuring so close to the camera was that the lights from the external light source and the camera’s 

own LEDs dazzled the test piece and masked the laser. Perhaps the result would have been improved 

if the external light source had been moved slightly further away from the test pieces. It would also 

have been interesting to see how the camera detected the laser at a closer distance of around 5cm, 
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but this was not possible considering that the laser could not be seen by the camera as the laser was 

mounted too far away from the lens.  

The underwater test should perhaps been tested with a closer distance for insurance, but nothing 

indicates that water would affect the measurements significantly compared with air.  

Since the lux meter could not be submerged into the water and the maximal light shone on the test 

pieces was measured before the tank was filled, it was quite hard to estimate the actual lux levels. 

There was just one test piece that did not pass the full light on at ~60°, the milled test piece, hence 

the problem with not knowing the amount of lux did not affect all measurements. The milled test 

piece doesn’t resemble the surface of a nuclear reactor vessel in reality. The surface will only be that 

shiny when it’s new, and then, after being in operation, the surface will become matt.  

 

The measurement accuracy was not possible to assess as no tests with the different technologies was 

made. It’s difficult to estimate the accuracy of the various technologies without tests and the choice 

of technology is therefore hard to decide without these facts.  

 

 

7.2 Conclusion 
Light is a much more efficient source to use in underwater distance measurement applications than 

sound. The reflection back to the inspection camera is an important part of the procedure and sound 

would not be able to meet the requirements, based on the theory study but from the results of the 

experiment previously done by WesDyne TRC.   

The study shows that it is possible to use Time of Flight by finding the right components that are 

radiation tolerant. However, it is not of interest for this project since other technologies seems like a 

better choice.  

Structured light and the trigonometry technology are both interesting methods and could be 

developed further as a prototype. The advantage with structured light is that it would be able to get 

more information about the cracks and other damages, for example depth and length, without 

adding more components.  

 

The trigonometry technology can not present any more information than distance and angle 

between camera and object. However, the project did only involve distance combined with angle 

measurement and the trigonometry technology is therefore a good alternative for this kind of 

application.  

 

Both Structured light and the Trigonometry technology requires an advanced calibration model, 

taking all the sources of error into account.  

 

The results from the underwater test were satisfactory and simple image processing indicates that 

technologies with laser light theoretically would be possible.  

 

The measurement accuracy is an important aspect in the choice of technology and more tests should 

be considered.  
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8. Future work and recommendations 
The result of the project is far away from a marketable product. This thesis work only includes 

fundamental studies of technologies that could be used for measuring distance and angle to the 

object. Future work is needed to come up with a suitable prototype that can be tested in a similar 

radioactive environment. Recommendations are mentioned below for future work regarding these 

studied technologies.  

 

The most important part regarding this type of intended distance meter should include deeper 

studies in how to solve the image processing, including if the available information is sufficient and 

how to improve the measurements to reduce potential measurement errors.  

Further tests of the technology at closer distances than 12cm between the camera and object is 

needed since nuclear inspections usually takes place at closer distances than tested in this project. 

This requires a mechanical solution as to where to position the lasers so they are seen in the image 

and located in a certain pattern to perform the intended measurements.  

It would also be of interest to study whether the used red laser is the most suitable to implement in a 

distance application, or if a laser with shorter wavelength should be used. It has been discussed in 

other thesis reports that a green laser may be better in underwater applications, it’s however 

important to remember that the application must operate well in air too. It is also important to use a 

laser that is focusable at short distances for more accurate results. 

There should also be some research into the Lateral Displacement Prism, if it’s possible to find any 

radiation tolerant prism on the market or if there are any companies to collaborate with.  A good 

start could be to test the beamsplitter from Edmund Optics in a radioactive environment and see if 

the coating will react to the radiation.  

A prototype of each technology, including software for image processing and a calibration model, 

would make it possible to know what measurement accuracy to expect. Since no measurement 

accuracy can be estimated at the moment, no recommendation can be made as to which technology 

is best.  
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Appendix A 
Resolution calculations for the Trigonometry method 

The resolution for the first occasion when the distance changes between 390mm-410mm: 

 

𝐷 = 𝐿 tan(𝛼)    (18) 

 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑖𝑥𝑒𝑙𝑠 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝐴 − 𝐷 =  
1280

𝐿

400
∗110

(𝐴 − 𝐷)  (19) 

L = 400 mm, B = 110 mm, A = 100 mm (ref) 

 

The mounting angle α can be determined by reconstructing equation 18. If choosing L = 400mm and 

D = 90mm, the value of α ≈ 12.68°. Therefore, the angle α was chosen to 12.5° in the following 

calculations. 

 

L = 400 mm:   
1280𝑝𝑥

400𝑚𝑚
400𝑚𝑚

∗ 110𝑚𝑚
(100𝑚𝑚 − 400𝑚𝑚 ∗ tan(12.5°)) ≈ 131.75 𝑝𝑥 

 

L = 390 mm:   
1280𝑝𝑥

390𝑚𝑚
400𝑚𝑚 ∗ 110𝑚𝑚

(100𝑚𝑚 − 390𝑚𝑚 ∗ tan(12.5°)) ≈ 161.59 𝑝𝑥 

 

L = 410 mm:   
1280𝑝𝑥

410𝑚𝑚
400𝑚𝑚 ∗ 110𝑚𝑚

(100𝑚𝑚 − 410𝑚𝑚 ∗ tan(12.5°)) ≈ 103.37 𝑝𝑥 

 

The resolution can now be determined by calculating the differential between the different 

distances.  

 

From L = 400mm to L = 390mm: 
∆𝑝𝑥

∆𝐿
=

161.59 − 131.75

400 − 390
≈ 2.984 𝑝𝑥/𝑚𝑚 

 

From L = 400mm to L = 410mm: 
∆𝑝𝑥

∆𝐿
=

131.75 − 103.37

410 − 400
≈ 2.838 𝑝𝑥/𝑚𝑚 
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The resolution for the second occasion when angle between camera and object changes 

between 1°: 

 

The resolution for the second occasion, choosing the distance to be 400mm and then changing the 

angle  between camera and object by increasing and decreasing the angle 1°, can be calculated by 

equation 20 – equation 23 and finally equation 19. The calculations have been done in Matlab, where 

the resolution for every angle has been determined, with a 1° difference between the angles.  

 

 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑖𝑥𝑒𝑙𝑠 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑦 =  
1280

𝐿

400
∗110

(𝐴 − 𝐷)  (19) 

 

𝑥𝑜𝑏𝑗𝑒𝑐𝑡 = 𝑦 tan(𝛽) + 𝐿   (20) 

 

𝑦𝑙𝑎𝑠𝑒𝑟 = 𝑥 tan(𝛼) −
𝐴

2
   (21) 

 

𝑦𝑅𝑒𝑓2 = 5    (22) 

 

𝑦𝑅𝑒𝑓1 = −5    (23) 

 

L = 400 mm, B = 110 mm, A = 100 mm (ref) 

 

Where the equation 20 is the straight line equation for the plane (object) and equation 21 is the 

straight line equation for the measuring laser. Equation 22 is for the reference point 2 and equation 

23 is for the reference point 1.  

 

The result can be seen in the figures below. Where the first three figures are calculated with positive 

values for  and the secondly three figures are with negative values for . Note that the first figure is 

the resolution looking at the difference between reference point 2 and the laser point. The second 

figure gives the resolution wen looking at the difference between the reference point 1 and the laser, 

and the third figure is the difference between the two reference points.  
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The calculated values for positive  can be seen in the table below. Note that the table only 

is for clarifying how the resolution changes with changed values of  and only contains some 

of the measured angles.  

 

 [°] Ref2-laser [px/°] Ref1-laser [px/°] Ref2-Ref1 [px/°] 

0-1 0.2881 0.2825 0.0055 

1-2 0.2895 0.2729 0.0166 

2-3 0.2912 0.2634 0.0278 

10-11 0.3116 0.1898 0.1218 

19-20 0.3541 0.1002 0.2540 

29-30 0.4394 -0.0395 0.4789 

39-40 0.6001 -0.2977 0.8978 

49-50 0.9354 -0.9050 1.8404 

59-60 1.7987 -2.7907 4.5894 
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The calculated values for negative  can be seen in the table below. Note that the table only 

is for clarifying how the resolution changes with changed values of  and only contains some 

of the measured angles.  

 [-°] Ref2-laser [px/°] Ref1-laser [px/°] Ref2-Ref1 [px/°] 

0-1 0.2868 0.2924 -0.0055 

1-2 0.2858 0.3024 -0.0166 

2-3 0.2849 0.3126 -0.0278 

10-11 0.2840 0.4058 -0.1218 

19-20 0.2966 0.5506 -0.2540 

29-30 0.3310 0.8098 -0.4789 

39-40 0.3968 1.2946 -0.8978 

49-50 0.5186 2.3590 -1.8404 

59-60 0.7595 5.3489 -4.5894 
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Appendix B 
Below are the results from the laser test in air for the different test pieces. The blue circles indicate 

the measurement points, the blue stars indicate when the laser dot is almost invisible, and the red 

stars indicate when the laser dot is masked. 

Milled test piece:  

 

Test piece ground with 40k sandpaper:  
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Blasted test piece: 

 

 

Warm rolled test piece:  

 

 


