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Summary 

Mars has been the subject of much interest to science for many hundreds of years. For 

nearly four decades Landers have been sent to investigate the geology of the Martian 

surface and search for signs of life. Each mission has carried a camera system and these are 

reviewed. The aim of this thesis was to develop the capabilities of future Mars Lander 

multispectral camera systems.  

In 2018 the European Space Agency (ESA) – Roscosmos ExoMars Rover, carrying a 

Panoramic Camera (PanCam), will be launched to conduct exobiology investigations on the 

Martian surface.  As liquid water is required to sustain life, a new filter set has been 

developed for the PanCam instrument to detect the hydrated minerals indicative of past 

liquid water. The scientific and engineering implications of the filter bandwidths have been 

investigated and the methods and results are presented.  

In order to allow true colour images and reflectance spectra to be generated from 

multispectral data sets, and to meet the stringent cleanliness levels required, a new 

calibration target (the PanCam Calibration Target (PCT)) is being developed. The PCT will be 

made from stained glass and the manufacturing and characterisation techniques used on 

the prototype are described.  

As a functioning prototype of the PanCam instrument is not yet available for testing, an 

emulator has been developed at Aberystwyth University. The calibration and data 

processing methods developed using the Aberystwyth University PanCam Emulator (AUPE) 

are presented along with the results from field testing in Iceland.  

The scientific capabilities of Mars Lander multispectral cameras are limited by the number 

of wave bands they can image.  The development, calibration and testing of an innovative 

hyperspectral camera are described. The Hyperspectral Imaging Wide Angle Camera 

(HiWac) uses well established technology and so offers improved scientific capabilities for 

future Mars missions.  
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1. Introduction 

 

 

 

 

Figure 1-1 Mosaic image of Mars. The feature across the centre is the largest known chasm in the solar system, Valles 
Marineris. Image from [1] 

1.1 The Planet Mars 

Mars has been the subject of much scientific investigation for many centuries. It is not the 

closest of the neighbouring planets to the Earth, but because of its more favourable orbit for 
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observations and relatively clear atmosphere, the surface of Mars is easier to study by 

telescope than Mercury or Venus. The surface of Mars was studied and documented as 

early as 1659 by Christiaan Huygens. Since then the body of knowledge has grown through 

the observations of numerous astronomers [2].  

Mars is smaller than the Earth with a diameter around half that of the Earth. It is around 

50% further from the sun than the Earth and has an orbital period which is longer, so that a 

Martian year is approximately twice as long as an Earth year. Mars spins on an axis tilted at 

approximately 25° and so like the Earth has opposing seasons in the north and south 

hemispheres. The rotational period of Mars is very similar to that of the Earth so that each 

Martian Sol is only 37 ½ minutes longer than an Earth day [2]. Some data about Mars is 

summarised in Table 1-1. 

Distance from the Sun 

 

Minimum 1.381 AU = 2.067 X 108 km 

Average 1.524 AU = 2.279 X 108 km 

Maximum 1.666 AU = 2.492 X 108 km 

Orbital Period 686.98 days = 1.88 Earth years 

Rotation period 24h 37m 22s 

Inclination of equator to orbit 25.19° 

Diameter 6794km = 0.533 Earth Diameter 

Mass 6.418 X 1023 kg = 0.107 Earth mass 

Escape velocity 5 km/s 

Surface gravity 0.38 Earth gravity 

Surface temperature Minimum -140 °C 

Average -53 °C 

Maximum 20 °C 

Table 1-1 Summary of Mars data. Data from [2] 

The similarities between Mars and Earth have caused much speculation regarding the 

existence of life on Mars. In 1877 Giovanni Schiaparelli observed what he thought to be 

straight “channels” on the Martian surface. “Channels” was mistranslated to “canals” and so 

it was widely speculated that intelligent life, with significant civil engineering capabilities, 

inhabited the Martian surface [2]. Subsequent observations found the canals were illusions, 
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but there is still a persistent belief that life exists on Mars. Finding extinct or extant life on 

the Martian surface has been a goal of science ever since. 

1.2 Space Probes and Landers 

Several space probes have been sent to obtain closer observations of Mars; the NASA 

Mariner and USSR Mars orbiters of the 1960s and early 1970s providing vast amounts of 

new information about the planet. Although Orbiters provided unprecedented views of 

Martian geological features, they could not confirm whether life existed on the surface. In 

order to investigate the Martian surface, landing probes were sent so that observations and 

measurements could be made in much greater detail. 

1.3 Camera systems  

As most of the previous information obtained about the Martian surface had been obtained 

through visual observations, camera systems have been included on all Mars Landers. In the 

four decades that Landers have been sent to the Martian surface, imaging technology has 

undergone significant development and so the camera systems on the latest Landers are 

quite different from those on the earliest ones. Spectroscopy has been a valuable tool for 

the remote investigation of planetary surfaces and other astronomical phenomena. As 

spectroscopy can provide diagnostic information about objects remotely, cameras on recent 

Mars Landers have been equipped with spectroscopic capabilities to increase the amount of 

information they can capture. 

1.4 How the thesis came about 

The work described in this thesis was not the author’s original topic of study. In January 

2007 the author began a PhD on the development of a rapid imaging ellipsometer under the 

supervision of Dr Tudor Jenkins. An instrument incorporating a novel variable geometry 

camera was designed, developed and constructed by the author and subsequently patented 

[3, 4]. In November 2009 Dr Jenkins suddenly became ill and passed away. Although the 

work on imaging ellipsometry was continued, the author became involved in the work on 

the development of the ExoMars PanCam. Early in 2012 the author officially changed PhD 

topic and much of the work presented in this thesis has been carried out since then.  
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1.5 Layout of the thesis and contributions 

The work described in this thesis is the culmination of a number of studies carried out as 

part of, or following on from, work relating to the development of the multispectral 

Panoramic Camera (PanCam) instrument for the ESA / ROSCOSMOS 2018 ExoMars mission. 

The work covers aspects of Mars surface imaging from several scientific fields including 

physics, engineering, geology, planetary science and remote sensing. Although the work 

covers several scientific fields it has been approached from the perspective of physics and 

engineering. The main focus of the work is therefore the design, operation and capabilities 

of the instrument rather than the scientific results it will yield.    

The work has been undertaken in collaboration with a number of people in Aberystwyth 

University, elsewhere in the UK and internationally. Whilst the published work of others 

included in the thesis has been referenced wherever it is mentioned, much of the work 

carried out by the author has been carried out collaboratively or has built on work carried 

out by others. In order to ensure that there is no ambiguity as to which work is claimed by 

the author for assessment in this thesis, brief descriptions of the contributions are given 

below on a chapter by chapter basis. 

1.5.1 Chapters 2 and 3 

These are review chapters and are summaries of the work of others. The author’s 

contribution to these chapters has been to research the previous work and collate the 

information presented. 

1.5.2 Chapter 4 

This chapter introduces the theory and experimental methods underpinning the work 

described in later chapters. The underlying theory and equations are summarised from a 

number of sources, all of which are referenced. However the author was responsible for 

some of the experimental apparatus and techniques used for data analysis were developed, 

including: 

1. Design, machining and coating of the 50mm satellite integrating sphere described on 

page 99. 
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2. Design, machining and coating of the aluminium port plugs for carrying out 

reflectance and transmittance measurements with the Labsphere general purpose 

integrating sphere described on page 100. 

3. The iterative method of correcting the refractive index and extinction coefficient 

values obtained from reflectance and transmittance measurement not taken at 

normal incidence described on page 92. 

4. The method of correcting Single Beam Substitution Error using a computerised 

minimisation algorithm described on page 106. 

1.5.3 Chapter 5 

This chapter describes the optimisation of the PanCam geology filter set and some 

considerations which could affect its performance. The initial study described briefly in 

section 5.3.1 was carried out by Dr Claire Cousins and co-workers [5]. The author’s 

contribution to this publication was the XRD measurement and data analysis of the Mars 

analogue samples used to test the filter set. 

In the subsequent study described in 5.3.2 the filter wavelength selection work was again 

carried out by Dr Cousins. In this study the author analysed the Mars analogue samples 

using XRD and Raman spectroscopy. Following on from the initial development of the filter 

set by Dr Cousins the author carried out work to further refine and improve them including: 

1. Optimising the filter bandwidth by analysing the effects of the bandwidth on the 

measured spectra and analysis of the effect of the bandwidth on the exposure time 

of the camera. 

2. Re-optimisation of the PanCam filter set using more efficient computer optimisation 

algorithms. 

3. Measuring the Beagle 2 filters off axis and analysing the data.  

The work on the PanCam filter selection and bandwidth optimisation was published in [6]. 

The measurements and analysis of the Beagle 2 filters was published in a conference paper 

[7] and presented at the Hyperspectral Imaging conference in Glasgow in 2011. In addition 

to the measurements and analysis of the Beagle 2 filters, the paper presented a method 

which could be used to obtain additional spectral information from the ExoMars PanCam 

instrument. This work has not been developed further and is not described in this thesis 
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although the conference paper is included in Appendix D. The paper also describes the 

initial proof of concept for the Hyperspectral Imaging Wide Angle Camera (HiWac) described 

in Chapter 8. 

1.5.4 Chapter 6 

This chapter describes the development and testing of the Aberystwyth University PanCam 

Emulator (AUPE). The AUPE system and its data processing pipeline have been developed by 

a number of people, under the supervision of Professor Dave Barnes, over many years. The 

author has been heavily involved in much of the work and was responsible for: 

1. Determining the required specification of the cameras, lenses and filters and 

sourcing the parts. 

2. The mechanical design of the AUPE hardware for both the MK1 and MK2 

instruments including the filter wheels and mechanical mounting. 

3. Fitting and assembly of the AUPE1 filter wheels and housings and all subsequent 

modifications. 

4. Machining, painting, fitting and assembly of the AUPE2 filter wheels and camera 

mounts. 

5. Research into the calibration methods for Mars Lander cameras.  

6. Measurement, analysis and interpretation of the AUPE2 calibration data. 

The software used to control the AUPE system was developed under the supervision of 

Professor Barnes by two individuals; the server software was developed by Dr Laurence 

Tyler and the ACE camera control client software was developed by Dr Stephen Pugh. The 

author has provided user feedback regarding desirable features but has not been directly 

involved in the development of the software. 

The data processing pipeline for the AUPE2 and PanCam instruments has been researched 

and developed by Professor Barnes who implemented the processing pipeline in Mathcad. 

This has subsequently been re-implemented by the author in order to correct camera 

artefacts using the calibration data. The author introduced a weighted least squares line 

fitting algorithm into the processing pipeline and carried out all of the error analysis and 

propagation used to determine the uncertainty in the data products. 
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Fieldwork in Iceland was carried out in collaboration with Jennifer Harris, Dr Peter Grindrod 

and Dr Claire Cousins. The author’s role was to operate and maintain the AUPE2 camera 

system and set up and maintain the Ocean Optics Jaz spectrometer and ISP-REF integrating 

sphere probe. All data from the field trip presented in this thesis was processed, analysed 

and interpreted by the author. The author is currently carrying out XRD measurements and 

analysis of samples from the field trip for a future publication describing the work [8] as for 

previous investigations [5, 6, 9]. 

1.5.5 Chapter 7 

The work carried out in this chapter describes the development and characterisation of the 

camera calibration target for the ExoMars PanCam instrument (the PanCam Calibration 

Target (PCT)) which was initiated by Professor Dave Barnes. Funding for the PCT 

development was obtained by Professor Barnes from STFC / UK space agency under grant 

numbers ST/G003114/1, ST/I002758/1 and ST/L001454/1. The glass for the MK1 PCT was 

manufactured by Dr Martin Wilding; the layout of the PCT was designed by Professor Barnes 

and the AFM measurements were carried out by Rachel Cross.  

The author is responsible for all of the sample processing, PCT manufacture, experimental 

measurements and data analysis described in this chapter. This includes: 

1. Cutting, grinding, polishing, roughening and coating of the PCT MK1 glass. 

2. Specification and selection of the Schott glass for the MK2 PCT as well as the cutting, 

grinding and polishing. 

3. The mechanical design, machining, heat treatment and assembly of the MK1 and 

MK2 PCT. 

4. All reflectance and transmittance measurements and data analysis. 

5. All spectroscopic ellipsometry measurements and data analysis. 

The radiation testing of the PCT MK1 glass samples described in section 7.5.2 was carried 

out by the author and the team running the cyclotron facility at Birmingham University. 

Proton irradiation was carried out alongside the radiation testing of the ExoMars Life 

Marker Chip with access provided by Professor Mark Sims. 
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1.5.6 Chapter 8 

This chapter describes an entirely new and novel type of hyperspectral camera which may 

offer a step change in the development of cameras suitable not only for future mission to 

Mars but also other space exploration. The Hyperspectral Imaging Wide Angle Camera 

(HiWac) was invented predominantly by the author with input from Professor Dave Barnes 

who provided a sounding board for ideas and funding for initial proof of concept testing. 

The developmental work on the HiWac prototype was carried out by the author including: 

1. Writing the grant application for the Ocean Optics BlueOcean grant. 

2. Specification, selection and procurement of parts. 

3. Mechanical design, machining, fitting and assembly of the camera system and 

control electronics. 

4. Development of the calibration process using an integrating sphere and 

monochromator. 

5. Processing, analysis and interpretation of calibration data. 

6. Capture, processing and analysis of image data. 

7. Writing the (unsuccessful) Phase 2 BlueOcean grant funding application. 

The LabView program used to extract spectra from the image cube was written by Dr David 

Langstaff.  The linear variable filter hyperspectral camera which is being developed from the 

earlier work on HiWac is being developed by Professor Barnes, the author, Dr Langstaff, 

Rachel Cross, Dr Laurence Tyler and colleagues at the Mullard Space Science Laboratory 

(MSSL). The proposal for the UK Space Agency Crest 2 grant (number ST/L00500X/1) which 

is funding the development of this camera system was prepared by Professor Barnes and 

colleagues from MSSL. Parts of the Phase 2 BlueOcean grant funding application were 

incorporated into the proposal. The phase 1 BlueOcean grant application and end of project 

report are included in Appendix D. 

1.6 Figures 

Many figures are included in this thesis to illustrate various points. A significant proportion 

of these figures were prepared by the author. However some figures were obtained from, or 

adapted from, other sources and in all cases the original source is referenced or credited in 

the figure caption.  
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2 A review of Mars Lander missions and cameras – past, 

present and future 

 

 

2.1 Mars Lander Missions 

The Mars Lander missions described in the following section landed (or attempted to land) 

predominantly in locations near the Martian equator. All of the previous missions discussed 

here made it as far as Mars and with the exception of Beagle 2 are known to have made 

successful soft landings. The locations of the landings along with images of the landers are 

shown in Figure 2-1, whilst some facts and figures about the missions are summarised in 

Table 2-1.  

 

Figure 2-1 Mars Landers and landing sites. Lander images from[1] except Pathfinder / Sojourner[10] and ExoMars[11]. 
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Mission Mars 3 [12] Viking 1 [12] Viking 2 [12] Mars Pathfinder [12] Beagle 2 [12] 

Lander Type Pod lander Legged lander Pod Lander + Rover Pod Lander 

Objectives Soft landing, Investigate 
atmosphere and surface 

Soft landing, Monitoring – seismological, environmental, 
metrological 

Technology demonstrator, 
Characterise environment 
– imaging, metrology, 
atmosphere, geology 

Search for evidence of past 
or present life 

Launch Vehicle Proton rocket with Mars 3 
orbiter 

Titan III rocket along with Viking 1 & 2 orbiters 
respectively 

Delta 2 rocket Soyuz-Fregat rocket 

Operator, Prime 
contractor 

Soviet Union, NPO 
Lavochkin 

NASA, Martin Marietta NASA, JPL ESA, EADS Astrium 

EDL after parachute Retro rocket, crushable 
material 

Hydrazene variable thrust retro rocket, Shock absorbers 
in legs 

Braking Rockets, Airbags Air bags 

Launch Date 28/05/71 20/08/75 09/09/75 04/12/96 02/06/03 

Landing Date 02/12/71 20/08/76 03/09/76 04/07/97 25/12/03 

Landing Site 45˚S 158˚W Cryse Platina 
22.48˚N, 47.94˚W 

Utopia Platina 
47.97˚N, 225.86˚W 

19.33˚N, 33.55˚W 11.53˚N, 90.53˚E 

Mission End 20 sec after landing 13/11/82 
1775 Sols 

11/04/80 27/09/97 Intended duration 180 
sols, Mission lost 

Masses EM - 1210Kg 
SM - 350Kg 

EM - 1185Kg 
SM - 612 Kg 

EM - 585Kg 
SM - Lander 264Kg + Rover 
10.5Kg 

EM - 68.8Kg 
SM - 33.2Kg 

Power PB Up to 90W from 2 X 30W RTGs [1] + NiCd SB Lander 177W PV + Ag-Zn 
SB, Rover 16.5W PV + 
LiSOCl PB 

PV + Li-ion SB 
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Mission MER A Spirit [12] MER B Opportunity [12] Phoenix [12] MSL Curiosity [10]
 

ExoMars[11] 

Lander Type Pod landed rover Legged lander Rover (legged lander)  Legged lander 

Objectives Study geology – signs of past water, mineral 
compositions inc iron mineral types, evidence of 
geological processes, ground truth  for orbital 
measurements. 

Study near surface 
chemistry and geology of 
polar landing site 

Biological - determine 
nature, origin & inventory 
of organic carbon 
compounds. 
Environmental – study 
geochemistry, atmospheric 
evolution and surface 
radiation.  

To search for extinct or 
extant life. 

Launch Vehicle Delta 2 rocket Delta 2 rocket Atals V rocket Proton Rocket [13]
 

Operator, Prime 
contractor 

NASA, JPL / Cornell NASA, Lockeed Martin 
Aeronautics 

NASA, JPL ESA & Roscosmos 

EDL after parachute Retro rockets, airbags Hydrazene descent 
rockets, shock absorbing 
legs 

Skycrane landing platform Rocket based soft landing 
system 

Launch Date 10/06/03 07/07/03 04/08/07 [10]
 

26/11/11 2018 

Landing Date 04/01/04 25/01/04 25/05/08 [10]
 

06/08/12 ~9 months after launch 

Landing Site Gustav Crater   
14.57˚S, 175.47˚E 

Meridiani Planitia 
1.95˚S, 354.47˚E 

Green Valley [10]
 

68.13˚N, 125.42˚W 
Gale Crater 
4.5˚S, 137.4˚E 

Na 

Mission End 25/05/11[10]
 

Still going 10/11/08 [10]
 

Still going Planned duration 180 sols 
[13]

 

Masses EM - 830Kg 
LM - Platform 348Kg + Rover 185Kg 

 LM - 328Kg LM – rover 900Kg 270Kg [13]
 

Power PV – upto 160W, Li-Ion SB
2 

PV + NiH2 SB 110W RTG[14]+ SB PV + SB 
Table 2-1 Summary of Mars Missions. 

Key 
Lander Mass EM = Entry Mass  - on entering atmosphere, SM = Surface Mass  
Power PB=Primary Batteries (non rechargable for long term energy storage), SB = Secondary Batteries (Rechargable for short term energy storage), 

PV = Photo Voltaic, RTG=Radioisotope Thermal Generator, NiCd = Nickel Cadmium, NiH2 Nickel Hydride 
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2.1.1 Mars 3  

In 1973 the Soviet Union’s Mars 3 [15] probe was the first manmade object to successfully 

make a soft landing on the Martian surface. Unfortunately the lander failed after 

transmitting only 20 seconds of data. It has been suggested that its failure was the result of 

a corona discharge caused by what was believed to be the most serious dust storm ever 

observed on the planet up to the time of landing. The lander was a roughly spherical 

structure with 4 segmented “petals” which opened to self-right the lander and expose the 

instruments. In addition to the two cycloramic cameras the lander carried a mass 

spectrometer, atmospheric sensors (temperature, pressure and wind), and a tethered 

walking 4.5Kg rover (Prop-M) to determine surface mechanical properties. Power was 

provided by a battery which was charged from the Mars 3 orbiter before release and so the 

surface mission was only ever intended to be of short duration.  

2.1.2 Viking Landers 

The two NASA Viking landers successfully touched down in 1976 and returned scientific data 

to Earth until communication was lost in 1980 and 1982. The three legged landers each 

carried a 91Kg suite of scientific instruments including two facsimile camera systems, a 

seismometer, meteorology sensors (wind direction, velocity, air temperature, atmospheric 

pressure), a robotic arm with a temperature sensor, magnet and sample scoop, a biology 

experiment and an x-ray fluorescence spectrometer [1, 12]. The landers were each powered 

by two Radioisotope Thermoelectric Generator (RTG) units [1] which provided electrical 

power by converting the decay heat of Plutonium 238 into electricity using thermopiles [16]. 

The long half-life of Pu 238 (87.7 years) allowed the landers to continue to operate without 

a significant loss of power for many years – the RTGs could still be producing useful power 

now. During their missions the two landers returned a wealth of information about the 

Martian surface and geology including the first close up images of the surface [17]: both 

colour and monochrome images in the visible and infra-red. The information gathered by 

the Viking Landers was used to define the objectives and payloads of subsequent missions. 

2.1.3 Mars Pathfinder 

More than 20 years after the launch of the Viking missions, the next Martian surface probe 

was the NASA Mars Pathfinder mission. Pathfinder was developed as a low cost feasibility 

study [1] into the use of mobile rovers on the Martian surface and consisted of a static 
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lander with a small mobile rover. The static lander served primarily as a communications 

relay for the Sojourner rover but also carried the mast mounted stereo multispectral camera 

system – the imager for Mars Pathfinder [18] used for surveying the landing site. In addition 

to the camera the lander carried the wind socks and magnetic properties experiments which 

were monitored by the camera [19] and a meteorology instrument package [1]. The 

Sojourner rover carried its own cameras (monochrome and colour), an Alpha Proton X-ray 

spectrometer, optical sensors to monitor the rate of dust accumulation and a mechanical 

abrasion experiment [1].   

2.1.4 Beagle 2 

The Beagle 2 Lander was a lightweight and compact static lander which was carried to Mars 

on the Mars express Orbiter. Beagle 2 had the highest scientific payload mass fraction of any 

Martian lander to date – 15% of the total Beagle 2 launch mass (the lander and its ancillary 

equipment) or 33% of the final landed mass [20]. Its instruments included  a robotic arm 

which carried a multispectral stereo camera system, a Mossbauer spectrometer, an x-ray 

fluorescence  spectrometer, a microscope, an abrasion tool and a “mole” for sub surface 

sample collection [1, 20]. Mounted in the body of the lander were environmental sensors 

and a gas chromatograph mass spectrometer for analysing collected samples [1, 20]. No 

communications were received from Beagle 2 after its release on a ballistic trajectory five 

days before it was due to land and no firm conclusions have been drawn on the reasons for 

its failure [21]. 

2.1.5 Mars Exploration Rovers – Spirit and Opportunity 

Following the successful demonstration of the benefits of a mobile rover with Sojourner, 

NASA developed larger rovers with comprehensive scientific instrument packages to 

investigate the Martian geology [22]. The Mars Exploration Rovers (MER) Spirit and 

Opportunity were the first truly mobile Martian landers and were capable of traversing up 

to 100m per sol[1]. The two identical rovers each carried a suite of robotic arm mounted 

instruments including a Mossbauer spectrometer, rock abrasion tool, microscopic imager 

and alpha particle x-ray spectrometer. The stereo multispectral panoramic camera [23] 

(Pancam) was mounted on the mast as were the collecting optics for the Minature Thermal 

Emission Spectrometer (Mini-TES) [1, 22]. The body of the rovers carried a suite of 

engineering sensors including hazard avoidance and navigation cameras as well as the solar 
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panels, magnetic sweep experiment and the camera calibration target [1, 22]. The objective 

of both rovers was to cover at least 600m over 90 sols [22]. The Spirit rover became stuck in 

sand after covering approximately 7.7Km over 2555 sols, exceeding its intended mission 

duration by a factor of more than 28 [10]. Opportunity has covered more than 35Km to date 

and is still operating [10].   

2.1.6 Phoenix Lander 

The Phoenix lander was the first probe to return data from the Martian polar regions 

following the loss of the Mars polar lander in 1999 [1]. As with the Mars polar lander, 

Phoenix was designed to investigate the Martian polar environment to assess surface and 

climatic conditions including the interaction of volatile compounds with the regolith [1]. A 

priority for the mission was to dig through the surface soil to search for the water ice 

detected below the Martian surface by the Mars Odyssey Orbiter in 2002 [10]. The landers 

scientific payload included a multispectral panoramic stereo camera, optical and atomic 

force microscopes, an electrochemistry and conductivity analyser, thermal and evolved gas 

analyser, a suite of meteorological instruments, a magnetic dust properties experiment and 

a robotic arm for digging and sample collection which was also equipped with a camera [1]. 

2.1.7 Mars Science Laboratory - Curiosity 

The Mars Science Laboratory (MSL) rover Curiosity is the most technically advanced Mars 

rover to date [10] and is by far the largest lander to be sent to the Martian surface. Powered 

by an RTG the rover is designed to cover large distances on the Martian surface during its 

one Martian year (approximately two Earth years) primary mission [1]. Its main mission 

objectives are to seek signs of life by searching for organic carbon compounds and building 

up an inventory of the chemical building blocks of life found on the Martian surface. It will 

also continue to characterise the Martian surface geology and mineralogy and measure the 

Martian radiation environment [1]. The rover carries an array of instruments including high 

resolution stereo colour and multispectral camera system, a long standoff Laser Induced 

Breakdown spectroscopy (LIBS) instrument with a useful range of up to 7m, a Sample 

Analysis at Mars (SAM) instrument suite, X-ray diffraction and fluorescence instruments,  

radiation detectors, an environmental monitoring station, and a robotic arm equipped with 

an alpha particle x-ray spectrometer, hand lens imager camera, drill, sample collection 

scoop [10] an a brush to remove dust from rock surfaces.  
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2.1.8 ExoMars 2018 

ExoMars is a two part European Space Agency mission aimed at establishing whether life 

has ever existed on Mars [11]. The first part of the mission will consist of an orbiter 

containing instruments including a trace gas analyser to search for methane in the Martian 

atmosphere. An entry, descent and landing technology demonstrator will be carried to Mars 

with the orbiter and they are due to be launched in 2016. The results from the instruments 

on the 2016 mission will be used to select the landing site for the 2018 ExoMars rover.  

The second part of the ExoMars mission will be a rover currently under development by ESA 

in collaboration with Roscosmos. The 2018 rover will carry the Pasteur science payload 

which has changed several times in recent years due to funding constraints and changing 

collaborations. The payload currently consists of a mast mounted Panoramic Camera 

(PanCam) which includes a stereo wide angle multispectral camera system and a high 

resolution colour camera, a close up imager, ground penetrating radar, and a combined drill 

and spectrometer to collect spectra and samples up to 2m below the Martian surface. 

Collected samples will be analysed in internal analytical instruments including an  infra-red 

hyperspectral microscope, Raman spectrometer and organic molecule analyser [11].   

2.2 Mars Lander Camera Systems 

Imaging technology has changed significantly over the four decades during which the 

landers described above have been flown to Mars. Some of the earliest cameras sent into 

space used photographic film. Image data was transmitted back to Earth for storage and 

reconstruction after the film was exposed, chemically developed and scanned with a serial 

scanner [24]. Although these camera systems were heavy and mechanically complex they 

produced high quality images. Indeed photographic film cameras on board the Soviet 

Union’s Luna 3 orbiter captured the first images of the far side of the moon in 1959 [24]. 

In spite of previous successes, film cameras were not suitable for planetary surface 

deployment and alternatives were sought. Two principal technologies have been used in 

Mars lander camera systems – serial scanning cameras and framing cameras based on focal 

plane arrays. The main specifications of the scientific cameras flown on the missions 

described above are summarised in Table 2-2 and described in the following section. 

Engineering cameras intended for navigation and microscopic cameras are not considered. 
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Mission Mars 3 [24] Viking  1 & 2 [25] Pathfinder [18] Beagle 2 [26] 

Camera name Mars 3 lander Cycloramic 
Cameras  

Viking Lander Facsimile Cameras  Imager for Mars Pathfinder (IMP) Beagle 2 Stereo Camera System 
(B2 SCS) 

Camera type / 
configuration 

2 serial imaging mode 
“cycloramic telephotometer” 
Cameras, vertical scanning  

2 serial mode “Facsimile” 
cameras, vertical scanning 

Single frame transfer 
monochrome CCD camera split 
between two “eyes” with 
separate filter wheels 

2 CCD cameras with filter wheels 

Camera elevation 1m (estimated from [15])  1.75m, 3.4Km to horizon Up to 0.7m 

Sensor(s) FEU-54 photomultiplier tube 12x photodiodes 512 x 512 CCD from Loral [27] Frame transfer CCDs 

Pixel size (H x V) N/A N/A 23 x 23um inc  6um anti 
blooming channel 

14 x 14um 

Stereo separation 120mm 
(estimated from [15]) 

800mm 150mm 209mm 

Toe In  N/A N/A L – 0.72˚, R – 1.4˚. Overlap @ 4m 3.73˚, Overlap @ 1.2m [20] 

Angular resolution 0.06˚(estimated from [24]) Low res – 0.12˚ 
High Res – 0.04˚ 

0.057˚ 0.043˚per pixel 

Field of view H x V 
deg 

360˚ X 29˚ Low res – 2.5 to 352.5˚x 61.44˚,  
High res 2.5 to 352.5˚x 20.48˚ 

14.4˚ x 14˚ 34 x 34˚ but vignetting gives 
circular frame of ~40˚ diameter 

Exposure times & 
mode 

  0 to 32s in 0.5ms increments. 
Auto exposure available.  

1ms to 65.535 sec in 1ms 
increments. 

Frame rate 4 lines / sec, 25 min / full 
panoramic frame 

Time per degree in  azimuth:  
Rapid scan – survey 1.84 sec, 
colour & high res 5.52 sec 
Slow scan – survey 2 min, colour 
& high res 6 min 

2 second readout after frame 
transfer for full array, 1s for left 
eye only 

1.132s readout after frame 
transfer. 

Scene coverage H x V 360˚ X 29˚ 352.5˚ x 100˚ (40˚ above to 60˚ 
below horizon) 

360˚ x 157˚ (zenith to 67˚ below 
horizon 

360˚ x 180˚ 

Image resolution 6000 x 500   512 samples / line  2X 250 x 256 images on CCD 1024 x 1024 

Wavelengths / filter 
wheel slots 

Panchromatic 12 photodiodes each. 4x high res 
at different focus, 6x low res 
colour + IR, low res pan 
chromatic, low res solar (no 
amplification) 

12 slots per wheel. 15 geology & 
8x solar filters, 1x dioptre. 

12 slots per filter wheel, 24 total. 
12x geology, 6x solar, 2x stereo 
(lenticular), 2x colour (lenticular), 
1x DEM (in combination with a 
geology filter) , 1x close up lens 

Dynamic Range / SNR  6 bit, SNR Survey – 420, colour & 
high res ~220 

12 bit, SNR  350 10 bit, SNR Left – 143 Right - 122 

Lens type  Achromatic triplet [28] Cooke triplet Unknown 
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Lens focal length (s)  57.3mm [28] 23mm 22.26mm  for plane filters, 
22.71mm for lenticular filters  

Lens F#  f/5.6[28] f/18 f/11.13 plane, 
 f/ 11.35 lenticular 

Focus  Fixed at a hyperfocal distance of 
3m, in focus 1.5m to   

High res – 4x photodiodes with 
sharp focus at 1.9, 2.7, 4.5 & 
13.3m. Low res – hyperfocal 
distance of 3.7m, in focus 1.7m 
to   

Sharp focus at 1.3m, Depth of 
field 0.5m to   

Plane filters 0.6m to 1.2 m, 
lenticular filters 1.2 m to  , close 
up lens 8 to 9 cm.  
 

Camera mass 1.3Kg each 7.26Kg each inc electronics [17] 5.2kg inc PTU [10] 360g total camera system mass, 
camera modules 110g each [29] 

Power consumption 2.5W Low res – 34W [17] 
High res – 27W 

2.6W [10] 1.8 W 

Additional hardware  Calibration targets – geometric 
and radiometric, magnets, wind 
vain, dust blower [28] 

Radiometric standard reflectors, 
Magnetic properties 
investigation, 3x wind socks. 

Wide Angle Mirror (WAM) – 
21.25g, torches – 2.47g 

Images returned 1x partial – 79 lines. Viking 1 + 2 >1400 [23] >16500[27] 0 
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Mission MER A & B [23] Phoenix [30] Curiosity  [31] ExoMars [32] 

Camera name MER Athena Panoramic Camera 
(MER Pancam) 

Surface Stereo Imager (SSI) Mastcam 
M34 (L), M100 (R) 

ExoMars Panoramic Camera 
(ExoMars PanCam) 

Camera type / 
configuration 

2 frame transfer CCDs with filter 
wheels 

2 frame transfer CCDs with filter 
wheels 

2 colour bayer filter CCDs with 
filter wheels and optics with 
internal variable focus . 

2 multispectral wide angle 
cameras with filter wheels & 1x 
high resolution colour camera 
using filter stripes [33] 

Camera elevation 1.54m 793.5mm above deck 2m [34] 1.7m 

Sensor(s) 1024 x 2048 Mitel (DALSA) frame 
transfer CCD’s 

1024 x 2048 Mitel (DALSA) frame 
transfer CCD’s (MER flight 
spares) 

Kodak KAI-2020 inter line 
transfer CCD with Bayer array 
colour filter [34] 

Star 1000 radiation hard CMOS  
Active Pixel Sensor (APS)  

Pixel size 12 x 12 um 12 x 12 um 7.4um 15 x 15 um [35] 

Stereo separation 300mm 150mm 200mm 500mm [33] 

Toe In  1˚, overlap @ 10m 1.37˚, Overlap @ 3m [36]  2.8˚ [37] 

Angular resolution 0.016˚ 0.014˚ Per pixel M34 – 0.012˚, M100 -0.0042˚  WACs - 0.033˚, HRC - 0.005˚ 

Field of view H x V 
deg 

16˚ x 16˚ 13.8˚ x 13.8˚ M34 – 18.4˚ x 15˚ 
M100 – 6.3˚ x 5.1˚ 

WACs – 36.8˚ x 36.8˚ 
HRC – 5˚ x  5˚ 

Exposure times & 
mode 

0 to 335s in 5.12ms increments. 
Auto exposure & relative 
exposure times for geology 
filters. 

0 to 335s in5.12ms 
increments[36] 

Auto or commanded [38]  

Frame rate 5.2s readout after frame transfer 5.2s readout after frame transfer 
[36] 

10 / sec at 720p HD 
5 / sec at full resolution[10] 

 

Scene coverage H x V 360˚ x 180˚ 360˚ x 150˚ (zenith to 60˚ below 
horizon) 

360˚ x 178˚ (91˚ up to 87˚ down) 
[39] 

360˚ x 180˚ [33] 

Image resolution 1024 x 1024 1024 x 1024 1600 x 1200  

Wavelengths / filter 
wheel slots 

8 filters per wheel, 16 total 12 filters per wheel. 12 filters per wheel. WACs - 11 filters per wheel, 
 HRC - 3 filter stripes (R, G, B)  

Dynamic Range / SNR SNR >200 @ 50% full well. SNR >200 @ 50% full well [36]   

Lens type Cooke triplet [40, 41] Cooke triplet[36] M34 – 8 elements (5 static, 3 
focus), M100 – 9 elements (6 
static, 3 focus) [31] 

 

Lens focal length (s) 43mm 49.98mm [36] M34 – 34mm & M100 100mm  

Lens F# f/20 f/20.2[36] M34 – f/8, M100 – f/10 f/10 [37] 

Focus  Best focus at 3m, depth of field 
1.5m to   

Cameras – best focus at 3m, 
good focus 2m to  . Deck filters 

Variable focus 2m to   WACs – fixed focus, DOF 1m to   
HRC – variable – 0.98m to   
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best focus 1 to 1.4m 

Camera mass 267g  per camera including 
electronics box 

Camera head and mast 4.46Kg, 
electronics 0.91Kg [36] 

<0.9Kg per camera [42] 
 

WACs 200g each, HRC 300g [33], 
total  1.75Kg inc optical bench & 
electronics 

Power consumption per camera: 1.4W (Idle), 2.4W 
(Integration & readout), 3.8W 
(Fast flush) 

4.2W idle, 11.8W imaging, 51.2W 
peak [36] 

 WACs – 1.5W, HRC 0.9W [33] 

Additional hardware Sundial Calibration target, 3.5W 
strip heaters attached to 
electronics boxes and filter 
wheels 

“iSweep” Calibration targets with 
magnets, “Telltail” mechanical 
anemometer 

Calibration target (MER flight 
spare), fiducial markers 

PanCam Calibration Target (PCT) 
and Rover Inspection Mirror 
(RIM) 

Images returned (Full frame + Sub frame + down 
sampled, = Total) [43] 
Mer A Spirit: 29510 + 39439 + 
12320 = 81260 
Mer B Opportunity: 34994 + 
56377 + 15693 = 107064 

29930 [36]  N/A 

Table 2-2 Summary of Mars Lander camera properties. Unless otherwise stated, information in each column is from the reference at the top of the column.
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2.2.1 Mars 3 cycloramic cameras 

The Mars 3 cameras designed by Arnold S. Selivanov and Iuri M. Gektin were serial imaging 

“Cycloramic” cameras of the same design as those employed on the Luna 9 lander. A 

nodding mirror scanned the scene in elevation onto a Photoelectron Multiplier Tube (PMT) 

detector whilst a rotating assembly scanned in azimuth and the camera captured 

monochrome images [24]. The cameras were designed to capture 360˚panoramic images 

29˚ high with resolutions equivalent to around 3Mp. The camera units contained the drive 

motors, photomultiplier, 1.7Kv power supply, and control and amplification electronics. The 

cameras were remarkably light at 1.3Kg each and consumed only 2.5W of power[24]. Two 

cameras with a small separation[15] were capable of producing stereoscopic images. An 

image of the camera and diagram of the construction are shown in Figure 2-2. 

 

Figure 2-2 Image and diagram of the Soviet Unions Mars 3 Cycloramic camera from [24]. Diagram Key: 1. 80 × 205 mm 
housing, 2. mounting flange, 3. electrical connector, 4. cap, 5, thin dacron window, 6. pressure equalization valve, 7. 
thermal insulation cover, 8. support pipe, 9. objective lens  & diaphragm, 10. FEU-54 photomultiplier tube, 11. scanner 
motor, 12. scanning mirror, 13. shaped pushing-mirror cam, 14. motor control electronics, 15. electrical connection 
brushes, 16. photomultiplier power supply, 17. logarithmic pentode amplifier  
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2.2.2 Viking Lander facsimile cameras 

The cameras on the NASA Viking landers operated on the same principle as the Mars 3 

cameras but were larger, heavier and more advanced. The USA had been developing 

facsimile cameras for Mars surface missions as far back as the early 1960s [44] and the 

Viking Lander cameras had undergone extensive development and testing by the time of 

launch [17]. Although they were operated as serial scanning cameras they had an array of 

12 photodiode detectors allowing them to capture high resolution panchromatic images as 

well as lower resolution images in red, green and blue and three infra-red spectral bands 

[45]. Consequently the Viking lander cameras were the first multispectral cameras to be 

used on Mars. The assignments and properties of the 12 photodiodes are summarised in 

Table 2-3. The field of view within a single frame was fixed vertically but could be defined in 

azimuth and offsets could be used to allow much greater scene coverage than could be 

achieved with the Mars 3 cameras. A cutaway diagram of the Viking Lander camera is shown 

in Figure 2-3. 

The Viking 1 lander returned the first complete image ever seen of the Martian surface. 

During the extended missions of approximately 4 and 6 years respectively, the two landers 

returned a combined total of more than 1400 images [23]. These images provided a large 

quantity of data about the Martian surface and atmosphere. The results were used as a 

benchmark for the design of subsequent Mars lander cameras.  

Photodiode Photodiode 
rationale 

Spatial properties Spectral 
properties (CWL, 
BW) (nm) 

1 Survey scan Angular resolution 0.12˚, optimum 
focus at 3.7M giving in focus 
images from 1.7m to   

Panchromatic 

2 Solar Panchromatic, 
no amplification 

3 Colour Blue 480 ~85 

4 Colour Green 550 ~60 

5 Colour Red 675 ~125 

6 Infra-Red 875 ~95 

7 Infra-Red 950 ~70 

8 Infra-Red 990 ~95 

9-12 4 X high resolution Angular resolution 0.04˚, optimum 
focus at 1.9, 2.7, 4.5 and 13.3 m. 

Panchromatic 

Table 2-3 Properties of the Viking Lander camera photodiodes. CWL – centre wavelength, BW – bandwidth. Geometric 
details from [25], spectral properties from [45]. 



33 
 

 

Figure 2-3 Cutaway diagram of the Viking Lander facsimile camera. Image from [9] 
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2.2.3 Imager for Mars Pathfinder 

 

Figure 2-4 Imager for Mars Pathfinder (IMP) prototype on its mast in the deployed position. Image from [1]. 

In the two decades between the launch of the Viking and Pathfinder landers, imaging 

technology significantly advanced and the Imager for Mars Pathfinder (IMP), shown in 

Figure 2-4, was the first of the Mars lander cameras to operate in the framing imaging 

mode. Multispectral capabilities were achieved with filter wheels containing band pass 

interference filters to select different spectral bands. The IMP made use of a 512 x 512 pixel 

Charge Coupled Device (CCD) detector operated in frame transfer mode so that only the top 

half of the array (512 x 256 pixels) was used to collect light. The bottom half of the array was 

covered with aluminium and used as the readout buffer [27]. 

A folded optical path as shown in Figure 2-5. allowed the single CCD to capture two images 

from spatially separated “eyes” simultaneously through different lenses and filter wheels to 

give stereoscopic data. At the end of an exposure the accumulated charge was transferred 

rapidly to the covered lower half of the array where it was sequentially transferred to the 

readout electronics and digitised [18]. Because each eye exposed only a quarter of the CCD 

the image resolutions were relatively low at 250 X 256 pixels (12 pixels between the two 

images were shaded by a baffle).  

The Surface Stereo Imager (SSI) which was part of the Mars Volatiles and Climate Surveyor 

(MVACS) payload on the ill-fated 1999 Mars Polar lander mission was an almost exact copy 
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of the IMP. The only difference between the instruments was the bus interfacing them with 

the rest of the lander [46].  

 

Figure 2-5 Diagram of the Imager for Mars Pathfinder showing the folded optical path. Image from [10]. 

The folded optical path allowed the whole of the IMP camera to be contained within a 

compact cylindrical housing as shown in Figure 2-6. The elevation axis was coaxial with the 

cylindrical housing and the optical axis raised slightly to improve the camera’s ability to look 

downward [18]. The camera head was mounted on a sprung glass fibre open lattice mast 

which was coiled up into a canister for launch. After landing the mast was released and self-

deployed to raise the camera to working height.  

Each eye of the IMP had its own filter wheel to allow independent selection of spectral 

bands and to provide a total of 24 filter slots. The filters in the wheel were to be used for 

different purposes and filters were duplicated in both eyes so that stereo data sets could be 

generated. A total of 12 band-pass “geology” filters covering the Visible and Near Infra-Red 

(VNIR) spectral region were included to distinguish between mineral types [18]. These 

geology filters are disused in more detail in chapter 5. 
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Figure 2-6 The mechanical assembly of the Imager for Mars Pathfinder camera head. Image from [10]. 

The IMP returned over 16000 images during the pathfinder mission[27] and contributed 

significantly to the knowledge of the Martian environment. Pathfinder images were used to 

characterise the rocks and soils at the landing site, observe the wind socks [18] to measure 

wind speed and direction and monitor evidence of aeolian processes [19]. Images of the sun 

and sky at different times of the day and night were used to determine the opacity of the 

atmosphere, characterise atmospheric aerosols and determine water vapour abundance 

[19]. Night time images were taken of the Martian moons to provide spectroscopic 

information and measure their albedo [19]. 
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2.2.4 Beagle 2 Stereo Camera System 

 

Figure 2-7 Exploded diagram of a Beagle 2 camera system. Image from [26] 

The Beagle 2 Stereo Camera System (SCS) consisted of a pair of compact camera modules 

with 1024 x 1024 pixel CCDs with filter wheels as shown in Figure 2-7. Unlike most other 

lander cameras the Beagle 2 SCS was located on the Position Adjustable Workbench (PAW) 

shown in Figure 2-8 which was mounted on the end of a robotic arm with five degree of 

freedom [20, 47]. This meant that the cameras could not be used to image the deployment 

of the other instruments mounted on the PAW but did provide significant flexibility in 

camera positioning. Because the cameras could be positioned very close to the ground, one 

of the filter slots held a Close Up Lens (CUL) allowing one camera to take images comparable 

to that which a geologist would see with a hand lens [48]. Although the CCD had a square 

format, vignetting meant that only a circular area of the detectors was illuminated by the 

optics. Since images from the camera with the filter wheel show the vignetting [26] whilst 

images without the filter wheels do not [29] it is assumed that the vignetting was caused by 

the filter wheels. At 34˚ horizontally and vertically, the field of view of the Beagle 2 SCS is 

the widest of any of the scientific cameras flown to Mars so far [26]. 
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Figure 2-8 The Beagle 2 Position Adjustable Workbench (PAW) ready for delivery to the aseptic assembly facility at the 
Open University. Adapted from image from [21], All rights reserved Beagle 2. 

As Beagle 2 was a static lander and the majority of the instruments could only be deployed 

on targets within the 0.7m reach of the arm, the cameras were optimised to image objects 

in close proximity to the lander [26]. In order to obtain sharp images of more distant objects 

some of the filters were deposited on the surface of lenses or diopters to extend the depth 

of focus [26, 48]. Images of distant objects could be captured sharply focused in red with 

both cameras and green and blue in the right camera only to provide colour panoramas and 

monochrome stereo data sets. Full multispectral image sets taken with the geology filters of 

distant objects would not be in sharp focus [26]. 

When the lander pod opened the PAW was anchored to the lander with the cameras 

pointing upwards. In order to obtain a panorama of the landing site before releasing and 

deploying the arm, a parabolic Wide Angle Mirror (WAM) (giving a distorted 360˚ view) 

mounted on an 80mm stalk was used with the right WAC [20]. The mirror was deployed by a 

spring and could be retracted by the focus mechanism of the microscopic imager to clear 

the view of the camera for normal use. The mirror was made from carbon fibre reinforced 

plastic and coated with aluminium [20]. The mirror could also be used to view the 

deployment of the mole without having to move the PAW [26]. 

In order to obtain surface images at night or to look into a hole made by the mole, two 

white light LED torches were mounted on the PAW [20, 26]. The output of the torches was 
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calibrated so that in principle reflectance values could be obtained without the need to 

image the calibration target [26].  

As the Beagle 2 probe was lost no images from the stereo camera system were returned. 

However ground testing on Mars analogue samples without the filter wheels demonstrated 

that the cameras would yield useful information about the texture and formation of rocks in 

particular using the close up lens [29]. Due to the very short development and delivery time 

and the loss of the probe, the multispectral capabilities of the cameras were not fully tested 

[48]. 

2.2.5 Mars Exploration Rover Panoramic camera (Pancam) 

 

Figure 2-9 Mars Exploration Rover (MER) Panoramic Camera (Pancam). Image credit Rtphokie, Creative Commons 
Attribution/Share-Alike License. 

The MER panoramic cameras consist of 1024 X 2048 frame transfer CCDs with an active area 

of 1024 x 1024. The CCDs are coupled with Cooke triplet objectives and 11 position filter 

wheels all mounted in a dust sealed enclosure with a sapphire window [23, 41]. The 

cameras are mounted on the camera bar on top of the mast which also carries the two 

navigation cameras [22, 23] as shown in Figure 2-9. All the cameras on board the rovers use 

identical sensors and electronics [49] which have been so successful that they have also 

been used for the Phoenix Surface Stereo Imager [30] and the Mars Science Laboratory 

Rover Curiosity engineering cameras [39]. The pan tilt unit also points the aperture of the 

http://creativecommons.org/licenses/by-sa/3.0/
http://creativecommons.org/licenses/by-sa/3.0/
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Mini Thermal Emission Spectrometer (Mini-TES) [50] which is housed in the warm 

electronics box in the body of the rover [22]. This enables the Mini-TES to be scanned as a 

whiskbroom hyperspectral imager to produce low resolution thermal emission images 

coincident with the Pancam images. 

The Pancam cameras are mechanically very simple and have proved to be extremely reliable 

– between them the four scientific cameras on the two rovers have returned over 187,000 

images [43] from the Martian surface and contributed significantly to the knowledge of the 

Martian environment and geology. The large volume of data generated allowed extensive 

work on the identification and classification of rock and soil types to be carried out from the 

multispectral images. Techniques such as Spectral Mixture Analysis (SMA) and classification 

methods including Principal Component Analysis (PCA) and spectral parameters [51] have 

been used to analyse the data.    

 

Figure 2-10 Optical layout and cutaway diagram of a MER Pancam camera. Image from [23] 

As with most of the previous Martian lander cameras the MER Pancams used small 

aperture, fixed focus Cooke triplet lenses [40, 41] as shown in Figure 2-10. This lens 

configuration is well suited to planetary lander applications as they are optically and 

mechanically simple, can be well corrected over relatively wide fields of view and can 

achieve diffraction limited performance at the small apertures generally employed. All glass 

elements in the lens assemblies must be air spaced as cemented elements with different 

thermal expansion coefficients would be likely to separate after repeated thermal cycling on 

the Martian surface [40].  
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2.2.6 Phoenix Lander Surface Stereo Imager 

 

Figure 2-11 Phoenix Lander Surface Stereo Imager (SSI) with the mast in the deployed position. The structure on top of 
the cylindrical camera head is to provide the room needed for the two CCDs rather than the single one used in the IMP. 
Image from[30]. 

The Surface Stereo Imager (SSI) on the Phoenix lander was based closely on the IMP [18] 

and the SSI on Mars Polar Lander [46].  However rather than the single CCD shared between 

both eyes as with IMP and Mars Polar lander SSI, the Phoenix SSI used two 1024 pixel 

square CCDs (the flight spares from the MER spirit and Opportunity cameras) mounted in a 

very similar camera head to that used for IMP. The only significant modifications to the IMP 

camera head design were to make space for the two CCDs in place of the single one on IMP 

[36] as shown in Figure 2-11.  As with the IMP and Mars Polar Lander SSI, the Phoenix SSI 

was mounted on an open lattice sprung mast which could be deployed once the lander was 

safely on the surface. 
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2.2.7 Mars Science Laboratory Curiosity Mast Camera 

 

Figure 2-12 The 34mm (Left) and 100mm (Right) Mastcam  cameras with a Swiss army knife for scale. The camera 
housings are physically identical other than the front baffle in spite of the difference in focal lengths. Images from [52]. 

The mast mounted camera (Mastcam) system on the Curiosity rover was a departure from 

the configuration used for previous Mars lander cameras. Rather than two matching 

monochrome cameras, Mastcam employs two Bayer filter array colour cameras with 

different focal lengths. During the design phase, and as late as the instruments Critical 

Design Review in Feb 2007 [38], Mastcam consisted of two identical cameras with (15:1) 

variable focal length (zoom lens) optics [42]. However in September 2007 the cameras were 

de-scoped to mitigate against potential increases in cost and two fixed focal length lenses 

were designed as replacements between November 2007 and January 2008 [31, 38]. 

Development of the zoom lenses was continued and they were reinstated at a late stage but 

due to limited advantages to the performance, the fixed focal length lenses were eventually 

used on the cameras.  

The final Mastcam lenses have focal lengths of 34 and 100mm [31] and incorporate the 

variable focus mechanisms developed for the MArs Hand Lens Imager (MAHLI) camera [31, 

38]. The 34mm Mastcam has a similar field of view to the previous NASA lander cameras of 

around 15˚ whilst the 100mm Mastcam provides much higher resolution over a field of view 

of approximately 5˚. This difference in field of view made it more difficult to obtain stereo 

data products and reflectance spectra as the filters are distributed between the cameras. 

However this has the advantage that both wide angle context images and close-up detail 

images can be captured without moving the rover.  

The detectors in Mastcam have a 4 X 3 format with 1600 X 1200 pixels (~2Mp). Rather than 

using monochrome CCDs with filters to produce colour images with three exposures, 
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Mastcam uses a Bayer colour filter array to obtain colour images in a single exposure [31, 

34, 38]. When narrow band geology filters in the visible region of the spectrum are used the 

images are captured using only one of the Bayer colour channels, effectively halving the 

resolution of the detector. All three of the Bayer filter channels transmit more or less 

equally above 850nm and so in the infra-red the full resolution of the CCDs is achieved [34]. 

The high pixel density and fast readout and storage electronics mean that Mastcam cameras 

can capture 720p HD video at 8 frames per second [38] whereas none of the previous Mars 

lander cameras could achieve even a single frame per second. 

 

 

 

Figure 2-13 The MSL Mastcam lens designs. The wide angle M34 lens (top), the narrow angle M100 (centre) and the 
abandoned zoom lens (bottom). The increased complexity of all of these lenses over the simple 3 element designs of 

previous missions is evident. Top and centre images from [31], bottom image adapted from [42]. 
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Although the adjustable focus zoom lenses for Mastcam were abandoned in favour of 

simpler adjustable focus but fixed focal length lenses, the replacement lenses are still far 

more complex than those on previous Mars camera systems as shown in Figure 2-13. With 

eight / nine optical elements respectively [31], the M34 and M100 lenses have at least 

double the number of optical surfaces of the most complex lens on MER – the four element 

Hologon / Biogon design of the wide angle Navcam lenses [40, 41]. The Mastcam zoom lens 

design is significantly more complex again than the fixed focal length lenses with a total of 

20 optical elements and four moving groups (3X zoom and 1X focus).  With a focal length 

range of 6.2 to 100.4mm [42] the zoom lenses would provide a horizontal field of view from 

approximately 83˚ to 6.3˚. At its shortest focal length, this would have given Mastcam more 

than twice the horizontal field of view of the Beagle 2 SCS and at its longest focal length 

would have provided approximately four times the resolution of the MER Pancam.  

2.2.8 ExoMars 2018 PanCam 

 

Figure 2-14 CAD rendering of the ExoMars PanCam optical bench showing the cameras and electronics. Image credit 
MSSL. 

The ExoMars Panoramic Camera (PanCam) is a suite of three cameras mounted in an optical 

bench shown in Figure 2-14 on top of the ExoMars rover mast and forms part of the Pasteur 

payload. The instrument is being developed collaboratively by teams in the UK, Germany, 
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Switzerland and Austria and derived heritage from the Beagle 2 Stereo Camera System [26, 

48] and the Netlander Panoramic camera [53]. The instrument consists of a pair of Wide 

Angle Cameras (WACs) with multispectral capabilities and a stereo separation of 500mm 

and a High Resolution Camera (HRC) with colour imaging capabilities mounted off centre as 

shown in Figure 2-14 [26, 32].  

The instrument lead is the Mullard Space Science Laboratory (MSSL) who are responsible for 

the WAC filter wheels, the interface electronics and the optical bench. Deutches Zentrum 

fur Luft Raumfahrt (DLR - German aerospace agency) are providing the High Resolution 

Camera (HRC), Space-X (Swiss Space Exploration Institute) are providing the cameras and 

optics for the WACs as they did for Beagle 2 (they are also responsible for the CLose UP 

Imager (CLUPI) to be mounted on the ExoMars Drill box), Joanneum Research of Austria are 

responsible for the geometric camera calibration and 3D data product generation and 

Aberystwyth University are responsible for the PanCam Calibration Target (PCT) [54], 

Radiometric and Colorimetric Image Processing Pipeline (RCIPP) [55] and the Rover 

Inspection Mirror (RIM).  

The instrument is still under development and so any specifications given are based on the 

current design iteration.  The WACs have a wide 36.8˚ field of view and are based on the 

design of the Beagle 2 cameras as shown in Figure 2-15. The wide angle and hence relatively 

low angular resolution of the stereo multispectral cameras are countered by the inclusion of 

HRC which will allow features of interest to be imaged remotely at high resolution.  

 

Figure 2-15 Exploded CAD rendering of an ExoMars PanCam Wide Angle Camera (WAC) and filter wheel. Image credit 
MSSL 
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The combined wide angle and high resolution camera combination opens new opportunities 

for automated return of scientifically useful images. The majority of the Martian regolith 

consists of small particles and dust interspersed with larger rocks which may display 

features of geological interest. Due to the time delay between sending an image to Earth, 

having the image analysed, planning and returning commands to the lander, it is rarely 

possible to go back and have a closer look at a particularly interesting rock. For this reason it 

is desirable to automate the process of identifying and imaging interesting features as far as 

possible so that it can be carried out on the lander without human intervention. An 

Automatic Pointing and Image Capture (APIC) algorithm [56] has been developed which can 

automatically identify distinctive objects in the scene and direct the HRC to take images of 

these objects at high resolution. Since this process can be carried out whilst the rover is 

inactive or occupied with other activities it could increase the opportunity for serendipitous 

observations and discoveries. 

2.3 Conclusions 

Over a period of more than four decades a number of landers have been sent to investigate 

the surface of Mars and new landers are currently under development for launch in the 

future. Each of the past landers has carried a camera system to image the Martian surface, 

aid in the selection of science targets and provide context to the results of other scientific 

instruments. All recent cameras have been framing mode multispectral imagers with CCD 

detectors and filter wheels. Although there have been refinements in specification as new 

camera systems are developed, the basic design and capabilities of the cameras has 

changed little since the Imager for Mars Pathfinder. 

The high resolution cameras included as part of MSL Curiosity and ExoMars PanCam allow 

features of interest observed with the wide angle cameras to be examined in greater detail 

without the need to manoeuvre the rover into close proximity. This should allow a much 

greater number of potential targets to be examined in detail during the missions and so 

increase the science potential. Since the ExoMars PanCam instrument is still under 

development it is not yet possible to compare its performance with previous Mars Lander 

camera systems. However, various aspects of the design and operation of the PanCam 

instrument and their implications for the scientific capabilities of the system are described 

in later chapters. 



47 
 

  



48 
 

 

3 A review of Mars Lander camera calibration targets – 

properties and problems 

 

 

 

3.1 Introduction to calibration targets and reflectance standards. 

Images from multispectral camera systems can be processed to generate a variety of data 

products to reveal information about the scene. The raw images from the cameras can be 

processed together with calibration data to obtain absolute measurements of spectral 

irradiance. However image data alone cannot be used to obtain true colour images or 

measurements of reflectance, both of which are dependent on the incident illumination. As 

it is not practical to measure the incident illumination by pointing the camera directly at the 

source, an alternative method is required. The method generally adopted is to image a 

radiometric calibration target – an object with precisely known reflectance properties to 

determine the incident illumination indirectly. The use of a calibration target for calibrating 

multispectral camera data to obtain spectral reflectance measurements is described in 

chapter 6. 

3.1.1 Laboratory white reflectance standards 

Calibration targets, also known as reference standards or reflectance standards, are used in 

many branches of spectroscopy and so many different materials and types of target have 

been developed for different applications. The reflectance properties of a standard are 

often optimised for the type of measurements to be undertaken but some standards are 

much more common than others. The most commonly used reflectance standard is a high 

reflectance, diffuse white standard – one which reflects all wavelengths of light equally and 

with a Lambertian distribution. White reflectance standards are used in most forms of 

reflectance spectroscopy to obtain the reference measurements to which all subsequent 
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measurements are normalised. An ideal reflectance standard for diffuse measurements can 

be defined as being [57]: 

a) Transportable or reliably reproducible 

b) Stable with respect to time, radiation, temperature, atmosphere etc 

c) Homogeneous and uniform surface 

d) Diffusely reflecting – ideally a Lambertian scatterer 

e) Spectrally non-selective 

f) Non-transparent 

g) Non-fluorescent 

h) Easy to handle 

In practice a perfect reflectance standard possessing all these properties has not been 

realised but a number of effective standards have been developed and are widely used. 

Early diffuse white reflectance standards were produced when required as disposable items 

by packing suitable materials to defined densities. Several materials have been used for this 

purpose, each being superseded following the discovery of better alternatives. Early 

materials included magnesium carbonate and chalk but these were replaced by magnesium 

oxide which had a higher reflectance. However, small amounts of magnesium nitride 

formed during the manufacture of the magnesium oxide made it hydroscopic and so its 

reflectance properties are unstable [57]. Magnesium oxide was subsequently replaced with 

high purity barium sulphate which has an even higher reflectance and better stability. The 

most recent advance in pressed powder reflectance standards was the use of PTFE powder 

which is much more stable and has a very high reflectance over a large spectral range [57]. 

Although pressed PTFE powder reflectance standards have been found to be highly 

reproducible and excellent Lambertian scatterers, their properties still change over time. 

The packing of the material causes a build-up of static electricity which attracts dust and 

contaminates the surface causing a reduction in reflectance [57]. Pressed PTFE is also soft, 

fragile and easily damaged and so standards must be replaced frequently.  

These problems associated with packed powder reflectance standards have largely been 

overcome with the development of the sintered PTFE material known under the trade name 
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Spectralon [58]. This material, produced by the Labsphere corporation, is a highly 

Lambertian scatterer with a reflectance >95% from 250 to 2500nm and >99% from 350 to 

1500nm [58]. It is stable to over 300˚C and resistant to most solvents and so can be cleaned. 

It is produced as a bulk material which can be machined to shape making it suitable not only 

for the manufacture of reflectance standards but also for integrating spheres, laser cavities 

etc. Because it is a bulk scatterer, marks or contamination of the surface can be removed by 

abrasive methods to reveal a clean surface [59]. However it has been found that the 

reflectance properties of Spectralon are not completely stable and although it was known 

that ultra violet light caused changes [60-62], it has also been found that detectable changes 

occur under low level radiation and in the dark [63]. 

Although Spectralon is very close to an ideal reflectance standard and is much more robust 

than packed powder standards, it is still relatively fragile and easily contaminated. For these 

reasons other materials are frequently used in more demanding environments outside the 

laboratory. More robust reflectance standards have been made from materials such as opal 

or milk glass, ceramic tile and plastics [57]. When finished with smooth surfaces these 

materials are highly resistant to contamination and are easily cleaned and glass and ceramic 

in particular have good scratch resistance due to their hardness. However the smooth 

surfaces result in significant amounts of specular reflection and so such materials are often 

not well suited to diffuse reflectance measurement applications.  

Although it is assumed that all light emerging from reflectance standards is only that which 

is reflected from them it has been found that many materials used for diffuse white 

reflectance standards also exhibit photoluminescence in the visible spectrum under UV 

excitation [64]. Photoluminescence was measured from 300 to 700nm under UV excitation 

at 330 and 360nm on pressed and sintered PTFE, two samples of white opal glass and 

sprayed and pressed barium sulphate at the National Metrology Institute of Japan [64]. All 

samples, except the pressed barium sulphate, were found to emit luminescence to some 

degree. The majority of the samples emitted broad luminescence peaks covering much of 

the spectrum but the Russian opal glass samples emitted luminescence with a well-defined 

structure and a large Stokes shift indicating that it was due to an electronic transition [64]. 

Although both barium sulphate samples were prepared from the same material, the sprayed 

sample exhibited luminescence whilst the pressed sample did not. It was hypothesised that 
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this luminescence was caused by the addition of 2% PVA used to bind the sprayed barium 

sulphate layer rather than by the preparation process. 

3.1.2 Colour and grey scale standards 

Although white reflectance standards are by far the most common, especially in laboratory 

measurements of reflectance, obtaining accurate measurements with them requires a high 

degree of control over the environment. As described in chapter 4, the measurement of 

reflectance requires that a reference measurement be taken to remove the effects of the 

measuring instrument and light source. With reference measurements only taken from a 

white reflectance standard, the proportionality constant is the gradient of a straight line 

passing through only two points - the origin and the reference measurement. Any error in 

the reference measurement will cause an error in the proportionality constant and so an 

error in all the measured reflectance values. In addition it cannot always be guaranteed that 

the straight line will pass through the origin if the dark signal subtraction is less than perfect. 

However if reference measurements are taken from a number of reflectance standards with 

different reflectance values then the constant of proportionality can be obtained by fitting a 

straight line through a set of measured points. An error in any of the reference 

measurements will now cause a much smaller error in the constant of proportionality. The 

use and implementation of this method is discussed in chapter 6. 

In controlled laboratory conditions it is reasonably straightforward to maintain a level of 

cleanliness suitable to prevent the contamination of a reflectance standard. However, 

outside the laboratory, and especially on the surface of a remote planet, it is impossible to 

maintain a reference standard in pristine condition. The use of a set of standards with 

different reflectance values is therefore essential if reflectance measurements are to be 

obtained with any degree of accuracy. For this reason the calibration targets on all previous 

Mars missions have consisted of a number of patches with different colours and grey levels.  

3.2 A summary of Mars Lander camera calibration targets. 

Each Mars lander since the Viking landers in 1976 has carried a calibration target as part of 

its camera instrument suite so that reflectance measurements can be obtained from its 

surroundings and so that true colour images of the Martian surface can be obtained. These 

calibration targets have varied significantly, being made from a variety of different materials 



52 
 

and having a number of unique features depending on the aims and science payload of the 

mission. These calibration targets, together with their salient features, are described below 

and their main properties are summarised in Table 3-1. 



53 
 

 

 Viking [65] Pathfinder [18] Beagle 2 [20] 

Number of targets 3 2 x radiometric & 4 x colour on lander, 2 x colour 
on Sojourner rover 

1 

Dimensions (l x w) 175 x 75mm (patches 25mm square) N/A 80 x 80mm 

Shadow post None Centred shadow post. None 

Cal Target mass  N/A N/A 26.5g 

Mounting Near vertical (perpendicular to camera line 
of sight) 

Horizontal Horizontal 

Base material / binder  N/A Silicone binder (assumed to be RTV 655) Vacseal 

Number of colours Radiometric – 11 greys, Colour – 3 colours Radiometric – 3 grey scale, Colour - 5 colours 16 colour spots inc white and black 

Pigments Reflectance changing Boron Nitride and 
Antimony Oxide white patches to measure 
UV exposure. 

Radiometric: 
White - Rutile (TiO2 ) &  
Black - Carbon black 
Grey – mixture of rutile and carbon black 
Colour: 
Red – Hematite 
Yellow – Goethite 
Brown – Maghemite 
Green – Chromium dioxide 
Blue – Cobalt 

Azurite 
Wolfenite (lead molubdate, Pb Mo O4) 
48300 (brown) 
48040 (yellow) 
Malachite (copper carbonate, Cu2Co2(OH)2)  
Cobalt Blue (complex spinel containing cobalt, 
lithium, titanium & zinc)  
Green Earth (terra verte, natural iron silicate, 
formula imprecise Fe

3+
 Fe

2+
 K

+
 hydrated) 

Manganese Violet (Mn(NH4)PO4) 
Robertson’s Red (Mars red manufactured in 1830s) 
48350 (brown) 
48220 (Violet, caput mortem) 
48400 (black) 
48120 (red) 
48060 (orange) 
48000 (yellow) 
Titanium White (Rutile titanium dioxide. TiO2) 
For colour patch numbers see Figure 3-4. 5 digit 
numbers are Kremer pigments part numbers. 

Substrate material N/A N/A Al 7075 T351 

Viewing / Emission 
Angle 

Normal incidence Upper target 26˚ (SSI deployed), 47˚ (SSI stowed) 
[66]  

Variable 
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Viewing distance(s) One at 1m from each camera and common 
one 1.11m from both cameras.  

N/A Variable 

Reflectance’s 9.5, 13, 19.6, 24.5, 30.8, 35.6, 39.9, 45.8, 
52.7, 57.2 & 76.2% with up to 5% variation 
across spectrum 

White nominally 94%, Black nominally 4%, grey – 
varies from 25 to 55%  over the spectrum 

White ~ 85 to 95%, black ~ 5% 

Calibration Absolute bidirectional reflectance, white  
light illumination, 5˚ angular increments. 
Relative spectral reflectance – 5˚/ total 
hemispherical reflectance 350 to 1100nm 
in increments of 0.1nm 

Bidirectional reflectance measured at University 
of Arizona at normal incidence / 30˚ emission 
angle, 320 to 1200nm at 3.2nm per channel.  
Bidirectional reflectance  at 26˚ and 47˚ 
emergence angles, -50˚ to +50˚ incidence angles 
in 10˚ increments,0, 60, 140, 180, 240 & 
320˚azimuthal angles, 400 to 1000nm 
wavelengths in 20nm steps,  Measured at DLR 
Gonio-Photometry laboratory. 250W Quartz-
halogen lamp [66, 67]. 

None 

Calibrated to Magnesium Carbonate Spectralon N/A 

Calibration 
uncertainty 

Absolute bidirectional reflectance - ± 4.1% 
Relative spectral reflectance ± 4.7% 

DLR gonio-photometry measurements ±3% N/A 

Additional features 3 sets of tribar patterns for resolution 
testing, Boron Nitride and Antimony Oxide 
pigmented patches to measure UV light 
levels 

 Spot painting by Damian Hirst, first art in space. 
Mineral pigments also provide calibration samples 
for Mossbauer and X-ray fluorescence. Calibrated 
white light LED could allow in-situ calibration. 

Images of Cal Target 
returned 

N/A  999 images of targets taken in total [68] None 

Thermal testing N/A N/A Witness specimen cycled between 77 and 293K 

Radiation testing N/A UV aged until stable N/A 

Sterilisation N/A N/A 52 hrs dry heat @ 115˚C 
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 MER [23] Phoenix [69] ExoMars – MK1 prototype 

Number of targets 1 3 2- One for PanCam, One half scale for CLUPI 

Dimensions 80 x 80mm  52mm dia 50 x 50mm & 25 x 25m 

Shadow post 60mm high, centred None 3X on white, light grey and dark grey 

CalTarg Mass  68g 45g each [36] 20g +20% for PanCam 

Mounting Horizontal Horizontal  

Base material / binder  Silicone GE RTV 655 Silicone RTV 655 Silicate glass 

Number of colours 4 colours 
3 greys 

3 colours, 3 greys 4 colours, 4 greys, one geometric / focus test patch 

Pigments Red - Hematite  
Yellow - Goethite  
Green - Chromium oxide  
Blue - Cobalt aluminate,  
White - Titanium dioxide,  
Black - Carbon black 

Orange / Brown – Goethite 
Green – Chromium oxide 
Blue – Cobalt aluminate [70] 
White – Rutile (TiO2) 
Black – Carbon black 
Grey – Mixture of rutile and carbon black 

Red – Ruby glass (gold nanoparticles) 
Yellow – Cerium oxide 
Green – Chromium dioxide 
Blue – Cobalt oxide 

Substrate material Aluminium Aluminiun – AW-6262 T911 [71] Titanium grade 5 (Ti-6Al-4V) 

Viewing / Emission 
Angle(s) 

53.5 ± 2.5˚ 47.1˚, 31.3˚, 30.8˚ 23˚[37] 

Viewing distance(s) 1350mm 1052, 1502, 1592mm 1076mm[37] 

Reflectance’s Greys –nominal  60%, 40%, 20% Greys – nominal 60, 40  & 20% TBD 

Calibrations Bloomsberg University Goniometer (BUG) 
facility: Bidirectional reflectance at 53.5˚ 
emission angle, 160 incident azimuthal / 
elevation angles. 100W Quartz Tungsten 
lamp. 
Centre National de la Recherche 
Scientifique (CNRS): 65˚ emission angle, 0˚ 
to 50˚ incident angles in increments of 
10˚, 6 evenly spaced out of plane 
azimuthal angles. Sunlight with Heliostat. 
All measurements carried out with flight 
spare Pancam filters.  
Directional hemispherical measurements 
made over the range 350 – 2500nm at 
temperatures from 199 – 318K at USGS 
Denver spectroscopy laboratory [72] 

Relative bidirectional reflectance at 30˚ and 47.2˚ 
emission angles, 15˚, 30˚, 45˚, 60˚ and 90˚ 
incident angles, 0˚ to 180˚ Azimuthal angles in 
increments of 20˚. Wavelength range <400 to > 
1001nm in 2048 channels (Avantes Avaspec 
2048). Hemispherical / directional measurements 
also taken on some representative samples. 

Hemispherical / 8° reflectance from at least 400 to 
1000nm, BRDF measurements using TBD 
scatterometer. 
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Calibrated to N/A Spectralon Spectralon (TBD) 

Calibration uncertainty BUG: Relative BRDF - ±2%, Absolute ±10% Absolute reflectivity ±4% from 445 to 900nm, 
±8% from 900 to 1001nm 

Not yet known 

Additional features Partial annuli of polished Al to reflect Sky, 
text “Mars 2004”, “Two Worlds Once 
Sun”, “Mars” in 16 additional languages. 

6 colour chips with embedded ring magnets and 
6 smaller ones without. 4 additional colour chips 
with experimental surface treatments [73].  

8x glass coloured patches, 1x resolution test / 
focus checker. 

Images of Cal Target 
returned 

Sub frame images only [43] 
MER A Spirit: 17076 
MER B Opportunity: 20769 

Total of 3440 images of iSweeps returned. 75% of 
images taken of target 2 (nearest work area), 
70% of images taken in 15 filters. [70] 

 

Thermal testing N/A N/A Thermal cycling in a vacuum system at AU and 
MSSL (TBD) 

Radiation testing UV aged (30 Martian Sols equivalent) UV aged (2 Martian months equivalent) Proton irradiation, Gamma Irradiation & UV 
irradiation - TBD 

Sterilisation N/A N/A Dry heat microbial reduction – regime TBD 
Table 3-1 Summary of the properties of Mars lander camera calibration targets. The ExoMars PanCam calibration target is included here for completeness but is described fully in chapter 

7
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3.2.1 Viking Landers 

The two Viking landers each carried three identical calibration targets and were unusual in 

that the test charts were mounted near vertically whereas all subsequent calibration targets 

for multispectral cameras have been mounted horizontally (the calibration target for the 

MArs Hand Lens Imager (MALI) colour camera [74] on the Curiosity rover arm is mounted 

vertically). The targets each consisted of three coloured patches (red, green and blue), 11 

grey scale patches ranging from black to white and three patches containing horizontal 

stripes at different line spacing to test the contrast and resolution of the cameras [65]. Each 

camera had a target mounted 1m away from it and viewed at normal incidence. The third 

target was mounted centrally so that it was viewed at 23˚ by both cameras at a distance of 

1.11m [65]. It was recognised that the calibration targets would receive scattered light from 

the lander structure and that they would not necessarily receive the same light as the 

Martian terrain but no alternative locations were available [65]. No information has been 

found on the base material of the calibration target or the pigments / materials used for the 

colour and grey scale patches. 

 

Figure 3-1 Viking calibration target. Image from NASA Photo journal at [1] 
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The calibration targets each contained patches made from boron nitride and antimony 

oxide which were described as having reflectance properties which change with exposure to 

UV radiation [65] and which were to be used to measure the UV level on Mars. No other 

references have been found concerning a change in reflectance of these materials changes 

with UV illumination. However it is known that boron nitride in particular exhibits  

photoluminescence under the excitation of UV irradiation [75] and so this is most likely to 

be the intended mode of UV detection. No results from these UV detection patches have 

been found. 

The patches of the calibration targets were thoroughly characterised in terms of both 

Bidirectional Reflectance Distribution Function (BRDF) and spectral reflectance [65]. 

Absolute broadband BRDF measurements were made of the grey scale patches with white 

light from a tungsten lamp on a goniophotometer developed specifically for the purpose. 

Measurements were made relative to a magnesium carbonate reference standard and BRDF 

measurements were found to be Lambertian within 11% from 10 to 80˚ angle of incidence 

and 7% from 20 to 60˚ angle of incidence. Measurements made on the flight charts varied 

by less than 3% and the Root Sum Square (RSS) measurement error was calculated to be 

4.1%. Relative spectral reflectance measurements were made with a Cary 14 

spectrophotometer with an integrating sphere attachment in 5˚ / total hemispherical 

geometry. Measurements were made relative to a magnesium carbonate reference 

standard and the RSS error was calculated to be 4.7%. 

3.2.2 Pathfinder 

The Pathfinder lander carried two calibration targets, one mounted low near the ground 

and the other mounted higher, next to the low gain antenna [66]. Each target comprised of 

three concentric rings of black (centre), grey and white (outer) with a shadow post in the 

centre. The black calibration region was not used in the analysis of images as it was found 

that it introduced large systematic errors [46]. Next to the radiometric target were five 

coloured patches, three containing iron oxide pigments: hematite (red), goethite (yellow) 

and maghemite (brown) and the other two comprising chromium oxide (green) and cobalt 

(blue) [18, 66]. The white ring is pigmented with rutile (titanium dioxide), the black with 

carbon black and the grey with a mixture of the two [18, 66]. 
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Figure 3-2 Mars Pathfinder upper (top) and lower (bottom) calibration targets. The distorted / broken image of the 
upper calibration target is due to imperfectly aligned images in the panorama. Images from [68] 

The pigments were mixed with a silicone binder and cast into a bead blasted aluminium 

mould to obtain a nearly Lambertian reflectance [18]. Although the composition of the 

silicon binder is not mentioned specifically it is assumed to be the same RTV 655 material 

used in all subsequent NASA calibration targets [23, 69, 73, 76]. The pigmented silicon 

patches were “pre-yellowed” under UV illumination until their reflectance properties 

stabilised before integration [18]. Although a diffuse surface was cast into the silicon 

calibration target patches, one of the hematite colour patches was mistakenly installed 

upside down on the calibration target so that its smooth underside was exposed [46]. This 
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resulted in errors in reflectance measurements due to the difference in albedo between the 

back and front of the patch.  

The Pathfinder flight calibration target patches were characterised in terms of BRDF at 0˚ 

incident - 30˚ emission geometry using a modified Cary 14 spectrophotometer from 320 to 

1200nm in 3.2nm intervals. After the Pathfinder mission, samples of the calibration target 

patches cut from the same moulding as the flight calibration targets were further 

characterised using the spectro-goniometer facility at the Deutsches Zentrum fur Luft und 

Raumfahrt (DLR – German aerospace agency) in Berlin. These additional measurements 

were made at incident elevation angles from -50˚ to 50˚ in 10˚steps, azimuthal angles of 0˚, 

60˚, 140˚, 180˚, 240˚ and 320˚ and emission elevation angles of 26˚ and 47˚ over a spectral 

range of 400 to 1000nm in 20nm steps [66, 67]. The additional data was used for the 

analysis of Pathfinder data [66] and also formed the pre-flight calibration of the calibration 

target for the Mars Polar Lander mission which used an exact copy of the Pathfinder 

calibration target, cut from the same silicone castings [46]. 

3.2.3 Beagle 2 

The Beagle 2 lander carried a single calibration target which was to be used not only by the 

Stereo Camera System but also by the Mossbauer and x-ray fluorescence spectrometers 

[20]. The calibration was a spot painting by Damian Hirst  (Catalogue number DHS667 – 

“Mars”) as part of the Beagle 2 outreach program and was the first piece of art in space 

[20]. The target consisted of 16 shallow wells milled into an aluminium base, each filled with 

a pigment and binder mix. The majority of the colour pigments were traditional art 

pigments supplied by Kremer Pigmente GmbH. These are made from ground minerals, nine 

of which are iron oxide based pigments known in the art world as the “Mars Colours”. The 

pigments were bound by mixing with Vacseal, a silicone resin marketed as a leak sealant for 

ultra-high vacuum systems and approved for use in space by NASA [20]. 
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Figure 3-3 Beagle 2 flight spare calibration target. Photographed at the Open University by the author. 

No measurements of the optical properties of the flight calibration target were made prior 

to launch. Instead it was intended that the target could be characterised in situ on the 

Martian surface by imaging under the illumination of the calibrated LED “torches” which 

were included on the instrument Position Adjustable Workbench (PAW) [26]. This set of 

measurements would be made at night and the reflectance values obtained would then be 

used for calibrating subsequent images taken under solar illumination during the day [26]. A 

test sample of the calibration target was thermally cycled to ensure the pigments would 

remain in place by repeatedly immersing it in liquid nitrogen and allowing it to warm up to 

room temperature [20]. 

Although the in-situ calibration of the calibration target could help overcome the difficulties 

of ensuring that the optical characteristics of the target did not change during the long 

cruise, it is unlikely that the very limited measurements which would have been possible 

would have allowed a sufficiently accurate calibration of the spectral and BRDF properties. 

The accuracy of the calibration of the torches is not stated and it is not clear if they had 

been calibrated over a range of temperatures or if the effects of the ionizing radiation 

received during the cruise would have affected their spectral or radiometric properties. Due 

to these unknowns it is unlikely that the Beagle 2 calibration target could have been used to 



62 
 

accurately calibrate the multispectral images from the Stereo Camera System (SCS). 

However further testing of the flight spare calibration target after launch could have been 

used to refine the calibration of images. 

In addition to the SCS, the Beagle 2 calibration target was intended to be used for calibrating 

other instruments on the PAW. The inclusion of nine different iron oxide pigments would 

have allowed the Mossbauer spectrometer to be tested on a number of known samples 

with minerals similar to those found on Mars. Likewise the x-ray fluorescence spectrometer 

could have been tested on any of the mineral pigments to verify its calibration and 

performance against known samples. 

 

Figure 3-4 Reflectance spectra measured on the Beagle 2 flight spare calibration target. The arrangement of the colour 
patches are shown in the inset diagram (from [20]). 

Although the spectral properties of the calibration target were not measured before flight, 

an opportunity arose to take measurements from the flight spare calibration target held at 

the Open University in Milton Keynes. Measurements were taken using the Ocean Optics Jaz 

spectrometer and ISP-REF integrating sphere described in chapter 4. Measurements were 

made relative to a Spectralon reflectance standard and smoothed with a low pass fourier 

filter to suppress noise in the measurements. The pigments did not fill the wells to the top 
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and so the sample surface was not level with the integrating sphere port. This will have 

caused a systematic error in the measurements, resulting in underestimates for the 

measured reflectance values. No correction has been applied to compensate for this or the 

single beam substitution error inherent with the use of the ISP-REF integrating sphere. The 

measured spectra are presented in Figure 3-4; the high frequency structure at longer 

wavelengths is noise due to the low sensitivity of the spectrometer at these wavelengths. If 

the Beagle 2 probe had returned images from the Martian surface then the limited number 

of colour patches with high reflectance would have resulted in calibration errors as 

described in chapter 6. 

3.2.4 Mars Exploration Rovers 

The Mars Exploration Rovers (MER), Spirit and Opportunity each carried a single calibration 

target designed as a sundial [23, 77]. As with the Beagle 2 calibration target the MER 

calibration targets were part of the public outreach program and the design was developed 

to appeal to public imagination as much as for its functionality. As with the Pathfinder 

calibration targets on which they were based, the MER calibration targets consisted of rings 

with different shades of grey material with a shadow post in the centre. In this case the 

circles were not concentric but were laid out to represent the relative orbits of the Earth 

and Mars [23] and small coloured patches (blue for Earth and red for Mars) were included to 

represent the planets. Red, yellow, green and blue colour patches were included in the 

corners of the calibration targets to provide additional data points for the calibration. Two 

polished mirrors were included round the edge so that the sky illumination could be viewed 

at the same time as the colour patches. The calibration targets were engraved with the 

motto “Two worlds, one sun” and the word “Mars” in 17 languages [77]. 
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Figure 3-5 Mars Exploration Rover Sundial calibration target. Image from [10] 

The MER calibration target’s colour patches were made from RTV 655 silicone compound 

and pigmented with the same minerals used in previous NASA calibration targets. Following 

results from the Pathfinder mission the reflectance of the grey scale patches were changed 

and nominal reflectance values of 20%, 40% and 60% were obtained by mixing titanium 

dioxide and carbon black [23] – the black and high reflectance white patches used on 

previous missions were abandoned. The flight spare calibration target from the MER mission 

was modified and used as the calibration target for the Mastcam instrument on the MSL 

Curiosity rover [38, 78] and so this is not described separately. 

The MER calibration target colour patches were characterised for both spectral reflectance 

and BRDF. Spectral reflectance measurements were made with a Cary 14 

spectrophotometer in directional / total hemispherical geometry from 348 to 1200nm at 

4nm intervals [23]. BRDF measurements were made at two facilities – the Bloomsburg 

University Goniometer (BUG) and the Centre Nationale de la Recherche Scientifique (CNRS) 

in France. The BUG facility used a quartz tungsten illumination source and the CNRS facility 

used the sun via a heliostat [23, 79]. Both goniometers were used to take measurements at 

each filter wavelength using a set of flight spare filters [23]. BUG measurements were made 

at a fixed emission angle of 53.5˚ and at 169 different incident azimuth / elevation angles 

uniformly distributed around the hemisphere [23]. CNRS measurements were made at a 
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65˚emisson angle and incident elevation angles from 0˚ to 50˚ at 10˚ intervals in the plane of 

incidence and at six regularly spaced azimuths out of the plane of incidence [23].  

3.2.5 Phoenix 

The Phoenix lander carried 3 calibration targets which, in addition to providing a source of 

calibration for the cameras, also included embedded magnets as part of an investigation 

into Martian airborne dust. The calibration targets consisted of three grey scale patches of 

20%, 40% and 60% nominal reflectance as with the MER calibration targets and three colour 

patches – blue, green and orange [69]. Each calibration target carried six, 11mm diameter 

colour patches with magnets underneath and six, 5mm diameter patches of the same 

material but without the magnets [78]. Four additional 5mm experimental colour patches 

were included, three of which had received different surface treatments to try to reduce the 

adhesion of dust [69]. 

The colour patches were made from the same material and using the same pigments as the 

previous NASA Mars calibration targets. They were calibrated for BRDF over the spectral 

range of the cameras. Measurements were carried out at two emission angles 

corresponding to the two possible viewing angles of the targets depending on their location 

on the lander deck. Spectra were collected at four incident elevations and ten evenly spaced 

azimuths. Hemispherical directional measurements were made on some representative 

samples of the pigmented silicon but not on the flight calibration targets [69]. 

 

Figure 3-6 Phoenix Isweep calibration target and magnetic properties experiment. Image credit Aza, GNU Free 
Documentation License. 

http://en.wikipedia.org/wiki/en:GNU_Free_Documentation_License
http://en.wikipedia.org/wiki/en:GNU_Free_Documentation_License
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3.3 Degradation of calibration target reflectance properties by Martian 

dust 

The low abundance of water vapour in the Martian atmosphere means that there is no 

precipitation as occurs regularly in many areas on Earth. The precipitation on Earth has the 

effect of cleaning the atmosphere – dust particles form nucleation points for the formation 

of water droplets in clouds and so are carried to the ground relatively quickly with rain. In 

this way only very small aerosol particles above the altitude of the clouds are able to remain 

in the Earth’s atmosphere for extended periods of time. Although it has been suggested that 

Martian dust may form nucleation centres for ice crystals which could be responsible for the 

removal of up to 50% of atmospheric dust at high latitudes [80], the Martian atmosphere 

still carries large quantities of dust.  Dust can be raised into the atmosphere by winds at any 

time of year although large scale dust storms are an annual occurrence and global dust 

storms also occur every few years [80, 81]. 

The dusty Martian atmosphere has been the cause of concerns and problems to surface 

probes since it was encountered by early Mars landers. It is hypothesised that a global dust 

storm observed at the time of the Mars 3 landing caused a corona discharge which disabled 

the probe shortly after its successful landing [15]. During the development of the Viking 

landers very little was known about the Martian atmosphere other than its pressure of 

around 7mb. Carl Sagan had estimated that in order for such a thin atmosphere to transport 

the quantities of dust he had witnessed in telescope observations, the wind speed would 

have to be very high – in the region of 50 to 100m/s [17]. It was believed that dust particles 

travelling at such high velocities could result in high erosion rates, effectively sand blasting 

the optical windows of the cameras. For this reason the Viking cameras were parked with 

the window behind a protective post when not in use and the outermost window could be 

swung out of the way in the event of damage [17]. No such abrasion damage was observed 

on the camera windows and typical wind velocities during the Viking mission were found to 

be below 10m/s with velocities over 15m/s occurring less than 1% of the time [80].  

As well as the erosion threat, there was also a concern that dust would be deposited on the 

Viking camera windows obscuring the view of the Martian surface. In addition to the 

removable window and shielding effect of the post, compressed CO2 “dusters” were 

included to blow dust from the cameras windows [17] although no evidence of their use has 
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been found. Stainless steel wiper blades were included on the Beagle 2 SCS filter wheels to 

wipe the windows whenever the filter wheels were driven to a certain position [20, 26]. 

During Viking and subsequent missions, no significant problems have been encountered 

with dust building up on vertical glass surfaces. Unfortunately the same is not true of 

horizontal surfaces and dust build-up has had a detrimental effect on the performance of 

solar arrays [80, 82-84] and camera calibration targets [46, 72, 85, 86]. 

Although the Pathfinder mission was relatively short at 83 sols [87], it was found that the 

dust settling out of the atmosphere noticeably altered the reflectance properties of the 

calibration target [46]. This was manifest mainly as a change in contrast between the black 

and white calibration target regions [46, 88]. The dust coverage increased the reflectance of 

the black and reduced the reflectance of the white regions and so the dust settling rate 

could be deduced by monitoring the relative reflectance of these regions [46]. Although it 

does not appear that any attempt was made to compensate for the effect of the dust during 

the Pathfinder mission, it was noted that it would have been necessary when processing 

images from later in the Mars Polar Lander mission if it had been successful [46]. 

 

Figure 3-7 Approximate true colour images of the MER calibration targets during the missions showing the accumulation 
of dust. Image from[72]. 

Due to the much greater length of the MER missions than that of Pathfinder, significantly 

more dust deposition has been observed on the MER calibration targets as shown in Figure 

3-7 and so it has had a much greater effect on the calibration and processing of images. As 

the dust coverage of the calibration targets increases, the reflectance of the colour patches 

tends towards the reflectance of the dust. In the absence of any mechanism of dust 

removal, the calibration target and all other rover deck surfaces, including the solar panels, 
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would accumulate an optically opaque dust covering which would render them useless. 

However it was found that periodic cleaning events which have been linked to dust storms 

have resulted in both calibration targets [86] and solar panels [82-84] still being useable to 

the present. 

 A two layer optical model was developed to compensate for the accumulation of dust on 

the calibration targets with fitted parameters being determined from observations of the 

calibration targets on Mars [72, 88]. Laboratory measurements using Mars spectral 

analogue dust from Mauna Kea were also carried out using the Bloomsburg University 

Goniometer for further model verification and refinement [72]. The large number of 

observations of the calibration targets during the missions has allowed a detailed analysis of 

both the deposition and removal rates of dust as well as correlation of the optical depth of 

the Martian atmosphere with the dust deposition rates [86]. In addition to observations of 

the calibration targets, the optical depth of the dust and Martian atmosphere has also been 

deduced from measurements of the solar array outputs [82].  

In spite of the occurrence of cleaning events which removed some of the accumulated dust 

from the calibration targets, a significant amount of dust always remained on their surface. 

This indicates that the dust is somehow bound to the calibration targets surface and not 

simply deposited there by gravity.  This binding is further demonstrated in Figure 3-8 which 

shows the MArs Hand Lens Imager (MAHLI) calibration target [74] on the Curiosity rover. As 

is evident by comparing the pre-flight image of the calibration target with the image taken 

of it after 34 sols on the Martian surface, a significant amount of dust has adhered to the 

colour patches, most noticeably on the white. The calibration target is mounted vertically on 

the front of the rover and so any dust on the colour patches is held there against the force 

of gravity. It is notable that the white opal glass substrate for the resolution test chart still 

appears white and reasonably clean after 34 sols whilst the white silicone patch is barely 

distinguishable from the grey patch. The large dust deposit observed on Curiosity after such 

a short time is due predominantly to the landing method – the Sky crane rockets kicked up a 

significant amount of dust during the landing. 
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Figure 3-8 MArs Hand Lens Imager (MAHLI) calibration target before mounting on the front of the Curiosity rover and 
after 34 Sols on Mars. Images from [89]. 

3.3.1 Dust Adhesion 

It has been suggested that the adhesion of dust to surfaces is caused predominantly by 

electrostatic forces and Van der Waals interactions [90]. It is believed that Martin dust can 

become charged by contact charging when wind-blown dust particles collide and by the 

photoelectric effect due to the high flux of UV radiation at the Martian surface and the low 

atmospheric pressure [91].  Since the forces due to these interactions decay rapidly with 

distance, anything which prevents the dust from coming into close contact with the surface 

will reduce the strength of the adhesion. A surface with high surface cleanliness (a surface 

without adsorbed layers) will therefore have a higher affinity for dust than one with a low 

surface cleanliness [90]. A low surface cleanliness occurs when a material’s surface is 

covered by one or more monolayers of adsorbate, usually in the form of an adsorbed gas 

layer. 

The affinity of a material to an adsorbed layer will depend on the properties of the material 

and the local environment. High temperatures and low vapour pressures cause the surface 

to outgas, increasing the surface cleanliness, whereas cooler environments and higher 

partial pressures will cause thicker adsorbed layers and reduce the surface cleanliness [90]. 

The properties of the materials will also affect the surface cleanliness and wettability – 
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hydrophilic surfaces will more readily receive an adsorbed layer than hydrophobic surfaces. 

It is therefore evident that certain materials in certain environments are much more prone 

to dust adhesion than others [90]. 

3.3.2 Dust mitigation by surface treatments 

Although the environment on Mars is beyond our control, it is possible to alter the surface 

properties of materials to minimise dust adhesion and several methods have been tried [73, 

76]. The moulded Lambertian surface of the RTV 655 polymer used for the NASA calibration 

targets is macroscopically rough, highly hydrophobic and charged [73, 76]. In an attempt to 

alter the material’s surface whilst maintaining its Lambertian and spectral properties, two 

investigations have been carried out into surface treatments to mitigate dust adhesion. 

Thin film coatings were applied to RTV 655 samples by spin coating a thin layer of clear RTV 

on top of the pigmented and textured surface of the colour patches to provide a surface 

with an RMS roughness of a few nm rather than tens of micron [73]. Metal films were 

deposited in nanometre thick layers by evaporation of copper, gold or palladium onto the 

spin coated layer to give a metal terminated conductive smooth surface. It was found that 

reducing the surface roughness of the colour patches alone had little effect on the dust 

adhesion and so mechanical entrapment is not believed to contribute significantly to the 

accumulation of dust [73]. It was found that all three metal coatings significantly reduced 

the dust adhesion in laboratory tests. Test samples covered with each of the three different 

metal coatings, along with an uncoated control were included on the Phoenix calibration 

targets but no information has been found regarding the effectiveness of the method 

against dust in the Martian environment. Although the reflectance spectra of test samples 

were measured during the investigation and found to be very similar to uncoated samples, 

BRDF measurements were not made. In spite of the fact that the spin coated RTV layer was 

transparent, its smooth surface is likely to have significantly increased the specular 

reflection of the patches although this was not confirmed with experimental measurements. 

The surface properties of RTV 655 as well as two other polymers have been modified by 

treatment in argon plasma [76]. Wettability was assessed with contact angle measurements, 

surface potential and surface charge density were measured by Kelvin probe and dust 

adhesion was assessed by the mass of adhered dust [73, 76]. It was found that the polymers 
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could be rendered hydrophilic and surface charge could be eliminated by exposure to the 

argon plasma, and that this treatment dramatically reduced the adhesion of dust to the 

surface. Following prolonged storage in both air and vacuum it was found that the polymer 

surfaces regained their hydrophobic properties but that the surface potential remained 

close to zero [76]. However no reference was made to the dust adhesion properties of the 

samples after prolonged storage, and so it is not known whether the surface treatment is 

effective over long periods. 

3.3.3 Dust mitigation by magnets 

Experiments on magnetic properties have been included on several missions including 

Viking [92], Pathfinder [18], MER [22] and Phoenix [69]. It was observed during the earlier 

missions that atmospheric dust was attracted to the magnets mounted on the landers and 

that ring magnets resulted in a ring of attracted dust with the area in the centre of the ring 

remaining relatively clear. This effect can be seen in the case of the sweep magnet on the 

MER rovers which were mounted to the right of the calibration targets when viewed by the 

cameras as shown in Figure 3-7.  

It was hypothesised that ring magnets could be used to protect a region of the calibration 

target from some of the airborne dust and so ring magnets were incorporated into the 

calibration targets on the Phoenix lander [69]. By embedding ring magnets in each of the 

colour patches it was also possible to obtain much better data on the spectral properties of 

the magnetic and nonmagnetic components of the Martian dust [70]. Wind tunnel testing in 

a Mars simulation wind tunnel [93] confirmed the results of simulations and indicated that 

the central region of the magnet would be protected from dust [78]. However analysis of 

the images captured during the Phoenix mission revealed that the settling rate in the 

“protected” centre region of the ring magnets was in fact marginally higher than the settling 

rate observed on the unprotected fiducial markers which were also made from the same 

pigmented RTV 655 material. This indicates that if anything the ring magnets slightly 

increased the settling rates in the protected region although the difference in the settling 

rates was small in comparison to the uncertainty in the measurements. The discrepancy 

between the measurements in the wind tunnel and those on Mars are probably due to the 

lower saturated magnetization of the Martian dust than the Mars soil simulate used in the 

wind tunnel testing [78].  
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The camera calibration target on the MSL Curiosity rover was the flight spare “Marsdial” 

from the MER rovers [38]. Based on the hypothesis that ring magnets could be used to 

protect regions of the calibration target from airborne dust, the MSL calibration target was 

modified by mounting ring magnets below the colour patches. Because the ring magnets 

were added to the already assembled calibration target it was not possible to mount them 

as close to the surface as had been done in the Phoenix calibration target [78]. Although 

computer simulations indicated that they should provide protection to the central region at 

the increased depth, wind tunnel simulations showed that the central region attracted more 

dust than it would otherwise have done [78]. The addition of the magnets on the MSL 

calibration target is therefore likely to render the four coloured patches in the corners 

almost unusable rather than protect them from dust as intended.  

Although the layout and design of the NASA calibration targets has varied from mission to 

mission, the coloured materials have remained the same since they were devised for 

Pathfinder, in spite of the problems which have been encountered with dust adhesion. 

Polymer cross-linked silica aerogels have been proposed as an alternative to the RTV 655 

silicone and tests have been carried out to determine their suitability [94]. Silica aerogels 

were used in the NASA Startdust sample return mission to capture high velocity particles 

[94] and in the Mars Exploration Rovers as insulation in the electronics boxes [94] but their 

fragility has prevented more widespread use. By crosslinking the aerogel structure with 

polymers the silica structure is reinforced and can be pigmented at the synthesis stage with 

the same mineral pigments used in the RTV 655 colour patches. The pigmented samples 

were found to have similar reflectance spectra to equivalent RTV 655 samples and dust 

adhesion was found to be negligible [94]. However the aerogels were found to suffer from a 

change in spectral reflectance following exposure to UV radiation [94]. 

3.3.4 Active dust removal 

In addition to the passive dust mitigation techniques described above, active dust removal 

techniques suitable for planetary landers have also been devised. An Electrodynamic Dust 

Shield (EDS) has been developed which makes use of dielectrophoretic forces to transport 

dust off surfaces [91, 95, 96]. A set of electrodes is deposited on the surface, embedded in a 

dielectric layer and connected to a three phase electric waveform. A power supply driven at 

10Hz with an amplitude of at least 400V sets up a travelling non-uniform electric field which 
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carries dust particles with it [95]. Although the greatest effect is obtained with charged 

particles the system also works with any polarisable material since a dipole moment is 

established by the non-uniform electric field [96]. The technique has been successfully 

applied in the ambient atmospheric environments found on Earth, the Moon and Mars [95, 

96]. The cleaning effect increases with applied voltage but under Martian conditions a 

maximum of 400V can be applied before dielectric breakdown of the atmosphere occurs 

[96]. In the higher atmospheric pressure on Earth and the high vacuum of the Moon, both of 

which are well away from the glow discharge pressure range [97], higher potentials of the 

order of 1.5KV could be used [96]. 

The EDS has been tested on a number of surfaces including optical and photovoltaic 

surfaces and thermal radiators and found to work effectively on all of them [95]. On thermal 

radiators metallic electrodes embedded in dielectric were deposited before application of 

the thermal radiator paint and so had no effect on the exposed optical properties of the 

component. However in applications such as solar panels the optical properties of the 

surface are critical and so metallic electrodes which would significantly affect the 

transmittance and reflectance cannot be used.  Instead electrodes of Indium Tin Oxide (ITO) 

are applied between layers of transparent dielectric materials such as polyimide to create a 

transparent layer which has minimal effects on the effectiveness of the underlying device.  

An EDS could provide a very effective method of clearing atmospheric dust from the surface 

of a radiometric calibration target and would allow the target to be used without having to 

apply extensive corrections even over an extended surface mission. However the additional 

mass and complexity of the electrical circuitry needed to implement the method are likely 

to prohibit the use of the technique for a calibration target alone. If, on a future mission, an 

EDS was applied to maintain the cleanliness and optimum performance of the solar panels 

on board a planetary lander, it would be relatively straightforward to add the necessary 

electrode structure to the calibration target and connect it to the existing circuitry. Although 

the addition of even a transparent EDS structure on the surface of a calibration target might 

alter its spectral reflectance and BRDF, the benefits of maintaining a clean surface would 

significantly outweigh any additional complications this would cause.  
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4 Theory and experimental methods 

 

 

 

4.1 Glossary 

  Speed of light in vacuum - 299,792,458 m/s 
  Frequency (Hz unless otherwise stated) 
   Bandwidth (Hz unless otherwise stated) 
  Wavelength (nm unless otherwise stated) 
  Energy (J unless otherwise stated) 
  Planck’s constant - 6.626x10

-34
 J/s 

  Coherence length of light 
  Electric field strength 
  Distance (m) 
  Time (s) 
  Phase angle 
υ Velocity of a wave in a non-vacuum medium 
  Phase difference between two waves 
  Refractive index  
  Extinction coefficient 

 ̃ Complex refractive index (complex number) 

  Imaginary unit √    
   Absorption coefficient (absorption per unit length) 
  Angle of incidence 
  ,    p or s polarised component – parallel or perpendicular to the plane of incidence 
 ̃ Fresnel amplitude reflection coefficient for a single interface (complex number) 
 ̿ Fresnel irradiance reflection coefficient for a single interface (real number) 
 ̃ Fresnel amplitude transmission coefficient for a single interface (complex number) 

 ̿ Fresnel irradiance transmission coefficient for a single interface (real number) 

 ̃ Total amplitude reflection coefficient (complex number) 

 ̿ Total irradiance reflection coefficient (real number) 

 ̃ Total amplitude transmission coefficient (complex number) 

 ̿ Total irradiance transmission coefficient (real number) 
  Thickness of surface film / sample 

 ̃ Phase thickness of a thin film in the Fresnel total reflection and transmission coefficients 
  Reflectance (ratio) 
  Transmittance (ratio) 
  Absorbance (ratio) 
  Measured reflectance – uncorrected for reflectance of the reference standard (ratio) 
  Measured transmittance (ratio) 
   Internal transmittance 
  Reflectance factor when calculating internal transmittance 
 ̃ Complex amplitude ratio for ellipsometry (complex number) 
   Ellipsometric parameter – amplitude reflectance ratio change after interaction with sample 
  Ellipsometric parameter – phase change after interaction with sample 
  ,     Sample or reference measurement 
  Radiant power / flux 
  Radiance 
   Integrating sphere port fraction 
 ̂ Average reflectance 
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4.2 Light 

4.2.1 Light as waves and particles 

Electromagnetic radiation is a self-perpetuating wave - a wave which can travel through 

space without a medium. It consists of electric and magnetic fields oscillating perpendicular 

to each other and to the direction of propagation. A varying electric field induces a varying 

magnetic field which in turn induces a varying electric field, and so an electromagnetic wave 

will propagate in a straight line through space until it is absorbed, scattered or refracted. 

The speed at which electromagnetic waves propagate in empty space, the speed of light in 

vacuum (c), is a fundamental physical constant with a value of 299,792,458 m/s. The 

wavelength and frequency of electromagnetic waves are proportional to the speed of light 

[98]: 

       Eq 4-1 

 

where   is the frequency in cycles per second (Hz) and λ is the wavelength in metres.  For 

convenience, wavelengths around the visible region of the spectrum are generally specified 

in units of nm (10-9m).  

Although light is an electromagnetic wave, light with a given frequency will have a quantized 

energy which is related to its frequency or wavelength by [98]: 

         
 

 
 

 

Eq 4-2 

were   is the energy in Joules and   is Planck’s constant (6.626x10-34 J/s). A single quantum 

of electromagnetic energy is known as a photon and can be considered as a particle of light. 

Since the energy of a single photon is very small, its energy is generally expressed in units of 

electron volts - eV (the energy of an electron accelerated through a potential of 1V = 1.602 x 

10-19 J).  

As the energy of a single photon is very small, a typical light source will emit photons at a 

very high rate. Since each photon exhibits wave properties, a train of photons emitted from 

a point source will have phase differences between successive photons. If the phases of the 
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photons match, the light is said to be coherent and successive waves are aligned. Each point 

in a light source will emit photons for a finite time associated with the lifetime of the exited 

state and since the photons are travelling at a finite speed there is a distance over which the 

emitted light is coherent – the coherence length ( ) [98]: 

   
 

  
 

 

Eq 4-3 

where    is the bandwidth of the source. The coherence length of optical sources can vary 

from microns for broadband sources which emit white light such as incandescent lamps up 

to kilometres for narrowband sources such as lasers.  

4.2.2 Polarisation 

The directions in which the electric and magnetic fields in an electromagnetic wave oscillate 

are always orthogonal to each other and to the direction of propagation, but they are not 

fixed in space or time. Since the electric and magnetic field components are always 

perpendicular to each other it is not necessary to specify both and generally only the electric 

field component is specified. The orientation of the electric field vector about the direction 

of propagation is known as the polarisation of the light. If the photons of light emitted from 

a source have a random electric field direction then the light is un-polarised.  This is 

generally the case for most thermal and gas discharge lamps. Some light sources including 

many lasers are partially or fully polarised – the electric field has a preferred direction of 

oscillation. Un-polarised light can become polarised after passing through an optical 

element which either absorbs or deflects all the photons which do not possess the desired 

polarisation. Optical elements which perform this task are called polarisers. 

Polarised light can exist in three states: linear, circular or elliptical. In order to specify the 

polarisation of light it is convenient to resolve the instantaneous orientation of the electric 

field into two orthogonal components in a plane perpendicular to the direction of 

propagation as shown in Figure 4-1. Each of the two components can be expressed in a 

Cartesian coordinates system as an electromagnetic wave propagating in the Z direction, 

with electric field strength ( ) at time ( ) and distance along the direction of propagation ( ) 

as [98, 99]: 
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 (   )         ( 

  

 
(    )   ) 

 

Eq 4-4 

where    is the maximum amplitude of the electric field,   is the velocity of the wave in 

the medium and   an arbitrary phase offset. If the phase difference between the x and y 

components is: 

         

 

Eq 4-5 

Then the instantaneous spatial displacement between the two waves is: 

 
   

  

  
 

 

Eq 4-6 

If the two components are in phase then the orientation of the resultant electric field vector 

will remain constant and the light will be linearly polarised. The orientation of the resultant 

electric field (     ) will depend on the relative amplitudes of the two components as 

shown in Figure 4-1a. If the two components of the electric field vector have equal 

amplitudes but have a phase difference of     ⁄  then the resultant electric field will 

change in direction but will have a constant resultant value and the electric field will trace 

out the circumference of a circle in the x-y plane as shown in Figure 4-1b. In this case the 

light is said to be circularly polarised and the direction in which the electric field vector 

rotates depends on whether the phase difference is ± /2. In most cases the phase 

difference of the two components is not 0 or /2, and the amplitudes of the two 

components are not equal and so the resultant electric field will trace out an ellipse in the x-

y plane as shown in Figure 4-1c. Linear and circular polarisations are special cases of the 

more general case of elliptical polarisation.  
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Figure 4-1 Polarisation states of light. a) Linear polarisation, b) Circular polarisation, c) Elliptical polarisation. Graphic 
adapted from http://spie.org/x17069.xml 

4.2.3 The optical spectrum 

Visible light is an electromagnetic wave with a wavelength in the very narrow region of the 

spectrum detectable by the average human eye. More generally the optical spectrum is a 

region of the electromagnetic spectrum ranging from the ultra violet, through the visible 

and into the infra-red. The distinctions between the different regions of the electromagnetic 

spectrum are not universally accepted and vary between scientific fields. The main regions 

of the optical spectrum according to several of the more common definitions are 

summarised in Table 4-1. The main regions of the spectrum which will be considered in this 

work are the Visible (Vis) and Near Infra-red (NIR) and this range will be referred as the 

Visible Near Infra-Red (VNIR). 
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 ISO [100] CIE [100] DIN [101] Non standardised  

Ultra 
Violet 
[UV] 

   Extreme UV 
[EUV or XUV] 
(10-124nm) 

Vacuum UV  
[VUV]  
(10-200nm) 

UV -C   
(100-280nm) 

UV –C   
(100-280nm) 

 Far UV  
(124-200nm) 

UV-B  
(280 – 315nm) 

UV-B  
(280-315nm) 

 Mid UV (200-300nm) 

UV-A  
(315-400nm) 

UV-A1  
(315-340nm) 

 Near UV (300-400nm) 

UV-A2  
(340-400nm) 

 

Visible 
[VIS] 

VIS  
(400-780nm) 

VIS  
(400-700nm) 

 Vis  
(400-700nm) 

VNIR  
(400nm-1µm) 

Infra-
Red 
[IR] 

Near IR  
(780nm-3µm) 

IR-A  
(700nm-
1.4µm) 

Near IR [NIR]  
(750nm-1.4µm) 

NIR (700nm-
1µm) 

SWIR (1-2.5µm) 

IR-B (1.4-3µm) Short Wave IR [SWIR]  
(1.4-3µm) 

Mid IR  
(3-50µm) 

IR-C  
(3µm-1mm) 

Medium Wave IR 
[MWIR] (3-8µm) 

MWIR (3-5µm) 

Far IR  
(50µm-1mm) 

Long Wave IR [LWIR] 
(8-15µm) 

LWIR (8-12µm) 

 Far IR (15µm-1mm) 
Table 4-1 Regions of the optical spectrum as defined under different international standards and conventions 

From inspection of Table 4-1 it is apparent that under some conventions there are regions 

of the optical spectrum which are not defined. This is due to the fact that many non-

standardised conventions are derived from the field of Earth observation remote sensing 

and the Earth’s atmosphere attenuates some spectral regions to the extent that they are 

effectively undetectable at the Earth’s surface. The spectral transmission of the Earth’s 

atmosphere is shown in the lower half of Figure 4-2. The solar spectrum at the top of the 

Earth’s atmosphere is shown in Figure 4-2 (red line for a black body at 5525K) and the 

attenuated solar spectrum reaching the Earth’s surface is shown below it. The black body 

emission curves for objects with temperatures between 210 and 310K (typical of most of 

the Earth’s surface) are shown at the longer wavelengths (smaller photon energy) and the 

up going thermal radiation transmitted through the Earth’s atmosphere is shown below 

them. The narrow region of the spectrum visible to the human eye is shown as a rainbow to 

illustrate the approximate relationship between wavelength, photon energy and colour. 
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Figure 4-2 The solar spectrum and the transmission of the Earth’s atmosphere showing both wavelength and photon 
energy. Graphic adapted from http://en.wikipedia.org/wiki/File:Atmospheric_Transmission.png 

4.3 Elastic and inelastic scattering interactions of light with matter 

When light interacts with matter it undergoes a scattering process in which its direction, 

polarisation or other properties are altered. Light scattering processes can be divided into 

two categories – elastic and inelastic scattering. With elastic scattering, light interacts with 

matter and is scattered with the same energy or wavelength at which it was incident – no 

exchange of energy occurs between the light photon and the material. With inelastic 

scattering, the light photon interacts with the sample in such a way that its energy changes 

– the wavelength of the photon leaving the sample is different from that incident upon it.  

The way light interacts with matter depends on the wavelength or energy of the light, the 

fundamental properties of the material and the nature of the interface on which the light is 

incident. The vast majority of the optical investigations described here involve elastic light 

scattering and so these processes are described in detail. Inelastic light scattering in the 

form of Raman Spectroscopy was also used for some investigations and is described briefly 

on page 113. 

4.3.1 Optical properties of materials 

The optical properties of a material are the observable manifestation of the response of the 

material to an electromagnetic stimulus. These properties are dependent on many factors 

including the energy of the photons and the composition and structure of the material. The 
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fundamental optical properties of a material can be defined by two wavelength dependent 

parameters – the refractive index and extinction coefficient. These two parameters are 

often combined into a single parameter – the complex refractive index ( ̃), noted 

mathematically as [99]: 

  ̃       Eq 4-7 

where   is the refractive index – the ratio of the velocity of light in the material to that in 

vacuum,   is the extinction coefficient and   √   . The extinction coefficient is related to 

the optical transparency of the material. The attenuation of light as it passes through a 

material is described by the Beer-Lambert law [98, 99]: 

  ( )     
     

 

Eq 4-8 

where I is the transmitted irradiance, I0 is the incident irradiance,    is the absorption 

coefficient and z the distance travelled through the material. The absorption coefficient 

is related to the extinction coefficient by [99]: 

 
  

 

  
   

 

Eq 4-9 

where   is the wavelength in free space rather than the wavelength in the material. Many 

materials such as optical glass are dielectrics – they are insulators with effectively no optical 

absorption so   ̃    and the imaginary part is effectively zero. However any absorbing 

material such as stained glass will have a finite extinction coefficient and so the complex 

refractive index must be used. 

4.3.2 Fresnel’s equations – reflection and transmission at a smooth interface  

Although light travels in a straight line in free space, its path is altered when it encounters 

an interface between media with different refractive indices. Some of the light will be 

reflected at the interface and some will be transmitted into the material along a deflected 

path. The deflection, known as refraction is predicted by Fermat’s principle which indicates 

that rays of light will take the shortest optical path between two points [98]. The degree to 
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which light is refracted at an interface is dependent on the refractive indices on either side 

of the interface and the incident angle and can be calculated by Snell’s Law [98, 99]: 

  ̃        ̃       

 

Eq 4-10 

where the values  ̃ ,  ̃ ,   and   are shown in Figure 4-3. 

 

Figure 4-3 Refraction and reflection of an optical ray at the interface between two media of different refractive indices. 

 

Figure 4-4 Polarisation directions of light incident on an interface between two media at an angle. 

The proportions of the incident light reflected or transmitted at the interface can be 

calculated using Fresnel’s reflection and transmission coefficients. At incident angles other 

than perpendicular to the surface (normal incidence), the amount of light reflected and 

transmitted at an interface is dependent on the polarisation of the light. In the frame of 

reference of the surface, the polarisation of the light can be resolved into two orthogonal 

directions parallel (p) and perpendicular (s) to the plane of incidence as shown in Figure 4-4. 

The designations p and s originate from the German “parallel” and “senkrecht” [99]. With 
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the polarisation defined in this way the Fresnel reflection ( ̃) and transmission ( ̃) amplitude 

coefficients in the p and s directions for light incident on a plane interface between medium 

1 and medium 2 can be expressed as [99]: 

 
 ̃  
  

 ̃        ̃      

 ̃        ̃      
 

 

Eq 4-11 

 
 ̃  
  

 ̃        ̃      

 ̃        ̃      
 

 

Eq 4-12 

 
 ̃  
  

  ̃      

 ̃        ̃      
 

 

Eq 4-13 

 
 ̃  
  

  ̃      

 ̃        ̃      
 

 

Eq 4-14 

At normal incidence all the cos terms become 1 and: 

 
 ̃  
   ̃  

   ̃   
 ̃   ̃ 

 ̃   ̃ 
 

 

Eq 4-15 

 
 ̃  
   ̃  

   ̃   
  ̃ 

 ̃   ̃ 
 

 

Eq 4-16 

With the exception of the case when both media are non-absorbing, the Fresnel reflection 

coefficients are complex. In practice it is the irradiance and not the amplitude of light which 

is measured by detectors. The reflected and transmitted irradiance ratios are equal to the 

square of the magnitude of the complex amplitude ratios [99]: 
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  ̿  | ̃ |  ,  ̿  | ̃ |  and  ̿  | ̃ | ,  ̿  | ̃ |  Eq 4-17 

In the case of a dielectric material  ̃  is real and passes through zero at an angle known as 

Brewster’s polarizing angle (  ). Since  ̃  is real and equal to zero,  ̿    and so any 

reflected light will be s polarised. It can be shown from the Fresnel reflection coefficients 

that the Brewster polarising angle is [99]: 

       
  
  

 

 

Eq 4-18 

For non-dielectric materials,  ̃  has an imaginary component and so its magnitude does not 

pass through zero. Therefore  ̿  also does not go to zero but passes through a minimum at 

the pseudo Brewster angle where the reflected light is predominantly s polarised. 

The description above concerns the reflection and transmission of light at a single smooth 

plane interface between two media of different refractive indices. This situation is 

encountered when the sample / substrate is effectively infinite – no light other than that 

from the single interface is detected by the instrument. This can occur if the sample is highly 

absorbing and so none of the light entering the sample is able to leave or if the light 

transmitted through the interface is scattered or otherwise directed away from the 

measuring instrument. In this case the reflectance can be obtained from the Fresnel 

irradiance reflectance coefficient (s): 

     ̿  and     ̿  

 

Eq 4-19 

As the light is interacting with only one interface it is not possible to measure the 

transmittance unless either the light source or detector exists within the material. Although 

there are some instances where light which has interacted with only one interface is 

measured, most physical systems will involve light interacting with more than one interface. 

4.3.3 Reflection and transmission from multiple smooth plane interfaces 

If the light encounters multiple smooth, plane and parallel interfaces, separated by a 

distance   then at each interface some light will be reflected and some transmitted and the 
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observed reflected and transmitted rays will be the result of multiple interactions with the 

interfaces as shown in Figure 4-5. 

 

Figure 4-5 Light reflected and transmitted at two plane parallel interfaces 

The way in which the total reflected and transmitted irradiance is calculated depends on the 

optical path length between the interfaces and the coherence length of the light. If the 

optical path between the interfaces is small in comparison to the coherence length of the 

light then the observed irradiance will be the result of coherent interference and the 

complex amplitude coefficients must be considered. This is generally the case for thin films 

such as oxide films grown on materials and thin deposited films such as antireflection and 

interference filter coatings. The total Fresnel reflection and transmission amplitude 

coefficients are the same for both the p and s polarised directions and so are given in a non-

polarisation specific form as[99]: 

 
 ̃  

 ̃    ̃   
    ̃

   ̃   ̃       ̃
 

 

Eq 4-20 

 
 ̃  

 ̃    ̃   
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   ̃   ̃       ̃
 

 

Eq 4-21 

where  

 
 ̃    (

 

 
)  ̃       

Eq 4-22 
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is the phase thickness of the film which accounts for the phase change and attenuation of 

the light during its transit through the material, and   is the thickness of the thin film. The 

total reflection and transmission coefficients can be used recursively for any number of thin 

films in a stack. The irradiance reflectance and transmittance coefficients are calculated as: 

  ̿  | ̃|
 
  and  ̿  | ̃|

 
 

 

Eq 4-23 

If the optical path length between the interfaces is large compared to the coherence length 

of the light then coherent interference will no longer occur and the total amount of light will 

be the result of incoherent addition. It is now the Fresnel irradiance reflection and 

transmission coefficients which must be considered to determine the total reflectance and 

transmittance of the sample. This is generally the case for measurements of the reflection 

and transmission of slabs of material such as glass with thicknesses of the order of 

millimetres or more using broad band light sources. The total Fresnel irradiance reflection 

and transmission coefficients, in non-polarisation specific form, are now [102]: 

 
 ̿   ̿   

 ̿    ̿   ̿  
          

   ̿   ̿      
       

 

 

Eq 4-24 
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  ̿   ̿  
         

   ̿   ̿      
       

 

 

Eq 4-25 

where    is the absorption coefficient as defined in Eq 4-8 and is related to the extinction 

coefficient by Eq 4-9.  

4.3.4 Diffuse reflection and transmission  

The Fresnel reflection and transmission coefficients presented above allow the calculation 

of the reflected and transmitted irradiance, and polarisation changes, which occur when 

light undergoes a specular reflection from a smooth and plane interface. In practice few 
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samples exhibit pure specular behaviour and some light is always scattered diffusely. Diffuse 

scattering occurs when light is incident on a rough surface but the scattering mechanism 

depends on the length scale of the roughness in comparison to the wavelength of the 

incident light. When the roughness length scale is long in comparison to the wavelength of 

the light, the scattering can be considered as specular reflections from a large number of 

small surface elements, each with a different orientation [103, 104]. However if the length 

scale of the roughness is small in comparison to the wavelength, the scattering is 

predominantly due to diffractive effects [103]. For length scales comparable to the 

wavelength, scattering is due to a combination of the two mechanisms [103]. 

 If the scattering surface is isotropic then the measured reflectance and transmittance will 

be independent of sample orientation, but if the surface is an-isotropic then the 

measurements will be dependent on the orientation [105]. An-isotropic rough surfaces are 

commonly formed by machining processes where highly regular cutting paths cause surface 

features to be aligned. The effect of the roughness on the polarisation of the light is 

dependent on the length scale of the roughness and the coherence length of the light [106]. 

The calculation of scattered irradiance from rough interfaces as a function of direction is 

complex, and so is beyond the scope of this work. 

 

Figure 4-6 Distribution of scattered light from a Lambertian surface. The length of the arrows represent the irradiance.  

Although distribution of scattered light from a diffuse interface is dependent on a number of 

factors, many diffuse reflecting surfaces are compared to an ideal diffuse surface - a 

Lambertian surface. A Lamberian surface is a surface from which the scattered radiance is 

constant over all angles [105]. Since the irradiance is dependent on the projected area of 
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the surface, it falls off with the cosine of the angle as shown in Figure 4-6, tending to zero as 

the viewing direction becomes parallel to the surface [105]. 

4.4 Experimental measurements 

Several experimental investigations were carried out in this thesis, including the 

determination of the optical properties of glass, the reflectance characteristics of rocks and 

minerals and the transmission properties of interference filters. Two optical measurement 

techniques were used in the course of these investigations; reflectance and transmittance 

spectroscopy and spectroscopic ellipsometry. The following sections outline the 

fundamentals of these techniques as well as the experimental setups used and the methods 

used to analyse the data.  

4.4.1 Reflectance and transmittance measurements 

The measurement of a sample’s reflectance or transmittance is conceptually among the 

simplest of optical experiments but obtaining accurate and consistent results is seldom 

straightforward.  

4.4.1.1 Defining reflectance and transmittance 

The reflectance ( ) of a sample is the ratio of the radiant flux reflected from the sample to 

that incident on it. Likewise the transmittance ( ) of a sample is the ratio of radiant flux 

emerging from the sample to that incident on it. These can be expressed as: 

 
  

  

  
 

 

Eq 4-26 

 
  

  

  
 

 

Eq 4-27 

where     and    are the reflected and transmitted radiant flux from the sample 

respectively and    is the incident radiant flux. As with most of the optical measurements 

discussed here, the reflectance and transmittance can be measured as a function of 

wavelength to determine the spectral reflectance and transmittance,  ( ) and  ( )  For the 
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rest of this thesis it is assumed that measurements are spectroscopic in nature unless 

explicitly stated otherwise. 

As reflectance and transmittance measurements are both ratios it is necessary to measure 

the incident irradiance as well as the reflected or transmitted irradiance. When taking 

transmittance measurements it is generally possible to remove the sample from the 

measurement beam to directly measure the incident radiant flux   . However when taking 

reflectance measurements this is seldom possible. In a limited number of cases it is possible 

to change the geometry of the measuring instrument to directly measure the incident 

radiant flux and then move the collecting optics to intercept the reflected light. However in 

general a reference standard of known reflectance must be used to obtain a reference 

measurement to determine incident spectral irradiance. The reflectance of the sample is 

then calculated as: 

    
  
   

         
Eq 4-28 

where    is the reflectance of the sample,     is the measured radiant flux reflected from 

the sample,     is the measured radiant flux reflected from the reference standard, 

  
   

   
 is the uncorrected reflectance obtained from the measurement and    is the 

reflectance of the reference standard. Where a high degree of absolute accuracy is not 

required, the measured reflectance is sometimes taken as the reflectance of the sample. In 

this case the reflectance is uncorrected for the reflectance of the reference standard but the 

errors introduced will be relatively small with high reflectance standards such as white 

Spectralon (reflectance of  approximately 99% in the VNIR spectral range[58]). Reference or 

reflectance standards are discussed in detail in chapter 3. 

4.4.1.2 Reflectance and transmittance geometries and configurations 

The way in which light is reflected or transmitted at an interface is highly dependent on the 

roughness of the interface – polished surfaces give rise to specular reflections whilst rough 

surfaces will give diffuse reflections. The measured reflectance and transmittance of the 

sample will therefore be dependent on both the measurement geometry and the scattering 

properties of the sample. There are three distinct configurations for the incident, reflected 

and transmitted light; directional - the light is assumed to be collimated and have an 
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infinitesimal solid angle, conical – the light has a defined solid angle, hemispherical – a solid 

angle of    steradians (sr). For either reflectance or transmittance measurements the three 

configurations give a total of nine measurement geometries which are shown in Figure 4-7 

for the case of reflectance measurements. For transmittance measurements the emerging 

light will be on the opposite side of the sample from the incident light. 

 

Figure 4-7 Configurations for the measurement of reflectance. The equivalent configurations exist for the measurement 
of transmittance where the transmitted light will be below the plane of the sample surface. 

Although there are nine possible measurement geometries, some are more common than 

others and some are equivalent due to the reciprocity of light. The most common 

measurement geometries are bidirectional, biconical and directional / hemispherical or 

hemispherical / directional which are equivalent. Although directional / hemispherical and 

hemispherical / directional measurements are equivalent and should yield the same results, 

there are often advantages to using one over the other. Hemispherical / directional 
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measurements were generally carried out in this work as this allowed the light from the 

lamp to be used more efficiently, resulting in an improved signal to noise ratio.  

4.4.1.3 Analysis of reflectance and transmittance measurements 

Reflectance and transmittance measurements can be analysed in a number of ways to 

determine various sample properties. The analysis methods used as part of this work are 

described below.  

4.4.1.3.1 Calculating absorbance and absorption coefficient 

In general when light is incident on a sample, not all of it will be reflected or transmitted – 

some will be absorbed by the sample. For a closed system at thermal equilibrium, the 

absorbance ( ) can be related to the reflectance ( ) and transmittance ( ) by Kirchhoff’s 

Law which is based on the conservation of energy [107]: 

         

 

Eq 4-29 

The absorbance cannot be related directly to the properties of the sample such as the 

absorption coefficient defined in Eq 4-8 as it represents the proportion of the radiant flux 

incident on the outside of the sample which is absorbed during its passage through it. In 

order to calculate the absorption coefficient it is necessary to obtain the internal 

transmittance – the proportion of the light entering the material which is able to pass 

through it. The internal transmittance is obtained from the measured transmittance by 

allowing for the reflection losses at the interfaces [108]: 

    
 

 
 

 

Eq 4-30 

where   is the reflection factor. For light incident at normal incidence and taking multiple 

reflections into account, the reflection factor can be calculated as [108]: 

 
  

  

    
 

Eq 4-31 
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However the expression for the reflection factor in Eq 4-31 does not account for absorption 

in the sample. For materials such as stained glass Eq 4-31 gives approximately the right 

value in spectral regions where the glass has high transmittance and multiple reflections can 

occur, but underestimates the reflection factor where the glass is highly absorbing and 

multiple reflections are suppressed. The reflection factor can be obtained from the 

measured reflectance as: 

       

 

Eq 4-32 

Since the effect of the glass absorption on multiple reflections is inherently accounted for in 

the measured reflectance, Eq 4-32 provides a better estimate for the reflection factor in 

partially absorbing samples than Eq 4-31.  

4.4.1.3.2 Calculating complex refractive index – n & k 

Reflectance and transmittance measurements of homogeneous slabs of material with plane, 

parallel polished faces and known thickness can be analysed to determine the complex 

refractive index of the material. Analytical expressions relating the refractive index to 

measurements of reflectance and transmittance at normal incidence have been derived 

from Fresnel’s equations [102, 109]. The first step in obtaining the complex refractive index 

is to determine the single surface reflectance which can be calculated as [109]:   

 
 ̿  
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Eq 4-33 

The single surface reflectance is then used along with the measured reflectance, 

transmittance and slab thickness to calculate the extinction coefficient and then the 

refractive index as [109]:  
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Eq 4-34 
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Eq 4-35 

   

Although these equations have been derived for the case of measurements taken at normal 

incidence, it is common to take measurements at angles other than normal incidence, 

especially in the case of reflectance measurements. These equations have previously been 

used to calculate the complex refractive index of slabs measured at an angle of 5˚[109], 

where it was assumed that the error in the calculated values would be small although no 

estimate of the error was given. The derivation of an analytical solution for non-zero angles 

of incidence would be significantly more complex than that for normal incidence and no 

attempt was made to do so.  

In order to assess the effect of the angle of incidence, simulations were carried out to 

determine the error in the calculated refractive index as a function of incident beam angle. 

The error may vary with wavelength, complex refractive index, slab thickness and 

polarisation. Simulations were carried out under the following conditions; un-polarised light, 

a refractive index of             , a wavelength of 633nm (HeNe laser wavelength) and 

a slab thickness of 1.5mm. The total incoherent reflectance and transmittance were 

calculated using the full angle dependent Fresnel equations (Eq 4-8, Eq 4-11 to Eq 4-17, Eq 

4-24 & Eq 4-25 ) and these values were then used to calculate the complex refractive index 

using Eq 4-33 to Eq 4-35. The difference between the original and calculated complex 

refractive index was expressed as a percentage error and plotted in Figure 4-8. 
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Figure 4-8 Errors in calculated n & k due to measurements at non normal angles of incidence and error in k using an 
iterative correction with one iteration 

As shown in Figure 4-8 the errors in both n and k become larger as the angle of incidence is 

increased. Values were determined for an angle of incidence of 8˚ as this is the angle used in 

the integrating sphere systems described below. The error in n is very low at 0.003% but the 

error in k is much larger at approximately 0.4%. By considering the optical path through the 

slab and the terms in Eq 4-34 it is evident that the error in k is caused predominantly by the 

error in the path length of the light passing through the slab. In order to reduce this error, 

the known angle of incidence and the reasonably accurate value for the refractive index 

obtained from the first iteration of the calculations were used to calculate the angle of the 

ray in the slab using Snells law (Eq 4-10) and this was then used to calculate the actual path 

length in the material. This value was substituted for the slab thickness and the calculations 

for n and k were repeated. By using this two stage iterative approach it was found that the 

error in k was reduced by approximately two orders of magnitude to around 0.004% as 

shown in Figure 4-8. 

The uncertainties in the values of n and k obtained using this method can be estimated as 

[109]:  



95 
 

 

 

 

  ̿  √(
  ̿

  
   )

 

 (
  ̿

  
   )

 

 

Eq 4-36 
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Eq 4-37 
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Eq 4-38 

where  ( ̿  ) is the correlation coefficient for  ̿ and  . It is assumed that the uncertainties 

in the slab thickness and wavelength are negligible and so they are ignored. The uncertainty 

calculated for n and k are only due to the uncertainties in the measured reflectance and 

transmittance values. 

4.4.1.4 Measuring reflectance and transmittance 

In order to measure reflectance and transmittance it is necessary to have a light source, a 

detector, a means of selecting or discriminating between spectral bands (if required) and 

optics suitable to direct and collect light in the required geometry. For all of the laboratory 

reflectance and transmittance measurements reported here the light sources were tungsten 

halogen lamps. Since all measurements were spectroscopic, a compact array detector 

spectrometer was used for spectral discrimination and detection. Several different optical 

systems were used to direct and collect the light for measurements and these are described 

in the following sections.  

In practice the measurement of reflectance and transmittance is more complex than that 

indicated in Eq 4-26 and Eq 4-27. It is not possible to directly determine the incident and 

reflected or transmitted radiant flux; the light is intercepted by a detector to give an 
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electrical signal proportional to the irradiance. Detectors generally give a highly linear 

response and so the output signal is directly proportional to the radiant flux intercepted. 

However, because the detectors are not perfect, a signal will be output even in the absence 

of light – the dark signal – and this contributes to the measured signal. The dark signal must 

be measured in addition to the main signal by blocking the light to the detector and the 

reflectance and transmittance can then be obtained as: 

 
  

     

     
 

 

Eq 4-39 

 
  

     
     

 

 

Eq 4-40 

where    and    are the signals measured for the reflected and transmitted light,    is the 

dark signal and    is the signal obtained for the incident radiant flux. The dark signal is 

proportional to the measurement time and so should be measured over the same 

integration period as the rest of the measurements. 

The compact array detector spectrometer used for all reflectance and transmittance 

measurements was an Ocean Optics (www.oceanoptics.com/) Jaz spectrometer. This is a 

fibre coupled, folded path diffractive spectrometer with a 2048 element linear array 

detector to collect all wavelengths simultaneously over the range ~370 to 1030nm. The 

detection of multiple diffraction orders of light is prevented by an order sorting filter at the 

detector. Data collection was controlled in all measurements by the Ocean Optics 

Spectrasuit software which was used to collect, store and process the dark and reference 

measurements and output normalised reflectance or transmittance spectra.  

4.4.1.4.1 Angle dependent transmission setup 

For the angle dependent transmission measurements of thin film interference filters 

described in chapter 5, a manual rotation stage was mounted between source and 

collection optics on an optical rail. Light from a fibre coupled tungsten lamp was collimated 

with a fibre collimating lens assembly and directed towards the axis of the rotation stage. 

http://www.oceanoptics.com/
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The transmitted light was collected by a second fibre collimating package and delivered to 

the Ocean Optics Jaz spectrometer by an optical fibre. The filters were mounted in a lens 

holder fitted to the rotation stage so that their angle with respect to the measuring beam 

could be set to within half a degree. The zero position was found by rotating the stage until 

the reflected light was redirected back into the source optics. This experimental setup is 

illustrated in Figure 4-9. 

 

Figure 4-9 Experimental setup for angle dependent transmission measurements 

Dark measurements were made by blocking the beam path and reference measurements 

were made with the sample removed from the beam. A filter was then placed in the beam 

and transmission measurements made at each of the required angles. The effects of room 

light were excluded by draping black fabric over a frame to cover the apparatus during the 

measurements. 

4.4.1.4.2 Integrating spheres for measuring reflectance and transmittance 

Directional reflectance and transmittance measurements can be highly susceptible to 

misalignments of source or collection optics which will cause systematic errors. 

Misalignments which prevent all of the reflected or transmitted light being coupled into the 

detection optics will result in erroneous low measurements. Samples which do not 

specularly reflect or transmit light are also difficult to measure consistently with directional 

beams because minor changes in the sample scattering properties can cause large changes 

in the coupling of the scattered light into the collecting optics.  

In order to obtain repeatable measurements of reflectance or transmittance from a sample 

it is necessary to have collecting optics which can collect the reflected or transmitted light 

over a large solid angle and without any sensitivity to the direction of the reflected or 

transmitted rays. An optical device which fulfils these requirements is an integrating sphere 
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– a spherical enclosure with a high reflectance diffuse coating which integrates all the light 

directed into it [110]. Light entering the integrating sphere is scattered diffusely each time it 

strikes the sphere wall and providing the sphere is properly designed the radiance inside the 

sphere will be uniform irrespective of the spatial distribution of the input light. The high 

reflectance diffuse coatings used for integrating sphere walls are generally the same as 

those used for reference standards which are described in chapter 3. 

4.4.1.4.2.1 Integrating sphere measurement systems  

Integrating spheres can be used for a wide variety of optical measurements and can be used 

in numerous configurations for any given measurement type. For reflectance and 

transmittance measurements, integrating spheres can be configured as comparison or 

substitution instruments [110]. Comparison spheres have both the sample and reference 

standard present in the sphere for both reference and sample measurements and so the 

samples are compared. In substitution spheres the reference standard is measured and then 

substituted with the sample. Comparison integrating spheres allow straightforward and 

accurate measurements but require a more complex and expensive integrating sphere and a 

greater total number of measurements as the reference is measured for each sample. 

Substitution integrating spheres are simpler devices as they require fewer ports and a single 

reference measurement can be used for numerous sample measurements. However 

substituting a high reflectance reference standard for a lower reflectance sample will reduce 

the sphere throughput and introduce a systematic error known as a Single Beam 

Substitution Error (SBSE) [111]. SBSE is considered further on page 105. 

For the investigations described in this thesis, two integrating sphere systems have been 

used. An Ocean Optics ISP-REF integrating sphere has been used for reflectance 

measurements in the field and a Labsphere (www.labsphere.com/) general purpose sphere 

with bespoke accessories has been used to make reflectance and transmittance 

measurements in the laboratory. The general purpose integrating sphere has also been 

configured as a uniform light source for the camera calibration measurements described in 

chapters 6 and 8. Each of these spheres is described along with their measurement 

configurations in the following sections. 

http://www.labsphere.com/
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4.4.1.4.2.1.1 Ocean Optics ISP-REF integrating sphere 

The ISP-REF integrating sphere is a 1.5” internal diameter single beam substitution sphere 

with built in tungsten lamp and voltage regulator designed for reflectance measurements in 

total hemispherical / 8° geometry. The integrating sphere is made from Spectralon and is 

internally illuminated by the tungsten lamp so that a 0.4” diameter sample port is 

illuminated uniformly over a 2π sr solid angle. A baffle prevents the sample port being 

illuminated directly by the lamp. The reflected light is collected by a lens, which views the 

sample at 8°, and focused into the output fibre via a mirror. Although the lens collects light 

from a small region of the sample over a finite solid angle, the solid angle is small and so the 

collected beam is assumed to be directional rather than conical. A switchable gloss trap is 

included which places either a piece of Spectralon or a light trap adjacent to the output port 

so that the specular component of the reflection can be included or excluded from the 

measurement. A reference port is included in the sphere so that the radiance of the sphere 

can be measured. The internal layout of the ISP-REF is shown in Figure 4-10. 

 

Figure 4-10 The internal layout of the Ocean Optics ISP-REF integrating sphere. 

4.4.1.4.2.1.2 Labsphere general purpose integrating sphere and accessories 

The general purpose integrating sphere is a Labsphere 5.3” internal diameter Spectralon 

integrating sphere with four ports. There is a single 2.5” diameter port in the 0° position and 

two 1” diameter ports at 90° and 180° on the equator and a single 1” diameter at the pole 

position. A Spectralon baffle between the 0° and 90° ports on the equator prevents light 

passing directly from one to the other. The sphere is illuminated by a Labsphere 100W 
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external tungsten halogen lamp powered by a Labsphere stabilised power supply. The 

elliptical mirror in the lamp housing couples the light into a 2”, custom made, barium 

sulphate coated (Avian D diffuse reflectance paint - www.aviantechnologies.com/) satellite 

sphere which is connected to the 90° port on the main sphere. A cone baffle is included at 

the input of the main sphere to diffuse the incoming light and ensure uniform illumination. 

The polar port is blocked by a Spectralon port plug. The general purpose sphere has been 

used in three configurations – for comparison reflectance measurements in total 

hemispherical / 8° geometry, for comparison transmittance measurements in total 

hemispherical / 8° geometry and as a uniform light source.  

 

Figure 4-11 Experimental configuration of the Labsphere general purpose integrating sphere for comparison reflectance 
measurements in total hemispherical / 8° geometry 

For comparison reflectance measurements, the collecting optics comprising a fibre 

collimating package is mounted in a custom made, barium sulphate coated, aluminium port 

plug, at an angle of 8° from radial. This port plug is fitted to the 180° port position and a 

fibre from the collecting optics is connected to the Ocean Optics Jaz spectrometer. Another 

http://www.aviantechnologies.com/
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custom made, barium sulphate coated, aluminium port plug with two 10mm diameter knife 

edge holes is fitted to the 2.5” port. This port plug can be rotated so that either of the two 

small ports for the sample and reference standard can be brought in line with the axis of the 

collecting optics which views them at an angle of incidence of 8°. The sample is clamped in 

place between the knife edge port and a light trap so that any transmitted light is absorbed 

and does not contribute to the measurements. This setup is illustrated in Figure 4-11. 

Once the lamp has reached operating temperature and the output is stable, the sample port 

is covered with the light trap and a reference standard is mounted on the reference port. 

The sample port is aligned with the axis of the collecting optics and the dark signal 

measurement is made. The sample is then mounted between the sample port and light trap 

and the assembly is rotated so that the reference measurement can be taken. The assembly 

is then rotated back to bring the sample into position for measurement. If repeat 

measurements are taken to obtain an average, the dark, reference and sample 

measurements are all repeated. The act of removing and replacing the sample allows 

systematic errors caused by sample placement to be identified and eliminated.  

For comparison transmittance measurements the port plug containing the collecting optics 

is removed and replaced with a Spectralon port plug. The 2.5” port plug with the knife edge 

holes is locked in place, the sample is clamped in place with a black nylon tube and the 

reference port is left open. The collecting optics are mounted in an aluminium cover with 

the inside painted matt black. The aluminium cover can be removed to permit sample 

changing and rotated whist in position to bring the collecting optics in line with either the 

sample or reference port. The aluminium cover seals the system so that measurements can 

be taken in ambient lighting conditions without affecting the measurements. This setup is 

illustrated in Figure 4-12 and a photograph of the system is shown in Figure 4-13. 
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Figure 4-12 Experimental configuration of the Labsphere general purpose integrating sphere for comparison 
transmittance measurements in total hemispherical / 8° geometry 

 

 

Figure 4-13 Labsphere general purpose integrating sphere configured for reflectance measurements 
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Once the lamp has reached operating temperature and the output is stable, an opaque 

black plastic disk is placed in the sample position with the collecting optics viewing the 

plastic disk and the dark measurement is taken. The cover is then removed, the sample 

clamped in place and the cover replaced so that the collecting optics views the reference 

port (i.e. have an unobstructed view of the inside of the integrating sphere). Once the 

reference measurement is taken the cover is rotated to bring the collecting optics in line 

with the sample and the sample measurement is taken. Repeat measurements are taken in 

the same way as for the reflectance measurements. 

When the sphere is required to act as a uniform light source, the rear hemisphere is 

removed, rotated 180° and replaced so that there is no longer a port opposite the 2.5” exit 

port. Although the polar and 180° ports are blocked with Spectralon port plugs, the join line 

is clearly visible and so would affect the uniformity of the flat fields if it were viewed by the 

camera. The join line between the hemispheres runs diagonally across the integrating 

sphere and care must be taken when aligning the cameras to exclude it from the field of 

view. 

4.4.1.4.2.2 Integrating sphere radiometry  

The radiance within an integrating sphere can be calculated accurately in some specific 

applications [112] or can be predicted for more general cases from a few basic equations 

[110]. The radiance inside an integrating sphere is dependent on the luminous flux    

incident on an area     inside the sphere and the sphere multiplier M and can be calculated 

as [110]: 

 
  

  

   
   

 

Eq 4-41 

The sphere multiplier is a parameter which describes the throughput of the integrating 

sphere and is dependent on the reflectance of the sphere coating   and the port fraction  . 

Most well designed integrating spheres have a sphere multiplier in the range 10 -30 [110]. 

The port fraction is the proportion of the spheres surface area which is open for samples, 

detectors, light sources etc and which allows light to be lost from the system. The sphere 

multiplier can be calculated as [110]: 
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Eq 4-42 

In practice, integrating spheres will have ports or regions with reflectance values between 

zero for an open port, up to the reflectance of the sphere wall. The sphere can be 

considered to be made up of several regions with different reflectance values in which case 

the sphere multiplier becomes [110]: 
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Eq 4-43 

where    is the reflectance of the region of sphere wall on which the light is first incident 

and  ̂ is the average reflectance of the sphere which can be calculated as [110]: 
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Eq 4-44 

where    is the fractional area of port i,    is the reflectance of port i and    is the 

reflectance of the sphere wall. 

4.4.1.4.2.2.1 Comparison integrating sphere measurements 

In the case of the comparison integrating sphere the measured reflectance ( ) will be the 

ratio of the sphere radiance with the input flux incident on the sample to the radiance when 

directed onto the reference standard: 

 
  

  
  
 
  
  

 

 

Eq 4-45 

where the subscripts s and r denote the sample and reference standard respectively. The 

reflectance of the sample is obtained from the measured reflectance and the reflectance of 

the reference standard using Eq 4-28. 
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4.4.1.4.2.2.2 Substitution integrating sphere measurements 

In the case of a substitution sphere, the measured reflectance is the ratio of the sphere 

radiance with the sample to that with the reference standard. If the reflectance of the 

sample is different to that of the reference standard (as it generally is) then the average 

reflectance of the sphere will change between the two measurements causing a change in 

the sphere multiplier and an error in the measured reflectance – the Single Beam 

Substitution Error (SBSE). The measured reflectance is now [110]: 
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Eq 4-46 

Since the average sphere reflectance with sample in place is dependent on the reflectance 

of the sample, Eq 4-46 cannot be rearranged to obtain    and so the reflectance of the 

sample cannot be obtained analytically. 

4.4.1.4.2.3 Single Beam Substitute Error correction 

Several methods have been devised to correct SBSE where it is not possible or practical to 

use a dual beam or comparison integrating sphere. SBSE can be minimised by using a 

reference standard with a reflectance very similar to that of the sample and the residual 

error can be corrected with lookup tables [111, 113]. SBSE has been corrected in 

transmission measurements by measuring the sample reflectance with a different 

experimental setup and using this to calculate a correction factor for the transmission 

measurement [114]. However this method is not applicable to reflectance measurements as 

it would be necessary to know the reflectance in order to be able to apply the correction. 

SBSE can be eliminated for integrating spheres such as the ISP-REF described on page 99 

which have an additional reference port. The radiance in the sphere is measured through 

the reference port with the sample and then again with the reference standard in the 

sphere. These measurements are taken in addition to the measurements of the dark signal, 

the light reflected from the sample and light reflected from the reference standard. The 

radiance measurements are then used to calculate a correction factor which is used to 

correct the SBSE [115]. Although this method can correct the SBSE, it significantly increases 



106 
 

the number of measurement required and can only be used with integrating spheres which 

have a suitable reference port. 

Although Eq 4-46 cannot be rearranged to determine the sample reflectance analytically, a 

solution can be found by computational methods such as the Levenberg-Marquadt 

algorithm [116]. Eq 4-44 can be rewritten to separate the sphere into two regions – the 

sphere with port fraction (   ) and mean reflectance  ̂    and the measurement port with 

port fraction   and reflectance  . The mean reflectance now becomes: 

  ̂  (   ) ̂       

 

Eq 4-47 

where   can be substituted for    or    to obtain  ̂  or  ̂  respectively. Substituting these 

into Eq 4-46 and rearranging yields: 
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Eq 4-48 

Measurements are taken with the substitution integrating sphere from a number of samples 

with known reflectance. The values are substituted into Eq 4-48 and the quantity on the Left 

Hand Side (LHS) is minimised with  ̂    as the variable. Since  ,    and    are all functions of 

wavelength, so too is  ̂   . Measurements of the reflectance of unknown samples are now 

taken and the LHS of Eq 4-48 minimised with    as the variable. The value obtained in this 

way is corrected both for SBSE and for the reflectance of the reflectance standard.  

4.4.1.4.2.3.1 SBSE correction with the Ocean Optics ISP-REF 

This procedure was carried out for the ISP-REF integrating sphere described on page 99. 

Reflectance measurements of each of the 24 patches of a new Gretag Macbeth colour 

checker (reflectance spectra are presented on page 183) were measured with both the ISP-

REF substitution integrating sphere and a Labsphere general purpose integrating sphere 

described on page 99. The comparison integrating sphere measurements were corrected for 

the reflectance of the reference standard using Eq 4-28. The measured data was loaded into 

Mathcad Prime2 and Eq 4-48 was minimised using the Levenberg-Marquadt based Minerr 
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function. The mean reflectance of the ISP-REF integrating sphere obtained is presented in 

Figure 4-14.   

 

Figure 4-14 Mean internal reflectance of the ISP-REF integrating sphere 

The mean internal reflectance of the ISP-REF is around 95% over most of the spectrum 

which is much less than the 99% reflectance of Spectralon over the same spectral range 

[58]. The reflectance drops off sharply below 425nm, reaching approximately 84% by 

400nm. The relatively low mean internal reflectance and sharp drop-off in the blue are 

attributed to low reflectance of internal components and other ports including the lamp and 

holder, the output port and the reference port. Contamination such as dust entering the 

integrating sphere will reduce the mean internal reflectance and require it to be 

recalculated from a new set of measurements. 

The reflectance of the Gretag Macbeth colour checker patches were calculated from the ISP-

REF measurements using the method outlined above. The uncorrected reflectance 

measurements showed errors up to 8% when compared to the results from the comparison 

integrating sphere. The corrected measurements showed much smaller errors, generally 

much less than 1%. This method was used to correct SBSE in all measurements taken with 

the ISP-REF integrating sphere and presented in this thesis unless otherwise stated.  
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4.4.2 Spectroscopic ellipsometry 

Ellipsometry is an optical characterisation technique which measures the change in 

polarisation of light scattered from the sample. Light with a defined state of polarisation is 

incident on the sample surface and the polarisation state of the light leaving the sample is 

measured to determine the change induced. Ellipsometry can be applied in reflection or 

transmission but is generally used in reflection mode because transmission through a 

substrate with strain or birefringence alters the polarisation state and adds significant 

complexity to the data analysis. In spite of this difficulty ellipsometry has been successfully 

used in transmission mode in applications such as the analysis of substrate properties [117] 

and the measurement of unsupported and encapsulated films [118]. 

Ellipsometry is highly sensitive and non-invasive and so has found applications in many fields 

of research for measuring surface properties of many types of sample. However its most 

common application is in the measurement of the thickness and optical properties of very 

thin films such as oxide films on silicon [99]. As well as measuring single thin films on 

substrates, ellipsometry can be used to measure the thickness and optical properties of thin 

film stacks, although some prior knowledge of the system is required to obtain a meaningful 

analysis [119]. This ability has meant that ellipsometry has found widespread use in the 

semiconductor industry where it is used to measure the thickness of gate dielectrics and 

other very thin films. In addition to film thicknesses, ellipsometry can be used to measure 

the complex refractive index of films [99, 119] and bulk solids [117], surface and interface 

roughness [99, 119] and surface coverage of monolayer films [120]. 

Because ellipsometry measures the change in polarisation of light rather than reflected 

irradiance, it is inherently a ratio measurement and as such does not require a separate 

reference measurement. There are numerous methods of measuring the change in 

polarisation of the light on reflection, all of which require either the incident or reflected 

light to be varied or modulated in some way. The most common polarisation modulation 

techniques involve rotating optical elements – the polariser [121], analyser [121] or 

compensator [122] is rotated whilst the reflected irradiance is measured. Other methods 

such as elasto-optic modulators [107] and liquid crystal variable retarders [123] can be used 

to modulate the light extremely rapidly, making real time instruments possible [119].  
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Ellipsometers intended for high speed measurements generally employ radiometric 

measurement methods in which the irradiance of the reflected light is monitored whilst the 

polarisation state of the light is altered. The ellipsometric parameters are then calculated 

from the measured irradiance using methods such as Fourier series [121]. Null and off-null 

[120] ellipsometry is a slow but very precise measurement method in which the polarising 

optics are adjusted to achieve a null – a minimum in the reflected light. The measured 

values are then related to the azimuths of the polarising optics. 

4.4.2.1 Ellipsometry data analysis 

Ellipsometry does not directly measure the properties of the sample, instead it measures a 

complex amplitude reflectance ratio  ̃ which is generally expressed as two ellipsometric 

parameters,   and    These parameters are related to the complex total reflection 

coefficients  ̃  and  ̃  by[99]: 

 
 ̃  

 ̃ 

 ̃ 
         

 

Eq 4-49 

The ellipsometric parameters represent the amplitude reflectance ratio ( ) of the sample 

parallel and perpendicular to the plane of incidence and the phase change ( ) of the light on 

reflection. It is the measurement of the phase change which gives ellipsometry its high 

sensitivity – small changes to a sample’s surface can induce significant phase changes to the 

reflected light although they may have a negligible effect on the reflected irradiance. 

Ellipsometric measurements cannot generally be inverted to directly obtain the physical 

properties of the samples. Instead a numerical model of the sample structure and materials 

must be developed and the interaction of light with the sample simulated using Fresnel’s 

equations. The properties of interest in the model are then adjusted until the simulations 

match the measurements; a measure of the accuracy of the match usually being a mean 

square error. The fitting of the model is carried out with computerised optimisation 

methods such as the Levenberg-Marquadt algorithm. In order to construct the model and 

implement the optimisation algorithms, prior knowledge of the sample is required. The 

materials and basic structure of the sample must be known and guess values for the layer 

thicknesses must be estimated before an analysis and optimisation is carried out. For this 



110 
 

reason ellipsometry is often used in combination with other techniques to constrain some 

of the variables, obtain a physically realistic fit and improve accuracy. The thickness of very 

thin films can be measured independently with techniques such as grazing incidence x-ray 

and neutron reflectometry [124, 125] and refractive index of bulk samples can be 

determined from reflectance and transmittance measurements as described previously.  

The number of sample parameters which can be determined in a single analysis with 

ellipsometry must be less than the number of independent measurements made of the 

sample. Two measurement parameters are available to take multiple independent 

ellipsometric measurements – the angle of incidence and the wavelength of the light. In 

Variable Angle Ellipsometry (VAE) or Multiple Angle of Incidence ellipsometry (MAI) [126], 

measurements are taken at a number of angles of incidence to probe the sample properties 

whilst in Spectroscopic Ellipsometry (SE) the measurements are taken as a function of 

wavelength. Both variables can be used to obtain Variable Angle Spectroscopic Ellipsometry 

(VASE) measurements.  

4.4.2.2 Analysis for n and k 

The one case in which sample properties can be obtained by direct inversion of the 

ellipsometric measurements is the determination of the bulk optical properties of a 

substrate with no overlying film. In this case the complex refractive index of the substrate 

can be calculated directly from the complex amplitude reflectance ratio defined in Eq 4-49 

using [99]: 

 

 ̃   ̃      √  
  ̃       
( ̃   ) 

 

 

Eq 4-50 

where  ̃  is the complex refractive index of the substrate,  ̌  is the complex refractive index 

of the ambient medium (1 for air),    the angle of incidence. Since the ellipsometric 

measurements are taken from the surface of the bulk material even a very thin overlying 

adsorbed layer will affect the accuracy of the measurements. 
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4.4.2.3 Ellipsometry restrictions and back surface reflections 

Although ellipsometry is a highly sensitive and versatile measurement technique it can only 

be used on samples with smooth plane interfaces – samples with too much surface 

roughness cause depolarisation in the reflected light which results in errors in the 

measurements [106]. In addition the coherence length of the light must be large in 

comparison to the penetration depth of the sample and whilst this is the case for opaque 

substrates such as silicon in the visible spectral range, it is generally not the case for 

transparent or semi-transparent substrates such as glass. With transparent substrates, light 

can be reflected from the back surface of the sample and since it will be incoherent with the 

light reflected from the front surface, errors will be introduced into the measurement. Back 

surface reflections in transparent substrates can be circumvented in several ways – a thick 

substrate can be used so that the back reflected beam is spatially separated from the front 

reflection and can be blocked from collection optics, the back surface of the substrate can 

be roughened to scatter the light and prevent a specular back reflection or index matching 

materials can be used to minimise the index change across the interface and prevent the 

back reflection [127, 128]. 

In spite of the restrictions on the sample, ellipsometry offers a highly versatile measuring 

technique which can be used for in situ studies. The sample can be located in any 

environment which allows light to be directed at the sample and collected by the 

instrument at the required angle. 
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4.4.2.4 Ellipsometry instrumentation – Sopra GESP5 spectroscopic ellipsometer 

 

Figure 4-15 Sopra GESP5 spectroscopic ellipsometer with the main parts labelled 

The GESP5 (Gonio-Ellipso-Spectro-Photometer [129]) is a commercial spectroscopic 

ellipsometer manufactured by Sopra, now part of Semilab Co. Ltd 

(www.semilab.hu/ellipsometry). The GESP5 is a versatile research grade variable angle 

spectroscopic ellipsometer which can be used for a variety of measurement types including 

spectroscopic ellipsometry, spectroscopic photometry and spectroscopic scatterometry 

[130].  The instrument consists of a precision motorised θ/2θ goniometer, each arm of 

which can be operated independently. The polariser arm contains a 75W Xenon arc lamp 

projected through a pinhole, a flat and a concave mirror forming a folded path collimating 

optical system [129], a shutter and attenuating filters and a Crystal Quartz Rochon prism 

polariser [129] directly mounted onto a hollow shaft stepper motor.  The analyser arm 

contains a compensator (quarter wave plate) which can be manually switched into or out of 

the beam, a second polarising prism / stepper motor assembly, folded path focussing optics 

and an optical fibre to carry the collected light to the monochromator. Both arms also carry 

micro-spot focussing lenses which can be moved into the beam to measure a sub-millimetre 

region of the sample rather than the area probed by the collimated ~3mm beam. A 

photograph of the GESP5 spectroscopic ellipsometer is shown in Figure 4-15 and the optical 

layout of the instrument is shown in Figure 4-16. 

http://www.semilab.hu/ellipsometry
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Figure 4-16 Optical configuration of the Sopra GESP5 Spectroscopic Ellipsometer. Shown at 60˚ angle of incidence with 
optional micro-spot lenses and compensator out of beam 

The double monochromator attached to the ellipsometer combines a diffraction grating and 

prism for order sorting and to reduce stray light. The instrument has two detectors – a 

photon counting photomultiplier to cover the spectral range 250-850nm and an InGaAsP 

photodiode to cover the range 850-2000nm [129]. The entrance slit and exit slit to the 

photodiode are fixed whilst the exit slit to the photomultiplier can be adjusted to keep the 

signal within the linear range. The instrument is controlled by the Sopra Gespac software 

which allows calibration and configuration and measurements for each of the measurement 

modes of the instrument. 

4.5 Other characterisation techniques 

In addition to the optical techniques described above which are the main experimental 

techniques used for the work described in this thesis, other experimental techniques have 

also been used for characterising samples, in particular for the determination of the 

mineralogy of Mars analogue samples used in optical studies. Although a full description of 

these techniques is beyond the scope of this work, each technique is described briefly in the 

following sections. 

4.5.1 Raman spectroscopy 

Raman spectroscopy is a type of inelastic light scattering. Highly monochromatic light, 

usually from a laser, is focussed onto the sample. The scattered light is collected and 

directed through a notch or edge filter which rejects the Rayleigh scattered laser light. Any 

light which passes through the rejection filter will be at a wavelength other than the 
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incident light and has been Raman scattered. This Raman scattered light is then directed 

into a monochromator or spectrometer for analysis.  

The wavelength shift of the incident light is caused by interactions with vibrational energy 

states in the material causing the light to gain energy from or lose energy to a vibrational 

state. If energy is lost to a vibrational energy state then the light is said to be Stokes Raman 

scattered and will have a longer wavelength than the incident light. Conversely if the light 

gains energy from a vibrational energy state then it is said to be Anti-Stokes Raman 

scattered and will have a shorter wavelength than the incident laser light. The energy level 

changes giving rise to Stokes, Anti-Stokes and Rayleigh scattering processes are shown in 

Figure 4-17. 

 

Figure 4-17 Energy levels in elastic and inelastic light scattering 

Since energy levels are quantised, light scattered from a given energy level change will be 

shifted by a fixed amount from the incident laser light. A measured Raman spectrum 

therefore exhibits peaks characteristic of the material. The wavelength of the Raman 

scattered light is generally expressed as the shift from the incident light rather than the 

absolute wavelength and so Raman spectra can be directly compared irrespective of the 

wavelength of the incident laser. The shift in wavelength is usually expressed in 

wavenumbers (cm-1) and Raman scattered signals generally lie in the region 0 to 4000 cm-1; 

shifts greater than this are usually the result of other interactions such as fluorescence. 

Since the vibrational energy levels of a material are determined by its structure, Raman 

spectroscopy can be used to identify materials in the sample by comparing the measured 

spectra with a database and matching the peak positions. 
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Raman spectra were used in several investigations [5, 6] to determine the mineralogy of 

Mars analogue samples. Measurements were made with a Horiba Jobin Yvon 

(www.horiba.com/uk/scientific/) LabRam HR Raman Spectrometer using the in-built 20mW 

HeNe laser and a Semrock edge filter with a cut-off at 80cm-1 mounted in a custom 

interchangeable filter holder. The spectrometer is configured with an Olympus microscope 

with 10, 50 and 100X objectives and a motorised mapping stage. Although the instrument 

has a confocal microscopy capability the confocal aperture was wide open for 

measurements on mineral samples in order to maximise the depth of field and signal. Since 

the rejection filter is a long pass edge filter, only Stokes scattering measurements were 

possible. A 488nm Argon Ion laser was also available for Raman measurements but was not 

used on the mineral samples as the higher photon energy caused greater fluorescence in 

many of the samples which swamped the Raman peaks. Measured Raman spectra were 

manually compared to spectra in the RRuff database [131] using the RRuff CrystalSleuth 

software (http://rruff.info/) to confirm the mineralogy of the samples. 

4.5.2 X-ray powder diffraction 

X-ray powder diffraction is an analytical technique which measures the angular distribution 

of x-rays scattered from a sample. A beam of quasi-monochromatic x-rays emitted from a 

source is passed through a slit to define its size and divergence before being directed at a 

powdered sample. X-rays diffracted by the sample pass through a second set of slits to 

discriminate the direction and angular extent and are intercepted by a detector. The x-ray 

source and / or detector and slits are mounted on the arm(s) of a goniometer so that the 

angle between the incident and diffracted x-rays can be accurately set.  

 

Figure 4-18 Bragg diffraction of x-rays by crystal planes 

http://www.horiba.com/uk/scientific/
http://rruff.info/
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The wavelength of x-rays can be comparable to the spacing of atoms in materials and so x-

rays are diffracted by the regular spacing of atomic planes in crystalline materials. The angle 

( ) by which x-rays are diffracted is dependent on the spacing of the atomic planes ( ) and 

the wavelength ( ) of the x-rays and can be determined from Bragg’s Law as shown in Figure 

4-18 and described by Eq 4-51 [132]. X-rays can be diffracted over multiple orders as 

represented by   in Eq 4-51 which takes integer values. It can be seen from Figure 4-18 that 

diffraction will only occur when the crystal planes have the correct orientation relative to 

the incoming beam. In order to circumvent this problem, finely powdered samples with 

randomly orientated grains are used so that some crystals will always have the correct 

orientation. Since the spacing(s) between atomic planes in a crystal are dependent on the 

crystal structure, x-ray powder diffraction measurements can be used to identify crystalline 

materials by the unique fingerprint of their diffraction pattern. 

           

 

Eq 4-51 

X-ray diffraction measurements have been used in several investigations [5, 6, 8, 9] to 

identify the mineralogy in Mars analogue samples. Measurements were carried out with a 

Bruker (www.bruker.com/) D8 Advance x-ray powder diffractometer, using Cu kα radiation. 

The instrument was fitted with a Goebel mirror to provide a collimated beam and remove 

the Cu kβ radiation and a Vantec 1 Super Speed position sensitive detector with radial soller 

slits. The sample is mounted on a rotation stage and rotated continuously during the 

measurements to average out the effects of the random crystal orientations. An image of 

the instrument is shown in Figure 4-19. Samples were crushed with a hydraulic press 

between hardened steel plates where required and ground to a homogeneous powder with 

an agate pestle and mortar. When a sufficient quantity of powder was available it was 

contained in polycarbonate sample holders for measurement. Where there was an 

insufficient quantity of powder to prevent the first sharp diffraction peak of amorphous 

plastic of the sample holder showing in the measurements, the sample was spread on a 

wafer of (100) silicon and measurements were restricted to the range 10 to 60° in 2θ. Over 

this angular range only a single and very weak diffraction peak was contributed by the 

silicon. 

http://www.bruker.com/
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Figure 4-19 Bruker D8 Advance x-ray powder diffractometer with parts labelled  

Measurements were repeated on each sample until the diffraction peaks were clearly 

distinguishable above the noise. For some samples this was accomplished with an 

integration time of 15s per data point (the minimum with the Vantec detector) whilst others 

required integration times of the order of an hour per data point. Data analysis was carried 

out using the Bruker Eva software package. The secondary peaks caused by the Cu kα2 

radiation were removed by the software and the background was fitted and subtracted. 

Peak positions were found automatically by the software and compared to the International 

Centre for Diffraction Data (ICCD) Powder Diffraction File (PDF) database. The probable 

mineralogy of the sample was determined from the list of possible matches based on 

knowledge of the mineralogy of the field site from which they were collected. 
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4.5.3 Atomic Force Microscopy 

 

Figure 4-20 Basic components of an Atomic Force Microscope 

Atomic Force Microscopy (AFM) is a type of Scanning Probe Microscopy (SPM) in which the 

topography or other properties of a surface are mapped by scanning a probe across the 

surface. In contact mode, a very fine tip on the end of a cantilever is brought very close to 

the surface of interest until the repulsive forces between the tip and the surface [132] cause 

the cantilever to bend. The cantilever is mounted on a piezoelectric actuator so that very 

fine control of its position in the z direction can be achieved by the application of an 

electrical signal. The deflection of the cantilever is detected optically, using a laser beam 

reflected from it onto a position sensitive detector as shown in Figure 4-20. A closed loop 

control system monitors the position of the laser spot on the detector and adjusts the 

voltage on the piezoelectric actuator to keep the tip – sample interaction force constant. 

Either the tip or the sample is mounted on a piezoelectric actuator driven stage and scanned 

in a raster pattern in the x-y plane and the tip under closed loop control follows the profile 

of the surface. The voltage applied to the z axis piezoelectric actuator is recorded as a 

function of position on the sample to build up an image of the surface topography.  



119 
 

 

Figure 4-21 Psia XE100 AFM system with parts labelled. 

AFM was used to investigate topography and length scale of the roughness of the glass used 

for the PanCam calibration target. Measurements were taken using a Psia (now Park 

Systems - www.parkafm.com/) XE100 AFM in contact mode. The system has a lateral scan 

range of 40µm and a vertical scan range of 10µm. The sample is mounted on the X-Y axis 

piezoelectric actuator whilst the tip is mounted on the the Z axis piezoelectric actuator and 

so the cross talk which generally occurs with tube piezo based instruments does not occur. 

The instrument includes an optical microscope for alignment of the laser on the cantilever 

and tip on the sample. The AFM is mounted on an active anti-vibration table on a 6” thick 

granite slab inside an acoustically shielded enclosure to decouple the system from 

vibrations. The main components of the instrument are shown in Figure 4-21. 

 

  

http://www.parkafm.com/
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5 Selection of a geology filter set for the ExoMars PanCam 

instrument 

 

 

 

5.1 Multispectral imaging for geological investigations 

One of the prime science objectives of the multispectral cameras on-board the Mars 

Landers from Pathfinder onwards has been to provide geological context to the results 

obtained from other instruments and to aid in the selection of the most valuable scientific 

targets for further analysis [18, 23, 26, 30, 33, 34, 46]. Due to the lack of obvious biological 

targets on the surface of Mars, target selection is made on the basis of the local geology and 

mineralogy – geological features can reveal much about the history and evolution of the 

environment. Information about the type, formation and history of rocks can be gained 

from monochrome images but greater insight can be gained from colour images. 

Multispectral image sets, which extend the spectral discrimination beyond the red / green / 

blue channels of the human eye allow more information to be captured. Multispectral 

image stacks can be interrogated to obtain reflectance spectra from any region within the 

field of view and these spectra can provide diagnostic information about objects in the 

scene [51]. 

In an ideal world it would be possible to measure the reflectance spectra of targets over the 

whole of the solar reflective spectral region (~200nm to 5µm) and even into the emissive 

thermal infra-red region using a single camera system. In practice the spectral range is 

restricted by engineering constrains – all multispectral Mars landers cameras to date have 

been restricted to the spectral range 400 to 1100 nm by the sensitivity of their silicon 

detectors [27] although single point instruments such as the Mini-TES [50] on the MER 

rovers have provided coverage of other spectral regions. Unfortunately the majority of the 

diagnostic spectral features which could allow mineral types to be unambiguously 

determined lie further into the Infra-red, outside the sensitive range of silicon and so the 
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best that can be achieved with Visible to Near Infra-Red (VNIR) cameras is to classify targets 

into broad mineral types [133].  

5.2 The baseline geology filter set 

Although the Viking landers carried cameras with spectral selectivity beyond red, green and 

blue, the first of the modern multispectral imaging systems to be deployed on Mars was the 

Imager on Mars Pathfinder (IMP) [18]. At the time this instrument was developed, 

information about the composition of the Martian surface was quite limited although it was 

known that iron minerals were highly abundant [134]. The geology filter set in the IMP was 

therefore selected to discriminate between the Fe2+ / Fe3+ spectral features in the VNIR 

range[18]. The centre wavelengths of the IMP filters and the spectral features they target 

are listed in Table 5-1.  

Wavelength 

(nm)  

Mineralogical  Observation 

440 Near the centre of a Fe
3+

 crystal field electronic absorption in ferric 

oxides and oxyhydroxides. Blue stereo. 

480 Identification of Fe
3+

 - Fe
3+

 pair transition feature in oxidized iron 

minerals. Discrimination among crystalline hematite, crystalline goethite, 

and nanophase ferric oxide. 

530 Near the edge of the near UV absorption in hematite, d-FeOOH, goethite 

and lepidocrocite. 

600 Local maximum in pure ferric oxyhydroxide spectra and a continuum 

point for definition of the 650-nm band. 

670 Characterize a Fe
3+

crystal field absorption in ferric oxides and 

oxyhydroxides and strong charge transfer bands in many Fe-bearing 

silicates. Red stereo. 

750 Local minimum in ferric oxides, oxyhydroxide mineral spectra. 

800 Local maximum in maghemite spectrum and the shoulder for the 860-nm 

Fe
3+

 charge transfer band. 

860 Centre of a Fe
3+

 charge transfer band in hematite. Continuum point for 

the Fe
2+

 band complex of pyroxenes and olivine. 

900 Centre of the Fe
3+

 charge transfer band in goethite and the centre of the 

Fe
2+

 band complex in low-Ca orthopyroxenes (enstatite, hypersthene). 

930 Centre of the Fe
2+

 band complex in low-Ca clinopyroxenes. 

965 Characterization of the shape and depth of the 1-mm Fe
2+

 band. High 

contrast stereo imaging. 

1000 Centre of the Fe
2+

 band complex in high-Ca clinopyroxenes (diopside) and 

diagnostic of Mg-olivine (forsterite). 

Table 5-1 Justification for the geology filters in the Imager for Mars Pathfinder. Reproduced from [18] 
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The geology filter set in the IMP were successfully used to discriminate between mineral 

types on the Martian surface and so was also adopted for subsequent Mars Lander 

multispectral camera systems. The centre wavelengths and bandwidths for past, current 

and proposed future multispectral cameras are summarised in Table 5-2. Whilst not all 

cameras have carried the full filter set, it is evident that geology filter centre wavelengths 

have changed little between the various missions. The bandwidths of the geology filters are 

in general not equal and increase at either end of the spectral range to counter the lower 

sensitivity of silicon detectors and the lower light levels in these regions of the spectrum 

[23].  

5.3 Selecting new geology filter centre wavelengths for ExoMars – a 

statistical approach 

The baseline filter set for the ExoMars 2018 Panoramic Camera (PanCam)  instrument 

currently under development is identical to that for the Beagle 2 Stereo Camera System [33] 

which in turn was based on the Pathfinder filter set. Although it is evident from Table 5-2 

that the filter centre wavelengths have changed little over the years, our knowledge of the 

mineralogy of the Martian surface has been greatly increased by the results from the 

previous Mars Landers and Orbiters. Additionally the ExoMars Rover has a distinctly 

different aim – to search for signs of extant and extinct life rather than to investigate the 

Martian geology. It was therefore proposed that further work be carried out to optimise the 

filter set to meet the scientific objectives of the Pasteur Payload on the ExoMars 2018 rover 

[48]. The study [5] demonstrated that there was a scientifically justified basis to replace the 

well-established geology filter set and a novel statistical method of selecting a new set was 

developed.  
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  Left Camera Right Camera 

Mission  L12 L11 L10 L9 L8 L7 L6 L5 L4 L3 L2 L1 R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 

Pathfinder[18] Type G G G G G G G Sol Sol Sol Sol G G Sol Sol Sol Sol G G Dn,P G G G G 

 CWL 968 1003 931 898 858 802 671 935 925 883 450 443 443 670 946 936 989 671 752  600 531 480 967 

 BW 31 29 27 41 34 21 20 4.8 5 5.6 4.9 26 26 5.3 44 4.9 5.4 20 19  21 30 27 30 

Beagle 2[26] Type Sol Sol Sol Sol D,S G,S G G G G G G CUL G G G G G D D,C,S D,C D,C Sol Sol 

 CWL 877 1000 936 928 671 669 930 857 751 532 439 481 720 602 799 906 961 1003 668 668 440 532 449 670 

 BW 6 6 5.6 5.5 17 17 32 34 18 32 22 28 560 21 20 42 29 28 17 18 22 32 4 5.5 

MER[23] Type     Sol G,S G G G G S P S St G G G G G Sol     

 CWL     440 432 482 535 601 673 753 739 436 754 803 864 904 934 1009 880     

 BW     20 32 30 20 17 16 20 338 37 20 20 17 26 25 38 20     

Phoenix[30] Type G G G G G G G Sol Sol Sol S,G S,G S,G S,G Sol Sol Sol Dn Dn G LP G G G 

 CWL 968 1002 931 900 864 802 833 887 991 451 447 673 673 447 671 936 936 450 753 754 753 604 532 485 

 BW 30 26 25 45 37 22 28 5.8 4.9 4.1 23 19 19 23 4.9 5.2 5.2 29 20 21 17 15 28 21 

Curiosity[34] Type B,C B,C B,C  Sol G G G G G G Vis Vis G G G G G G Sol  C,B C,B C,B 

 CWL 640 554 495  880 1012 867 676 751 445 527 590 575 527 447 805 908 937 1013 440  493 551 638 

 BW 88 76 74  20 42 20 10 20 20 14 172 180 14 20 20 22 22 42 20  76 78 88 

ExoMars[33] Type Sol Sol Sol Sol D,S G,S G G G G G G P G G G G G D D,C,S D,C DF,C Sol Sol 

 CWL 877 1000 936 928 671 669 930 857 751 532 439 481 720 602 799 906 961 1003 668 668 440 532 449 670 

 BW 6 6 5.6 5.5 17 17 32 34 18 32 22 28 560 21 20 42 29 28 17 18 22 32 4 5.5 

Table 5-2 Spectral bands, purpose and distribution of filters for multispectral Mars lander cameras. Unless otherwise stated the information for each mission was obtained from the 
reference in column 1.  

Filter purpose:  
G – Geology filter,  
B – Bayer filter channels on MSL Curiosity cameras,  
C – for colour image generation,  
CUL – Close Up Lens (for Panchromatic close up imaging at 8-9cm on 
Beagle 2 lander), 
D– Diopter for far focus (For focussing on distant objects with the Beagle 
2 SCS and baseline ExoMars PanCam instruments),  

Dn – Diopter for near focus (For focusing on the deck of the Phoenix 
lander and the tip plate magnet (190mm distance) on Pathfinder),  
LP – Linear polarizer,  
P – Panchromatic (no filter),  
S – Stereo image capture (for Digital Elevation Model (DEM) generation),  
Sol – Solar filter (Typically has an optical density of 4 or 5 (OD5 = 10-5 

transmittance) for direct imaging of the sun),  
Vis – Visible spectral region filter (IR cut). 
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5.3.1 Initial filter optimisation study  

It is generally agreed that liquid water is essential for life. Consequently the best place to 

start the search for life on Mars are regions which show evidence that water was present in 

the past. Although liquid water has not been found on the Martian surface, hydrated 

minerals which have formed in the presence of water have been discovered [134]. Such 

minerals are therefore likely to be indicators of scientifically interesting environments 

worthy of investigation. Consequently the geology filter set for the ExoMars PanCam 

instrument was developed to identify a broad range of hydrated minerals rather than 

specifically targeting Fe2+ / Fe3+ spectral features. 

In general hydrated minerals have few diagnostic features in the VNIR spectral range. The 

new filter selection was therefore developed using a statistical method which found the set 

of 12 filters which was best able to reproduce the reflectance spectra of a range of 

preselected minerals. The minerals selected for the initial study were: Nontronite, 

Montmorillonite, Jarosite, Alunite, Gypsum, Opaline silica and Calcite [135]. Several 

reflectance spectra representative of the spectral variability of each mineral were obtained 

from USGS [136, 137], JPL [138] and RELAB (Brown University) spectral databases for the 

study. 

The filter selection algorithm used a brute force approach by trying every possible 

combination of filters to find the set which most accurately reproduced the original 

reflectance spectra. Reflectance measurements for each combination of filter wavelengths 

were obtained for each mineral from the database spectra. The accuracy with which each 

filter set reproduced the original reflectance spectrum was determined by calculating the 

reflectance error between original and simulated PanCam spectra. The filter combination 

with the smallest total reflectance error was judged to be the one which most accurately 

reproduced all the reflectance spectra in the data set.  

Using this statistical method the F2-12 geology filter set was developed. It was found that 

the F2-12 filter set was better able to capture the few diagnostic spectral features present in 

the test data and in almost all cases it outperformed the Beagle 2 filter sets. A full 

description of the development of the filter set and the selection and testing processes as 

well as the Mars analogue samples and their characterisation can be found in [5]. 
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5.3.2 Broader study and selection of the FERRIC filter set 

Although the statistically selected F2-12 filter set was better able to identify priority targets 

for the ExoMars mission than previous filter sets, it had been optimised using a very limited 

data set. Consequently a more extensive study was carried out using the same process but a 

much broader range of minerals. Six new filter sets were generated using different groups of 

minerals listed in Table 5-3. Eight reflectance spectra for each mineral were used for the 

optimisation in order to cover the variability in the spectra of the natural samples. The 

centre wavelengths of the six new filter sets are listed in Table 5-4.  

Filter Set Mineral Group Minerals 

SULF Sulphates Gypsum 
Alunite 
Jarosite 
Copiapite 
Magnesium Sulphate 

PHYL Phylosilicates Chlorite 
Nontronite 
Montmorillonite 
Saponite 

MAFIC Mafic silicates Olivine 
Clinopyroxene – Augite & Diopside 
Orthopyroxene – Bronzite & Enstatite 
Albite 

FERRIC Ferric oxides Hematite 
Goethite 
Magnetite 
Ferrihydrate 

ALL_FE All iron bearing minerals Jarosite 
Copiapite 
Chlorite 
Nontronite 
Saponite 
Siderite 
Olivine 
Clinopyroxene – Augite & Diopside 
Orthopyroxene – Bronzite & Enstatite 
Hematite 
Goethite 
Magnetite 
Ferrihydrate 

HYDRA All hydrated Minerals Gypsum 
Alunite 
Magnesium Sulphate 
Montmorillonite 
Saponite 

Table 5-3 Filters sets and the minerals they were optimised for / from. 
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F2-12 SULF PHYL MAFIC FERRIC ALL-FE HYDRA 

440 440 440 440 440 440 440 

470 470 510 470 500 490 500 

510 500 560 520 530 520 550 

560 560 590 560 570 570 590 

590 610 650 640 610 650 630 

650 660 680 690 670 700 710 

710 700 730 740 740 740 760 

750 730 770 800 780 780 810 

820 820 810 850 840 840 890 

890 890 900 900 900 890 940 

960 950 960 950 950 950 970 

1000 1000 1000 1000 1000 1000 1000 
Table 5-4 The filter centre wavelengths (nm) for the statistically selected filter sets. F2-12 from [5], the rest from [6] 

Each of the new filter sets was tested on all of the database reflectance spectra used for the 

optimisations. They were also tested on spectra from Mars analogue samples from Iceland, 

University College London Earth sciences geology collection and Kenya. The bulk mineralogy 

of all of the Mars analogue samples was characterised by X-ray powder diffraction and / or 

Raman spectroscopy. Reflectance spectra of the Mars analogue samples were measured in 

the laboratory using hyperspectral imaging and with an Ocean Optics Jaz spectrometer and 

ISP-REF integrating sphere described on page 99. The measurements taken with the ISP-REF 

were not corrected for Single Beam Substitution Correction. All reflectance measurements 

were normalised to Spectralon reflectance standards. 

The performance of the filter sets was assessed on three criteria: 1. ability to capture 

spectral features, 2. the reflectance error scores as calculated for the optimisation process,  

3.  ability to discriminate between lithological groups using spectral parameters similar to 

those developed for MER [51, 133]. Extensive testing revealed that the FERRIC filter set was 

best able to meet the three criteria and was consistently able to outperform the other filter 

sets. The FERRIC filter set was therefore selected as the most suitable filter set to meet the 

ExoMars mission objectives. A full description of the selection and testing of the filter sets 

can be found in [6]. 

5.4 FERRIC Geology filter bandwidth optimisation 

During the optimisation and initial testing of the filter sets the reflectance was simulated by 

taking the reflectance value at the filter centre wavelength from the measured and 

database spectra with the effects of the filter bandwidths were assumed to be negligible. In 

practice the bandwidth of the filters will be of the order of a few percent of the centre 
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wavelength and so the camera will measure a convolution of the filter transmission profile 

and the reflectance spectrum. Since the spectral information which can be obtained using 

PanCam is already severely limited by the spectral range of the detector and small number 

of data points, it is vital to measure these data points with the highest degree of accuracy 

possible. The bandwidth of the filters used in a multispectral camera will affect measured 

values and the operation of the camera. If very wide bandwidth filters are used then they 

will average out sharp spectral features and could limit the spectral resolution of the 

instrument. However if very narrow bandwidth filters are used then less light will reach the 

detector and poor signals and higher noise will result.  

In order to ascertain the effects of the filter bandwidths on the measurements and 

determine an optimal set of bandwidths for the proposed filter set, further simulations and 

analysis were carried out. The aim of the filter bandwidth optimisation was to balance the 

conflicting criteria to obtain a set of bandwidths for the FERRIC filter set which would not 

compromise its ability to distinguish between mineral types but which would not adversely 

affect the operation of the cameras. 

5.4.1 Effect of bandwidth on reflectance error 

The effect of the filter bandwidths on PanCam reflectance measurements was determined 

by calculating the reflectance error between the original and simulated PanCam spectra. For 

the filter bandwidth optimisation the reflectance score was calculated as:  
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Eq 5-1 

where   is the total number of data points,    is the reflectance error for mineral spectrum 

 , and a given set of filter wavelengths  ,   ( ) is the reflectance at wavelength 

  interpolated from the simulated PanCam reflectance spectra and   ( ) is the reflectance 

of the original spectrum. The reflectance error is therefore a measure of the average 

difference between the simulated and interpolated PanCam data and the original spectrum. 

The average reflectance error for each filter set over a total of   mineral spectra was 

calculated as: 
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Eq 5-2 

The mineral spectra used for the filter bandwidth optimisation were the same as those used 

for the centre wavelength selection, along with some additional spectra for carbonate and 

opal minerals. The additional minerals were not used during the selection and testing of the 

centre wavelengths as the spectra show few distinctive or diagnostic features in the VNIR 

spectral range which would affect the selection process. However these minerals have been 

detected on Mars and are priority targets due to their association with neutral – alkaline 

aqueous environments [6] and so were included for the bandwidth optimisation. A full list of 

the minerals used along with the database identification numbers are included in Appendix 

A. Average spectra for each of the minerals used are shown in Figure 5-1. 

In order to simulate the PanCam reflectance measurements with finite bandwidths it was 

necessary to have the database reflectance spectra at smaller intervals than was used for 

the centre wavelength optimisation. The reflectance spectra were therefore re-sampled to 

1nm intervals from the original data with cubic spline interpolation. Since half of the filter 

transmission band lies each side of the centre wavelength it was also necessary for the data 

to span a greater range than the centre wavelengths and so data sets covering the range 

370 to 1100nm were produced. In a few cases the new data range extended beyond the 

range available in the original data and in these cases additional data was extrapolated. The 

extrapolated reflectance spectra were visually compared to data sets covering the whole of 

the required range to ensure that the extrapolation was realistic. Since the extrapolated 

data was observed to be in agreement with other datasets and contributes minimally to the 

simulated measurements it is believed that errors introduced by extrapolation are 

negligible. 
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Figure 5-1 Average reflectance spectra for all the mineral types used in the filter optimisation and testing 

 

Figure 5-2 Comparison of Beagle 2 670nm filter transmission profile with Gaussian profile. 
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The transmission profile of band pass interference filters depends on the filter design and 

will not be known for the PanCam flight filters until they are manufactured. However the 

transmission profile of many band pass interference filters is approximately Gaussian. 

Transmission measurements of a set of spare filters from the Beagle 2 SCS indicated that a 

Gaussian profile is a reasonable approximation as shown in Figure 5-2 and so for 

convenience a Gaussian profile was used to simulate the FERRIC filters. The value of a 

Gaussian distribution at an arbitrary point   is given as [139]: 
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Eq 5-3 

where   is the mean (centre wavelength for the simulations) and   is the standard 

deviation. The Full Width at Half Maximum (    ) of a Gaussian distribution can be 

derived as: 
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Eq 5-4 

The spectral transmission   ( ) of the filters as a function of the centre wavelength ( ) and 

full width at half maximum and wavelength ( ) can therefore be expressed as:  
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Eq 5-5 

The factor before the exponential ensures that: 
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Eq 5-6 
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So the Gaussian profile can be applied to the data with no further normalisation. The 

simulated reflectance value is the convolution of the filter transmission profile and 

reflectance spectrum    and can be calculated as: 
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Eq 5-7 

The effect of the filter bandwidth on the accuracy with which a simulated PanCam spectrum 

reproduced the original spectrum was investigated by calculating the average reflectance 

error as a function of filter bandwidth using uniform (the same for all filters) bandwidths 

from 2 to 50nm. The results of these simulations are presented in Figure 5-3. 50nm was 

chosen as an upper limit on the bandwidths since this is the average separation of the filters 

and if the bandwidths were much greater than this the measurements from adjacent filter 

wavelengths would not be independent.  

 

Figure 5-3 Error scores as a function of bandwidth for a number of filter sets. 

The mean reflectance error increases with bandwidth for all of the filter sets tested. This is 

to be expected since wider bandwidths will average over a greater range of the spectrum 

and so introduce greater errors by missing fine scale spectral features. It is evident from 

Figure 5-3 that the mean reflectance error for the FERRIC and F2-12 filter set is always lower 

for the same bandwidths. Although the MER geology filter wavelengths are almost the same 

those for Beagle 2, the mean reflectance error is significantly higher. This is attributed to the 
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fact that the MER cameras carried fewer geology filters than Beagle 2 (11 for MER vs 12 for 

Beagle 2). This result shows that the accuracy with which a spectrum can be reproduced is 

heavily dependent on the number of wavebands measured and so an increase in the 

number of filters could be advantageous.  

Figure 5-3 shows a minimum in the reflectance error for bandwidths around 5 to 10nm for 

most filter sets. This is believed to be a simulation artefact caused by the resolution of the 

data – the error calculated for narrow bandwidths is calculated from very few data points 

and so the accuracy of the simulation is compromised. In order to accurately model narrow 

filter bandwidths it would be necessary to re-sample the data to finer wavelength intervals. 

The simulations described above show that the bandwidth of the filters will affect the 

accuracy of the measured spectra. However these results do not show whether all filters 

contribute equally to the reflectance error. Further simulations were carried out where all 

filters were started with a bandwidth of 10nm and the bandwidths of each filter in turn 

were increased up to 50nm in 10nm intervals. The mean reflectance errors calculated from 

these simulations are presented as a contour plot in Figure 5-4. 

 

Figure 5-4 Effect of bandwidth of individual filters on the total error score. 
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Figure 5-4 shows that some filters have a greater effect of the mean reflectance error than 

others when their bandwidths are increased. In particular the filters at 500nm, 570nm and 

740nm contribute significantly more to the reflectance error when they have wide 

bandwidths than other filters. These filters are found to lie at or close to prominent spectral 

features such as peaks, troughs and distinct changes in gradient in several mineral 

reflectance spectra as shown in Figure 5-5. If wide bandwidth filters are used to take 

measurements near sharp spectral features, the low resolution averages out the spectrum 

and the feature may be missed. It is therefore desirable to keep the bandwidth of filters 

lying at or close to distinctive features as narrow as possible. 

 

Figure 5-5 Average reflectance spectra for some minerals showing the proximity of filters at 500, 570 and 740nm to 
prominent spectral features 

5.4.2 PanCam integration times 

The exposure time required to capture an image will depend on a number of factors 

including the level of incident illumination, the reflectance of the target, transmission of the 

camera optics and the quantum efficiency of the detector. Exposure times for the 

Pathfinder and MER cameras were estimated from camera responses measured during pre-

flight calibration and the surface illumination levels measured during previous missions and 

through telescope observations [18, 23]. However the design of the ExoMars PanCam has 

not been finalised and so no calibration data is available for exposure time calculations to be 

made in the same way.  
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The exposure times for the PanCam Wide Angle Cameras (WACs) were estimated by scaling 

exposure times from the MER Pancam to allow for the differences between the throughput 

of the optics and the sensitivity of the sensors. An exposure factor which is representative of 

the surface illumination and which is independent of the camera’s properties as far as 

possible was calculated as: 
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Eq 5-8 

where    is the exposure factor obtained at wavelength  ,   the fractional exposure level 

(fraction of full scale) obtained for the region of interest,   is the F number of the camera 

lens (f/20 for the MER Pancams, see Table 2-2),   is the exposure time for the image,   is 

the reflectance of the region of interest,   is the maximum transmittance of the filter,    is 

the filter bandwidth and    is the quantum efficiency of the detector. With the exception 

of the camera F number, the parameters are all functions of the filter wavelength ( ). 

The exposure factors were calculated from images of the MER Spirit radiometric calibration 

target obtained from the NASA Planetary Data System (PDS). Only images taken during the 

first 30 sols of operation were used, before the reflectance of the calibration target was 

significantly affected by deposited atmospheric dust. Exposure values from the white (60%) 

reflectance region of the calibration target were used for the calculations and for simplicity 

it was assumed that the reflectance was constant over all filter wavelengths. Although the 

reflectance is not constant, the variation is less than 10% [23] and so the errors caused will 

not be significant. The white region of the calibration target was selected in each image 

using an automatic region selection tool in PaintShop Pro 7 and exported as a new image. 

The average exposure value along with the standard deviation was obtained from the 

preselected regions of interest using Mathcad 8. The PDS image file, Region Of Interest (ROI) 

mean value and standard deviation and number of pixels in the ROI are summarised in 

Appendix A. A typical ROI and colour image of the calibration target are shown in Figure 5-6. 

The MER Pancam filters were assumed to have a maximum transmittance of 90% (the 

transmittance was specified as greater than 85% in [23]) and the quantum efficiency of the 

detector was determined from the graph presented in [23]. 
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Figure 5-6 a. The 60% reflectance region of interest from filter L6 on Sol 29. b. A colour image of the Radiometric 
calibration target on sol 29 produced using filters L3, L5 & L6 

Only five sets of exposure factors could be calculated using this method as only five full sets 

of images of the calibration target were taken during the first 30 sols of the mission. These 

exposure factors are plotted in Figure 5-7. It can be seen that four of the five data sets 

produced very similar results but the data set from Sol 2 gave values approximately 50% 

lower than the other sets. Further investigation revealed that the data from sol 2 was 

captured at around 15:50 local true solar time when the sun was low in the sky whilst the 

rest of the data was captured between 10:30 and 13:30 near zenith.  

An average exposure factor was calculated from the data, excluding the results from sol 2, 

and this was used for the remainder of the calculations. The average exposure factor 

represents the brightest surface illumination and therefore the calculated times will 

represent the minimum required to capture an image. 

 

Figure 5-7 Exposure factors calculated from MER Spirit images. 

Exposure times for the ExoMars PanCam WACs were calculated from the average exposure 

factor using: 
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Eq 5-9 

where  the F number of the PanCam lens is f/10 [37], the quantum efficiency of the detector 

was calculated from the response data in the manufacturers datasheet [35] and the 

transmittance of the filters was assumed to be 85% which is comparable to measured 

transmittances for the Beagle 2 geology filters (see page 144). The target exposure value as 

a fraction of the full scale signal was assumed to be equal to the reflectance of the target in 

order to use the full dynamic range of the camera and so the two factors cancel out. 

Exposure times were calculated for all filters with a bandwidth of 10nm and are plotted in 

Figure 5-8. At either end of the spectrum the exposure times are considerably longer than 

those in the middle of the spectrum. The trend is similar to that predicted for the Pathfinder 

and MER cameras [18, 23] although both these cameras were predicted to have longer 

exposure times in the blue than the infra-red. This difference in the relative exposure times 

may be caused by differences in the quantum efficiency of the sensors - the Pathfinder and 

MER sensors are most sensitive in the red / infra-red whilst the Star 1000 is most sensitive in 

the red / green. The calculated exposure times are of the same order of magnitude as the 

shortest times (sun highest in the sky) for Pathfinder and are around half an order of 

magnitude less than those estimated for MER. The longer exposure times for MER are 

probably due to the fact that the MER Pancam lenses are f/20 [23] whilst the ExoMars 

PanCam WAC lenses will be f/10 [37] and so will collect around four times as much light.  
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Figure 5-8 Estimated exposure times for PanCam with 10nm and optimised filter bandwidths. 

It was shown on page 132 that some of the filter bandwidths, particularly those in the infra-

red, can be increased without serious detriment to the performance of the geology filter 

set. The bandwidths were therefore adjusted to reduce the exposure times at the ends of 

the spectrum whilst keeping the bandwidths of the filters near distinctive spectral features 

as narrow as possible. As before the maximum allowable bandwidth was limited to 50nm. 

The exposure times with the optimised filter bandwidths are plotted alongside those of the 

10nm bandwidths in Figure 5-8; the specifications of the final filter set are presented in 

Table 5-5 and the transmission profiles of the simulated filters are shown in Figure 5-9. 

Centre Wavelength 
on axis (nm) 

Bandwidth (nm) 

440 25 

500 20 

530 15 

570 12 

610 10 

670 12 

740 15 

780 20 

840 25 

900 30 

950 50 

1000 50 
Table 5-5 The optimised centre wavelengths and bandwidths of the ExoMars PanCam Geology filters 
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Figure 5-9 Transmission profiles of the proposed ExoMars PanCam geology filter set. 

5.4.3 Discussion 

Although exposure times calculated above take into account the maximum transmission of 

the filters, they do not allow for the transmission of the rest of the optical system. If the 

ExoMars PanCam lenses have comparable optical transmissions (similar number of 

elements, glass types and antireflection coatings) to the MER Pancam lenses the simulations 

will be reasonably accurate. The current lens designs for the PanCam WACs make use of 

radiation hard optical glass [37] which incorporates cerium oxide [140] to minimise 

transmission changes induced by radiation (protons, electrons and gamma rays) in the space 

environment. Although cerium stabilised radiation hardened glass has a much lower 

tendency to yellow (reduction of transmission in the blue) than non-radiation hardened 

glass, the addition of cerium oxide causes an inherent yellow tint in the glass, reducing the 

transmission in the blue. The latest WAC lens design incorporates Schott SF6G07 glass [37] 

which will reduce the internal transmission of the lens to around 55% [37] at 450nm. This 

sharp drop off in the transmission of the lens in the blue will cause the exposure time for 

the 440nm filter to be increased by approximately 80%. 

Based on the available information, none of the previous Mars lander cameras (with the 

possible exception of Beagle 2 whose optics the ExoMars PanCam WACs are based on) have 

used radiation hardened glass. The optical designs for the MER Pancams and MSL Mastcams 
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are well documented [31, 41] and the MER cameras in particular have operated successfully 

in the Martian radiation environment for more than two Martian years without obvious 

problems. The justifications for and against the use of radiation hardened glass in the 

PanCam WAC optics are still being made and so the effects of such glass on the exposure 

times have not been included in these investigations. The effects of radiation on the 

transmission of glass are covered in more detail in chapter 7. 

 

Figure 5-10 Graphical comparison of the proposed ExoMars geology filter set with those from previous missions. 

The centre wavelengths and bandwidths of the FERRIC filter set along with those of filter 

sets from previous missions are presented graphically in Figure 5-10. It can be seen that in 

the visible region of the spectrum the proposed ExoMars filter set has narrower bandwidths 

than most previous missions but at the Infra-red end of the cameras spectral range the 

bandwidths are greater. It should be noted that the filters at either end of the spectrum 

need not be bandpass filters and that in the MER Pancams edge filters were used. In this 

case the lower bound of the blue filter and the upper bound of the infra-red filter would be 

defined by the sensitivity range of the detector and / or the transmission of other optical 

elements.  

5.5 Alternative to the “brute force approach” – re-optimising the FERRIC 

filter set 

The brute force method used to optimise the filter centre wavelengths is computationally 

demanding and took many hours for each run. With two filters fixed at 440 and 1000nm and 
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the remaining 10 filters limited to the 55 intermediate values there are more than 29 billion 

combinations of filters to try. On the other hand the brute force approach is relatively 

simple to implement and is guaranteed to find the global minimum and not stagnate in a 

local sub minimum.  

The use of numerical optimisation algorithms is widespread in computer modelling and data 

analysis and is generally much more computationally efficient than brute force grid search 

methods. In order to assess the suitability of numerical optimisation as an alternative 

method in this application, some preliminary trials were carried out. Rather than try to 

optimise the centre wavelengths as point measurements with subsequent bandwidth 

optimisation, filters were simulated with finite bandwidths throughout. 

Filter centre wavelengths were optimised using this method with uniform bandwidths from 

2 to 50nm in 5nm increments. Mean error scores were calculated from all of the database 

reflectance spectra used for the filter bandwidth study as before. In order to ensure that the 

optimisation did not stagnate in local sub minima, the algorithm was run with different 

starting values. Starting values for the filter wavelengths were the F2-12 filter set, the 

FERRIC filter set, all filters (other than the fixed 440 and 1000nm filters) taking values at 

10nm increments from 450nm upwards (i.e. 450, 460, 470 etc) and from 990nm downwards 

(990, 980, 970 etc).  

Different solutions were obtained for each of the four sets of starting values but the spread 

in the optimised centre wavelength for each filter was less than the average interval 

between the filters. For each bandwidth an average optimised filter set was obtained by 

calculating the mean value from the four different sets of starting values. The average 

optimised centre wavelengths as a function of bandwidth are shown in Figure 5-11 with 

error bars showing the spread in the four values obtained from different starting values. 
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Figure 5-11 Average optimised filter centre wavelengths as a function of bandwidths. The error bars show the range of 
the optimised wavelengths obtained from the four different starting values. 

It can be seen from Figure 5-11 that although the average optimised centre wavelengths 

vary slightly with bandwidth, the variation is generally small over the full range of 

bandwidths used in the simulations. In order to compare the filter wavelengths obtained 

from these optimisations with other filter sets, the average reflectance error obtained with 

them as a function of bandwidth were calculated in the same way as before and are plotted 

in Figure 5-12. 

 

Figure 5-12 Error scores as a function of bandwidth for a number of filter sets including the average optimised filters set 

It can be seen in Figure 5-12 that the average optimised filter set yields a lower reflectance 

error at all bandwidths than the FERRIC filter set although the difference is small in 

comparison to that between the FERRIC and Beagle 2 or Beagle 2 and MER filter sets. The 
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lower reflectance error for this filter set is unsurprising as it was optimised using the data 

sets for which the reflectance errors were calculated whereas the FERRIC filter set was 

optimised on only some of the data. Furthermore the average optimised filter set does not 

represent a single set of centre wavelengths – the centre wavelengths were re-optimised for 

each bandwidth. The reflectance error for the average optimised filter set is therefore likely 

to be the lowest possible reflectance error with 12 filters and the selected mineral 

reflectance spectra. Since the FERRIC filter set yields mean reflectance errors only 

marginally higher than those of the average optimised filter sets, it is evident that the 

FERRIC set leaves very little room for further improvement.  

5.6 Wide angle imaging with interference filters 

All of the Mars lander multispectral cameras from the Mars Pathfinder mission in 1997 to 

the 2018 ExoMars rover mission still under development employ thin film interference 

filters for their geology filter sets [18, 23, 26, 30, 33, 34, 46]. It is well known that the 

photometric response of camera systems varies across the field of view due to vignetting 

and Cos4 falloff [107] and this is generally corrected with flat field measurements. However 

it is generally assumed that the spectral response of a multispectral camera is constant over 

the field of view. In practice the pass band of the filter will not be constant over the field of 

view but will vary due to the inherent properties of the interference filters.  

5.6.1 Interference filters off axis 

Thin film interference filters, as the name suggests, are filters built up from thin films which 

achieve spectral discrimination by optical interference. Band pass interference filters can be 

constructed in several different ways but all of them make use of stacks of thin films of 

optical materials which form solid state Fabry-Perot etalons. These devices achieve spectral 

discrimination by establishing optical interference in the thin film stacks – constructive 

interference provides a high transmission in the pass band whilst destructive interference 

defines the blocking bands. 

 The selective optical interference of thin film filters is dependent on the optical path length 

in the thin films and so anything which affects the optical path length will affect the 

interference and hence transmission characteristics of the filter. The optical path length for 
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a ray of light in a material is the product of the physical length of the material through which 

the light passes and the refractive index of the material: 

      

 

Eq 5-10 

where   is the optical path length,   is the refractive index of the material and   the physical 

path length in the material. In the case of a material bounded by two plane parallel 

interfaces, the physical path length will increase with the incident angle of the ray in the 

film. Since the refractive index of an isotropic material is independent of the angle of 

incidence, increasing the angle of incidence of the ray will increase the optical path length in 

the material. 

The angle dependence of thin film interference filters is manifest as a shift of the passband 

to shorter wavelengths as the angle of incidence is increased along with a reduction in the 

peak transmittance.  The magnitude of the shift is dependent on the angle of incidence ( ), 

the effective refractive index of the thin film stack      and the refractive index of the 

ambient medium    and can be calculated as [141]: 
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Eq 5-11 

where   is the shifted centre wavelength and    is the centre wavelength at normal 

incidence. 

5.6.2 Wavelength variation with field position 

With the exception of the Mastcam instruments on the MSL Curiosity rover, all Mars 

multispectral cameras to date (Including the ExoMars PanCam under development) have 

the filter wheel mounted in front of the lens. As all these cameras have a horizontal field of 

view of at least 14˚, the angle of incidence of the principal ray forming the image at the edge 

of the field of view is incident on the filter at an angle of at least 7˚as shown in Figure 5-13. 

As the centre wavelength of the filter is dependent on the angle of incidence, the 

wavelength of the light forming the image will vary across the field of view. The angle of 
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incidence and hence centre wavelength shift will increase radially from the centre of the 

image, forming circular contours of constant wavelength.  

 

Figure 5-13 A ray trace through the MER PanCam optical train showing the increase in angle of incidence of light at the 
filter with increasing image height. Simulation carried out in ZEMAX using prescription data from[40] 

5.6.3 Beagle 2 filter properties 

The effective refractive index of a thin film filter is dependent on the design of, and 

materials used in the thin film stacks which make up the filter coating.  In order to 

determine typical values for the effective refractive index of space qualified interference 

filters, transmission measurements were taken from a spare set of filters from the Beagle 2 

SCS over a range of angles of incidence. The Beagle 2 filter wheel (shown in Figure 5-14) was 

removed from its housing and mounted on a graduated rotation stage so that transmission 

measurements could be taken at known angles. The experimental setup is shown in Figure 

4-9 and described on page 97.   

 

Figure 5-14 The Beagle 2 spare filter wheel out of its housing. 
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Measurements were taken of all filters at 4˚ angular increments from 0˚ to 20˚. Additional 

measurements were taken from the 600nm filter at 1˚ increments from 0˚ to 30˚. All of the 

filter transmission spectra measured at normal incidence are plotted in Figure 5-15 and 

measurements of the 600nm filter in 5˚angular increments are plotted in Figure 5-16. 

 

Figure 5-15 Measured Transmission profiles of the Beagle 2 filters. The  480nm filter was not present in the filter wheel 
and so has not been measured. 

The Beagle 2 filter measurements were analysed by fitting a Gaussian profile to each 

measured transmission spectrum using a Levenberg-Marquadt based fitting algorithm in 

Mathcad 8. The Gaussian profiles were fitted to determine the maximum transmission, 

centre wavelength and full width at half maximum of each filter. Some of the wide 

bandwidth filters have double peaks and  / or are asymmetric as can be seen in Figure 5-15 

but it was found that a single Gaussian profile gave a sufficiently good fit to obtain the 

required parameters. Eq 5-11 was fitted through the centre wavelengths obtained to 

determine the effective refractive index for each filter. The measured properties of the 

Beagle 2 filters obtained from these measurements are summarised in Table 5-6. The 

measurements of the centre wavelength and the fitted model for the 600nm filter are 

plotted in Figure 5-17 along with the change in peak transmittance with angle. 
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Figure 5-16 Measured transmission profiles of the Beagle 2 600nm filter over a range of angles of incidence 

Nominal Centre 
wavelength (nm) 

Measured Properties 

Centre 
Wavelength (nm) 

Bandwidth 
(FWHM, nm) 

Max Transmission 
(%) 

Effective Refractive 
Index 

440 439.7 22.8 74.4 2.31 

530 531.8 33.6 81.3 2.13 

600 600.7 22.1 81.8 2.01 

670 669.2 18.1 88.7 2.12 

750 749.3 19.2 90.0 2.10 

800 800.4 21.0 90.9 2.07 

850 859.0 34.5 94.6 1.94 

900 905.9 41.3 95.7 2.15 

930 930.2 32.1 90.8 2.02 

960 960.0 29.7 91.5 2.03 

1000 1004.0 29.1 84.6 2.01 
Table 5-6 Measured properties of the Beagle 2 filter set 

 

Figure 5-17 Measured and simulated peak shift for the Beagle 2 600nm filter 

The measurements of the Beagle 2 filter reveal that the effective refractive index has values 

ranging from 1.94 to 2.31 with an average value of 2.08. Since the ExoMars PanCam will 
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have a field of view of around 36˚ horizontally and vertically, the half angle and therefore 

the maximum angle in either direction will be around 18˚. It is evident from Eq 5-11 and 

Figure 5-17 that this will result in a shift of around 1% of the centre wavelength near the 

edge of the field of view. These shifts are smaller than the filter bandwidths (between 1.6 

and 5.7% of the centre wavelength) but could well be detectable. The centre wavelengths of 

the FERRIC filters at the centre and near the edge of the field of view assuming a 1% shift 

are listed in Table 5-7. 

Centre Wavelength 
on axis (nm) 

Centre Wavelength 
1% shift (nm) 

440 435.6 

500 495 

530 524.7 

570 564.3 

610 603.9 

670 663.3 

740 732.6 

780 772.2 

840 831.6 

900 891 

950 940.5 

1000 990 
Table 5-7 FERRIC filter set properties including centre wavelengths at the edge of the field of view. 

In previous missions the wavelength variation across the field of view has been small due to 

the much smaller field of view and has been minimised and ignored [23]. In order to 

ascertain whether the greater shifts likely in the ExoMars PanCam instrument will have a 

significant effect on PanCam measurements the average reflectance error was calculated 

using the predicted filter centre wavelengths at the edge of the field of view under two 

different assumptions. The average reflectance error was calculated using simulated 

measurements with the shifted centre wavelengths at the edge of the field of view but with 

the shift ignored – the interpretation assumed that there was no shift. The average 

reflectance error was also calculated with the shift taken into account in the interpretation. 

The error scores for these simulations are plotted in Figure 5-18 along with the error score 

for FERRIC filter set at the centre of the field of view, the MER and Beagle 2 filter sets. 
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Figure 5-18 Comparison of the error scores for the filter sets on Beagle 2, MER and Proposed ExoMars filter set on and 
off axis. 

It can be seen from Figure 5-18 that the reflectance error for the edge of the field of view 

with the shift ignored is significantly higher than the error score for the centre of the field of 

view. This is unsurprising as the error score is being calculated using measurements taken at 

wavelengths away from their assumed value. However if the wavelength shift is known and 

allowed for in the analysis then the average error score is lower than that at the centre of 

the field of view.  

It is believed that the lower error score could be caused by the fact that the two end most 

filters are no longer fixed at 440 and 1000nm as they have been for all other simulations. 

This result indicates that although there may be a detectable shift in wavelength across the 

field of view that this should not have a detrimental effect on the interpretation of 

measurements made with PanCam providing that the shift is known and corrected for. In 

order for these corrections to be made it will be necessary for the shift in wavelength across 

the PanCam field of view to be measured accurately during the pre-flight calibration 

process. A method by which this can be achieved is used for the calibration of a 

hyperspectral camera described in chapter 8. 

5.7 Conclusions 

A new geology filter set was developed for the ExoMars PanCam multispectral camera 

system using a new and novel statistical optimisation method. A set of optimum bandwidths 

for the new filter set were determined, taking into account the trade-off between the 

science objectives for the camera and the engineering requirements. These bandwidths 

have been kept as wide as possible to maximise the light throughput of the camera optical 
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system whilst being narrow enough to minimise the errors introduced by averaging out 

spectral features. The final optimised filter set was tested on database reflectance spectra 

and Mars analogue samples and was found to be more effective in the identification and 

discrimination of mineral types than the geology filter sets of all previous missions under the 

same test conditions.  

A more computationally efficient optimisation algorithm was tested as a further refinement 

of the statistical filter selection method. This method is significantly faster than the brute 

force approach used for the PanCam filter selection and also allows more variables and 

constraints to be used in the optimisation process. Although the results are very similar to 

those obtained from the brute force approach for filter sets designed to measure a broad 

range of sample types, it is likely to outperform the brute force approach if the aim is to 

identify very specific spectral signatures. 

The effects of using interference filters in front of wide angle optics has been investigated. It 

was found that a shift of approximately 1% of the centre wavelength towards the blue may 

occur for the ExoMars PanCam WACs assuming the filters to be similar to those used on the 

Beagle 2 SCS. This shift may, in turn, lead to errors in the interpretation of results if no 

allowance is made in the analysis. It is therefore important that the angle dependence of 

the wavelength be characterised as part of the pre-flight calibration of the ExoMars PanCam 

system.  
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6 Development and testing of the Aberystwyth University 

PanCam Emulator (AUPE) 

 

 

 

6.1 Development, specifications and construction of the Aberystwyth 

University PanCam Emulator  

The development of a camera system for planetary exploration is a long and complicated 

process which may take many years from the initial concept to a fully functioning, field 

deployable instrument. The ExoMars PanCam instrument has now been under development 

for more than seven years [33] and although modules and components have been 

produced, a complete system which can be tested in Mars analogue field sites is still some 

way off. Since the ability of the PanCam instrument to produce useful data will be heavily 

dependent on the calibration and data processing pipeline, these processes require a 

significant amount of development and testing. In order to be able to develop, rehearse and 

refine these processes in advance of the assembly of a functional PanCam prototype, a 

PanCam emulator has been developed at Aberystwyth University – the Aberystwyth 

University PanCam Emulator (AUPE) [142].  

The AUPE system has been developed over a number of years to emulate as accurately as 

possible the specifications and operation of the ExoMars PanCam instrument. The system is 

constructed using Commercial Off The Shelf (COTS) components and as with most scientific 

instruments, has undergone a number of redesigns and refinements. The first PanCam 

emulator with multispectral capability was developed in 2009 for the Arctic Mars Analogue 

Svalbard Expedition (AMASE) [143]. This system was progressively automated and refined 

over the next few years to improve its capabilities but the performance was ultimately 

limited by the cameras and optical hardware. In 2012 a second generation system 

employing better cameras, lenses and filters was constructed. The AUPE2 system has 

undergone extensive calibration and field testing to simulate the processes which will be 
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carried out on the PanCam flight instrument. The development, construction, calibration, 

field testing and data processing of the AUPE2 system are described in this chapter. 

6.1.1 Limitations of AUPE1 

After numerous field deployments, including three in Svalbard during the annual AMASE 

campaign, it had become apparent that the hardware used in the AUPE1 system was 

seriously limiting the ability to effectively emulate operation and performance of the 

ExoMars PanCam. The 8bit, 1024 x 768 pixel cameras were unable to emulate either the 

dynamic range or spatial resolution of the flight instrument and the very basic interface 

restricted the ability to fully control several camera parameters. The lenses used on the 

AUPE1 system were economical machine vision lenses and were poorly corrected for 

longitudinal chromatic aberration in the infra-red, resulting in poorly focused images 

outside the visible spectrum. 

 

Figure 6-1 AUPE2 during image capture at Namafjall in Iceland in July 2013 
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6.1.2 AUPE2 Optical bench components and specifications 

6.1.2.1 Cameras 

Due to the limitations encountered with the MK1 system, AUPE2 system was developed in 

2012 using much higher quality COTS hardware. The system employs monochrome Allied 

Vision Technology (AVT - www.alliedvisiontec.com) Manta cameras with a 12bit dynamic 

range - 5Mpixel for the multispectral Wide Angle Cameras (WACs) and 1.3Mpixel for the 

High Resolution Camera (HRC). Although the flight WACs will be 1024 x 1024 pixel 

resolution, 5Mpixel resolution cameras were used for the emulator in order to allow 

potential benefits of higher resolution to be investigated. The WACs are operated in 2X2 

binning mode in combination with windowing to obtain a 1024 x 1024 pixel image. Although 

the PanCam instrument will provide 10bit data and the AUPE2 system is capable of 

providing 12bit data, all testing and calibration described here was carried out in 8bit mode 

to simplify the development of the data processing operations.  

6.1.2.2 Lenses 

The WAC emulators are fitted with Schenider Kreuznach (www.schneiderkreuznach.com/) 

Cinegon Vis-Nir machine vision lenses which are designed to operate over the full 400-

1000nm spectral range of the PanCam system without an appreciable focus shift. A 12mm 

focal length was used to match as closely as possible the field of view of the flight 

instrument. The HRC emulator was fitted with a Canon TV zoom lens set to a focal length of 

approximately 58mm to provide the correct field of view. The WAC lenses were set to F/11 

and a hyperfocal distance of 2m to obtain good focus from 1m to infinity to match the 

design specification of the flight instrument. These settings give a maximum circle of 

confusion of ~7.5µm which is the size of a single 2x2 binned pixel and the camera is 

diffraction limited over the whole spectral object range. The HRC lens is set to f/11 which is 

close to the aperture of the flight instrument and the focus is manually adjusted for each 

image. The AUPE2 camera and lens specifications are summarised in Table 6-1. 

 

 

 

http://www.alliedvisiontec.com/
http://www.schneiderkreuznach.com/
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 WACs HRC 

Camera make & model AVT Manta G-504B AVT Manta G-146B 

Sensor Sony ICX655 Sony ICX267AL 

Resolution (pixels) 2452 x 2056 1388x 1038 

Dynamic range 8-12 bit 8-12 bit 

Pixel size 3.45µm 4.65µm 

Sensor size 8.46 x 7.09 mm 6.45 x 4.83 mm 

Exposure times 38µs – 60s 31µs – 60s 

Lens Schneider Kreuznach KMP-IR 
Cinegon 12/1.4 

Canon 17-102mm f/2 TV zoom  

Focal length 12mm (17-102mm)58mm 

Aperture (range) setting (f/1.4 – 11) f/11 (f/2-16) f/11 

Field of view 39 x 33˚ 6.4 x 4.8˚ 
Table 6-1 AUPE2 camera and lens specifications. Most data from [142] 

6.1.2.3 Filters 

The AUPE1 system employed low cost multi-layer interference filters for the geology filters 

and dichroic interference filters for the Red, Green and Blue (RGB) channels. After several 

years of testing it was found that the multi-layer geology filters were delaminating, reducing 

their performance and introducing artefacts into the images. The relatively small clear 

aperture of these filters (19mm) also caused significant vignetting when used with the 

AUPE2 WACs.  

 

Figure 6-2 Baader RGB and L (Luminance - inset) filter transmission profiles. Reproduced from http://panther-
observatory.com/Baader_LRGB.htm 

A set of hard coated filters was obtained for the AUPE2 system with geology filter properties 

matched as closely as possible to the proposed FERRIC filter set (see chapter 5). The geology 

http://panther-observatory.com/Baader_LRGB.htm
http://panther-observatory.com/Baader_LRGB.htm


154 
 

filters are predominantly Edmund Optics (www.edmundoptics.com/) TechSpec band pass 

filters, although one Semrock (http://www.semrock.com/) band pass filter was used to 

obtain the correct wavelength. They are 25mm in diameter with a clear aperture of 22mm, 

significantly reducing but not eliminating the vignetting. The RGB filters are Baader CCD 

imaging filters intended for astrophotography and are 27.5mm diameter, completely 

eliminating the vignetting. The bandwidths of these filters are optimised to compensate for 

the difference in the sensitivity of the camera at each wavelength, as shown in Figure 6-2, 

which results in similar exposure times for each filter. In addition to the geology and RGB 

filters, a luminance filter (broadband filter covering the whole of the visible spectrum) and 

an empty filter slot were included in each filter wheel for panchromatic imaging. The 

specifications and distribution of the filters are summarised in Table 6-2. 

Left filter wheel Right filter wheel  

Filter Centre wavelength 
(nm) 

Bandwidth 
(nm) 

 Filter Centre wavelength 
(nm) 

Bandwidth 
(nm) 

  

L1 440 120  R1 440 120   

L2 540 80  R2 540 80   

L3 640 100  R3 640 100   

L4 438 24  R4 740 13  IR 

L5 500 24  R5 780 10  IR 

L6 532 10  R6 832 37  IR 

L7 568 10  R7 900 50  IR 

L8 610 10  R8 950 50  IR 

L9 671 10  R9 1000 50  IR 

L10 545 290  R10 545 290   

L11 empty   R11 Empty    
Table 6-2 Properties and distribution of the AUPE2 filters. 

6.1.2.4 Mounting 

The AUPE2 cameras are mounted on an optical bench made from square section Thorlabs 

XT34 dovetail optical rail. This allows the cameras to be easily removed and repositioned 

and also allows other cameras and hardware to be added when necessary. The WACs are 

positioned 0.5m apart and have approximately 2.8° of toe-in so that they converge at a 

distance of 5m to match the specifications of the flight instrument. Although the HRC will be 

mounted off-centre in the flight instrument it was mounted in the centre during these 

studies to simplify pointing. The optical bench is mounted on a Direct Perception Pan-Tilt 

Unit (PTU) to allow panoramas to be captured automatically under computer control. The 

PTU can be mounted on a tripod for general lab and field operation or on a rover mast for 

simulated rover operations. 

http://www.edmundoptics.com/
http://www.semrock.com/
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6.1.3 AUPE2 control system and software 

The AUPE2 control system is based around a client-server architecture [142]. The server and 

client software and control hardware are described in the following sections. 

6.1.3.1 Server Software 

The AUPE2 server software interfaces directly with all of the hardware and provides the low 

level commands required to control and coordinate the cameras, PTU and filter wheels 

[142]. The server includes two auto-exposure algorithms which are suited to different 

imaging applications. The mean value aims to match the average value in a scene or Region 

Of Interest (ROI) to a target value, whilst the histogram fit algorithm aims to match the 

maximum exposure value (allowing a predefined number of outliers) in the scene or ROI to 

a target value. Both algorithms are limited to a predefined range of exposure times and are 

optimised to converge rapidly to the desired exposure setting within a predefined tolerance. 

6.1.3.2 Client Software 

The client software is run on the user laptop and provides the high level commands to the 

server for the capture of single images and image sequences. Image data is passed back 

from the server to the user laptop for storage. The Aberystwyth Camera Emulator (ACE) 

client software [142], developed to command the AUPE2 system, runs in the Java software 

environment and so is platform independent. ACE allows single images as well as image 

sequences to be captured, using any combination of filters and over any number of pan and 

tilt positions. ACE commands the auto-exposure algorithms and can provide warnings of 

over- or under-exposure as well as allowing image bracketing.  

6.1.3.3 Control hardware 

The AUPE2 cameras are connected to a Gigabit Ethernet switch mounted on the optical 

bench. A single Ethernet cable connects the Ethernet switch to a FitPC 2 (www.fit-pc.com) 

which runs the server software. A second Ethernet connection in the FitPC is used to 

connect the user laptop or other computer running the client software. The FitPC controls 

the PTU via a USB to RS232 adapter and the filter wheels via a USB Pololu servo controller.  

 The system requires 12V to operate the FitPC, network switch, PTU and cameras and a 5V 

supply for the servos. This power is supplied by a 12V 22Ah lithium polymer battery pack 

with a linear regulator to supply the 5V for the servos. In its most recent incarnation the 

http://www.fit-pc.com/
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FitPC, PTU control, servo controllers and battery are mounted in a Peli case to make the 

system robust and portable. The case can be closed during operation with the cables led out 

through a cut-out at the edge of the box as shown in Figure 6-3. The components are all 

mounted onto 3mm aluminium plates which serve as heat sinks as well as providing a solid 

mounting. 

 

Figure 6-3 AUPE2 control case showing  PTU controller and FitPC (left top and bottom) and LiPo  battery (right). The 
voltage regulator, power distribution wiring and servo controller are mounted beneath the PTU controller and FitPC. 

Image credit Dr Laurence Tyler. 

6.1.4 AUPE2 construction 

The AUPE2 filter wheels were designed to take 11 filters as with the flight PanCam. The 

wheels each include six, 25mm diameter filter positions for the geology filters and five, 

27.5mm filter positions for the Baader RGB and any additional filters. The filter wheels were 

machined from 6mm aluminium plate and the filters are secured with nylon tipped set 

screws to make them easy to change or replace. The left filter wheel containing the visible 

filters is shown in Figure 6-4. The filter wheels are mounted on a stainless steel shaft 

supported between sealed ball bearings fixed in aluminium mounts which are bolted to the 

filter wheel housings. The filter wheels are actuated by Radio Control (RC) model servos 

geared 2:1 so that the half turn provided by the servos provides a full turn of the filter 

wheels.  
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Figure 6-4 AUPE2 left filter wheel containing the visible geology filters. 

The filter wheel housing consists of 2mm carbon fibre sheets front and back secured to an 

aluminium ring with stainless steel machine screws. Mounts were machined from solid 

aluminium to secure the cameras to the filter wheel housings and provide a mounting point 

for the complete assembly. The mounts included a pivot secured by cap head bolts so that 

the toe-in of the cameras can be adjusted and locked in position. The front openings of the 

filter wheel housings are sealed with a broadband antireflection coated BK7 window 

mounted in a baffle to reduce stray light. All other openings are sealed to prevent ingress of 

dust and opening around the lenses are sealed with rubber O rings. All internal metal 

surfaces were painted matt black to minimise stray light. The components and assembly of 

the filter wheels are shown in Figure 6-5. 
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Figure 6-5 Components and assembly of the AUPE2 filter wheel and cameras. The top image shows the aluminium 
components on the left and the carbon fibre back and front plates on the right. The centre image shows the parts 

partially assembled and the filters mounted in the wheels. The bottom image shows the completed camera and filter 
wheel assemblies. 
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6.2 AUPE2 calibration and system characterisation 

The raw images captured by a camera system contain artefacts related to the response of 

the camera and transmission properties of the optics. Since these image artefacts can 

obscure the information in the scene it is necessary to correct for them before analysing the 

images. The correction factors which must be applied to remove the image artefacts are 

determined by carrying out calibration measurements to determine the camera’s response 

under controlled conditions. The ExoMars PanCam instrument will be thoroughly tested and 

calibrated in laboratory conditions before integration with the rover, although it is possible 

(and sometimes necessary) to take additional calibration measurements post-launch in less 

than ideal conditions [72].  

The calibration measurements which will be carried out on the PanCam instrument will be 

based closely on those of previous Mars camera systems [18, 23, 26, 67, 72, 79], although 

differences in the design and specifications of the camera will require some changes and 

refinements. As with many other aspects of the operation and testing of PanCam, the 

AUPE2 system is being used to develop and test as much of the calibration and data 

processing chain as possible. Due to some limitations of the AUPE2 system and some test 

facilities which have not yet been developed or procured it has not been possible to carry 

out all the required calibration processes to date. However the majority of the main 

calibration processes and data reduction have been implemented and these are described in 

the following sections. Some future refinements to these processes are also described at the 

end of the chapter.  

6.2.1 Camera working principles 

The PanCam flight instrument will use Complementary Metal-Oxide Semiconductor (CMOS) 

Active Pixel Sensors (APS) whilst the AUPE2 system uses Charge Coupled Device (CCD) 

sensors. Although the manufacturing and working principles of these sensors differ, the 

calibration processes and data products are broadly similar and so the processes developed 

with AUPE2 should be applicable to PanCam. In order to understand the origin of the image 

artefacts and the corrections which must be applied, the working principles of a CCD camera 

system are described below.  
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Light scattered from the sample passes through the filter, is collected by the camera lens 

and focused to produce an image at the wavelength of interest on the CCD. A proportion of 

the photons incident on the CCD are absorbed by the silicon generating electron hole pairs. 

The ratio of electron hole pairs generated to incident photons is known as the Quantum 

Efficiency of the detector [144]. In the CCD a bias voltage causes the electrons and holes to 

separate and the electrons (or holes) become trapped in one of a large number of spatially 

separate wells in the detector known as pixels. The sensor is exposed to light for a 

predetermined time until the image is well exposed and then the pixels are read out 

sequentially through the readout electronics. In CCD cameras without mechanical shutters 

the CCD is still exposed to the light during readout and, depending on the type of readout, it 

may be necessary to compensate for the additional exposure – known as shutter smear 

[23]- obtained during this process. 

In the readout electronics the charge from each pixel is converted to an analogue voltage, 

amplified and sampled by an Analogue to Digital (A to D) converter. The digital values for 

each pixel are then recorded in an array to store the image. During both the exposure and 

readout, small charges not generated by image photons can be added to the signal from 

each pixel from processes such as charge leakage during readout or electroluminescence 

[144]. In some cases a bias is deliberately added to the signal to prevent noise causing 

negative values in the A to D converter [23]. This component of the signal is independent of 

exposure time but can vary from pixel to pixel and is referred to as the bias offset. Although 

the majority of the charge obtained in each pixel is caused by the absorption of photons, 

charge is also accumulated from thermally generated electron hole pairs. The rate at which 

the thermally generated electrons are accumulated is heavily dependent on the 

temperature of the CCD and is known as the dark current or signal [144]. The dark current 

may also vary from pixel to pixel and is proportional to the exposure time. Both the bias and 

dark signals are additive artefacts and so are corrected by subtracting the calibration images 

from subsequent measurements. Although the bias and dark frames can be combined into a 

single correction, it is easier to separate them into time dependent and time independent 

components for correction. 

CCD cameras have a high degree of linearity over most of their dynamic range – the output 

is linearly proportional to the number of photons absorbed [144]. At the extremes of the 
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dynamic range the CCD can depart from linear behaviour and so it is desirable to 

characterise its response to ensure that it is operated within its linear range.  

The output of a CCD is a digital number relating to the number of photons absorbed and 

electron hole pairs generated. The proportionality between the digital number output and 

the number of electron hole pairs generated is the gain of the camera and the value is 

dependent on the amplification in the readout electronics.  

The distribution of light incident on the CCD is not necessarily directly representative of the 

distribution of light in the scene as physical effects cause light losses which vary across the 

image. Light levels will vary across the image due to cos4 falloff [107], vignetting of off-axis 

rays, angle dependence of filter transmission and dirt on optics and sensors [144]. These 

cause multiplicative artefacts – the magnitude of the error is dependent on the signal level. 

These artefacts can be corrected by characterising the camera’s response to a uniform 

illumination source and normalising subsequent images to a spatially dependent correction 

factor known as a flat field image.  

The properties described above were determined for the AUPE2 system by capturing and 

processing sets of calibration data. The measurements, data reduction and camera 

properties obtained are described below.  

6.2.2 Bias frames 

The AUPE2 cameras were covered with blackout cloth to exclude light and 30 images were 

taken with each camera at the minimum exposure time of 40µs. The mean and standard 

deviation were calculated for each pixel to obtain master bias frames and determine the 

uncertainties in its value. The uncertainty in the bias value for each pixel represents the 

readout noise of the camera – the noise in the signal generated during readout which is 

independent of the exposure time or light level. Both the bias and readout noise were found 

to be significantly higher in the top few rows of pixels in both cameras as shown in Figure 

6-6 for the left WAC. The reason for this is not known but it may be due to the CCD 

architecture – something near this edge of the array is causing an increase in leakage 

current during readout. The bias standard deviation images also show that the readout 

noise is greater for some columns of pixels than others as shown in Figure 6-6, probably due 

to small non-uniformities during manufacture. 
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Figure 6-6 Readout noise image and plot of Bias down column 512 for the Left WAC 

6.2.3 Dark frames 

In the flight PanCam instrument the CCD temperature will be monitored with temperature 

sensors and the dark signal will be characterised over the full operating temperature range 

of the camera - approximately -50°C to 20°C. From these measurements a master dark 

frame will be produced for each camera which can be scaled to match the operating 

temperature and exposure time of subsequent images. The COTS cameras used in the 

AUPE2 system do not have the facility to measure the temperature of the CCD and so it has 

not been possible to carry out a full dark current calibration. Instead dark frames were only 

measured at ambient conditions in the laboratory and no attempt has been made to 

characterise the cameras at other temperatures.  

With the cameras covered to exclude light, ten images were taken at each of a range of 

exposure times. Images were taken at logarithmic one stop (factor of two) increments from 

40µs to 2.6s and at linear 3 second intervals from 3 to 30s. An average was calculated from 

the ten images at each exposure time and the master bias frame was subtracted to obtain 

average dark frames at each exposure time. The mean value was calculated from each 

average dark frame and these were plotted against the exposure times as shown in Figure 

6-7. 
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Figure 6-7 Dark signal as a function of exposure time for both WACs. The discontinuity at 3S is due to the fact that each 
data set was collected in two separate experiments. 

It can be seen from Figure 6-7 that the relationship between the dark signal and exposure 

time is not linear as it should be in these measurements. It is believed that the non-linearity 

is caused by changes in the temperature of the CCD during the image capture sequence. The 

capture of the calibration measurements was automated and controlled by scripted 

commands, and measurements were taken at a pace defined predominantly by the 

exposure times. The 30 second exposures images were taken at intervals of just over 30s 

and so the sequence of ten images took just over five minutes. For the shortest exposures 

the speed was limited by the data transfer rate and the sequence of 10 images was 

captured in just over a second. Since the majority of the current flow in the CCD occurs 

during frame readout, the average current draw during short exposures will have been 

orders of magnitude higher than during long exposures and so the internal heating of the 

CCD was greater. This greater heating will therefore have increased the dark signal for the 

short exposures more than for the long exposure. Without the ability to monitor the CCD 

temperature this effect cannot be confirmed or easily compensated for.  

The small discontinuity at 3 seconds in the dark signal curve for the Right WAC in Figure 6-7 

is believed to be due to the fact that the measurements were taken in two separate 

experiments – the short exposures at logarithmic intervals in one run and the long 

exposures at linear intervals in another. In between these two runs other measurements 

were taken and so the CCD temperature was greater at the start of the long exposure image 

sequence causing a greater dark signal and different shaped curve compared to the Left 
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WAC. Again without a means of measuring the CCD temperature this cannot be confirmed 

or compensated for. 

The non-linearity and discontinuities observed in the dark signals illustrate the importance 

of knowing the temperature of the CCD during the measurements. Improved data could be 

taken with the current system by limiting the speed of the data capture of the short 

exposure times to the same as that for the long exposures by adding a delay to the system. 

However this would result in total measurement times of over two hours and it is likely that 

the temperature drift in the laboratory during this time would also affect the 

measurements. This could be overcome by placing the camera system in a temperature 

controlled environment but no such environment is currently available. Since almost all 

images taken with AUPE2 in the field have exposure times of less than one second and at 

these exposure times the average dark signal was of the order of 0.01 Digital Numbers (DN), 

no further measurements were taken and no dark measurement corrections were made to 

subsequent images.  

6.2.4 Camera linearity and gain 

The linearity of the camera response and the gain of the cameras were determined from 

sequences of images taken over a range of exposure times with the cameras pointing into 

an integrating sphere illuminated by a high stability tungsten lamp. The integrating sphere 

system is described in chapter 4. Measurements were taken using the geology filters rather 

than the broadband filters as the narrower bandwidths allowed longer exposure times 

without saturation, allowing measurements to be taken over a greater range. Since there 

are no duplicate geology filters in both cameras, measurements were taken with the 671nm 

filter in the Left WAC and the 740nm filter in the Right WAC. The different filter wavelengths 

required the data from each camera to be taken over different ranges of exposure times 

and exposure times from 0.5 to 10ms in 0.5ms intervals were used for the Left WAC and 

from 0.25 to 5ms in 0.25ms intervals for the Right WAC. Ten images were taken at each 

exposure time. Average and standard deviation images for each exposure time were 

calculated for further processing. 
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Figure 6-8 Non linearity of the AUPE2 WACs versus the exposure level as a percentage of full scale 

The linearity of the camera response was investigated by plotting the mean signal for each 

exposure time against the exposure time. The mean exposure value was calculated from the 

centre 800 x 800 pixel region of each average frame to exclude the effects of the vignetting 

caused by the geology filters. A straight line was fitted through the data using the “Slope” 

and “Intercept” functions in Mathcad and the difference between the measurements and 

the fitted straight line calculated to determine the non-linearity. The non-linearity expressed 

as a percentage of the full scale signal is plotted against the exposure expressed as a 

percentage of the longest exposure time for each WAC in Figure 6-8. It can be seen that for 

both cameras the response is linear to better than 0.15% for exposures between 

approximately 15% and 90% of full scale. With the cameras operated in 8bit mode, 0.15% of 

full scale represents approximately 0.4DN and so the cameras can be assumed to be linear. 

In 12bit mode a 0.15% error represents approximately 6DN but any errors introduced are 

likely to be small in comparison to other source of error such as shot noise [145].  
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Figure 6-9 Left WAC photon transfer curve. The outlying data point at high signal indicates saturation. Data points are 
the average of values from 6.4 million pixels. 

The gain of the AUPE2 WACs was determined using the photon transfer technique [144, 

146]. The mean values for the signal and standard deviation were calculated from the centre 

800 x 800 pixels of the average and standard deviation images calculated from the set of 

images at each exposure time as with the linearity analysis. The camera gain was calculated 

as [146]: 

 
  

 

       
 

 

Eq 6-1 

where   is the mean signal in DN,   
  is the square of the signal standard deviation 

(variance in the signal) and   
  is the square of the read noise (variance of the bias frames). 

The camera proprieties determined from these measurements are summarised in Table 6-3 

and the photon transfer curve for the left WAC is shown in Figure 6-9. 

 Left WAC Right WAC Infinity2-5 [147] 

Gain (e
-
/DN) 8bit 29.3 29.7 31 

Full well capacity (e
-
) 7460 7576 7950 

Mean Read Noise (e
-
) 6.25 6.35 10 

Table 6-3 AUPE2 camera photon transfer results 

Although no manufacturer’s datasheet could be found for the ICX655 CCDs in the AUPE2 

WACs, data for the gain and full well capacity from another commercial camera using the 

same sensor [147] are in close agreement with the measured values (see Table 6-3). The 

read noise appears much lower for the AUPE2 cameras than the Infinity 2-5 camera, 

however the AUPE2 measurements were taken with 2x2 binning and so the values are 

obtained by averaging over four pixels. Whilst this does not affect the gain or full well 
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capacity, the read noise will be reduced by a factor of √        √     [145]. Taking 

this into account the read noise from the AUPE2 cameras is also in reasonably close 

agreement with those of the Infinity2-5 camera. 

6.2.5 Flat field frames 

Flat field images were captured with all filters in each WAC using the general purpose 

integrating sphere system described in chapter 4. Images were captured using the mean 

value auto exposure algorithm with the target value set to 60% full scale.  During the 

capture sequence ten images were taken with each filter in turn and this sequence was 

repeated a total of three times to obtain a total of 30 images. This allowed the repeatability 

of the filter wheels to be investigated and the effects of misalignments to be averaged out 

to some degree.  

The 30 flat field images from each filter were averaged to obtain a single flat field image. 

The standard deviation of each set of flat fields was also calculated on a pixel by pixel basis 

to investigate any inconsistencies. The standard deviations were normalised to the largest 

standard deviation value in the image, multiplied by 255 and displayed as grey scale images.  

The flat field images showed vignetting in the geology filters, revealed dirt on many of the 

filters, lenses and sensors and pinholes in one filter. The flat field standard deviation images 

reveal faults with the repeatability of the filter wheel indexing since positioning errors 

significantly increase the standard deviation around the vignetting and other distinctive 

artefacts. The full set of flat field and flat field standard deviation images are presented in 

Appendix B and some examples are shown in Figure 6-10 and Figure 6-11. 
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Figure 6-10 L6 filter flat field (left) and flat field standard deviation (right) showing vignetting and pentagonal bright 
spots due to pinhole in filter. 

It was found that the L6 (532nm) filter contained a pinhole which causes a series of 

pentagonal features of diminishing brightness radiating inwards as shown in Figure 6-10. 

The series of features are caused by multiple ghost reflections in the optical system and the 

pentagonal shape reveals the Bokeh (image of the stop or aperture caused by out of focus 

point sources of light) of the lens. The centre of the main pentagon has a similar standard 

deviation to the rest of the image but the outline has a higher standard deviation as shown 

in Figure 6-10, due to imprecise filter indexing. This indicates that although the centre of the 

pentagonal region can be corrected with reasonable accuracy in subsequent images, the 

edge of the pentagon cannot and so is likely to result in image artefacts in all processed 

images using this filter.  
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Figure 6-11 R7 filter flat field (left) and flat field standard deviation (right) showing vignetting in the corners, blotches 
due to dirt on optics and concentric rings due to multiple reflection on optics. 

It was found that all of the geology filters in the right WAC show concentric ring shaped 

artefacts. These are probably due to ghost reflections in the optical system. Although the 

origin of these multiple reflections has not been confirmed the fact that the artefacts do not 

show up clearly in the standard deviation images indicates that they are not caused by 

reflections from the filter as the indexing errors would cause them to move, resulting in an 

increase in the standard deviation. Since the rings are visible in the infra-red geology filters 

but not in the RGB or panchromatic images, they may be the result of a reflection of infra-

red light caused by a component with antireflection coating which is not optimised for the 

infra-red region. As the lenses are designed to operate over the 400 to 1000nm range and 

the manufacturers specifications for the antireflection coating on the filter wheel windows 

give a reflectance of <1% below 950nm, it is hypothesised that the reflections are occurring 

between the surface of CCD and its cover window. An example of the ring artefact in the flat 

field image is shown for the R7 (900nm) filter in Figure 6-11.  

6.3 AUPE2 Data processing pipeline 

The image processing pipeline for the AUPE2 system is based on the Radiometric and 

Colourimetric Image Processing Pipeline (RCIPP) proposed for PanCam flight instrument [54, 

55] outlined in Figure 6-12. This is based on the processing pipeline developed by NASA and 

applied successfully for processing multispectral image sets during previous Mars missions 

[34, 45, 67, 72]. For the purpose of this work the whole processing pipeline was not 
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implemented – only processing required to obtain reflectance spectra was carried out. The 

RCIPP processes not implemented during this work are for the generation of data products 

such as true colour images and radiometric measurements. 

 

Figure 6-12 ExoMars PanCam Radiometric and Colourimetric Image Processing Pipeline (RCIPP). Credit Prof D. Barnes. 

The AUPE2 processing pipeline implemented during this work and shown in Figure 6-13 

involves the application of the camera correction factors determined during the calibration 

described above, measuring the incident illumination from the calibration target included in 

the scene and the conversion of the corrected images into reflectance values. The processes 

applied in each stage of this pipeline are described in the following section. The processing 

pipeline was implemented in Mathcad, with tasks requiring processing large quantities of 

data implemented in the 64bit Mathcad Prime 2 and tasks requiring the selection of regions 

of interest implemented in 32bit Mathcad 15.  

6.3.1 Data input 

The data output by the ACE control software consist of sets of compressed .PNG images 

each containing metadata describing the image capture conditions such as camera pointing, 
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exposure time etc. In order to ensure that well exposed images were obtained, multiple 

images were captured with different exposure times (bracketed images) and the best 

exposed data was selected by examining an image exposure histogram and pixel values on 

the calibration target, in particular the white. Well exposed data is manually selected, 

uncompressed and converted to .BMP format using Image J or Paintshop Pro to be read into 

Mathcad for further processing. 

 

Figure 6-13 AUPE2 image processing pipeline to obtain reflectance spectra 

6.3.2 Camera property corrections 

The mean bias frame is subtracted from each image. Because the dark current is heavily 

dependent on the CCD temperature which is unknown, and the measured dark current for 

typical exposure times were found to be negligible, data was not corrected for dark current. 

The image non-uniformity is corrected by normalising data to the appropriate flat field 

image and the result multiplied by the flat field mean. The corrected images are divided by 

the exposure time extracted from the image metadata to obtain pixel values in Digital 

Number (DN) /s.  
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At this point images have been corrected for all artefacts produced by the camera system 

and any further processing is dependent on the required data products. If the camera’s 

absolute response had been measured then radiometrically corrected data could have been 

produced by multiplying by a calibration factor. For the purpose of this work the desired 

data products were reflectance measurements and so further analysis and processing is 

necessary.  

6.3.3 Reflectance calibration 

In order to convert the corrected images into reflectance values it is necessary to determine 

the illumination level in the scene at each filter wavelength. This is achieved by taking 

images of a calibration target of known reflectance and measuring the signal from this. If 

only a single white calibration target region is available the reflectance at each filter 

wavelength can be obtained by normalising to the measured signal of the white region. 

However in general, calibration targets will include more than one region (see chapter 3), 

and so a more rigorous analysis can be carried out.  

 

Figure 6-14 AUPE measurements and fitted straight line for filter L9 at site Namafjall A06_1 

The average signal ( ) from a region of interest is determined for each region of the 

calibration target and at each filter wavelength. The measured average signal is then plotted 

against the known reflectance ( ) of the calibration target as shown in Figure 6-14. A 

straight line is fitted with a weighted least squares algorithm to determine the gradient ( ) 

and intercept ( ) using Eq 6-2 to Eq 6-4 [148]. The standard deviation of the pixel values in 

each region of interest are used as the weighting factor for the fit so that regions with a 

large uncertainty contribute less to the calibration coefficients. 
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Eq 6-3 
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Eq 6-4 

If the raw camera images have been corrected for bias and dark signals, a signal of zero 

should be obtained for zero reflectance and so the straight line should pass through the 

origin. Provided the CCD temperature is known accurately then the uncertainty in the bias 

and dark current corrections will be much smaller than the uncertainty in the 

measurements of the calibration target. Based on this assumption, the MER Pancam team 

forced the fit of the straight line through the origin [72] and found with subsequent testing 

that this was justified. However for the AUPE2 system the CCD temperature is not known 

and so accurate dark current corrections cannot be made. For this reason two versions of 

the straight line fit were implemented, one using a weighted least squares straight line fit 

through the calibration target measurements only and the other using the calibration target 

data and the origin which was assigned with a very small uncertainty. 

 
   

   

 
 

 

Eq 6-5 

The corrected data is converted to R* data by applying the calibration coefficients 

determined from the calibration target to each image using Eq 6-5. The pixel values in the 

R* images represent the relative reflectance of the scene at each filter wavelength. The 

reflectance is defined as being relative rather than absolute because the objects in the 
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scene will generally have a different scattering geometry than the calibration target and so 

absolute reflectance cannot be determined without knowing the bidirectional scattering 

distribution of the objects in the scene. Once the full dataset is converted to R* data, 

reflectance spectra are obtained by selecting a region of interest in the images and 

calculating an average reflectance value over this region. 

6.3.4 Reflectance uncertainties 

The uncertainties in the reflectance value obtained from the AUPE2 system are the result of 

a number of factors including the uncertainty in the camera calibration data, the uncertainty 

in the reflectance of the calibration target, and the uncertainty associated with the 

measurements. The uncertainty associated with the camera calibration is generally very 

small due to the large number of measurements taken in controlled laboratory conditions 

and so is assumed to be negligible for this study. The uncertainty in the reflectance of the 

calibration target is also measured under controlled laboratory conditions and so is also 

assumed to be negligible.  

Since the laboratory measurements of the camera response and calibration target 

reflectance are assumed to be negligible, the main contributions to the uncertainty in the 

measured reflectance values are due to the uncertainties in the camera images. The 

uncertainties in the reflectance values are due to a combination of uncertainty in the 

calibration coefficients and the uncertainty in the measurements of the scene.  

The uncertainty in the calibration coefficients obtained from the weighted least squares 

straight line fit can be calculated as [148]: 
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Eq 6-6 
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Eq 6-7 

As with the calibration target ROI measurements, the ROI for the reflectance measurements 

have an uncertainty which is taken as the standard deviation of the pixel values in the ROI. 

The total uncertainty in the reflectance measurement is due to the combined uncertainties 

from these three contributions which can be calculated from the partial derivative and 

correlation coefficients from each contribution using [139]:  

 

     

√
  
  
  
  
  
  
 

[
   

  

   

  

   

  
] [

     

     (   )    
  (   )       

]

[
 
 
 
 
 
   

  
   

  
   

  ]
 
 
 
 
 

 

 

Eq 6-8 

where  (   ) is the correlation coefficient for   and  . Substituting in Eq 6-5 yields: 
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Eq 6-9 

6.4 AUPE2 field testing in Iceland 

Between June 25th and July 6th 2013 the AUPE2 system was deployed at a Mars analogue 

field site in in northern Iceland. AUPE2 multispectral imaging was carried out as part of a 

study into the combined use of data taken at different spatial and spectra resolutions [149] 

in collaboration with Jennifer Harris and Dr Peter Grindrod (Birkbeck University) and Dr 

Claire Cousins (Edinburgh University). 
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6.4.1 The Namafjall field site 

The Namafjall ridge is situated near Myvatn and the Krafla power station in northern Iceland 

as shown in Figure 6-15. The Namafjall site is comprised of a hyaloclastite ridge formed by 

subglacial fissure eruption during the last ice age [150]. The ridge is surrounded by more 

recent subaerial basaltic lava flows which have occurred during the last eight thousand 

years [150]. Extensive geothermal and aqueous weathering has produced a variety of 

alteration minerals including deposits of sulphate-phyllosilicate-ferric oxide rich soils [149]. 

The site also exhibits gypsum veins and numerous hydrovolcanic formations making it an 

ideal Mars analogue [149]. The site is still volcanically active with fumaroles, solfataras, 

steaming ground and mud pools covering an area of approximately 3-4km2 [150]. 

 

Figure 6-15 Namafjall ridge in Northern Iceland. Aerial images from Google maps. 

6.4.2 AUPE2 imaging 

AUPE2 imaging was carried out on a number of distinctive Mars analogue sites at Namafjall 

including weathered pillow lavas, hydrothermal gypsum veins, a hydrovolcanic tuff deposit 

reminiscent of the Home Plate discovered on Mars by the MER Spirit rover at Gusev crater 

[151] and heavily altered soils on a region of recent steaming ground. In addition to AUPE2 
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imaging, reflectance spectra of some targets were taken with the Ocean Optics Jaz 

spectrometer and ISP-REF integrating sphere, described in chapter 4, covering the spectral 

range 350nm to 1µm and an ASD FieldSpec Pro covering the spectral range 350nm to 

2.5µm. Rock and soil samples were collected for further laboratory analysis including Raman 

spectroscopy and X-ray powder diffraction to determine mineralogy. A more comprehensive 

description of the field site and the geological interpretation of the results will be made 

elsewhere [8]. 

 

Figure 6-16 Crop from an AUPE2 panorama taken at Namafjall target site A03_1. Colour artefacts are caused by large 
changes in light level between images taken in each of the three broadband colour filters. 

Imaging was carried out predominantly under overcast conditions which provided uniform 

and relatively stable lighting. Since images are taken sequentially through the set of filters 

over a time period of several minutes, it is necessary for the lighting conditions to be stable 

over this duration. When images were taken in relatively clear sky conditions, clouds drifting 

across the scene caused serious and difficult to correct image artefacts as shown in Figure 

6-16. Air temperatures were generally around 5 to 10°C but with significant wind chill on top 

of the ridge. Although temperatures were above freezing, the air temperature significantly 

reduced the capacity of the AUPE2 on-board batteries and will also have reduced the 

already small dark current.    

Multispectral data sets using all filters (geology, RGB and panchromatic) were captured at all 

field sites. Some sites were covered by a single frame whilst some required multiple frames 

to create panoramic mosaics. In all cases image bracketing was used to ensure that well 

exposed data was obtained and in most cases both exposure algorithms were tested. In 

general the histogram fit auto-exposure algorithm gave the most reliable results, with the 
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target maximum exposure level set to 75% of full scale and up to 500 outliers. Since over- 

rather than under-exposure was always the main concern, image bracketing was set to 

obtain exposure factors of 1, 0.85, 0.7 and 0.5. With these settings the over-exposure 

problems encountered during previous field deployments [152] were avoided and in most 

cases the exposure factors of 1 and 0.85 yielded the best exposed data.  

Site Imaging Date AUPE GPS 
Coordinates 
(Lat, Lon) 

Calibration 
target 
distance (m) 

AUPE 
pointing 
origin (°) 

Panorama 
size  
(H X V) 

Description [8] 

A04_2 01/07/2013 65.64517854 
-16.81730451 

3.3 156 1 X 1 Hydrovolcanic layered tuff 

A06_1 01/07/2013 65.6377598 
-16.80591753 

1.56 076 2 X 1 Low mound of semi-
consolidated geothermal 
soils bearing a number of 
different alteration phases 

A07_2 03/07/2013 65.64017999 
-16.82084058 

2.1 248 1 X 1 Heavily-altered outcrop of 
subglacial pillow basalts 

A08_1 03/07/2013 65.64086873 
-16.82030356 

2.9 356 3 X 1 Series of gypsum veins cross 
cutting the surrounding 
unconsolidated geothermal 
substrate 

Table 6-4 AUPE2 imaging site details 

In total 12 data sets were captured from 8 different sites on and around the Namafjall ridge. 

Multiple data sets were taken of some sites, either due to problems with the first set, or 

from a different viewing position to make interesting features more clearly visible. Data 

from the four most interesting sites have been fully processed using the processing pipeline 

described previously and are presented here to illustrate the performance of the camera 

system. Three of these sites were situated on top of the ridge and the fourth was situated 

on the valley floor. Details of the sites are given in Table 6-4 and colour images generated 

using the broadband RGB filters in the left WAC are shown in Figure 6-17 to Figure 6-20. The 

locations of the Jaz spectrometer measurements are marked in each image. 
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Figure 6-17 Namafjall site A04_2. The locations of measurements taken with the Ocean Optics Jaz spectrometer and ISP-
REF integrating sphere were marked and labelled by Jennifer Harris. 
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Figure 6-18 Namafjall site A06_1. 2X1 Panorama stitched and cropped using Hugin. The locations of measurements taken with the Ocean Optics Jaz spectrometer and ISP-REF integrating 
sphere were marked and labelled by Jennifer Harris. 
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Figure 6-19 Namafjall site A07_2. The locations of measurements taken with the Ocean Optics Jaz spectrometer and ISP-
REF integrating sphere were marked and labelled by Jennifer Harris. 
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Figure 6-20 Namafjall site A08_1. 3X1 Panorama stitched and cropped in Hugin. The locations of measurements taken with the Ocean Optics Jaz spectrometer and ISP-REF integrating 
sphere were marked and labelled by Jennifer Harris. 
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The MK1 prototype of the ExoMars PanCam Calibration Target (PCT) (see chapter 7) was 

tested during the field trip in one scene. However its state of development was not 

sufficient to rely on it solely and so an Xrite Gretag Macbeth (GM) colour checker, shown in 

Figure 6-21, was included in all scenes for reflectance calibration. Since the PCT will only 

contain eight colour patches, only 8 of the 24 patches on the GM colour checker (patches 13 

to 16 and 19 to 22) were used for image calibration. Reflectance measurements of a 

different and pristine GM colour checker were made in the laboratory using the comparison 

integrating sphere setup described in chapter 4 and the results are plotted in Figure 6-22. 

The average reflectance of each colour patch was calculated for the pass band of each filter, 

assuming the filter transmission to be a top-hat profile as no further information is currently 

available. The scattering properties of the GM colour checker are not known but are 

assumed to be approximately Lambertian near normal incidence. In most cases the GM 

colour checker was arranged at approximately normal incidence to the camera axis. 

 

Figure 6-21 The Xrite Gretag Macbeth colour checker used during the Iceland field trial with the colour patches 
numbered. 
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Figure 6-22 Xite Gretag Macbeth colour checker reflectance spectra. The colour patches used for AUPE calibration are 
shown in the top graph. Vertical lines show the FERRIC filter centre wavelengths. 

6.4.3 AUPE2 results 

The performance of the AUPE2 system has been investigated using the measurements taken 

during the field trial in Iceland. In order to ascertain the ability of the camera system and 

processing pipeline to accurately reproduce reflectance spectra, AUPE2 spectra were 

compared to measurements taken with the Ocean Optics Jaz spectrometer in the field and 

in the laboratory. Tests were also carried out to determine the ability of the camera and 

processing pipeline to yield other data products such as spectral parameter maps to reveal 

the locations of interesting spectral features. 
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6.4.3.1 AUPE2  measurements of the Gretag Macbeth colour checker 

The AUPE2 measurements were calibrated using only 8 of the 24 colour patches on the GM 

colour checker and so the remaining 16 patches were available to provide known and 

independent reference samples for testing in the field. Reflectance spectra were obtained 

from the AUPE2 data for all 24 colour patches using both the unconstrained weighted least 

squares and zero fit weighted least squares methods described previously, and for all four 

field sites. The AUPE2 spectra obtained by both methods along with the laboratory 

reflectance measurements, resampled for the filter pass bands as described above, were 

plotted for comparison and are presented in Appendix B. 

In general the AUPE2 reflectance measurements closely matched the laboratory 

measurements both in the shape of the reflectance spectra and the values obtained. 

Reflectance values of some GM colour patches taken with the IR filters in the right WAC 

were found to be low at all sites, with measurements of patch 10 showing the greatest 

error. The reason for this is not known but it is suspected that it is due to contamination on 

the calibration target although it may be due to differences in the pigment between the GM 

colour checker deployed in the field and the one measured in the laboratory.  

The ability of the camera to reproduce the laboratory measurements of the GM colour 

checker was investigated by calculating the magnitude of the difference between the AUPE 

and laboratory measurements at each data point and then calculating the average error per 

data point for each colour patch. Averages were calculated for all the colour patches using 

both fitting methods. These average errors are presented in Figure 6-23. It is clear that the 

reflectance values calculated using the unconstrained weighted least squares fitting method 

show lower errors than the values calculated using the weighted least squares fit 

constrained to pass through the origin. This may indicate that further dark subtraction is 

necessary although it could also indicate that the GM colour checker is contaminated. 

Consequently all subsequent reflectance measurements were calculated using the 

unconstrained weighted least squares method. The mean errors for the colour patches used 

for calibration were generally lower than those for the remaining patches which is 

unsurprising since the calibration was optimised from these patches.  



186 
 

 

Figure 6-23 Mean AUPE2 reflectance measurement errors for the Gretag Macbeth colour checker relative to laboratory 
measurements. WLS Cal and Non-Cal are errors calculated using an unconstrained weighted least squares straight line fit 

for the patches which are / aren’t used for calibration respectively. Zero fit Non-Cal and Cal are errors calculated for 
weighted least squares straight line fit forced through the origin. Data from all four sites (A04, A06, A07, A08) are 

presented. 

The differences in the errors obtained for the same calibration target at different sites is 

attributed to two factors. Variations in the lighting conditions and colour checker angle 

relative to the camera axis at each site could cause differences in errors if the scattering 

distribution differs between colour patches. Although this cannot be verified without 

scatterometry measurements of the colour checker, effects are not thought to be large. The 

main cause of the variation between measurement sites is likely to be changes to the 

contamination of the colour checker. Although care was taken to keep the GM colour 

checker clean, repeated handling and packing as well as wind-blown dust and changes in 

moisture content due to humidity and rain will have caused its reflectance properties to 

change between sites. It is not known how much the level of contamination affects the 

colour checkers reflectance properties or whether the errors would be reduced appreciably 

if laboratory reflectance measurements of the contaminated colour checker used in Iceland 

were used for calibration rather than measurements from a pristine and uncontaminated 

GM colour checker.     

6.4.3.2 AUPE2 measurements using the PanCam Calibration Target at site A06 

The MK1 prototype of the ExoMars PanCam Calibration Target (PCT) was included in scene 

A06_1 along with the GM colour checker. Full details of the PCT can be found in chapter 7. 

Reflectance measurements of the PCT were made using AUPE2, with the calibration taken 

from the GM colour checker. Reflectance measurements of the GM colour checker were 

also made with the calibration taken from the PCT. As with all the measurements of the GM 
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colour checker above, both weighted least squares fits were tried and measurements were 

plotted along with resampled laboratory measurements for comparison. Mean errors were 

calculated as before and are presented in Figure 6-24. 

 

Figure 6-24 Mean errors for AUPE2 measurements at Site A06. Showing errors in measurements of the PCT reflectance 
calibrated from the GM colour checker, and measurements of the PCT and the GM colour checker with the calibration 

taken from the PCT.  

The camera was calibrated from the GM colour checker and reflectance measurements 

were taken from the PCT. The error in the reflectance obtained from AUPE2 were 

determined by calculating the difference between the AUEPE2 and laboratory reflectance 

measurements (see chapter 7) in the same way as before. The errors in the measurements 

of the PCT were more than double those found for the colour patches on the GM colour 

checker as can be seen by comparing the values in Figure 6-24 with those of Figure 6-23. 

Examination of the reflectance plots shown in section 12.3 in Appendix B reveal that the 

measurements taken in the visible region of the spectrum are low compared to the 

laboratory measurements for all colour patches. Values measured in the infra-red region of 

the spectrum are generally lower than the laboratory measurements for the unconstrained 

weighted least squares fit but are higher in most cases when using the constrained weighted 

least squares fit. Although the shape of the reflectance spectra are generally consistent with 

laboratory measurements, a small peak is visible at 950nm for all colour patches. 

Measurements of the PCT reflectance with the cameras calibrated using the PCT have much 

lower errors as shown in Figure 6-24 which is to be expected.  In this case there is no clear 

trend in the errors across all colour patches and the peak observed at 950nm is no longer 

present.  
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The measurements of the GM colour checker with the cameras calibrated from the PCT 

show large average errors and the trend is the opposite of that observed for the errors in 

the PCT measurement when calibrated from the GM colour checker. Reflectance values are 

now high for all colour patches in the visible region of the spectrum and the peak observed 

previously at 950nm is now a trough. 

The larger discrepancy between the AUPE2 measurements taken at site A06_1 and the 

laboratory reflectance measurements with the PCT measurement calibrated from the GM 

colour checker and vice versa are likely to be due to significant differences in the scattering 

properties of the PCT and GM colour checker. Both the GM colour checker and PCT were 

mounted approximately level with the ground and so viewed by the camera at an angle of 

incidence of approximately 50°. Even highly Lambertian materials such as Spectralon depart 

significantly from Lambertian scatterers when viewed so far from normal incidence [105]. 

Neither the PCT nor GM colour checker are likely to be very Lambertian at this extreme 

angle of incidence and so the reflectance will probably differ significantly from those 

measured at or near normal incidence.   

 

Figure 6-25 PanCam Calibration Target MK1 reflectance spectra. Vertical lines show the FERRIC filter centre wavelengths. 
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The large errors in the AUPE2 reflectance measurements of the PCT calibrated using the PCT 

in comparison to the measurement of the GM colour checker calibrated using the GM 

colour checker are caused by the small range of reflectance values of the PCT colour 

patches. When carrying out the weighted least squares straight line fit, it is desirable to have 

data points distributed as evenly as possible throughout the reflectance range. Whilst the 

GM colour checker patches used for the camera calibration have a reasonably uniform 

distribution of reflectance values between approximately 5 and 90% reflectance as shown in 

Figure 6-22, the PCT colour patch reflectance only range in value between approximately 7 – 

30% as shown in Figure 6-25 with only the white giving a high reflectance data point. Since 

the white has a shadow post in the centre, the ROI used to take measurements from it 

contains fewer pixels. The larger uncertainty resulting from the small number of pixels 

means that the weighting factor for the straight line fit at this data point is low and so the fit 

is effectively only passing through data points at the low reflectance end.   

The peak / trough which appears in the reflectance measurements around 950nm is 

attributed to a weak water absorption at 970nm [153]. The GM colour checker is made from 

coloured paper and so is porous and readily absorbs moisture. The moisture content will 

therefore vary with the ambient humidity and although care was taken to keep it dry in the 

field, it was exposed to light drizzle on a number of occasions. The pristine GM colour 

checker from which laboratory reflectance measurements were made was stored in a warm 

and dry laboratory environment and so had a very low moisture content at the time of 

measurement. Since the reflectance at 950nm of the GM colour checker used for camera 

calibration was likely to be lower than the calibration data because of the absorption 

feature, all subsequent measurements calibrated from it had overestimated values at this 

wavelength. The PCT is made from glass which is not porous and does not absorb moisture. 

The measurements calibrated from the PCT therefore do not suffer the same systematic 

error. 

6.4.3.3 AUPE2 vs field spectrometer measurements  

Reflectance spectra were obtained from the AUPE2 data for each of the locations where 

measurements were made with the Ocean Optics Jaz spectrometer and ISP-REF integrating 

sphere, shown in Figure 6-17 to Figure 6-20. Regions of interest were manually selected in 

the left and right WAC images with care being taken to minimise the variability within the 
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ROI. The reflectance and the uncertainty in the reflectance were calculated as described 

previously using the unconstrained weighted least squares fitting method. The Jaz spectra 

were corrected for single beam substitution error using the method described in section 

4.4.1.4.2.3.1. The AUPE2 and Jaz spectra were plotted for comparison; some examples are 

shown in Figure 6-26 and all plots are presented in section 12.4 in Appendix B. 

 

Figure 6-26 Comparison of reflectance measurements made with AUPE and the Jaz spectrometer for targets at two 
different sites. 

The general shape of the reflectance spectra measured using AUPE2 were reasonable 

reproductions of the spectra obtained from the Jaz spectrometer although in some cases 

the values obtained with AUPE2 were greater by more than a factor of two. The significant 

difference in the values obtained are attributed to the differences in the scattering 

geometry between the GM colour checker and the target regions – the GM colour checker is 

generally viewed at nearly normal incidence whilst the ground is often viewed from an angle 

greater than 50°. In scene A06_2 where the GM colour checker is roughly parallel to the 

ground, the values are generally in good agreement as shown for one of the targets in the 

left hand graph in Figure 6-26.  Systematic errors in measurements of non-level surfaces 

were observed in Pathfinder data and models have been developed to correct them [68].  

The small peak at 950nm caused by water absorption in the GM colour checker is visible in 

all measurements at sites A04_2 and A08_1 and in some targets at site A06_2. In contrast, a 

trough is observed at 950nm in measurements at site A07_2 which is attributed to the fact 

that this was the first measurement site of the day, the ground was damp due to rain 

overnight and the GM colour checker had been dried indoors overnight. In this case the 

water absorption feature measured in the scene could be real whereas at sites A04_2 and 

A07_1, the GM colour checker had been subject to drizzle / rain and so the peak is a result 
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of moisture in the GM colour checker. At site A06_1 it has been shown that the GM colour 

checker was damp from the measurements taken of the PCT and so the lack of significant 

peaks or troughs at 950nm for some targets indicates that the moisture content of the GM 

colour checker and the ground were similar for these regions. 

The slight peak visible at 780nm for targets 001 and 002 and at 740nm for targets 003 to 

005 at site A08_1 are attributed to the fact that these targets were not in the same frame as 

the GM colour checker. For measurements of these targets, calibration coefficients 

determined from a different frame were applied to the data and it was assumed that the 

lighting conditions had not changed. In practice it is likely that the light level had changed 

and that these peaks are the result of slight increases in light level at the time of capture of 

these frames.  

Errors caused by the absence of the calibration target in the scene could be corrected in a 

number of ways. If reflectance values were matched between images not containing a 

calibration target to adjacent images which do, then illumination changes could be 

compensated for. However this would require feature matching between images and hence 

a significant increase in processing and so has not been tested to date. A cosine-corrected 

photo detector could also be used to monitor the ambient light level and record values at 

the same time as the camera exposures and correction factors could be determined from 

these measurements. It is not expected that this will be such a serious problem on Mars 

since the lack of clouds and the more homogeneous atmosphere will result in much less 

variation of light level over short time periods.  

6.4.3.4 AUPE2 spectral parameter maps 

Spectral parameters have been used in several multispectral imaging studies [5, 6, 51, 133] 

as a simple classification method. In contrast to more complex classification methods such 

as Principal Component Analysis (PCA), the values obtained for spectral parameters 

generally have physical significance and represent features of reflectance spectra such as 

gradients over specific spectral ranges and the depth of absorption bands. Although spectral 

parameters are usually calculated for regions of interest and then plotted against each other 

to form clusters of similar spectral properties [5, 6], it is also possible to generate images for 

spectral parameters to visualise the distribution of specific spectral features within a scene. 
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Spectral parameter images were generated from the AUPE2 data to test the ability of the 

system to discriminate between regions with different spectral properties and to help 

identify regions with distinctive spectral features. The spectral parameters used are 

summarised in Table 6-5 and most were the same as those used for the ExoMars PanCam 

filter selection work [6]. Spectral parameter maps were calculated from R* image data and 

converted to images in Mathcad 15.  

Spectral Parameter Description 

438 to 671nm slope     
      

 

       
 

950 to 1000nm slope      
      

 

        
 

532nm band depth 
  ( 

    
 

        
          

 ) 

610nm band depth 
  ( 

    
 

        
          

 ) 

900nm band depth 
  ( 

    
 

          
            

 ) 

950nm band depth 
  ( 

    
 

        
           

 ) 

Red / Blue ratio     
 

    
  

Table 6-5 Spectral parameters determined from AUPE2 data 

The large stereo baseline of the AUPE2 and ExoMars PanCam causes significant differences 

in viewing geometry between the left and right cameras for close objects. Because of this it 

is not possible to generate spectral parameter maps using wavelengths where filters are 

located in different cameras. Although this may not present too serious a problem, it should 

be considered when working out the distribution of filters between the two cameras. It is 

likely that some spectral parameters will be much more useful than others and further 

investigation into the relative value of different spectral parameters should feed into the 

decision about the distribution of filters between the cameras. 
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Figure 6-27 Site A04_2 spectral parameter image - 532nm band depth. The pentagonal feature near the top right hand 
side is caused by the pinhole in 532nm filter L6 

The AUPE2 Left WAC produced high quality spectral parameter images as shown in Figure 

6-27 for site A04_2. Camera induced image artefacts such as those caused by the pinhole in 

filter L6 are clearly visible in spectral parameter images as shown in Figure 6-27. Spectral 

parameter images generated from the AUPE2 right WAC data were less clear as image 

artefacts caused by ghost reflections dominate the spectral parameters and so concentric 

ring structures obscure the spectral variability of the scene as shown in Figure 6-28. The full 

set of spectral parameter images from Scene A04_2 are presented in section 12.5 in 

Appendix B. 
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Figure 6-28 Site A04_2 spectral parameter image - 950 to 1000nm slope. Showing concentric ring artefacts caused by 
ghost reflections in the camera. 

6.5 Discussion and future work 

6.5.1.1 Calibration and data processing refinements 

In order to simplify the calibration of the cameras and processing of the images it was 

necessary to make a number of assumptions and omit certain stages of the processing. The 

processes described above provide a first order calibration and processing pipeline for the 

ExoMars PanCam instrument and as demonstrated with these field tests can provide 

reasonable measurements and results in difficult operating conditions. However there are a 

large number of additional tasks and processes which could be carried out in order to refine 

the process and improve the accuracy of the results. Many of these processes will be very 

similar to those carried out by NASA in the calibration and data processing of image data 

from successful Mars missions such as the MER rovers [23, 72] although differences in the 

ExoMars PanCam instrument may require additional calibration processes to be 
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implemented. Some of the additional data processing stages which will be required are 

shown in the flow diagram in Figure 6-29. 

 

Figure 6-29 Refined processing pipeline to obtain reflectance spectra with AUPE2 or ExoMars PanCam. Showing stages 
omitted from Figure 6-13 including dark frame subtraction and wavelength correction. 

From the results presented above, it is evident that a single refinement which is likely to 

make the greatest difference to the processing and results of AUPE2 or ExoMars PanCam 

data will be the characterisation of the scattering distribution of the calibration target. As 

shown above, the assumption that the reflectance of the calibration targets in the 

geometries used in the field were the same as those measured in the laboratory using an 

integrating sphere resulted in large systematic errors. By measuring the Bidirectional 

Reflectance Distribution Function (BRDF) of the calibration targets and using this to 

compensate for the illumination and viewing geometry at each site, significant 

improvements in accuracy should be possible. 

As described in chapter  5, the wide field of view of the ExoMars PanCam WACs is likely to 

result in variations in the observed wavelength across the field of view due to the filter 
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transmission properties. Although the wavelength shifts are likely to be small in comparison 

to the difference between filter wavelengths, they could introduce errors when comparing 

measurements taken from different regions of an image.  It will not be possible to fully 

correct the data for wavelength shifts but it will be possible to take it into account when 

processing and analysing data, provided calibration measurements of the system are taken. 

This calibration can be carried out as part of the pre-flight calibration campaign of the 

PanCam instrument, and could be carried out using a similar process to that developed for 

the calibration of the Hyperspectral imaging Wide angle camera (HiWac) described in 

chapter 8. 

6.5.1.2 AUPE2 and field measurement refinements  

Although the AUPE2 system has been in development for a number of years it is evident 

from the results presented above that there is still room for improvement. The most serious 

problem with the AUPE2 system is the ghost reflections observed in the right WAC which 

significantly reduced the value of the data obtained. Similar ghost reflections were observed 

with the AUPE1 system and the Beagle 2 cameras [37] and so are not unique to this 

instrument. The limitations these artefacts impose on the data processing warrant further 

investigation into their origin and the fact that they have been observed in several camera 

systems means that without remedial action there is a high probability they will also occur 

in the flight instrument. 

Other than the ghost images and the pinhole in filter L6, the AUPE2 system hardware has 

been found to perform extremely well. Observations of systematic errors resulting in peaks 

at 950nm have been traced to moisture absorption in the GM colour checker, but it is hoped 

that the PCT will soon reach a level of development where it can be routinely used for image 

calibration and so this problem is likely to be resolved. However, as a confirmation that the 

PCT is performing as required, alternative moisture resistant field calibration targets will be 

considered.  

6.6 Conclusions 

The AUPE2 camera system has proved to be a valuable tool for emulating the operation of 

the ExoMars PanCam instrument. It has provided a test bed for the development of the 

camera calibration procedures and data reduction procedures, image processing pipeline 
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and data analysis.  Laboratory calibration and field testing with the system has revealed a 

number of problems with both the camera system and the calibration and processing 

pipelines in addition to validating the potential performance. Many of these problems may 

be equally applicable to the flight instrument and processing pipeline and lessons learned 

from the emulator will save significant time and resources in optimising the flight 

instrument. 
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7 Development of a camera calibration target for the 

ExoMars PanCam instrument 

 

 

 

The PanCam instrument will be the “geologist’s eyes” on the ExoMars rover, providing 

stereo colour context imaging and multispectral analytical data [33]. In order for the 

multispectral images to be processed to obtain reflectance spectra and other spectral data 

products, the ambient lighting conditions must be determined as described in chapter 6. 

This will be accomplished by including a calibration target on the rover as with all previous 

Mars multispectral imaging instruments as described in chapter 3. 

An alternative material was sought for the ExoMars PanCam Calibration Target (PCT) 

because the Room Temperature Vulcanizing (RTV) rubber calibration targets used on all the 

recent NASA Mars landers suffer badly from dust contamination, and the Beagle 2 

calibration target was not optimised for its optical properties. A new concept for a Mars 

camera calibration target was conceived at Aberystwyth University and is being developed 

for the ExoMars PanCam instrument under grant numbers ST/G003114/1, ST/I002758/1 and 

ST/L001454/1. Although this is an on-going project with significant work still to be carried 

out, the development and characterisation work carried out to date on the PanCam 

Calibration Target (PCT) is described in this chapter. 

7.1 Requirements and operating environment of the PCT 

Some of the requirements for a calibration target for Mars differ from those for laboratory 

reflectance standards [57]. The requirements for a calibration target for Mars can be 

summarised as: 

a. Reflectance stable or at least predictable with time, temperature, atmosphere, 

radiation (including ultra violet, gamma rays and energetic particles) 

b. Mechanically robust  

c. Homogeneous and uniform surface 
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d. Diffusely reflecting – a Lambertian scatterer 

e. Non transparent 

f. Non fluorescent 

g. Low out-gassing 

h. Easy to clean and sterilize 

Those criteria specific to the Mars environment are discussed in the following sections. 

7.1.1 Mechanical robustness 

Laboratory reflectance standards must be sufficiently robust that they can be handled and 

subjected to normal conditions of use such as being mounted against the measurement port 

of an integrating sphere. A calibration target for Mars on the other hand must be much 

more robust as it will be subjected to a number of extreme conditions both during its 

qualification for flight and delivery to its place of use. In order to deliver it to Mars the 

calibration target will be subjected to high accelerations and vibrations on launch, may be 

subjected to shock loadings on landing and could experience temperature cycles from -130 

to +20˚C during each sol of the planned 218 sol mission [154]. 

7.1.2 Sterilization 

One of the main aims of the ExoMars mission is to detect extant or extinct life and so the 

Planetary Protection (PP) requirements are more stringent than on any previous mission. 

There must be a total of less than 2x104 bacterial spores on all exposed internal and external 

surfaces on the whole rover and an average of less than 300 bacterial spores /m2 on any 

exposed internal or external surface [155]. With the dimensions of the current PCT design, 

the total allowable bio burden will be only 3 bacterial spores! In order to meet these strict 

requirements the PCT will have to be very thoroughly cleaned and sterilized. Cleaning will be 

carried out by ultrasonic cleaning and wiping with isopropyl alcohol or ethanol. Sterilization 

will be carried out by Dry Heat Microbial Reduction (DHMR); potential procedures are listed 

in Table 7-1.  

Temperature (˚C) Time (Hours) 

105 300 

115 60 

125 48 

135 12 
Table 7-1 Regimes for dry heat microbial reduction sterilisation 
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The PP requirements prevent the use of conventional porous reflectance standard materials 

such as Spectralon which would be almost impossible to adequately clean. Although it is 

desirable for the PCT material to be selected for its optical properties alone, the ability of 

the material to be cleaned and sterilised must heavily influence the selection as a failure to 

meet the PP requirements will prevent it from being included on the Rover. The materials 

for the PCT must therefore be non-porous, resistant to heating to over 120°C and resistant 

to cleaning in aggressive chemicals and solvents; and all this without affecting its spectral 

properties. 

7.1.3 Scattering properties 

The calibration target should be as close to a Lambertian scatterer as possible as the 

incident light azimuth and elevation angles will vary throughout each sol. Most diffuse 

reflectance materials achieve this property by being porous, but since this conflicts with the 

PP requirements, an alternative mechanism will be required to provide a compromise 

between the ease of cleaning and the optimum light scattering. As it is unlikely that a 

scatterer with ideal Lambertian properties will be achievable without compromising the PP 

requirements, a less than ideal scatterer must be used. For this reason it will be necessary to 

fully characterise the Bidirectional Reflectance Distribution Function (BRDF) of the 

calibration target so that corrections can be made for the deviation from ideal scattering 

behaviour.  

7.1.4 Reproducibility 

Laboratory reflectance standards must be easily and accurately reproducible as they are the 

standards against which other measurements are made and it would be impractical and 

prohibitively expensive if each and every reflectance standard had to be fully characterised 

to obtain an absolute calibration. However radiometric calibration targets for Mars do not 

have to be reproducible to the same degree – they will only ever be produced in very small 

numbers and the cost of carrying out a full, absolute calibration is small in comparison to 

the cost of manufacture, qualification and delivery to their final place of use.  

Although it will be possible to characterise each calibration target fully before assembly, it is 

still necessary that they are reproducible after cleaning and assembly. The strict PP 

requirements imposed on all the ExoMars flight hardware mean that it will not be possible 
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to take a full set of measurements from the flight calibration target once it is cleaned, 

sterilised and assembled. Once cleaned and sterilised, flight hardware cannot be removed 

from the cleanroom environment except sealed in its transport packaging and extensive 

optical instrumentation cannot be taken into the clean room as it would not be practical to 

adequately clean it. For this reason it must be possible to make calibration targets which are 

identical within the calibration tolerance so that post assembly measurements can be made 

on a non-flight specimen which has been treated in the same way as the flight component. 

7.1.5 Stability and radiation resistance 

Although it is desirable that the calibration target is completely stable and its properties are 

not affected by any conditions it may be exposed to, it is unlikely that this degree of stability 

can be realised. It is not critical that the calibration targets are completely stable provided 

that any mechanism that results in a change of properties is well understood and 

predictable under measurable conditions. There are several environmental conditions which 

could result in changes to the optical properties of the calibration target including 

temperature and chemical environment, but the most significant effects are likely to be 

caused by radiation. 

The PCT will experience two distinct radiation environments during its lifetime, each of 

which will expose it to radiation which could cause changes to the materials and pigments 

used in it. These radiation environments will be encountered during the approximately 296 

day cruise to Mars and during the planned 218 sol science mission on the planet’s surface 

[154]. The background radiation on the Earth is minimal and so its effects on the PCT are 

assumed to be negligible. 

7.1.5.1 Interplanetary radiation environment 

The radiation in interplanetary space originates from a number of sources and the relative 

contributions from each vary. The main sources of interplanetary radiation are the Galactic 

Cosmic Rays (GCRs) along with energetic particles emitted from the sun during Solar Particle 

Events (SPEs) and electrons from Jupiter [156]. The dose received by an interplanetary space 

craft will be dependent on a number of factors but the phase of the solar cycle has a 

significant effect [157, 158].   
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GCRs are energetic particles which originate outside the solar system and are associated 

with the galaxy [156, 159]. They consist of a distribution of electrons, protons and highly 

charged nuclei with typical energies ranging from 1MeV to 1GeV although particles with 

energies up to 1TeV have been detected [157-159]. Approximately 85% of the particles are 

protons, 14% helium ions and the remainder are heavier charged nuclei with the abundance 

decreasing with increasing atomic number [157-159]. The flux of galactic cosmic rays is anti-

correlated with the solar cycle and the reduction in flux during solar maximum is thought to 

be due to the interaction with the solar wind [158, 159]. The average GCR dose rate 

measured by the RAD instrument on the MSL Curiosity rover during its 253 day cruise to 

Mars between 20 December 2011 and 14 July 2012 was 0.033 rad in Silicon/day, giving a 

total GCR dose of 8.4 rad in Silicon. 

SPEs are transient cosmic ray fluxes emitted by energetic solar events such as solar flares 

and coronal mass ejections [158, 159]. Large solar flares are confined to a seven year period 

centred around solar maximum but smaller events also occur at solar minimum [156]. SPEs 

consist of protons, electrons, ionized nuclei and intense electromagnetic radiation including 

UV, x-rays and gamma rays. Although the particle energies in SPE events are much lower 

than GCRs [156], the particle fluence can be orders of magnitude higher and so large doses 

can be accumulated during an event [157]. SPE events are unpredictable and so are dealt 

with on a statistical basis using data collected during previous solar cycles [156, 158, 159]. 

In addition to direct particle radiation, space craft components are also subject to secondary 

radiation caused by the interaction of the direct particles with shielding and space craft 

structures. The nature of the secondary radiation depends on the primary radiation - 

primary protons and heavier ions cause emission of secondary protons and neutrons whilst 

primary electrons give rise to Bremsstrahlung electromagnetic radiation [156, 158, 159]. 

Although secondary protons and neutrons have little effect in comparison to the primary 

particles, secondary Bremsstrahlung radiation can cause significant radiation doses [159]. 

Megavolt Bremsstrahlung radiation is highly penetrating and so can contribute significantly 

to the radiation dose of components which are otherwise well shielded from direct particles 

[159].  
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7.1.5.2 Mars radiation environment 

The Earth is protected from the majority of the radiation of interplanetary space by its 

magnetic field [159] and atmosphere. The paths of incoming charged particles are altered by 

their interaction with the Earth’s magnetic field and they are channelled along the field 

lines. At the poles where the field lines come closer together the magnetic field strength 

increases causing the particles to be reflected back along the field lines [159]. This constant 

channelling of the charged particles around the earth gives rise to the Van Allen radiation 

belts.  The majority of radiation which makes it through the Earth’s magnetic field is 

attenuated by the relatively dense atmosphere and so the Earth’s surface is a low radiation 

environment. 

Mars does not have a magnetic field like that of the Earth and also has a much thinner 

atmosphere. The surface of Mars therefore has a much higher radiation environment than 

that of the Earth but is still a lot lower than interplanetary space. The Martian atmosphere 

has a shielding effect comparable to 50mm of aluminium [156] which shields out most SPEs. 

However the GCRs will not be attenuated significantly by the atmosphere and so the surface 

dose from GCRs is comparable to that in interplanetary space [156]. The predicted Total 

Ionising Dose (TID) rate on the surface of Mars is summarised in Table 7-2 [156]. 

 Total ionising dose (rad, Si) 

Solar minimum 7.7 / year 

Solar maximum 2.6 / year 

SPE event (Sept 1989 event) 2.2 
Table 7-2 Ionizing dose at the surface of Mars. From [156] 

In addition to energetic particle radiation, the Martian surface is exposed to much greater 

levels of Ultra-Violet (UV) radiation than the Earth’s surface. Although the UV flux at the 

distance of Mars orbit is less than half that at the Earth’s orbit [156], the diatomic oxygen 

and ozone in the Earth’s atmosphere absorb a significant proportion of the incident UV 

[160]. The Martian atmosphere has much smaller abundances of these gases and so the UV 

absorbed by the atmosphere above 200nm is much lower than that on Earth. Below 200nm 

the UV flux is heavily attenuated by the high abundance of CO2 and so the effects of far UV 

at the Martian surface are negligible [156, 160]. 
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7.1.5.3 ExoMars total dose 

Although the radiation dose rate the ExoMars rover and components will receive will 

depend on many factors, the worst case total dose can be estimated with reasonable 

accuracy. The TID will depend on the amount of shielding the component has and so 

internal components will have lower total doses than external components. The European 

Space Agency (ESA) has used computer models to estimate the TID as a function of shielding 

thickness for a spherical aluminium shell. The results of these simulations are reproduced in 

Figure 7-1 for the ExoMars 2016 Entry Descent Module (EDM). Although the ExoMars 2018 

rover will have a much longer surface mission, the dose rate on the surface contributes less 

to the total dose than the interplanetary cruise and the 2018 mission will occur near solar 

minimum and so the occurrence of SPE events will be lower. Since predicted doses for the 

2018 mission are not yet available, the values for the 2016 mission are used to obtain 

estimate doses [154]. 

The PCT will be located on the ExoMars rover top deck and so will not be shielded during 

the surface mission. The ExoMars product assurance requirements assume a shielding 

thickness equivalent to 2.04mm of aluminium [154] in the shell enclosing the rover during 

cruise. Based on this shielding thickness and the dose depth curve in Figure 7-1, the PCT can 

be expected to receive a dose of 4.6Krad in Si during cruise.  

The RAD instrument on the MSL Curiosity rover recorded an average ionizing dose in silicon 

of 0.0332 rad / day during cruise from GCRs [157] which would give a total dose during the 

296 day ExoMars cruise of approximately 10 rad. However short duration (few days) SPEs 

with dose rates exceeding 2 rad / day in Si [157] were also detected during the cruise and 

these are likely to have contributed a greater total dose than the GCRs. In spite of this the 

cruise doses experienced by the MSL curiosity rover are still a long way short of the 

predicted cruise dose of the ExoMars 2016 mission. 
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Figure 7-1 ExoMars total ionizing radiation dose in Si for the ExoMars 2016 probe, up to separation of the entry, descent 
and landing module.  Reproduced from [156] 

7.2 PCT optical and mechanical design 

The challenging and sometimes conflicting requirements imposed on the PCT impose 

serious limitation on the materials which can be used in its construction. Although there are 

many coloured materials which could be used as reflectance standards, none will meet all of 

the requirements listed above. Of the available options, glass meets the majority of the 

critical requirements relating to PP and can be produced in a large array of colours. 

Although generally not a diffuse reflector, with suitable processing diffuse reflectance 

properties can be achieved. For this reason stained glass was selected as the base material 

for the colour patches on the PCT.  

7.2.1 Glass 

Glass is an amorphous solid formed when molten materials are cooled sufficiently quickly 

that they are unable to crystallize. Although many materials can only be made into a glass 

with very rapid quenching, many others will readily form a glass at relatively low cooling 

rates. The majority of commercial glass consists primarily of silica (SiO2) with other common 

additives such as sodium oxide, calcium oxide, lead oxide etc which can be used to alter its 

optical and mechanical properties [161]. Coloured glass has been manufactured for many 

centuries and by the time of the Romans and Egyptians was a well-developed material. 
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Stained glass has been used for the production of scenes in the windows of religious 

buildings for over a thousand years [161] and examples can be found worldwide. The colour 

of some glasses fades over time but with centuries of development highly stable coloured 

glasses now exist [161]. 

Most glass is a dielectric material – the band gap between the valence and conduction 

bands is sufficiently large that it is an insulator under normal conditions. Since the band gap 

is greater than the photon energy of visible light, these photons are not absorbed by the 

glass and so it is transparent. Glass can be made coloured by addition of small quantities of 

transition metal oxides [161] to the glass mix. These impurities cause the formation of 

colour centres which have band gaps comparable to the photon energies of visible light 

[159] and so allow photons of the right energy to be absorbed, giving the glass colour. In 

addition to the composition, the energy levels are also dependent on the oxidation state of 

the metal oxides and so the colour can also be controlled by the processing of the glass. The 

colours of glass can be predicted by crystal field theory but this is beyond the scope of this 

work. 

7.2.2 Achieving a diffuse reflection 

The PCT colour patches are required to have a diffuse and ideally Lambertian reflectance in 

order that the observed reflectance has minimal dependence on the illumination conditions. 

The majority of highly diffuse materials such as Spectralon or barium sulphate are bulk 

scatterers and achieve an almost Lambertian scattering distribution through a large number 

of essentially random scattering events. Glass is much more homogeneous and so light does 

not undergo internal scattering interactions unless there are inclusions within it. Surface 

reflections from smooth glass are highly specular and a polished optical surface will 

generally have a Total Integrated Scatter (TIS - proportion of light scattered away from the 

specular reflection) of the order of 10-3 [105]. In order to obtain a diffuse reflection from 

glass it is therefore necessary to manipulate the surface reflections to achieve diffuse 

properties from the structure rather than relying on scattering properties of the bulk 

material. 



207 
 

 

Figure 7-2 Scattering of reflected and transmitted light at a rough interface 

Light is diffusely reflected when it is incident on a rough surface as shown in Figure 7-2. If 

the characteristic length scales of the surface roughness are significantly greater than the 

wavelength of the incident light, the rough surface may be considered as being made up of 

a large number of randomly orientated smooth facets [103, 104]. Each facet will reflect and 

transmit a proportion of the incident light as predicted by Fresnel’s equations (see section 

4.3) and if a sufficient number of rays are incident then the reflected and refracted rays will 

have a diffuse distribution. Some of the reflected and transmitted rays will be scattered 

towards, and reflected or refracted from, adjacent facets. The amount of light reflected or 

transmitted at each facet will depend on the refractive index of the material and the angle 

of the incident ray from the surface normal of each facet. For typical optical glasses with 

refractive index of the order of 1.5, only a relatively small proportion of the light will be 

reflected from the majority of facets and so the total reflectance of the surface will be low.  

 

Figure 7-3 Scattering of light from a transparent material with two rough interfaces and a reflective coating on the back 
interface. 
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The light not reflected from the facets at the front surface of the material will be 

transmitted into it. This light will then either be absorbed by the material or will reach the 

back surface. If the back surface is also roughened then the transmitted light will again 

undergo further scattering at this surface. Any reflected light will be redirected back 

towards the front face and any transmitted light will be lost from the system. The light 

redirected towards the front face will undergo further scattering and may emerge from the 

front face to contribute to the total diffusely reflected light or may be scattered back into 

the material. In order to prevent the light transmitted at the back surface from being lost, 

the back surface can be coated with a reflective material such as aluminium so that each 

facet becomes a mirror. All the light refracted into the front face of the material will now be 

scattered back towards the front face and will contribute to the total diffuse reflectance as 

shown in Figure 7-3. The light incident on the material will now either be reflected or 

absorbed and so the diffuse reflectance can be controlled by the absorbance of the 

material.  

If the material is a transparent glass then the absorption in the glass will be approximately 

uniform across the spectrum and the spectral distribution of the reflected light will be 

similar to that incident on it. However if the glass is coloured then the reflection and 

absorption of the light will vary with wavelength and the spectrum of the diffusely reflected 

light will be characteristic of the glass.  

7.2.3 PCT layout and mechanical design 

The PCT layout was designed based on dimensional and mass constraints, and is a trade-off 

between maximising the area of the colour patches and making the cleaning and assembly 

as simple as possible. The allocated mass budget for the PCT is 20g plus a contingency of 

20% (4g), including mounting screws. The PCT must be constrained to lie within dimensions 

of 50mm square and 16mm high. The mechanical design of the PCT structure is intended to 

be light, robust, easy to clean, easy to assemble and reasonably easy to manufacture. 

The PCT consists of nine circular glass patches 16mm diameter and with an exposed 

diameter of 14mm. Eight of the patches are colour or grey scale and the ninth carries a 

geometric pattern for resolution testing and as a focus test patch for the High Resolution 

Camera (HRC). The colours consist of red, yellow, green and blue as with the previous NASA 
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calibration targets and there are three grey scale levels as well as a white patch. Three 

shadow posts, 10mm high, are included in the white and two of the greys with the intention 

that the indirect (skylight) be measured from the shadowed regions.  The glass wafers have 

chamfered edges which fit into countersunk holes in the retaining plate so that they are 

mechanically retained between the top and base plate which are held together with 

machine screws. A CAD drawing of the complete PCT design is shown in Figure 7-4 and 

minus the top retaining plate to show the chamfering in Figure 7-5. 

 

Figure 7-4 CAD rendering of the complete PCT. Image courtesy of Professor Dave Barnes 

 

 

Figure 7-5 CAD rendering of the PCT without the top retaining plate showing the chamfered edges of the glass chips. 
Image courtesy of Professor Dave Barnes 
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It is important to minimise the thermal mismatch between the glass and the retaining 

structure due to the large temperature range the PCT must survive. As the glass is retained 

mechanically between rigid structures, a large difference in thermal expansion coefficient 

could result in the glass being crushed as the structure shrinks on cooling to Martian night 

temperatures. Titanium was selected for the PCT structure as its coefficient of thermal 

expansion is very close to that of sodium silicate glass. In order to maximise the strength 

and minimise the weight, grade 5 titanium alloy (Ti6Al4V) was selected for the PCT 

structure.  

7.3 PCT manufacture and processing 

The PCT is being developed, manufactured and characterised at Aberystwyth University. At 

the beginning of the project it was recognised that the glass would require some very 

specific properties in order to fulfil the requirements of the PCT. Glass research is an area of 

particular interest to a number of members of the materials physics research group in 

Aberystwyth University and so it was decided that the PCT glass would be manufactured in 

house. In this way the glass properties could be characterised and refined to ensure the PCT 

was able to meet its many requirements.  

7.3.1 Glass production 

The stained glasses for the prototype PCT were manufactured in the Materials Physics 

Laboratory at Aberystwyth University. The compositions of the glass used are summarised in 

Table 7-3. The glass components were mixed in an agate pestle and mortar and transferred 

to a 40ml platinum / gold crucible and melted in a vertical platform furnace at 1400˚C. The 

glass was removed from the furnace, quenched, crushed and re-melted a number of times 

to try and ensure the mixture was homogeneous. After the final melt glass lumps of 

approximately 20ml were removed from the crucible for cutting and polishing.  
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Glass Ingredient Amount Unit 

Red SiO2 70 % weight 

CaO 8 % weight 

Na2O 22 % weight 

SnO 252 ppm 

Au 398 ppm 

Yellow SiO2 65.8 % weight 

CaO 7.5 % weight 

Na2O 20.7 % weight 

CeO2 4 % weight 

FeO 2 % weight 

Green SiO2 68.6 % weight 

CaO 7.8 % weight 

Na2O 21.5 % weight 

Cr2O3 2.1 % weight 

Blue SiO2 68.3 % weight 

CaO 7.8 % weight 

Na2O 21.5 % weight 

Co 0.5 % weight 

MnO2 1.9 % weight 

Grey SiO2 67.1 % weight 

CaO 7.6 % weight 

Na2O 21 % weight 

FeO 3.5 % weight 

NiO 0.7 % weight 

CoO 0.1 % weight 
Table 7-3 Composition of the stained glass used for the PCT colour chips. Details provided by Dr Martin Wilding 

7.3.2 Glass mechanical processing 

Cylinders, 16mm diameter, were cut from each glass lump using a diamond core drill 

mounted in a rotary water cooling feed in a pillar drill. The set of stained glass cores 

produced in this way are shown in Figure 7-6 along with the off-cuts. The cores were each 

secured in a brass collet made for the purpose, mounted in a Buehler Isomet 1000 precision 

diamond saw and cut into disks 2.2mm thick. The glass disks were then mounted in groups 

of six in a purpose made carrier mounted on a Buehler Ecomet 2 automatic grinding head on 

an Ecomet 3 variable speed grinder polisher. The disks were ground on both sides with 

progressively finer silicon carbide abrasives against a mild steel disk. Following each grinding 

session the thickness of the disks were measured with a micrometre and their positions in 

the sample carrier changed to ensure that they were all evenly ground to a thickness of 

1.8mm. The regular thickness check and rearrangement was necessary as the different glass 

compositions have different hardness and so were abraded at different rates. 
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Figure 7-6 16mm diameter cylinders of coloured glass cut from the glass melts with a diamond core drill along with the 
off-cuts. The colours of the glass are more clearly shown in the off-cuts than in the glass cores. 

7.3.2.1 Glass polishing 

The samples and carrier were thoroughly cleaned to remove all trace of the grinding 

abrasives and were then remounted in the polishing machine. The mild steel disk was 

replaced with a beeswax Honey Comb Foundation (HCF) polishing lap [162] which was 

loaded with a slurry of cerium oxide polishing powder and water. HCF laps are easier to 

prepare than pitch laps and polish faster but don’t achieve as flat a surface and often result 

in turned edges [162]. Since the glass disks were not required to have an optically flat 

surface, the benefits of the HCF lap outweighed the shortcomings.  The samples were 

polished on both sides against this lap until an optically smooth finish was obtained and 

they had reached the final thickness of 1.75mm. Although the samples were subsequently 

abraded to yield a diffuse surface, they were polished first for characterisation and so that 

they could be abraded uniformly from a consistent starting condition. The best set of glass 

disks was selected from the prepared samples and were optically characterised as described 

in a following section. The Root Mean Square (RMS) surface roughness of the polished glass 

was measured with the Atomic Force Microscope (AFM), described in section 4.5.3, in 

contact mode. The RMS surface roughness of 0.76nm was measured and the topography of 

the measured surface is shown in Figure 7-7. 
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Figure 7-7 Polished glass surface topography measured by contact AFM. Full scale height range 12nm, RMS roughness 
0.76nm. Image courtesy of Rachel Cross. 

7.3.2.2 Chamfering the glass disks 

Each glass disk was stuck onto a brass arbour with pitch and manually centred whilst the 

pitch was still warm. The arbour was mounted in the pillar drill and a diamond impregnated 

sharpening plate mounted at 45° was brought in contact with the rotating glass. Grinding 

was continued under running water until a full thickness chamfer was obtained and the 

process was repeated with the rest of the disks.  

7.3.2.3 Roughening the glass surface 

The glass disks were grit blasted on both sides using a Badger 260 Mini sandblaster with 220 

grit aluminium oxide abrasive and a pressure of 75psi to obtain a uniform roughened 

surface. The grit blasted surface topography was measured by contact AFM and an example 

image is shown in Figure 7-8. The RMS roughness was measured as 1.33µm although this 

only represents the small scale roughness as some large scale surface features were larger 

than the 40µm lateral scan range of the AFM.  The optical characterisation measurements 

were repeated on the roughened disks before further processing was carried out. 
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7.3.2.4 Aluminium coating the glass 

The glass samples were mounted in a purpose made aluminium and PTFE holder in an 

Edwards 12” bell jar evaporator. The system was pumped to a pressure of approximately 

5x10-6 torr and then an aluminium layer was evaporated onto the back of each sample from 

a tungsten filament. The optical measurements were then repeated on the finished disks 

before they were assembled into the prototype PCT. 

 

Figure 7-8 Grit blasted glass surface topography measured by contact AFM. Full scale height range 1.2µm, RMS 
roughness 1.33µm. Image courtesy of Rachel Cross 
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7.3.3 Machining the Titanium support structure 

 

Figure 7-9 Back of PCT base plate showing ribs and mounting feet 

The mounting structure for the PCT consists of a grade 5 titanium top plate with 

countersunk holes to accept the chamfered glass wafers and a grade 5 titanium base plate 

with four integral ribs and mounting feet as shown in Figure 7-9. The top plate is machined 

from 1/16” Ti rolled sheet and the base plate from ¼” Ti rolled plate. The parts were 

manually coordinate milled with carbide milling cutters on a Bridgeport milling machine 

fitted with a Mitutoyo digital readout. The titanium base plate blank was heat treated in an 

electric platform furnace at 600˚C for one hour and allowed to cool in air prior to machining 

to relieve the residual stress from the rolling process [163].  

The thickness of the base plate was reduced to 0.5mm in the corners and it sprung slightly 

during machining so that the top was slightly convex, indicating that there was still some 

residual stress. The base plate was clamped upside down to a slightly convex machined 

stainless steel plate and the heat treatment was repeated. Following the second heat 

treatment the plate was very slightly concave but was held flat by the top plate on 

assembly. The base and retaining plates are held together by four M1.6 stainless steel 

machine screws at the edges. Although these do not make the assembly very strong, they 
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are only intended to hold the assembled PCT until it is integrated with the rover. The PCT 

will be bolted to the rover deck with four M3 countersunk mounting screws which also 

serve to hold the assembly together. The assembled MK1 PCT with a single shadow post in 

the white is shown in Figure 7-10. 

 

Figure 7-10 Assembled PCT Mk1. Slight chips and a gap round the edge of the glass wafers are visible 

7.4 PCT optical characterisation 

In order to be effective the PCT glass patches must have a well distributed range of 

reflectance values over the full spectral range of the PanCam instrument. They must also 

have a diffuse scattering distribution so that the camera calibration can be effected in all 

illumination conditions experienced in the Martian surface. In order to assess the effects of 

each stage of the processing of the glass, reflectance and transmittance measurements 

were carried out at each stage. These measurements and the results obtained are described 

in the following sections.    

The optimisation of the scattering properties has not yet been carried out but in future work 

the scattering of light from the glass will be modelled. In order to develop accurate 

computer models of the light scattering, the optical properties of the glass must be known. 

The optical properties of the stained glass wafers were determined from Reflectance and 

Transmittance (R&T) measurements and from Variable Angle Spectroscopic Ellipsometry 
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(VASE). R&T measurements were carried out in total hemispherical / 8˚ geometry using the 

Labsphere general purpose integrating sphere and custom made measurement accessories 

described in chapter 4 and the Ocean Optics Jaz spectrometer. VASE measurements were 

made using the Sopra GESP5 instrument described briefly in chapter 4.  

7.4.1 Characterisation of the glass processing 

R&T measurements of the glass wafers were taken at each stage of the processing in order 

to characterise the changes in, and to gain an understanding of, the effect of each 

processing stage on the scattering properties of the wafers. All reflectance measurements 

were corrected for the reflectance of the reference standard using Eq 4-28. Reflection and 

transmission measurements of the coloured glass wafers were taken in the polished state, 

after roughening both sides and after the back surfaces were coated with aluminium. The 

full set of R&T measurements are included in section 13.1.1 in Appendix C and reflectance 

measurements of all wafers at each of these processing stages are shown in Figure 7-11, 

Figure 7-12 and Figure 7-13. 

 

Figure 7-11 PCT MK1 glass reflectance with both glass surfaces polished. 



218 
 

 

Figure 7-12 PCT MK1 glass reflectance with both glass surfaces roughened by grit blasting. 

 

 

Figure 7-13 PCT MK1 glass reflectance with both surfaces roughened and the back face coated with aluminium. 
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7.4.1.1 Polished glass wafers 

It can be seen in Figure 7-11 that in the polished state the glass wafers have reflectance 

values between approximately 4 and 8%. Materials with a refractive index in the region of 

1.5 will have a single surface reflectance of around 4% at normal incidence as can be 

calculated from Eq 4-15. In the spectral range where the glass is opaque the light is reflected 

only from the front face - any light transmitted into the glass is absorbed and so the 

reflectance is around 4%. In the spectral range where the glass is transparent light is 

reflected from both surfaces and so the total reflectance is around 8%. Where the glass is 

partially absorbing the reflectance takes a value intermediate between these two values. 

The blue glass has a higher reflectance than the rest of the samples as shown in Figure 7-11 

which indicates it has a higher refractive index.  

7.4.1.2 Grit blasted diffuse glass wafers 

When the glass samples were roughened by grit blasting to achieve a uniform diffuse 

surface the reflectance was increased to between 8 and 16% as shown in Figure 7-12. In 

order to assess the increase in reflectance caused by roughening the surface, the ratio of 

the reflectance of the samples in the roughened state to the polished state was calculated 

and the results are plotted in Figure 7-14. It can be seen that a greater increase in 

reflectance was obtained in the roughened samples at shorter wavelengths with smaller 

changes observed at longer wavelengths. This is attributed to the fact that the wavelength is 

approaching the length scale of the surface roughness and so the contributions of scattering 

and diffraction are varying with wavelength [103]. It is believed that if the length scale of the 

surface roughness was larger, the change in reflectance following roughening of the samples 

would be more uniform over the spectrum.  
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Figure 7-14 Reflectance ratio of roughened to polished glass (reflectance of roughened glass / reflectance of polished 
glass)  

With the glass surfaces roughened, the light transmitted into the glass no longer follows a 

predictable refracted path through it, but takes may different scattered paths of different 

lengths. In order to investigate the path of the scattered light through the samples, the 

mean path length of transmitted light was calculated from the R&T measurements. The 

internal transmittance was calculated for each sample in the roughened (           ) and 

polished (          ) states using Eq 4-30 and Eq 4-32 and plots of the internal transmittance 

are included in section 13.1.2 in Appendix C. The average length of material traversed by the 

light in the grit blasted samples (          ) was then calculated from the internal 

transmittances and the path length in the polished glass (          – taken as the glass 

thickness) using Eq 7-1 which was derived from Eq 4-8, and the results are plotted in Figure 

7-15.  

 

           
  (           )

  (          )
          

 

Eq 7-1 
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The mean path length traversed by the light in the roughened samples was found to be 

greater than the 1.75mm thickness of the glass in all cases. The minimum path length was 

around 1.9mm for glass with a low transmittance (dark grey between 450 and 650nm) since 

only light which has taken a short path through the sample will exit with sufficient irradiance 

to contribute to the measurement. The maximum mean path length was found to be 

greater than 20mm where the absorbance of the glass was lowest (green glass above 

900nm). Since the maximum path length in the glass is greater than the longest possible 

straight line path in the glass, it is evident that multiple internal scattering events occur 

within the wafers. This result confirms that the roughened glass scatters light internally as 

intended and described in section 7.2.2 on page 206. 

 

Figure 7-15 Mean path length as a function of wavelength for light passing through the grit blasted glass samples 
determined from the absorption in the glass. 

7.4.1.3 Aluminium coated diffuse glass wafers 

After the back surface of the roughened glass wafers were coated with aluminium, the 

maximum reflectance was increased by more than a factor of two, whilst the minimum 

reflectance was reduced as shown in Figure 7-16. The dark grey glass, which had the lowest 

transmission, exhibited the greatest reduction whilst both the red and medium grey glass 

samples also showed some reduction. The reductions in reflectance occurred in the regions 
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of the spectrum where these samples have high absorbance and so the back surface makes 

almost no contribution to the total reflectance. Since changes to the back surface cannot 

explain the reduction in reflectance, the changes must be caused by a change in the 

reflectance of the front surface, most likely due to contamination. Further investigations will 

be carried out to determine the cause of this anomaly. The final reflectance spectra of the 

roughened and coated glass wafers are presented in Figure 7-13. 

 

Figure 7-16 Reflectance ratio of roughened ad coated to roughened glass (reflectance of roughened glass with Al back 
coating / reflectance of roughened glass)  

Although the aluminium coating evaporated onto the back of the glass was intended to be 

completely opaque, it was found from transmission measurements (see graphs in section 

13.1.1 in Appendix C) that this was not the case. The incomplete coating is thought to be 

due to insufficient aluminium on the filament and the high surface roughness causing 

shadowing which prevented small regions of the surface from being coated. The edge of the 

glass wafers were not coated with aluminium and so light which might otherwise have been 

scattered out of the front face was lost through the edges. As the surface area of the edges 

is approximately 60% of the area of the front face, it is believed that the reflectance of the 

glass wafers could be increased significantly by coating the edges with aluminium. Further 
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refinements of the coating process should allow a complete coating to be deposited on the 

roughened back surface as well as the edges of the glass wafers. 

Scatterometry measurements of the glass wafers have not been made to date and so it is 

not yet known whether the desired Lambertian reflectance distribution has been achieved. 

Once a suitable scatterometer has been obtained / constructed, further investigations will 

be carried out to determine the effect of the surface roughness length scale on the 

scattering distribution and reflectance. Scatterometry measurements will also be used to 

validate and refine models describing the scatteing behaviour of the glass. Experiments will 

be carried out to determine whether it is necessary to roughen both sides of the glass or 

whether it is sufficient to roughen only the front face. If the back face were left in the 

polished state it is likely that a better aluminium coating could be produced and that the 

mean transmission path would be reduced both of which are likely to increase the 

maximum reflectance. 

7.4.2 Measurements of the optical constants of the PCT Glass 

The refractive index of the glass wafers will be required for future work on the modelling of 

scattering of light by the glass wafers. Measurements of the optical constants of the glass 

have been determined from R&T measurements as well as VASE measurements and are 

described in the following sections. The refractive index was measured with two 

independent methods in order to verify the results obtained and investigate which method 

would give the most reliable results. Some examples of the refractive index ( ) and 

extinction coefficient ( ) values obtained are presented in Figure 7-17 and Figure 7-18 and 

all results are presented in section 13.1.3 in Appendix C. 

7.4.2.1 Refractive index from reflectance and transmittance  

The refractive index ( ) and extinction coefficient ( ) were determined from the R&T 

measurements using the slab analysis method [102, 109] summarised in section 4.4.1.3.2, 

with processing carried out in Mathcad Prime2. Since measurements were taken at an 8° 

incident angle, the iterative method outlined in 4.4.1.3.2 was used to correct the results for 

the increased optical path length in the slab.  

The uncertainties in the values for n and k were determined using Eq 4-36 to Eq 4-38 and 

the method described in section 4.4.1.3.2. It was assumed that the uncertainty in the 



224 
 

wavelength and the thickness of the sample were negligible and all uncertainties were 

attributed to the uncertainties in the measurements of the reflectance and transmittance. 

Three repeat R&T measurements were made of some samples to determine the 

repeatability and uncertainty in the results. The standard deviation between the repeat 

measurements was calculated at all wavelengths and averaged to obtain a single 

uncertainty value. The uncertainty in both the reflectance and transmittance measurements 

obtained was found to be approximately 0.2%. The slab analysis method was found to give 

small uncertainties in the extinction coefficient but much larger uncertainty in the refractive 

index. The uncertainties in the calculated values are displayed as error bars in the graphs. 

7.4.2.2 Refractive Index from Variable Angle Spectroscopic Ellipsometry 

VASE measurements were carried out at angles of 50°, 60° and 70°, either side of the 

Brewster polarising angle. The back reflection from the samples was suppressed using the 

Scotch magic tape method [128]. Since the extinction coefficient of the glass samples is 

relatively small, measured values of      were generally very close to ±1. In an attempt to 

improve the accuracy of the measurements the compensator was used to introduce a 

known phase change and move the measured      to a more favourable value. The phase 

change introduced by the compensator was subsequently subtracted by the measurement 

software to give the true value. 

The refractive index was calculated by direct inversion of the ellipsometry measurements in 

Mathcad Prime 2 using Eq 4-50. The refractive index was calculated separately at each angle 

of incidence and then the mean and standard deviation were calculated from the set of 

values. The real and imaginary parts of the complex refractive index were separated to 

obtain the refractive index and extinction coefficient at each wavelength and the values 

were plotted. The uncertainty in the values was taken as the standard deviation between 

the three values calculated for different angles of incidence. In spite of the use of the 

compensator for the measurements, the values obtained for the extinction coefficient were 

found to be too large by several orders of magnitude and indicated that all samples were 

completely opaque, although it was visibly obvious that they were not. Further investigation 

revealed that in order to accurately measure an extinction coefficient of the order      

(typical value for partially absorbing glass), the ellipsometer would have to measure      to 

at least nine decimal places. Since the instrument only measures      to five decimal places 
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and the fifth decimal place is dominated by noise, it is unsurprising that significant errors 

were obtained for such small values of the extinction coefficient. For this reason the 

extinction coefficients obtained from the VASE measurements was ignored and only the 

refractive index values were used. 

7.4.2.3 Refractive index results 

The refractive index values obtained from both measurement techniques and the extinction 

coefficient determined from the R&T measurements were plotted and uncertainties for all 

curves shown as error bars. 

 

Figure 7-17 Refractive index and extinction coefficient for the PCT MK1 green glass measured with VASE and the R&T 
slab methods. 
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Figure 7-18 Refractive index and extinction coefficient for the PCT MK1 light grey glass measured with VASE and the R&T 
slab methods. 

The refractive index measurements obtained from VASE show much smaller uncertainties 

than the values obtained from the R&T slab method. In some cases the two measurement 

methods give results which are the same within the tolerance of the error bars as shown in 

Figure 7-17. However in other cases the values obtained from the two different methods are 

very different and the two plots are separated by much more than the uncertainties as 

shown in Figure 7-18. The greatest differences between the results for the two different 

methods were obtained for the blue and the light and medium grey samples. Although the 

most uniform samples for each glass were selected for these investigations, all the samples 

for these glass types were visibly non uniform as shown in Figure 7-19. The differences in 

the measured refractive index are attributed to inhomogeneity – different region of the 

glass will have been measured by the two techniques and so different refractive index 

values have been obtained. 
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Figure 7-19 Photograph of a polished sample of the blue glass showing the inhomogeneity. This sample was not used in 
the MK1 PCT although it is very similar to the one that was.   

The refractive index measurements obtained with the R&T slab method are the result of 

reflections from the interfaces at both sample surfaces, although the amount from the 

second interface is highly dependent on the opacity of the glass in that spectral region. On 

the other hand, measurements obtained by spectroscopic ellipsometry are the result of 

reflections from the first interface only, provided the back reflection was adequately 

suppressed. Variations in the refractive index through the thickness of the sample will 

therefore cause greater errors in the ellipsometry measurement than in the reflection and 

transmission measurements as it probes a much smaller volume of the sample.  

In addition to the MK1 PCT glass, the refractive index of seven samples of commercial Schott 

coloured glass (see section 7.6.2) has been determined with both the R&T slab and VASE 

methods described above. The Schott glass is produced in much larger batches then the PCT 

MK1 glass and so is much more homogeneous. The results of these measurements are all 

presented in section 13.3.2 in Appendix C and an example is shown in Figure 7-20. For all 

the Schott glass samples the two methods gave very similar results and in general they 

matched within the tolerance of the uncertainties. The measured values for the refractive 

indices of the Schott glass compare favourably with published values [108, 164, 165], 

indicating that both measurement methods are giving accurate and consistent results.  
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Figure 7-20 Refractive index and extinction coefficient for the Schott RG610 glass measured with VASE and the R&T slab 
methods. 

The uncertainties in the refractive index obtained from VASE are much smaller than those 

from the R&T slab method and the refractive index curves exhibit the expected form for 

glass dispersion. The refractive index measurements obtained from VASE are therefore 

believed to be more accurate, provided that the glass is homogeneous. In contrast, the 

difficulty in obtaining accurate values of      for low absorbing samples means that the 

extinction coefficient values obtained from the R&T slab method are much more accurate.  

Although the data obtained from the two different measurements methods was analysed 

separately, it should be possible to analyse both data sets together to determine the 

complex refractive index. A combined analysis could be carried out by developing a model 

of the system and simulating both the polarised reflections and un-polarised reflection and 

transmission using Fresnel’s equations presented in section 4.3. The simulated values could 

then be compared to the measurements and the model optimised using the Levenberg-

Marquadt algorithm to determine the sample properties. A combined analysis should yield 

more accurate results than either method alone and will be considered for future work. 
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7.5 PCT glass radiation testing 

It is well known that glass is susceptible to radiation induced colour changes and since the 

calibration target is intended for environments which experience relatively high radiation 

doses as described in section 7.1.5, these effects must be characterised. 

7.5.1 Effects of Radiation on Glass 

Numerous experimental investigations have been carried out to investigate the effects of 

different types of high energy radiation on the optical properties of glass including gamma 

rays [140, 159, 161, 166-168], protons [140, 159, 161, 167, 169, 170], electrons [140, 159, 

161, 170] and ultra violet [161, 170, 171]. The sensitivity of glass to radiation is dependent 

on a number of factors including the type of radiation, the type of glass and the energy of 

the radiation.  

It has been found that almost all high energy radiation causes an increase in the absorption 

of glass, with the greatest increases generally observed at the blue end of the spectrum. The 

increase in absorption is attributed to two main causes – the creation of ionic vacancies 

through atomic displacement and the excitation of electrons into existing defect states 

[159]. The sensitivity of the glass to radiation exposure is therefore dependent on the 

composition of the glass and the manufacturing process, both of which affect the formation 

of defect states. 

When optical glass is used in a high radiation environment, radiation hardened glass is 

generally employed to minimise the effect of the radiation on the absorption. This radiation 

hardness is usually achieved by the addition of cerium oxide to the glass mix [140]. Although 

this reduces the change in the absorption of the glass on exposure to radiation, the addition 

of the cerium makes the glass yellow and so introduces a significant absorption at short 

wavelengths. The radiation hardened glass which will be used in the PanCam lenses will limit 

the transmission of the optics for the shorter wavelength filters as described in section 

5.4.3.  

Although changes in the absorbance of irradiated glass are well documented, the refractive 

index can also be affected. During radiation testing of several samples of optical glass, both 

standard and radiation hardened, it was found that the optical path length in the samples 

was altered by the radiation dose, indicating a change in the refractive index [167]. Changes 
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were observed on exposure to both gamma and proton irradiation and the wave front error 

observed in some radiation hardened glass was greater than that observed in the non-

radiation hardened equivalent. Although minor changes in refractive index are unlikely to 

have a significant effect on the properties of the PCT, such changes could have a detrimental 

effect on the performance of complex optical assemblies and the effect of radiation on 

refractive index should be included when assessing the tolerances in optical lenses. 

7.5.2 Irradiation of PCT glass samples 

As accurate reflectance measurements of the Martian surface require an accurate 

knowledge of the optical properties of the PCT glass it is important to characterise the 

changes caused in the glass by radiation exposure. Provided that changes in the reflectance 

of the PCT glass are repeatable and predictable, and the received radiation dose can be 

determined, then it is not necessary for the PCT to be completely radiation resistant. 

The response of the MK1 PCT glass to radiation was tested by exposing glass samples from 

the same batch as the PCT MK1 glass to a proton beam at the cyclotron facility at 

Birmingham University. Tests were carried out during the radiation testing campaign for the 

ExoMars Life Marker Chip (LMC). The LMC solvents and the PCT glass were irradiated with 

10MeV protons as demanded by the product assurance requirements for Non-Ionizing 

Energy Loss (NIEL) [154]. In order to obtain 10MeV protons in the LMC solvent, after 

attenuation in the walls of the glass containers, the cyclotron was set up to emit 21MeV 

protons. For the PCT testing the proton energy was attenuated to 10MeV with a 2.8mm 

thickness of plastic plates. The samples were exposed to a proton beam current of 

approximately 40pA until the total received charge was 13.6nC to give a fluence of 

          protons. This corresponds to twice the predicted mission dose for the LMC 

including the effects of the Radiothermal Heater Unit (RHU) which was to be located in close 

proximity to the location of the LMC. The LMC dose was used for these investigations as 

dose requirements for the PCT had not yet been determined. 

The centre of the 16mm diameter glass with a thickness of 1.75mm was exposed to a proton 

beam with a diameter of approximately 10mm. 10MeV protons are assumed to be stopped 

by around 1mm of glass and so the beam energy was deposited in a 0.17g mass of glass, 

giving a dose of approximately 3Krad. Although the ExoMars radiation dose specifications 
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are for NIEL, the protons were stopped in the glass and protons become ionizing at the end 

of their range [157]. The effects observed in the glass are therefore likely to be a 

combination of NIEL and ionization. 

7.5.3 Characterisation of irradiated PCT glass  

Measurements of the transmission and reflection of the glass samples were made before 

and after irradiation, in 8° / total hemispherical geometry using the Labsphere general 

purpose integrating sphere and the Ocean Optics Jaz spectrometer described in chapter 4. 

The measurements were taken from the central few millimetres of the samples and so only 

the irradiated area was included in the measurement. The measured data is presented in 

section 13.2.1 in Appendix C. 

Due to the limited amount of experimental time available at the cyclotron, not all of the PCT 

glass types were tested. Samples of the red, yellow, green, blue and light grey PCT glass 

were tested along with a sample of commercial BK7 optical glass for comparison. The 

absorbance in each glass sample was calculated from the measurements before and after 

proton irradiation using Eq 4-29. The change in absorption was then calculated by 

subtracting the absorbance for the un-irradiated glass from the absorbance for the 

irradiated glass, and the results are plotted in Figure 7-21. The spikes in the results at 436nm 

are due to the mercury room lights which were not completely excluded from the 

integrating sphere. 
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Figure 7-21 Change in absorbance for PCT MK1 glass samples following proton irradiation.  

It can be seen from Figure 7-21 that with the exception of the yellow glass, the absorption at 

the short wavelength end of the spectrum was increased in all samples by the proton 

irradiation. In contrast the yellow sample showed a slight decrease in absorption at the 

short wavelength end of the spectrum. Since the colour centres in the yellow glass are 

caused by the addition of cerium oxide to the glass, this sample was expected to be more 

resistant to radiation than the other samples [140].  
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Figure 7-22 PCT MK1 green glass sample after proton irradiation. The area exposed to the proton beam is visible as a 
slightly darkened area in the centre of the sample. The features at the top right and left of the sample are chips caused 
during the glass cutting and the small features are bubbles in the glass formed during manufacture. The two notches on 

the lower left edge are identification marks. 

It can be seen from Figure 7-21 that the green glass shows a significantly higher change in 

absorption than the other samples, so much so that for this sample the change was clearly 

visible to the naked eye as shown in Figure 7-22. The reason that the green glass is so much 

more sensitive to the effects of radiation is not known but further experiments are planned 

to investigate this. The significant change in the green glass to a relatively small radiation 

dose means that the green glass is not suitable for the PCT and so will not be used.  

The change in absorption in the red, green and blue glass samples show structure similar to 

the absorption features in the native glass and so it is likely that the changes are caused 

predominantly by electrons excited into the existing defect states. Both the light grey and 

BK7 samples show very similar changes in absorption with a large increase at the short 

wavelength end of the spectrum, gradually decreasing towards the infra-red and with no 

distinctive spectral features. 

This preliminary investigation into the effects of radiation on coloured glass indicates that 

the PCT glass properties are likely to change with exposure to the radiation in the 

interplanetary Martian surface environments. Further investigations will be carried out to 

determine the effects these changes are likely to have on the calibration of the PCT. Further 
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experiments will also be carried out to investigate the magnitude and repeatability of the 

changes induced by a range of radiation doses from both proton and gamma rays. It is 

expected that the effects of any radiation induced change to the PCT glass can be 

compensated for if the behaviour of the glass and the radiation dose rate are known.  

7.6 PCT further developments and testing 

During the course of this work it became apparent that the initial design and materials for 

the PCT had a number of shortcomings and so changes are being made to both. Although 

there is still a significant amount of development and testing to be carried out before the 

PCT is ready for flight, the changes already being made are described briefly below.  

7.6.1 Changes to PCT mechanical design 

The initial design for the PCT base plate included ribs on the underside to produce a stiff 

structure whilst maintaining a low mass. The rib layout was designed to be easy to 

manufacture but did not provide adequate stiffness for the structure. An alternative design 

with tapered ribs running diagonally out to the corners has been developed and prototyped 

in aluminium and is shown in Figure 7-23. The new design is significantly stiffer, even in 

aluminium, than the original titanium version although it is more complex and time 

consuming to manufacture. 

 

Figure 7-23 PCT MK2 base plate design prototyped in aluminium. 
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The mechanical retention of the glass in the MK1 PCT was designed to make manufacturing 

easy – chamfering the glass and countersinking the retaining plate are relatively simple and 

straightforward processes. However it was not desirable to machine the retaining plate to a 

knife edge and so a gap was present around each glass wafer as shown in Figure 7-10 and 

Figure 7-24. In addition the glass is prone to cracking where it is chamfered to a thin edge.  

In order to avoid these problems the design has been modified and a rebate 0.5mm deep is 

machined into the glass using a diamond abrasive wheel on a universal grinder. The 

retaining plate is counter bored until the top is 0.5mm thick and so the glass is retained with 

almost no gap around the edges as shown in Figure 7-24. The new design allows the glass to 

be clamped through its thickness only and so the thermal matching between the glass and 

the support structure will be less critical. Further investigation will be carried out to 

determine if it is necessary to make the PCT structure from titanium with this design change 

as manufacturing it from aluminium will make it much lighter as well as being easier to 

machine.  

 

Figure 7-24 Mechanical retention of glass in the PCT using a chamfer in the PCT MK1 (Top) and rebate in the PCT MK2 
(Bottom) 

As an alternative to mechanical retention, a design in which the glass is fixed with adhesive 

is being considered. Stycast 2850FT adhesive which is being used to retain the PanCam 

filters in their titanium filter wheels [37] would be used, although additional testing will be 

required to qualify the adhesive in this application. The use of adhesive rather than 

mechanical retention would allow the exposed surface area of the glass to be increased 

from 14mm to nearly 16mm, an increase in area of approximately 29%. This increase in area 
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would increase the number of pixels available to the calibration measurements and so 

would improve the accuracy of the image calibration. Further investigations will be carried 

out to determine the practicality and benefits of each retention method before the PCT 

design is finalised. 

7.6.2 Changes to PCT Glass 

Although it was intended that the PCT glass would be manufactured in Aberystwyth so that 

its properties could be tailored to obtain the desired characteristics, the results described 

previously indicate that a significant amount of further refinement would be required to 

produce suitable glass. The most serious problem encountered relates to the consistency 

and homogeneity of the glass – two samples cut from the same core are visibly different and 

detectable differences occur within a single wafer. These inconsistencies are most likely 

caused by the difficulties in obtaining good mixing in the small melts (approximately 20ml) 

which can be processed in the research grade furnaces available in Aberystwyth. Although 

reasonably uniform wafers have been obtained, it has not been possible to obtain them 

repeatedly and each wafer is slightly different. Since it will not be possible to carry out 

measurements on the assembled flight PCT due to PP requirements, it is essential that glass 

wafers are consistently produced so that representative results can be obtained from a 

flight spare. 

In order to obtain better consistency it is necessary to manufacture glass in much larger 

batches. Since the facilities available in Aberystwyth are intended for research applications 

rather than mass production, it is not possible make sufficiently large batches with them. 

Consequently commercial coloured filter glass manufactured by Schott is being considered 

as an alternative. In addition to the better consistency and homogeneity of mass produced 

Schott glass, it is well characterised, well documented, guaranteed to have specifications 

within tight tolerances and has been used on previous Mars cameras [41]. These factors 

may significantly simplify the qualification testing necessary to demonstrate the PCT will 

meet its objectives.  

Some potential Schott filter glass types have been identified for use in the PCT, and are 

listed in Table 7-4 along with their optical, chemical and mechanical properties. The glass 

types were selected based on their optical properties and their resistance to chemical attack 
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and solarisation (UV bleaching). The colours selected are not the same as those used in the 

MK1 PCT, in particular no green glass with adequate stability could be identified and a green 

/ blue sample has been substituted in its place. As an alternative to one of the grey colour 

patches, a multiband filter glass is being considered. The multiband glass has numerous 

absorption bands within the PanCam spectral range and several absorption edges occur at 

FERRIC filter wavelengths as shown in Figure 7-25. It is believed that this glass type could be 

used in combination with the wavelength shift obtained at the edge of the PanCam field of 

view (see section 5.6.3) to obtain additional information about the incident illumination 

spectrum, although the effectiveness of this method has not been tested. 

 

Figure 7-25 Measured reflectance of the Schott glass samples. Vertical lines indicate the FERRIC filter wavelengths. 

Samples of the selected Schott glass were obtained in the form of 2” square filters and were 

core-drilled, ground and polished to obtain wafers of the required dimensions in the same 

way as the PCT MK1 glass. The corrected reflectance measurements for the Schott glass in 

the polished state are presented in Figure 7-25 along with the centre wavelengths for the 

FERRIC filters. VASE and R&T measurements were taken and processed as described in 

section 7.4.2. The grit blasting and aluminium coating stages in the glass processing have 

not yet been carried out and so full comparison with the PCT MK1 glass is not yet possible. 
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Description Schott 
Glass 
Type 

Density 
(g/cm

2
) 

Refractive Index @  (nm) Thermal 
Expansion 
Coeff, -
30<°C<70 

Thermal 
Expansion 
Coeff 
(20<°C<300 

Tg 
(°C) 

Temperature 
Coefficient 
(nm/°C) 

Stain 
Resistance 

Acid 
Resistance 

Alkali 
Resistance 

Notes 

404.7 587.6 852.1 1014 

Medium 
Grey (N 
1.3) 

NG4 2.44  1.51   6.7 7.2 462 N/A 1 2.2 1.0  

Light Grey 
(ND 0.3) 

NG11 2.42 1.51 1.5  1.41 6.9 7.1 481 N/A 1 3.4 2.0  

Blue BG3 2.56  1.51  1.50 8.8 10.2 478 N/A 0 1.0 1.0 S 

Multiband BG36 3.59  1.69   6.1 7.2 657 N/A 1 52.2 1.2  

Red RG610 2.65  1.52 1.52 1.51 8.0 9.2 520 0.14 
 

0 1.0 1.0  

Yellow OG515 2.56  1.51 1.51 1.50 7.9 9.0 509 0.11 0 1.0 1.0  

Light Blue / 
Green 

BG18 2.66 1.55 1.54   7.5 8.9 482 N/A 0 2.0 2.0  

Table 7-4 Summary of the optical and mechanical properties of the Schott filter glass. Key: Tg is Glass transition temperature, Stain, Acid and Alkali resistance – lower numbers indicate 
better resistance and tables giving details may be found in [108], S in notes column indicates glass is prone to solarisation. Data from [108, 164, 165]
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7.7 Future testing 

Numerous additional tests and measurements will be required in order to verify the 

performance of the PCT and qualify it for flight. These investigations will include repeating 

many of the measurements described above for the PCT MK1 glass on the Schott glass in 

addition to new investigations to determine both optical and mechanical properties. The 

processing of the Schott glass will be completed and an aluminium coating will be applied to 

the edges in addition to the back face in an attempt to increase the reflectance of the PCT 

colour patches. Dust adhesion experiments will be carried out to determine the affinity of 

the surface to dust contamination and a transparent and conductive Indium Tin Oxide (ITO) 

coating may be applied to the front face of the glass wafers to dissipate static electricity if it 

is found to be necessary. If suitable Mars analogue dust can be obtained then its effects on 

the PCT reflectance will be investigated.  

Several investigations must be carried out to determine the colour stability of the Schott 

glass including further and more extensive radiation testing using proton, gamma and 

ultraviolet radiation. The temperature coefficient of the spectral properties is specified by 

Schott for the two long pass filters (RG610 and OG515) but no data is available for the other 

glass types and so thermal testing will be carried out to determine these properties. In 

addition the data provided by Schott only covers the temperature range of 10 to 90°C whilst 

the calibration target will be used at much lower temperatures. An experimental setup for 

this investigation is being prepared and consists of a vacuum chamber with optical ports and 

a closed loop liquid helium cryostat. This setup will also be used to thermally cycle the 

mechanically retained and / or adhesive retained versions of the PCT to validate and qualify 

the design(s).  

Extensive work must be done to characterise the scattering properties of the glass wafers 

and to further optimise the design if required. This may include investigations into the 

effects of the grit blasting on the back surface of the glass wafers as well as the use of 

different sizes of abrasive to obtain different surface roughness. Scatterometry 

measurements will be required to determine the distribution of scattered light. These 

measurements may be made using the spectroscopic gonioreflectometer currently under 

development or by modifying the Sopra ellipsometer by adding a laser light source, or a 

combination of the two. Investigations will also be carried out into the necessity of taking 
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scatterometry measurement out of the scattering plane as scattering models exist which 

allow hemispherical scattering distributions to be estimated from in-plane data [105]. 

7.8 Conclusions 

A new Calibration target is being developed for in-situ calibration of the PanCam instrument 

on the ExoMars 2018 rover. Significant progress has been made on the optical and 

mechanical design of the PanCam calibration target as well as the characterisation and 

testing methods which will be used to determine its properties. A number of problems 

encountered with the initial design have been addressed and changes to both the design 

and materials are being made in an attempt to mitigate them. Extensive work remains to be 

done in the development, testing and characterisation of the PCT and its materials but the 

work described here lays the foundation for these further developments. By designing the 

PCT with an insight into both optical and materials physics it is hoped that a new calibration 

target which overcomes many of the shortcomings of previous designs can be produced, 

which will find application not only on the ExoMars 2018 mission but also on other, future 

missions.  
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8 A hyperspectral camera for Mars exploration 

 

 

 

8.1 Benefits of hyperspectral imaging 

The camera systems used on all Mars Lander missions since Pathfinder have had 

multispectral capabilities allowing them to take images in 11 or 12 spectral bands between 

400 and 1000nm [18, 23, 26, 30, 33, 34, 46]. Although the camera systems on previous 

missions have yielded valuable information about the geology of the Martian surface, the 

limited number of filters means some spectral features may have been missed. In order to 

maximise the chances of identifying priority scientific targets for the ExoMars mission, a 

new and novel filter selection method [5, 6] was developed and implemented as described 

in chapter 5. Although the new filter set should be effective in identifying and discriminating 

between the mineral types of particular relevance to the ExoMars mission objectives, it is 

still unable to capture all the spectral features of the minerals for which it was optimised.  

Furthermore because it was optimised to identify spectral features of specific minerals, it is 

possible that it will miss distinctive features from other minerals. 

By increasing the number of spectral bands the camera can image, high resolution 

contiguous reflectance spectra can be obtained from the image data, hence ensuring that a 

greater number of spectral features are captured. Camera systems which capture large 

numbers of contiguous spectral bands are known as hyperspectral cameras (although there 

is no universal distinction between multispectral and hyperspectral systems [172]). As 

stated above, a hyperspectral camera system can be produced by increasing the number of 

filters [173]. However this leads to filter wheels which become prohibitively large and heavy 

especially for space applications. Therefore other technologies are generally sought for 

hyperspectral camera systems. 

8.2 Hyperspectral imaging technologies 

Due to the large number of applications for hyperspectral data, many different types of 

hyperspectral camera have been devised. In spite of the large number of different 
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instruments available, they are all based on one of four methods of defining how a three 

dimensional (3D) data set is built up from a maximum of two dimensions of data which can 

be measured at one time. These four classifications are termed Whiskbroom, Pushbroon, 

Framing and Windowing [174] and are shown in Figure 8-1.  

 

Figure 8-1 Four classifications of imaging spectrometer 

Whiskbroom imaging is analogous to serial mode monochrome imaging [145] in that only a 

single image element or pixel is captured at one time, but it is collected at all spectral bands 

simultaneously [174]. Pushbroom imaging spectrometers are analogous to parallel mode 

imagers [145] and collect one spatial and one spectral dimension of a data cube 

simultaneously, the other spatial dimension being scanned sequentially [174]. Framing type 

imaging spectrometers (also referred to as staring [145], step stare and band sequential 

imaging spectrometers) are cameras in which a wavelength selective element such as a 

tuneable filter is placed in the optical path. This allows both spatial dimensions of the image 

cube to be captured simultaneously, one spectral band at a time [174]. Windowing imaging 

spectrometers employ a hybrid of the Framing and Pushbroom imaging methods. A 2D 

image is captured with each frame but the wavelength of the light forming the image is in 

different in different regions of the frame. The 3D data set is collected by scanning in such a 

way that all regions of the image have been formed by all wavelengths [174].  

Although there are only four classifications of imaging spectrometer there are numerous 

technologies which can be employed for each. Some of the more common technologies are 

reviewed in the following sections and their suitability for planetary surface missions is 

discussed. 

8.2.1 Whiskbroom hyperspectral cameras 

Whiskbroom hyperspectral imagers are not strictly imaging instruments; they are single 

point remote sensing spectrometers which can be used to build up an image by scanning 
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both spatial dimensions. Because of the mode of operation, Whiskbroom hyperspectral 

imagers are very slow and generally produce very low resolution images. In spite of this a 

Whiskbroom hyperspectral imager, Mini-TES [50], was successfully deployed on the Martian 

surface on board the NASA Mars Exploration Rovers (MERs) [22] and another is under 

development for the ExoMars 2018 mission (Infra-red Spectrometer for ExoMars (ISEM) 

[175]). 

In order to scan the scene, both the Mini-TES and ISEM instruments are moved using the 

same Pan-Tilt Unit (PTU) used for pointing the multispectral cameras. However the two 

instruments cover different spectral ranges, are mounted in different locations and use 

different technology. The Mini-TES instrument is a Fourier Transform Infra-Red (FTIR) 

spectrometer covering the spectral range 5 to 29µm [50]. The instrument is mounted in the 

body of the rover and views the Martian surface via a periscope arrangement in the camera 

mast. The instrument has two switchable angular fields of view; 20mrad for rapid surveying 

or 8mrad for detailed measurements [50]. The ISEM instrument is a diffractive spectrometer 

employing an acousto-optic tuneable filter which covers a spectral range of 1.15 to 3.3µm 

[175]. The instrument will be mounted on the ExoMars camera mast directly beneath, and 

coincident with, the High Resolution Camera (HRC) and will have a field of view of 1° [175].  

The drawbacks of Whiskbroom hyperspectral systems are the low resolution and long 

measurement times. This means that the potential for serendipitous discoveries offered by 

the extensive data analysis techniques available for hyperspectral data sets are severely 

limited. 

8.2.2 Pushbroom hyperspectral cameras 

Pushbroom hyperspectral imagers generally employ an imaging spectrograph with a 2D 

array detector to capture one spatial and one spectral dimension of the data cube 

simultaneously. The second spatial dimension is scanned, either by panning the camera or 

with a scan mirror to build up the data cube. Pushbroom hyperspectral imagers have been 

widely used in airborne and satellite based applications where the motion of the aircraft or 

orbital motion of the satellite is used to provide the scanning. Many airborne and several 

space borne hyperspectral instruments have been developed and deployed for Earth 
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observation remote sensing applications [176] such as monitoring forest cover and 

searching for mineral deposits [177].  

Several hyperspectral systems have also been deployed for hyperspectral mapping of 

planetary surfaces including the Compact Reconnaissance Imaging Spectrometer for Mars 

(CRISM) on board the Mars Reconnaissance Orbiter (MRO) [134] and the Observatoire pour 

la Minéralogie, l'Eau, les Glaces et l'Activité (OMEGA) on board the Mars Express orbiter 

[178].The CRISM and OMEGA instruments both employ imaging spectrographs to capture 

hyperspectral data in Pushbroom mode whilst the OMEGA instrument also employs a 

Whiskbroom system for the short and medium wave infra-red spectral ranges [178].  

 

Figure 8-2 Schematic diagram of an imaging spectrograph. Image from[172]. 

Imaging spectrographs are generally based on diffraction grating dispersive spectrometers 

although numerous optical configurations are possible [172]. In such instruments light 

gathered by the objective lens is brought to a focus to form an image at the entrance slit of 

the spectrometer as shown in Figure 8-2. The imaging spectrometer disperses the light 

entering it in a direction perpendicular to the slit and brings an image of the entrance slit to 

focus at the exit. A 2D array detector placed at the exit captures the line image from the 

entrance slit at all wavelengths simultaneously - one dimension of the detector captures the 

line image and the other dimension captures the spectrum at each point along the line 

image. 
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A Pushbroom hyperspectral imager has been developed for deployment on a future lander 

or rover on the surface of Mars. The Ultra Compact Imaging Spectrometer (UCIS) is based on 

an Offner imaging spectrograph and covers the spectral range 600nm to 2.5µm with a 

resolution of 10nm [179-181]. The instrument is a development of the Moon Mineralogy 

Mapper (M3) instrument flown on the Chandrayaan mission [180, 181]. A HgCdTe detector 

is employed and is cooled to less than 180 K by an active cryocooler to reduce thermal noise 

[180]. In spite of the complexity of the instrument the optical head and cryocooler have a 

combined mass of only 643g [180]. However when the vacuum container (required to 

operate in a condensable atmosphere), the precision pan unit (required to scan the field of 

view) and the control electronics are included the total instrument mass will be in excess of 

1.5Kg [179]. 

The UCIS instrument is a step change from the multispectral, filter wheel, based camera 

systems flown on previous Mars missions. The extension into the Short Wave Infra-Red 

(SWIR) spectral range will significantly enhance the instrument’s ability to identify rock and 

mineral types from their reflectance spectra. However the Pushbroom mode of operation 

may restrict the operational flexibility on the Martian surface. In order to produce an image, 

a full hyperspectral data set must be captured even if only a handful of spectral bands are 

required. The data bandwidth from Mars is limited and so it is unlikely that full 

hyperspectral data cubes will be returned regularly. Therefore either substantial on-board 

processing will be required to cut down the data volume or the instrument will not be used 

as often as is desirable. 

8.2.3 Framing hyperspectral cameras 

Framing mode hyperspectral cameras are generally very similar in design to conventional 

multispectral cameras, but with some form of wavelength selective element to be included 

in the optical path. Several technologies exist for Framing mode hyperspectral cameras, 

based on tuneable filters [182] although large filter wheels containing over a hundred 

conventional interference filters have been used in laboratory instruments [173]. Tuneable 

filter technologies can be broadly classified as either diffractive or interferometric in nature, 

with interferometric based instruments being by far the most common. 
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8.2.3.1 Diffractive technologies 

Diffractive framing hyperspectral imagers generally make use of Acousto-Optic Tuneable 

Filters (AOTFs) although instruments based on volume holographic diffraction gratings have 

also been developed [183]. AOTFs are optical devices in which a Radio Frequency (RF) 

acoustic wave is propagated through an optical crystal [182, 184]. The acoustic 

perturbations in the material cause refractive index variations which form a volume 

diffraction grating within the material and the line density of the grating can be adjusted by 

varying the frequency of the applied RF signal.  

As both wavelength and bandwidth can be adjusted using AOTFs they offer a lot of potential 

for the development of hyperspectral imagers [184]. However AOTFs have relatively small 

acceptance angles which limits the throughput of the light and the field of view and they are 

inherently polarisation sensitive [184, 185] so that a maximum of 50% of the incident light 

will be transmitted. In spite of this an AOTF based hyperspectral microscope (MicrOmega) 

will be included on the ExoMars 2018 rover [186]. Rather than incorporate the AOTF in the 

imaging path, the MicrOmega instrument makes use of a simple panchromatic microscope 

with the AOTF included in the illumination path so that the sample will be illuminated by a 

tuneable monochromatic light source. This significantly simplifies the design of the 

microscope and ensures that good image quality is achieved by minimising the number of 

optical components in the image path. 

8.2.3.2 Interferometric technologies 

Interferometric tuneable filters are generally based on a Fabry-Perot etalon device in which 

interference is set up between two partially silvered mirrors [98]. By varying the optical path 

between the mirrors the pass band of the etalon can be adjusted. Although electrostatic 

actuators have been used to mechanically vary the distance between the mirrors and tune 

the wavelength [187], methods which do not require moving parts are more common.  

Liquid Crystal Tuneable Filters (LCTFs) employ Lyot-Ohman filters in which the etalon 

cavities are filled with liquid crystal material [182]. Transparent electrodes are applied to the 

cavity windows and by changing the electric field across the device, the alignment of the 

liquid crystals can be controlled [188]. Since the refractive index of liquid crystal materials is 

dependent on their orientation, varying the electric field changes the optical path length in 
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the cavity and so the transmission wavelength is tuned. As with AOTFs, LCTFs have limited 

acceptance angles and are polarisation sensitive, resulting in a maximum transmittance of 

50% for un-polarised light. However they are also highly temperature sensitive and so must 

be operated at a constant temperature if the wavelength is to be accurately controlled. The 

temperature sensitivity is likely to preclude their use on the surface of Mars where 

temperatures are highly variable and power is at a premium. However LCTF devices have 

been used in laboratory based hyperspectral imaging instruments [189]. 

8.2.4 Windowing hyperspectral cameras 

Windowing hyperspectral cameras are a hybrid between Framing and Pushbroom 

instruments. A full 2D image is brought to a focus at the detector but the wavelength varies 

across the field of view [174]. By panning the camera or otherwise scanning a component of 

the camera, the image is captured at all wavelengths. Whilst Framing and Pushbroom 

cameras capture the 3D data cube by capturing 2D slices parallel to either the spectral or 

spatial dimensions as shown in Figure 8-1, Windowing instruments capture a slice scanned 

diagonally through the data cube. The diagonal slice of the data cube can be scanned along 

the wavelength axis to form a Windowing Pushbroom hyperspectral camera or along the 

spectral axis to form a Windowing Framing hyperspectral camera.  

Windowing hyperspectral cameras are not common and only one example has been found 

in the literature - a Windowing Pushbroom hyperspectral imager based on an imaging 

spectrograph [190]. This instrument makes use of a conventional imaging spectrograph as 

shown in Figure 8-2 but a second grating is placed before the focussing lens. This results in a 

2D image being formed at the detector but the wavelength varies across the image. A 

rotatable mirror in front of the additional diffraction grating allows scanning to build up the 

data cube. Although it was shown that such a system could be used to produce a 

hyperspectral data cube, the addition of extra diffractive optics to an imaging spectrograph 

results in an excessively complex optical assembly with no clear advantages over the original 

imaging spectrograph. 

8.3 Filter technologies for a hyperspectral camera for Mars 

Although numerous technologies exist for hyperspectral cameras, none are ideally suited for 

deployment on the Martian surface for either technical or operational reasons as described 
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in the previous section. The ideal characteristics for a hyperspectral camera for deployment 

on the Martian surface include: 

a. Mechanically simple 

b. Flight heritage / proven technology 

c. Robust 

d. Insensitive to temperature 

e. Lightweight 

f. Low power 

g. Random access to wavelengths 

h. Can be applied over a broad spectral range 

i. High throughput / efficiency 

As Pushbroom hyperspectral imagers have limited operational flexibility as outlined above, 

and Whiskbroom imagers are slow and produce low resolution images, Framing or 

Windowing hyperspectral imagers offer the best compromise for Mars surface imaging. 

However the main technologies used in these instruments, LCTFs, AOTFs, are not well suited 

for deployment on the Martian surface and although imaging spectrographs can be 

miniaturised sufficiently [179-181] they are excessively complex. All previous Mars 

multispectral cameras have used thin film interference filters for spectral discrimination and 

these meet all of the requirements listed above apart from the fact they are not generally 

tuneable. However thin film interference filters can be made tuneable in two ways – by 

manufacturing them as Linear Variable Filters (LVFs) or by rotating them relative to the 

incident beam. 

8.3.1 Linear variable filters 

LVFs are thin film interference filters in which the thin films which form the etalon structure 

are deposited so that they are wedge shaped i.e. the cavity dimensions change from one 

region of the filter to the next and so transmission wavelength also varies with position 

[191]. LVFs are manufactured as long narrow optical components with the pass band 

varying approximately linearly from one end to the other over a tuneable range of up to one 

octave. The use of LVFs in hyperspectral cameras has been suggested previously [192] but 



250 
 

no reference to any developments of the concept have been found. LVF based hyperspectral 

cameras will be discussed briefly at the end of the chapter. 

8.3.2 Angle tuneable filters 

Angle tuneable filters are thin film interference filters which are tuned by varying the angle 

of the filter relative to the incident beam. As discussed in section 5.6, changing the angle of 

the rays passing through the filter causes the optical path to vary and so the pass band of 

the filter changes with angle. The tuneable range of most interference filters is very limited 

because at large angles the two orthogonal polarisation states are shifted by different 

amounts [141, 191] and so “polarisation splitting” causes the transmission properties to 

degrade substantially as shown in Figure 8-3 a. However angle tuneable band pass filters 

have recently been developed by Semrock (www.semrock.com/) which can be tilted up to 

60° to provide a wide tuning range (up to 12% of the normal incidence wavelength [191]) 

with almost no degradation in performance as shown inFigure 8-3 b. Although the way in 

which this has been achieved is not fully described, it may be that these filters do not use 

metallic layers in the thin film stack, as these are main cause of polarisation splitting [141]. 

Both the transmission and out-of-band blocking of these filters are exceptionally high with 

peak transmission in excess of 90% and out of band blocking better than Optical Density 

(OD) 7.  

 

Figure 8-3 Illustration of the angle tuning of thin film interference filters.  a. conventional filters showing the degradation 
as the angle is increased, b. Semrock VersaChrome showing that filter properties are maintained at large angles. Image 

adapted from [191] 

8.4 Hyperspectral imaging Wide angle camera 

The Semrock VersaChrome angle tuneable filters have made it possible to develop a 

hyperspectral camera suitable for deployment on Mars using well established camera and 

http://www.semrock.com/
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filter technology. A Hyperspectral imaging Wide angle camera (HiWac) was developed using 

Semrock VersaChrome filters, with funding from a Blue Ocean grant 

(http://blueoceangrants.com/) sponsored by Ocean Optics (http://www.oceanoptics.com/). 

The operating principle, construction, calibration and testing of the HiWac prototype are 

described in the following sections and the grant application and end of project report are 

included in Appendix D.  

8.4.1 HiWac operating principle 

It was shown in section 5.6 that wide angle cameras with interference filters in front of the 

lens will exhibit a variation of wavelength across the field of view, but that the range of 

wavelengths observed would be relatively small (of the order of 1% of the centre 

wavelength for the ExoMars PanCam WACs which have a 36.8° field of view). As the filters 

are mounted at normal incidence to the camera axis, the shift will also be radially 

symmetrical away from the centre of the field of view, forming concentric rings of constant 

wavelength. The commercial availability of angle tuneable interference filters, with wide 

tuning ranges, makes it possible to significantly increase the wavelength coverage of a single 

filter and so develop a hyperspectral camera. Although the filters themselves are relatively 

new, the camera and filter technology is the same as that used on many previous Mars 

missions and so has significant flight heritage.  

 

Figure 8-4 Operating principle of the hyperspectral imaging wide angle camera 

In order to make use of the full spectral range of the Semrock VersaChrome filters in a 

hyperspectral camera, rays must pass through it at all angles between 0 and 60°. To achieve 

this with the filter mounted perpendicular to the camera axis, the camera would have to 

http://blueoceangrants.com/
http://www.oceanoptics.com/
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have a field of view of 120° to obtain a 60° half angle. However if a filter is mounted so that 

its surface normal is at 30° to the axis of a camera with a 60° field of view, then the required 

range of ray angles will be achieved as shown in Figure 8-4. Ray bundles entering the 

camera at one edge of the field of view will pass through the filter at normal incidence and 

be brought to a focus to form the image at the edge of the detector. Ray bundles entering 

the camera at the other extreme of the field of view will pass through the filter at 60° to 

form the image at the other side of the detector. Ray bundles entering the camera at other 

angles within the field of view will pass through the filter at angles of incidence intermediate 

between 0 and 60° to form the remainder of the image on the detector. Since the 

transmission wavelength of the filter varies with angle, the wavelength of the light forming 

the image at the detector will vary from one side of the field of view to the other as shown 

in Figure 8-5. 

 

Figure 8-5 Image of the Aberystwyth University Physical Sciences building through a Semrock VersaChrome filter 
mounted at 30° in front of a wide angle lens. Image covers approximately 550nm on the left to 620nm on the right and 

was taken with a Digital SLR camera. 
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A camera working in this way can capture hyperspectral data sets in Windowing Pushbroom 

mode. A sequence of images is taken whilst the camera is panned by a pre-determined 

amount between each image. In this way each region of the scene will have been imaged 

onto each region of the detector and so will have been imaged at each wavelength in the 

range covered by the filter. If this procedure is repeated with a set of filters, a hyperspectral 

data set can be built up over an extended spectral range. A set of such filters can be 

mounted in a conventional filter wheel and so the hyperspectral camera closely resembles 

previous Mars multispectral cameras.  

8.4.2 HiWac construction 

A prototype HiWac instrument was assembled using the same basic design and construction 

as the AUPE2 system described in section 6.1.2. The filter wheel and housing were made 

from carbon fibre sheet with fittings machined from aluminium and black nylon. An AVT 

Manta gigabit Ethernet camera was fitted with a compact S mount (M12 x 0.5mm thread as 

used on webcams) lens. Details of the camera and lens are summarised in Table 8-1. The 

filter wheel was made to accommodate up to eight Semrock VersaChrome filters and was 

fitted with a set of seven, the remaining filter slot being occupied by plain glass to balance 

the wheel. Details of the filters can be found in Table 8-2 and a photograph of the 

assembled filter wheel is shown in Figure 8-6. 

Camera make & model AVT Manta G-146B 

Sensor Sony ICX267AL 

Resolution 1388 x 1038 

Dynamic range 8 - 12bit 

Pixel size 4.65µm 

Sensor size 6.45 x 4.83mm 

Exposure times 31µs – 60s 

Lens Lens - Lensation B3M6020S12 

Focal length 6mm 

Aperture (range) setting f/2 

Field of view 64 x 48° 
Table 8-1 Details of the camera and lens used in HiWac 

Filter slot Wavelength range (nm) Bandwidth (nm) 

1 390 - 440 16 

2 440 - 490 15 

3 490 - 550 15 

4 550 - 620 14 

5 620 - 700 13 

6 700 - 800 12 

7 800 - 900 11 

8 Panchromatic N/A 
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Table 8-2 Details of the filters used in HiWac 

 

Figure 8-6 HiWac filter wheel fitted with Semrock VersaChrome filters 

The filter wheel was mounted directly onto the shaft of a 200 step, frame size 11, stepper 

motor so that it could be computer controlled. The camera assembly was mounted on a 

rotation stage consisting of a 25:1 worm and wheel gearbox driven from a second 200 step, 

stepper motor so that it could be panned precisely between images under computer 

control. The camera was arranged to pivot about the front nodal point of the lens to 

minimise the parallax error caused as the camera is rotated. The stepper motors were 

controlled with USB interfaced Motor Hawk motor controlled boards made by PC Control 

Ltd (www.pc-control.co.uk/index.php). A USB to Ethernet adaptor with three USB ports was 

used to interface the camera and both stepper motor control boards to a laptop computer 

through a single USB cable. The motor control boards, Ethernet adaptor and voltage 

regulators were mounted in a metal box to provide a compact and self-contained control 

system for the camera as shown in Figure 8-7. A photograph of the completed camera is 

shown in Figure 8-8. 

http://www.pc-control.co.uk/index.php
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Figure 8-7 HiWac control box with components labelled 

  

 

Figure 8-8 HiWac Prototype 
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8.4.3 HiWac calibration 

Due to the way in which the HiWac captures a hyperspectral data set, it is necessary to 

calibrate both the spectral response and geometric properties of the system. The processes 

for each of these calibration activities are described in the following sections. 

8.4.3.1 Spectral Calibration 

The variation of wavelength across the field of view using a tilted thin film filter is not linear 

and varies with angle in a way described by Eq 5-11. As the angle is measured relative to the 

filter’s surface normal, lines of constant wavelength form arcs centred around one edge of 

the field of view. The radius and centre position of the arcs projected onto the image plane 

will be altered by distortion in the lens or misalignments in the optical system and so it is 

not practical to calculate the wavelength variation across the field of view. Instead the 

spectral calibration of the camera is achieved by taking sets of calibration measurements. 

 

Figure 8-9 Experimental setup used to carry out HiWac spectral calibration 

The spectral calibration of the HiWac was achieved by taking sets of images of a surface 

illuminated with uniform quasi-monochromatic light. White light from a Labsphere 100W 

tungsten halogen lamp was coupled into a Hilger & Watts D290 small grating 

monochromator and the output was directed into the Labsphere general purpose 

integrating sphere configured as a uniform light source as described in chapter 4. The 
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wavelength of light illuminating the sphere was monitored with the Ocean Optic Jaz 

spectrometer which provided the calibration for the camera. The calibration setup is 

illustrated in Figure 8-9. 

 

Figure 8-10 One of a set of HiWac calibration images taken at 635nm with filter 5. The inset shows the spectrum of the 
illumination. The sweeping line near the bottom right of the image and shown by the red arrow is the join line between 

the integrating sphere halves. 

Images were taken at wavelength intervals of 5nm throughout the spectral range of each 

filter. An example image showing the illuminated arc observed by HiWac and the spectrum 

of the illumination measured with the Jaz spectrometer, is shown in Figure 8-10. Calibration 

images were loaded into Mathcad 8 and a peak finding algorithm was used to determine the 

location of the peak in each image row, this was repeated for all calibration images for all 

filters. A plot showing all the peak positions obtained from the calibration data for filter 

number five is shown in Figure 8-11. The deviation from a smooth curve at the lower end of 

each line in Figure 8-11 was caused by the join line between the hemispheres of the uniform 

source integrating sphere being visible in the camera’s field of view. The deviation from a 

simple arc of the lines at the left hand side of Figure 8-11 are due to the effects of the lens 

distortion. 
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Figure 8-11 Processed calibration data for HiWac filter 5. Lines show peak position for the observed arc at 5nm intervals 
from 615nm (left) to 705nm (right). 

A circle was fitted through the data points for each arc using the Mathcad “Minerr” function 

to determine the coordinates of the centre and radius of each arc. The Y coordinates for the 

arc centres were found to remain relatively constant, only varying by a few pixels and so 

were assumed to be fixed for all subsequent processing. However the X coordinates of the 

arc centres were found to vary significantly especially for arcs near the edges of the field of 

view. This was caused by the fact that the lens has significant barrel distortion and so the 

shape of the arcs near the edge of the field of view are distorted, changing both their radius 

and centre.  

 

Figure 8-12 Mask regions generated from calibration data for filter 5 showing centre wavelengths for each region 

Calibration data was used to generate image masks for the processing of subsequent image 

data. For simplicity only five wavebands were obtained from each filter, although it would 

be possible to obtain many more, especially for the longer wavelength filters. Each filter was 
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divided into five equally spaced wavebands and the wavelength of the partition between 

adjacent bands was determined. The position and radius of the arcs which define the 

boundaries between adjacent wavebands were calculated by interpolation from the 

calibration data and these were used to generate image masks. The boundaries between 

the masked regions for filter five are shown in Figure 8-12.  

8.4.3.2 Geometric calibration 

In order to carry out the reconstruction of images to form a hyperspectral data set it is 

necessary to know the geometric properties of the lens. Image reconstruction was 

accomplished using the Hugin open source panorama stitching software 

(http://hugin.sourceforge.net/). The Hugin software allows the lens properties to be 

determined as part of the optimisation process for a panorama. Images were captured from 

the centre of a room in all directions and imported into Hugin. Control points were added, 

both manually and using the Hugin inbuilt algorithm, and a panorama covering almost a full 

sphere was aligned. The lens properties were optimised along with the image alignment and 

were exported to a file for later use.    

8.4.4 HiWac testing, image processing and results 

The HiWac system was tested by taking a set of images of a test scene set up in a dark room 

so that the illumination could be controlled. The test scene contained plants, flowers, fruit, 

rock and mineral samples, calibrated colour Spectralon reflectance standards, a white 

Spectralon sample, the MK1 PCT prototype and a Gretag Macbeth colour checker. The scene 

was illuminated with six tungsten lamps arranged to provide uniform illumination. A total of 

11 images were taken with each filter, the camera being panned by an angular increment of 

6° between each image. Exposure times were manually set, care being taken to ensure that 

images were not overexposed. 

HiWac is operated as a widowing pushbroom hyperspectral camera and so it is necessary to 

reconstruct a set of single wavelength images from a set of images covering different views 

of the target and with wavelength varying across the field of view. This was accomplished 

using the Hugin software and image masks generated from the calibration data. A set of 

images taken with a single filter were loaded into Hugin along with the lens properties 

determined from the geometric calibration. Control points were added using the inbuilt 

http://hugin.sourceforge.net/
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control point algorithm with manual intervention where required. Once sufficient control 

points were found and matched between images, the images were aligned to form a single 

panorama.  

An image mask for the filter was loaded into Hugin and a panorama stitched together from 

the masked regions of each raw image. In this way the full image was used to provide 

control points for image alignment and so minimal overlap was necessary between adjacent 

spectral regions. The resulting panoramic image covered the whole scene and was 

composed only from regions of the image captured at the wavelength defined by the 

position and extent of the image mask. This process was repeated with the other four masks 

for the filter and for all filters. In this way a total of 35 single wavelength panoramas were 

reconstructed from the 77 raw images captured.  

Due to backlash in the pan system and imperfect alignment of the filters, the registration 

between the single wavelength images was not consistent and so they had to be re-

registered before spectra could be extracted from the data set. Each of the five single 

wavelength images obtained from each filter covered a different angular range either side 

of the required scene and so had to be cropped. The set of single wavelength images were 

re-loaded into Hugin, control points were added and the images were aligned. A crop region 

was defined and the resulting images were remapped and exported to form a complete 

hyperspectral data set. The set of 35 single wavelength images obtained from the test scene 

are presented in Figure 8-13.     
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Figure 8-13 The 35 single wavelength images obtained from the processing of the HiWac test scene data. 

The hyperspectral data set was loaded into a Labview program to obtain reflectance 

spectra. A black region on the Gretag Macbeth colour checker was selected to provide a 

dark reference and the white Spectralon was selected as a white reference. Regions of 

interest in the scene were selected, averaged, corrected for the dark measurement and 
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normalised to the white reference to obtain reflectance spectra. The test scene and 

reflectance spectra for some regions of interest are shown in Figure 8-14. 

 

Figure 8-14 The HiWac test scene and spectra from some regions of interest 

The results clearly show that, in spite of the basic processing and analysis carried out, the 

camera is able to produce spectral measurements in at least 35 wavebands using only seven 

filters. A detailed analysis of the reflectance spectra has not been carried out as both the 

data and processing are very crude and are not expected to yield precise results.  

The apparent noise in the data is due to that fact that each single wavelength image is made 

up from regions which cover a finite spectral range – the image at one side of the masked 

regions is slightly different to that at the other side. This difference in wavelength across the 

masked region is large enough that the spectral output of the light source is not constant 
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over the image bandwidth, resulting in errors in the calculated reflectance. As the infra-red 

filters cover a greater spectral range than the visible light filters but are still only used to 

obtain five wavebands, the errors are greater at the longer wavelengths. These errors could 

be reduced in two ways – by capturing more spectral bands and by improving the 

calibration and data processing.  

35 wave bands have been obtained from HiWac to date, and the effective bandwidth 

increases with wavelength. However if images were captured at finer angular intervals and 

new image masks were generated it would be possible to capture more than 50 wavebands 

with approximately equal bandwidths. This much greater amount of data and post 

processing required would be cumbersome to handle manually and so the full capabilities of 

the instrument will be investigated once the data capture and processing have been refined 

and automated. 

The spectral range over which a HiWac type camera could be operated is limited only by the 

availability of suitable filters, lenses and detectors. Filters are currently available which 

would allow the spectral range of the HiWac prototype to be extended further into the 

ultra-violet but the transmission of the lens and sensitivity of the detector would result in 

very poor signals. If a further infra-red filter is produced by Semrock then the spectral range 

of the prototype can be extended to 1µm and so would match the spectral range of PanCam 

and previous Mars multispectral cameras. 

Although the HiWac system has been demonstrated to capture hyperspectral data, it does 

so in an inefficient way. In order to obtain 35 single wavelength images it is necessary to 

capture more than 70 raw images and so the efficiency is less than 50%. Although some of 

the redundant data was in the overlaps between masked regions, the majority was in the 

over-run required at each side of the field of view so that all regions of the scene were 

imaged onto all regions of the detector. If a 360° panorama was captured then this over-run 

would not be necessary and so the efficiency of the camera would be improved significantly. 

Alternatively once the data capture is automated it would be possible to only read sub 

regions of the image from the camera so that redundant data is not stored. If such a system 

were to be used in a planetary surface mission then some on-board processing would be 

required to crop out unnecessary data to reduce the total data volume. Further refinement 
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of the camera’s efficiency could be achieved by manipulating the lens distortion to ensure 

the masked regions are of an optimised shape so that the overlap between images could be 

minimised.  

8.5 Conclusions and further developments 

The HiWac system has been used to demonstrate that it is possible to remove much of the 

complexity of hyperspectral imagers from the hardware and instead implement it in image 

post processing. This simplification of the hardware makes it much more practical for 

planetary surface missions as the complex data processing can be carried out on Earth 

where restrictions on computing power and time are less stringent. Although the image 

processing for HiWac was found to be excessively complex due to the need to align and 

stich images, the concepts developed during the project has aided the development of 

other windowing hyperspectral cameras for planetary exploration.  

A Windowing Framing mode hyperspectral camera is currently under development, based 

on the use of Linear Variable Filters (LVFs). The camera is being developed under UK Space 

Agency Crest 2 funding on project ST/L00500X/1. The project is being conducted in 

collaboration with the Mullard Space Science Laboratory (MSSL) and aims to develop a LVF 

based hyperspectral camera with new detector technology (such as InGaAs) to extend the 

spectral range into the Short Wave Infra-Red (SWIR). It is hoped that such an instrument 

could be used on future Mars missions to allow unambiguous identification of mineral types 

remotely. In tandem with this project a proposal is in preparation for a Vis-NIR LVF 

hyperspectral camera based on the ExoMars Close UP Imager (CLUPI). The HyperCLUPI 

instrument is being proposed as an arm mounted instrument for the NASA Mars 2020 

mission in which a rover, based on MSL Curiosity, will collect samples for a future sample 

return mission.  

A prototype Vis-NIR LVF hyperspectral camera has been constructed (see Figure 8-15) and at 

the time of writing is undergoing calibration in preparation for testing in the near future. 

The calibration and image processing methods are based on those developed for the HiWac 

instrument and described above. However the LVF based hyperspectral imager should not 

require image alignment for the generation of single wavelength images as the camera will 

remain static during data acquisition. The prototype instrument employs two LVFs 
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manufactured by Delta (www.madebydelta.com/) to cover the spectral range 400 to 

1000nm. The filters are mounted one above the other on a Thorlabs 

(www.thorlabs.de/index.cfm) motorised linear stage so they can be scanned across the field 

of view in front of the detector. As filters are located behind the lens and as close as 

possible to the detector, the camera can be used with any lens with sufficient back focal 

distance and so the field of view is unrestricted – a zoom lens could even be used.  

 

Figure 8-15 Linear variable filter hyperspectral camera prototype without its cover. 

Although it is unlikely that an instrument based on HiWac will be flown to the surface of 

another planet due to the poor efficiency and operational restrictions, the technology and 

techniques refined during its development have made other simple and robust 

hyperspectral cameras possible. It is hoped that a development of the LVF hyperspectral 

camera will be operating on the surface of Mars in the next decade.  

  

http://www.madebydelta.com/
http://www.thorlabs.de/index.cfm
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9 General conclusions 

 

 

 

Mars has been an object of interest to science for many centuries. Since it was first 

proposed that there might be life on Mars, there has been a strong desire to explore the 

planet to search for it. Although a manned mission to Mars is some way off, Landers and 

Rovers have been returning data from the surface for almost four decades. As vision is one 

of the key human senses, cameras have been included on all of the past Mars Probes and a 

huge wealth of knowledge about the Martian surface has been obtained from the images 

returned. The aim of this thesis was to develop the technology and capabilities of Mars 

Lander camera systems for future missions.  

The majority of the work has revolved around the development of a multispectral 

Panoramic Camera system (PanCam) for the ExoMars 2018 rover. The main aim of previous 

Mars Lander missions was to investigate the Martian geology. However the objectives of the 

ExoMars Rover mission are to carry out exobiology investigations on the Martian surface to 

search for signs of life. Since all of life we know about requires liquid water, hydrated 

minerals which are indicative that liquid water existed in the past are key scientific targets. 

In order to maximise the chances of detecting these minerals a new filter set has been 

developed for the ExoMars PanCam instrument. 

Novel methods have been developed to optimise the centre wavelengths and bandwidths of 

the PanCam filter set. The results indicate that the bandwidths need to be narrow to 

accurately measure distinctive spectral features but also need to be wide in order to allow 

the maximum amount of light through to obtain a good signal. A trade-off between these 

conflicting criteria has yielded a set of bandwidths for the PanCam geology filter set which 

offer a reasonable compromise. Simulations using both database reflectance spectra as well 

as those from Mars analogue samples indicate that the new filter set should significantly 

outperform the filter sets used in previous cameras in the search for hydrated minerals. 
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The exposure times required to capture well exposed images are dependent on a number of 

factors including the incident illumination level, the camera, lens and filter properties and 

reflectance of objects in the scene. As the PanCam instrument has not yet been constructed 

or calibrated the exact properties of the camera system are not yet known. However 

approximate exposure times for the PanCam instrument have been calculated by scaling 

exposure times from the Mars Exploration Rovers (MER) to compensate for differences in 

specifications of components. It was found that the exposure times for the ExoMars 

PanCam will be comparable to those for previous cameras including the MER Pancam and 

the Imager for Mars Pathfinder (IMP).  

All previous Mars Lander cameras have made use of thin film interference filters for spectral 

selection. However when used with wide angle cameras, interference filters result in a 

variation in wavelength across the field of view.  It has been found that the ExoMars 

PanCam will have a variation of wavelength between the centre and edge of the field of 

view of approximately 1% of the filter centre wavelength if the filters are similar to those 

used in the Beagle 2 Stereo Camera System. This shift should not have a detrimental effect 

on the data providing it is taken into account during the data processing. It is therefore 

important that the wavelength shift is measured during pre-flight calibration of the camera 

system. 

It will be some time before a working prototype of the PanCam instrument is available for 

testing. In order to verify the design specifications of the PanCam instrument, develop the 

calibration and data processing pipelines and gain experience of operating a stereo 

multispectral camera system, an emulator has been developed at Aberystwyth University. 

The AUPE system has been manufactured predominantly from commercial off the shelf 

parts and has undergone a number of rebuilds and refinements over several years. The MK2 

version of the instrument has undergone extensive calibration and testing and has been 

used to develop the image processing pipeline for the PanCam instrument. The image 

processing pipeline corrects the raw images for artefacts such as vignetting, and allows 

reflectance spectra to be obtained from targets within the scene. 

During summer 2013 the AUPE system was deployed at several field sites in Namafjall in 

northern Iceland. Multispectral data sets were captured at each site and have been 
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processed to obtain reflectance spectra from the colour checker used for calibration and 

from targets within the scene. These were compared to reflectance spectra from a field 

portable spectrometer system and discrepancies were observed in the infra-red region of 

the spectrum. These have been explained by water absorption in the colour checker.  

Spectral parameter images have been generated from the AUPE data to display the 

distribution of spectral features within a scene. Spectral parameter images generated from 

the filters in the visible region of the spectrum were of high quality and revealed significant 

detail. However spectral parameter images generated with the infra-red filters were 

dominated by camera artefacts, thought to be caused by multiple reflections in the optical 

system. These artefacts were also observed with the Beagle 2 cameras and so it is likely they 

will also be evident in images from the ExoMars PanCam unless preventative action is taken. 

Further investigations will be carried out to identify the origin of these artefacts. 

In order to be able to generate reflectance spectra and true colour images of the Martian 

surface, the ExoMars Rover will carry a camera calibration target. Due to the stringent 

Planetary Protection (PP) requirements of the ExoMars mission, the silicone polymer based 

calibration targets carried on previous missions cannot be used. Furthermore the silicone 

polymer has been found to suffer from dust adhesion problems which can render the 

calibration targets unusable after prolonged exposure to the Martian environment.  

The problems experienced with previous calibration targets will be overcome on the 

ExoMars PanCam Calibration Target (PCT) by manufacturing it from stained glass. A MK1 

prototype PCT has been made using glass manufactured at Aberystwyth University. The 

glass has been characterised to determine its optical constants and has been processed to 

obtain diffuse reflectance properties. The homogeneity and consistency of the PCT MK1 

glass was found to be inadequate to meet the requirements of the PCT. The use of Schott 

filter glass in the PCT is being assessed in order to attain the required level of homogeneity 

and consistency in the colour patches. Suitable glass types have been identified and further 

processing and measurements are under way. 

Samples of the glass from the MK1 PCT have been tested for their resistance to radiation, 

with optical measurements being taken before and after irradiation by 10MeV protons. A 

radiation induced change in optical properties has been observed for all glass samples but 
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the greatest change occurred in the green glass. Although the PCT MK1 glass will not be 

used for the flight hardware, the radiation testing has provided an insight into the changes 

which could occur with other glass types. Further radiation testing will be carried out using 

both proton and gamma irradiation on the new glass types used in the PCT. 

During the work on the ExoMars PanCam it has become evident that the scientific 

capabilities of Mars Lander cameras would be enhanced if they were able to capture a 

larger number of spectral bands. As it is not practical to increase the number of filters in the 

camera, alternative technologies must be employed. However the technologies generally 

employed in terrestrial hyperspectral camera systems are not suitable for either the 

operational or environmental conditions on the Martian surface.  

Following the study of the properties of interference filters off-axis, a new and innovative 

type of hyperspectral camera employing angle tuneable thin film interference filters has 

been devised. A prototype of the Hyperspectral Imaging Wide Angle Camera (HiWac) has 

been constructed and demonstrated to capture 35 wave bands using only seven filters, and 

it is believed it could be used to obtain more than 50 wavebands. As the camera only uses 

technology which has been flown on numerous past Mars missions it too will be suitable for 

deployment on the Martian surface. The operation of HiWac is complex but a prototype of a 

simpler camera operating on a similar principle, and employing Linear Variable Filters (LVFs), 

is currently under development. 

The techniques and technologies devised and developed during this thesis will improve the 

effectiveness of cameras for Mars Lander. The specification of the filters in the ExoMars 

PanCam will be those of the filter set developed during this work. The camera calibration 

and data processing which will be used to analyse the images returned from the ExoMars 

Rover on the Martian surface will be developed from the methods used for the AUPE 

system. Reflectance spectra obtained from the image data will be calibrated using the PCT 

which is still under development. Although these have all been developed for the ExoMars 

PanCam instrument they should be equally applicable to other space missions employing 

similar cameras. A proposal to include the LVF hyperspectral camera on the NASA Mars 

2020 mission is currently in preparation. 
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11 Appendix A 

This appendix contains data relevant to chapter 5.  

Table 11-1 contains the data from the NASA MER Spirit rover used to calculate the exposure times for the ExoMars PanCam.  The table summarises the 

exposure data for images of the MER calibration target including: the filter through which the image was captured, the PDS [193] file number for the image, 

the exposure time for the image and statistics calculated for the 60% reflectance region of the calibration target including: mean value (fraction of full 

scale), standard deviation of the mean and the number of pixels in the ROI.  

Table 11-2 contains details of the database reflectance spectra used for the filter wavelength and bandwidth optimisation. The table includes the mineral 

group and type, the file identification number and sample identification number when available and the database from which the spectrum was obtained. 

 

11.1 MER Pancam exposure data 

 
 

Sol 2 Sequence 
start time 

15:50:08 
 

Sequence end 
time 

15:56:43 
 

 Sol 5 Sequence 
start time 

10:24:54 
 

Sequence end 
time 

10:30:51 
 

Filter 
Slot 

Image File Exposure 
Time (ms) 

60% Reflectance Image File Exposure 
Time (ms) 

60% Reflectance 

Signal 
level 

Std 
Dev 

Pixels Signal 
Level 

Std 
Dev 

Pixels 

L2 2P126556992ESF0200P2110L2C1 245.76 0.451 0.027 6041 2P126803267ESF0200P2101L2C1 143.36 0.496 0.029 7850 

L3 2P126557116ESF0200P2110L3C1 430.08 0.541 0.028 5845 2P126803322ESF0200P2101L3C1 220.16 0.546 0.027 7658 

L4 2P126557146ESF0200P2110L4C1 419.84 0.524 0.032 6092 2P126803352ESF0200P2101L4C1 215.04 0.545 0.027 7646 

L5 2P126557023ESF0200P2110L5C1 762.88 0.554 0.026 5842 2P126803382ESF0200P2101L5C1 378.88 0.564 0.025 7513 

L6 2P126557055ESF0200P2110L6C1 916.48 0.552 0.027 5833 2P126803412ESF0200P2101L6C1 450.56 0.568 0.023 7507 

L7 2P126557177ESF0200P2110L7C1 2974.72 0.542 0.028 5970 2P126803442ESF0200P2101L7C1 1413.12 0.556 0.026 7711 

R2 2P126557216ESF0200P2110R2C1 312.32 0.658 0.035 5481 2P126803465ESF0200P2101R2C1 143.36 0.509 0.021 7287 

R3 2P126557283ESF0200P2110R3C1 465.92 0.652 0.029 5110 2P126803530ESF0200P2101R3C1 220.16 0.511 0.024 7452 

R4 2P126557315ESF0200P2110R4C1 865.28 0.635 0.027 5001 2P126803561ESF0200P2101R4C1 399.36 0.497 0.022 7420 

R5 2P126557336ESF0200P2110R5C1 522.24 0.613 0.032 5422 2P126803582ESF0200P2101R5C1 250.88 0.510 0.022 7390 

R6 2P126557367ESF0200P2110R6C1 906.24 0.619 0.030 5305 2P126803612ESF0200P2101R6C1 414.72 0.538 0.033 7935 

R7 2P126557398ESF0200P2110R7C1 1244.16 0.571 0.023 4219 2P126803642ESF0200P2101R7C1 629.76 0.545 0.029 7736 
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Sol 15 Sequence 
start time 

12:05:28 
 

Sequence end 
time 

12:11:23 
 

 Sol 29 Sequence 
start time 

13:26:49 
 

Sequence end 
time 

13:31:33 
 

Filter 
Slot 

Image File Exposure 
Time (ms) 

60% Reflectance Image File Exposure 
Time (ms) 

Image File 

Signal 
level 

Std 
Dev 

Pixels Signal 
level 

Std 
Dev 

Pixels 

L2 2P127697183ESF0309P2825L2C1 117.76 0.457 0.026 8293 2P128944933ESF0327P2837L2C1 163.84 0.615 0.031 7485 

L3 2P127697275ESF0309P2825L3C1 179.2 0.502 0.024 8059 2P128944963ESF0327P2837L3C1 235.52 0.558 0.028 7465 

L4 2P127697304ESF0309P2825L4C1 174.08 0.471 0.021 7900 2P128944993ESF0327P2837L4C1 230.4 0.627 0.030 7383 

L5 2P127697213ESF0309P2825L5C1 332.8 0.501 0.024 8150 2P128945023ESF0327P2837L5C1 460.8 0.560 0.026 7467 

L6 2P127697243ESF0309P2825L6C1 399.36 0.468 0.023 8203 2P128945053ESF0327P2837L6C1 593.92 0.551 0.031 7684 

L7 2P127697334ESF0309P2825L7C1 1249.28 0.427 0.025 8509 2P128945083ESF0327P2837L7C1 2022.4 0.535 0.032 7701 

R2 2P127697375ESF0309P2825R2C1 117.76 0.441 0.026 8235 2P128947729ESF0327P2838R2C1 179.2 0.616 0.029 5513 

R3 2P127697438ESF0309P2825R3C1 168.96 0.424 0.023 8026 2P128945116ESF0327P2837R3C1 240.64 0.639 0.030 7335 

R4 2P127697468ESF0309P2825R4C1 307.2 0.436 0.020 7779 2P128945145ESF0327P2837R4C1 440.32 0.646 0.033 7514 

R5 2P127697488ESF0309P2825R5C1 199.68 0.390 0.026 8403 2P128945166ESF0327P2837R5C1 271.36 0.684 0.031 7125 

R6 2P127697518ESF0309P2825R6C1 307.2 0.421 0.021 7978 2P128945195ESF0327P2837R6C1 450.56 0.676 0.025 5275 

R7 2P127697548ESF0309P2825R7C1 399.36 0.440 0.027 8238 2P128945225ESF0327P2837R7C1 604.16 0.684 0.028 4632 

 

 
 

Sol 30 Sequence 
start time 

11:14:37 
 

Sequence end 
time 

11:20:05 
 

Filter 
Slot 

Image File Exposure 
Time (ms) 

60% Reflectance 

Signal 
Level 

Std 
Dev 

Pixels 

L2 2P129025549ESF0327P2839L2C1 153.6 0.556 0.031 8288 

L3 2P129025578ESF0327P2839L3C1 215.04 0.538 0.025 8039 

L4 2P129025608ESF0327P2839L4C1 209.92 0.516 0.024 7993 

L5 2P129025638ESF0327P2839L5C1 414.72 0.553 0.030 8131 

L6 2P129025668ESF0327P2839L6C1 517.12 0.535 0.028 8025 

L7 2P129025698ESF0327P2839L7C1 1515.52 0.455 0.025 7798 

R2 2P129025736ESF0327P2839R2C1 153.6 0.560 0.028 7954 

R3 2P129025765ESF0327P2839R3C1 225.28 0.540 0.027 7982 

R4 2P129025796ESF0327P2839R4C1 424.96 0.547 0.023 7685 

R5 2P129025825ESF0327P2839R5C1 317.44 0.537 0.026 7912 

R6 2P129025856ESF0327P2839R6C1 450.56 0.533 0.026 8092 

R7 2P129025885ESF0327P2839R7C1 660.48 0.533 0.028 7743 

Table 11-1 Image data used to calculate the exposure times for the ExoMars PanCam WACs obtained from the NASA PDS  [193].  
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11.2 Mineral reflectance data files 

Mineral Group Mineral Sample ID File ID Database 

Carbonate and 
Opal  

Calcite  C-3Ab JPL 

 C-3Ac JPL 

 C-3Da JPL 

 C-3Db JPL 

 C-3Dc JPL 

 C-3Ea JPL 

 C-3Ec JPL 

CB-EAC-012-A CACB12 Relab 

Magnesite  C-6Aa JPL 

 C-6Ab JPL 

 C-6Ac JPL 

CB-EAC-006-A CACB006 Relab 

CB-EAC-006-B CBCB06 Relab 

CC-JFM-006-B C1CC29 Relab 

LH-JFM-029 C1LH29 Relab 

SH-SJG-002 C1SH02 Relab 

Opal OP-MCG-001 C1OP01 Relab 

OP-MCG-002 C1OP02 Relab 

OP-MCG-003 C1OP03 Relab 

OP-MCG-004 C1OP04 Relab 

OP-MCG-005 C1OP05 Relab 

OP-MCG-006 C1OP06 Relab 

OP-MCG-007 C1OP07 Relab 

OP-MCG-008 C1OP08 Relab 

Siderite C-9A  JPL 

CB-EAC-008-A CACB08 Relab 

CB-EAC-008-B CBCB08 Relab 

CC-JFM-007-B CBCC07 Relab 

CY-PLH-024 C1CT24 Relab 

GR-CMP-003 G1GR03 Relab 

JB-JLB-287 CJB287 Relab 

SH-SJG-005 C1SH05 Relab 

Ferric Oxides Ferrihydrite  GDS75 USGS 

JB-CMP-045 C1BJ45 Relab 

JB-JLB-251 CJB251 Relab 

JB-JLB-252 CJB252 Relab 

JB-JLB-253 CJB253 Relab 

JB-JLB-254 CJB254 Relab 

JB-JLB-255 CJB255 Relab 

JB-JLB-564 C1JB564 Relab 

Goetite CY-PLH-008 C1CY08 Relab 

GO-TXH-001 C1GO01 Relab 

HO-EAC-003-A C1JB47 Relab 

JB-CMP-047 C1JB47 Relab 

 OH02A_Fine JPL 

 GDS134 USGS 

 MPCMA2b USGS 

 WS222 USGS 

Haematite CC-JFM-017 CBCC17 Relab 

CY-PLH-011 C1CY11 Relab 

 GDS27 USGS 
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 HS45 USGS 

JB-JLB-256 CJB256 Relab 

JA-JLB-257 CJA257 Relab 

JC-JLB-129 CJC129 Relab 

 WS161 USGS 

Magnetite FE-RGB-003 C1FE03 Relab 

JA-JLB-307 CJA307 Relab 

MG-EAC-002 CAMG02 Relab 

MG-EAC-003 CAMG03 Relab 

MG-EAC-004 CAMG04 Relab 

MG-EAC-012 CAMG12 Relab 

SC-EAC-025 C1SC25 Relab 

Mafic Silicates Albite  GDS30 USGS 

 HS66 USGS 

 HS143 USGS 

 HS324 USGS 

PA-CMP-005-C CCPA05 Relab 

SR-JFM-047 C1SR47 Relab 

 TS_6Ac JPL 

 TS_6Ab JPL 

Augite  IN_15A JPL 

JB-JLB-471 C13V471 Relab 

PA-CMP-011 C2PA11 Relab 

PA-RGB-024 C1PA24 Relab 

Bronzite JB-JLB-236 CJB236 Relab 

PP-EAC-047A CAPP47 Relab 

PP-EAC-047B CBPP47 Relab 

PP-EAC-052 C1PP52 Relab 

Diopside  HS15 USGS 

 IN_9BC JPL 

 NMNHR18685 USGS 

PD-CMP-008 C1PD08 Relab 

Enstatite JB-JLB-238 CJB238 Relab 

PP-EAC-013 C1PP13 Relab 

PP-EAC-043 C1PP43 Relab 

PP-EAC-057 C1PP57 Relab 

Olivine  GDS71a USGS 

 GDS71b USGS 

 KI3005 USGS 

 KI3054 USGS 

 KI3189 USGS 

 KI3291 USGS 

 KI4143 USGS 

 NMNH137044 USGS 

Phylosilicates Chlorite CL-TXH-014 C1CL14 Relab 

CY-PLH-006 C1CY06 Relab 

 HS197 USGS 

 PS12_Ab JPL 

 PS12_Cb JPL 

 PS12_Cc JPL 

 PS12_Fa JPL 

SR-JFM-068 C1SR68 Relab 

Montromoril
lonite 

 CM26 USGS 

 CM27 USGS 
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 PS-2B JPL 

 SAz-1 USGS 

 SCa-2a USGS 

 SCa-2b USGS 

 STx-1 USGS 

 SWy-1 USGS 

Nontronite NG-1a  USGS 

NG-1b  USGS 

PS-6Ba  JPL 

PS-6Bb  JPL 

PS-6Bc  JPL 

PS-6Da  JPL 

SWa-1a  USGS 

SWa-1b  USGS 

Saponite JB-JLB-260 C2JB260 Relab 

JM-TGS-075 C1JM75 Relab 

 PS24_Aa JPL 

SA-EAC-057 CASA57 Relab 

SA-EAC-058 CASA58 Relab 

SA-EAC-059 CASA59 Relab 

 SapCa1 USGS 

SA-TXH-051 C1SA51 Relab 

Sulphates Alunite CC-JFM-008-B CBCC08 Relab 

CC-JFM-009-B CBCC09 Relab 

 GDS82 USGS 

 GDS84 USGS 

 HS295 USGS 

 SO-4Aa JPL 

 SO-4Ab JPL 

 SO-4Ac JPL 

Copiapite CC-JFM-013-A CACC13 Relab 

 GDS21 USGS 

JB-JLB-620-A C13B620A Relab 

LH-JFM-043 C1LH43 Relab 

PC-RGB-030 C1PC30 Relab 

SF-EAC-031-A CASF31 Relab 

SF-EAC-039-A CASF39 Relab 

SF-EAC-052-A CASF52 Relab 

Gypsum CC-JFM-036 C1CC36 Relab 

SF-BFJ-003 C1SF03 Relab 

PG-CPM-003 C2PG03 Relab 

CC-JFM-016-B CBCC16 Relab 

 HS333 USGS 

 SO2_Bb JPL 

 SO2_Bc JPL 

 SU2202 USGS 

Jarosite CY-PLH-016 C1CY16 Relab 

 GDS24 USGS 

 GDS98 USGS 

 GDS99 USGS 

 GDS100 USGS 

 GDS101 USGS 

 JR2501 USGS 

 SJ-1 USGS 
Table 11-2 Details of the database reflectance spectra used for the optimisation of the FERRIC filter set. 
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12 Appendix B 

This appendix contains additional data relevant chapter 6. 

12.1 Flat field images 

The following sections contain full sets of mean flat field images obtained from the AUPE2 system 

during the camera calibration. The mean flat field and flat field standard deviation images are 

calculated on a pixel by pixel basis from 30 images. Images are presented for all filters in both the 

Left and Right WACs. 

12.1.1 Left WAC 

 

Figure 12-1 Mean flat field images for the AUPE2 Left WAC. 
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Figure 12-2 Flat field standard deviation images for the AUPE2 Left WAC 
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12.1.2 Right WAC 

 

Figure 12-3 Mean flat field images for the AUPE2 Right WAC. 
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Figure 12-4 Flat field standard deviation images for the AUPE2 Right WAC 
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12.2 AUPE2 measurements of the Gretag Macbeth colour checker 

During the field testing of the AUPE2 system in Iceland in June / July 2013, data sets were taken at a 

number of sites in Namafjall. At each site the Gretag Macbeth colour checker shown in Figure 12-5 

was included in the scene for camera calibration. The AUPE2 camera system was calibrated from 

eight colour patches (13 to 16 and 19 to 22) at each site using two methods described in detail in 

section 6.3.3. One of the two methods used a conventional Weighted Least Squares fit (AUPE WLS) 

and the other used a Weighted Least Squares fit forces to pass through the origin (AUPE WLS_Zero 

fit).  Reflectance spectra were obtained from the AUPE2 data for all of the colour patches on the 

Gretag Macbeth colour checker using both calibration methods at all four of the sites for which data 

is presented.  

The reflectance spectra obtained using both of the calibration methods along with laboratory 

reflectance measurements resampled to match the AUPE2 data are presented in the following plots. 

The 24 graphs corresponding to the 24 colour patches on the colour checker are presented over 

three pages for each site.  

 

Figure 12-5 The Gretag Macbeth colour checker showing the numbers for each colour patch. 
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12.2.1 Namafjall A04_2 

 

 

Figure 12-6 Reflectance measurements of the Gretag Macbeth colour checker taken with AUPE2 and site Namafjall 
A04_2 and in the laboratory with an integrating sphere and Jaz spectrometer. 
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Figure 12-7 Reflectance measurements of the Gretag Macbeth colour checker taken with AUPE2 and site Namafjall 
A04_2 and in the laboratory with an integrating sphere and Jaz spectrometer. 
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Figure 12-8 Reflectance measurements of the Gretag Macbeth colour checker taken with AUPE2 and site Namafjall 
A04_2 and in the laboratory with an integrating sphere and Jaz spectrometer. 
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12.2.2 Namafjall A06_1 

 

Figure 12-9 Reflectance measurements of the Gretag Macbeth colour checker taken with AUPE2 and site Namafjall 
A06_1 and in the laboratory with an integrating sphere and Jaz spectrometer. 
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Figure 12-10 Reflectance measurements of the Gretag Macbeth colour checker taken with AUPE2 and site Namafjall 
A06_1 and in the laboratory with an integrating sphere and Jaz spectrometer. 
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Figure 12-11 Reflectance measurements of the Gretag Macbeth colour checker taken with AUPE2 and site Namafjall 
A06_1 and in the laboratory with an integrating sphere and Jaz spectrometer. 
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12.2.3 Namafjall A07_2 

 

Figure 12-12 Reflectance measurements of the Gretag Macbeth colour checker taken with AUPE2 and site Namafjall 
A07_2 and in the laboratory with an integrating sphere and Jaz spectrometer. 
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Figure 12-13 Reflectance measurements of the Gretag Macbeth colour checker taken with AUPE2 and site Namafjall 
A07_2 and in the laboratory with an integrating sphere and Jaz spectrometer. 
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Figure 12-14 Reflectance measurements of the Gretag Macbeth colour checker taken with AUPE2 and site Namafjall 
A07_2 and in the laboratory with an integrating sphere and Jaz spectrometer. 
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12.2.4 Namafjall A08_1 

 

Figure 12-15 Reflectance measurements of the Gretag Macbeth colour checker taken with AUPE2 and site Namafjall 
A08_1 and in the laboratory with an integrating sphere and Jaz spectrometer. 
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Figure 12-16 Reflectance measurements of the Gretag Macbeth colour checker taken with AUPE2 and site Namafjall 
A08_1 and in the laboratory with an integrating sphere and Jaz spectrometer. 
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Figure 12-17 Reflectance measurements of the Gretag Macbeth colour checker taken with AUPE2 and site Namafjall 
A08_1 and in the laboratory with an integrating sphere and Jaz spectrometer. 
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12.3 AUPE 2 measurements of the PCT 

The MK1 PCT was included in the scene alongside the Gretag Macbeth colour checker at site 

Namafjall A06_1. The AUPE2 system was calibrated from the GM colour checker and used to 

measure the reflectance spectra of the PCT and the data are presented in Figure 12-18. The AUPE2 

system was also calibrated from the PCT MK1 and used to measure the reflectance of the PCT MK1 

and the data are presented in Figure 12-19. With the AUPE2 system calibrated from the PCT MK1, 

reflectance measurements were taken from the Gretag Macbeth colour checker and the data are 

presented in Figure 12-20 to Figure 12-22. The three plots on each graph correspond to the 

weighted least squares calibration, the weighted least squares calibration forced through the origin 

and the laboratory reflectance measurements as described on page 289. 
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12.3.1 Measurements of the PCT calibrated from the GM colour checker 

 

Figure 12-18 Measurements of the PCT MK1 using the AUPE2 system calibrated from the Gretag Macbeth colour 
checker. 



304 
 

12.3.2 Measurements of the PCT calibrated from the PCT 

 

Figure 12-19 Measurements of the PCT MK1 using the AUPE2 system calibrated from PCT 
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12.3.3 Measurements of the GM colour checker calibrated from the PCT 

 

Figure 12-20 Measurements of the Gretag Macbeth colour checker using the AUPE2 system calibrated from the PCT 
MK1.  
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Figure 12-21 Measurements of the Gretag Macbeth colour checker using the AUPE2 system calibrated from the PCT 
MK1. 
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Figure 12-22 Measurements of the Gretag Macbeth colour checker using the AUPE2 system calibrated from the PCT 
MK1. 
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12.4 AUPE and Jaz Spectra comparison 

The AUPE2 system was used to take reflectance measurements of a number of targets at each site in 

Namafjall in Iceland. The location of the targets within each scene are shown in Figure 6-17 to Figure 

6-20. The reflectance measurements were processed using the weighted least squares calibration 

method described in section 6.3.3. Measurements were also taken from each target using the Ocean 

Optics Jaz spectrometer and ISP-REF integrating sphere. The reflectance spectra obtained from both 

AUPE2 and the Jaz spectrometer for each target are presented in the following plots. 

12.4.1 Namafjall A04_2 

 

Figure 12-23 AUPE2 and Jaz spectra for the targets at site Namafjall A04_2 
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12.4.2 Namafjall A06_1 

 

Figure 12-24 AUPE2 and Jaz spectra for the targets at site Namafjall A06_1 
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12.4.3 Namafjall A07_2 

 

Figure 12-25 AUPE2 and Jaz spectra for the targets at site Namafjall A07_2 
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12.4.4 Namafjall A08_1 

 

Figure 12-26 AUPE2 and Jaz spectra for the targets at site Namafjall A08_1 
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12.5 Spectral parameter images 

The AUPE2 data from each site was processed to obtain R* (relative reflectance) images and these 

were subsequently processed to obtain spectra parameter images. The spectral parameters are 

described in Table 6-5. Spectral parameter images displayed as grey scale images for the scene at 

site Namafjall A04_2 are presented below.  

12.5.1 Namafjall A04_2 

 

Figure 12-27 Namafjall A04_2 Spectral parameter image - Red / Blue ratio (671nm / 438nm) 
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Figure 12-28 Namafjall A04_2 Spectral parameter image - 438 to 671nm slope 

 

Figure 12-29 Namafjall A04_2 Spectral parameter image - 600nm band depth 
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Figure 12-30 Namafjall A04_2 Spectral parameter image – 532nm band depth 

 

Figure 12-31 Namafjall A04_2 Spectral parameter image - 900nm band depth 
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Figure 12-32 Namafjall A04_2 Spectral parameter image - 950nm band depth 

 

Figure 12-33 Namafjall A04_2 Spectral parameter image - 950 to 1000nm slope 
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13 Appendix C 

This appendix contains additional data relevant to the chapter 7. 

13.1 PCT MK1 glass measurements and results 

A large number of measurements were made on the glass for the PCT MK1 and only a very limited 

amount of data was presented in chapter 7. In order that the reader can examine the data and 

obtain a better understanding of the conclusions drawn, the full set of measured and processed data 

is presented in the following sections.  

13.1.1 Reflectance, transmittance and absorbance for all processing stages 

The reflectance and transmittance of each glass sample was measured at each stage of the 

processing; polished, roughened and aluminium coated. The absorbance was calculated from each 

pair of reflectance and transmittance measurements. The reflectance, transmittance and 

absorbance at each stage of processing are plotted on the same axes for each glass type in the 

following plots.  

13.1.1.1 Red 

 

Figure 13-1 Reflectance, transmittance and absorbance at each stage of processing for the PCT MK1 Red glass.  
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13.1.1.2 Yellow 

 

Figure 13-2 Reflectance, transmittance and absorbance at each stage of processing for the PCT MK1 Yellow glass. 

13.1.1.3 Green 

 

Figure 13-3Reflectance, transmittance and absorbance at each stage of processing for the PCT MK1 Green glass. 
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13.1.1.4 Blue 

 

Figure 13-4 Reflectance, transmittance and absorbance at each stage of processing for the PCT MK1 Blue glass. 

13.1.1.5 Light Grey 

 

Figure 13-5 Reflectance, transmittance and absorbance at each stage of processing for the PCT MK1 Light Grey glass. 
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13.1.1.6 Medium Grey 

 

Figure 13-6 Reflectance, transmittance and absorbance at each stage of processing for the PCT MK1 Medium Grey glass. 

13.1.1.7 Dark Grey 

 

Figure 13-7 Reflectance, transmittance and absorbance at each stage of processing for the PCT MK1 Dark Grey glass. 
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13.1.2 Internal Transmittance 

The internal transmittance of the PCT MK1 glass samples was calculated from the reflectance and 

transmittance measurements using the method described in section 4.4.1.3.1. The internal 

transmittance was calculated for the glass in both the polished and roughened states. 

13.1.2.1 Polished samples 

 

Figure 13-8 Internal transmittance of the PCT MK1 glass in the polished state. 

13.1.2.2 Roughened samples 

 

Figure 13-9 Internal transmittance of the PCT MK1 glass in the roughened state. 
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13.1.3 PCT MK1 glass complex refractive index  

The refractive index of the PCT MK1 glass was determined using two methods – the slab 

method from reflectance and transmittance measurements and by direct inversion of 

spectroscopic ellipsometry measurements. The extinction coefficient values obtained from 

the spectroscopic ellipsometry measurements were significantly in error as explained in 

7.4.2.2 and so have been discarded. The refractive index and extinction coefficient obtained 

from reflectance and transmittance measurements and the refractive index obtained from 

spectroscopic ellipsometry measurements for each of the PCT MK1 glass types are 

presented in the following plots. 

13.1.3.1 Red 

 

Figure 13-10 Refractive index and extinction coefficient for the PCT MK1 Red glass 
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13.1.3.2 Yellow 

 

Figure 13-11 Refractive index and extinction coefficient for the PCT MK1 Yellow glass 

13.1.3.3 Green 

 

Figure 13-12 Refractive index and extinction coefficient for the PCT MK1 Green glass 
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13.1.3.4 Blue 

 

Figure 13-13 Refractive index and extinction coefficient for the PCT MK1 Blue glass 

13.1.3.5 Light Grey 

 

Figure 13-14 Refractive index and extinction coefficient for the PCT MK1 Light Grey glass 
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13.1.3.6 Medium Grey 

 

Figure 13-15 Refractive index and extinction coefficient for the PCT MK1 Medium Grey glass 

13.1.3.7 Dark Grey 

 

Figure 13-16 Refractive index and extinction coefficient for the PCT MK1 Dark Grey glass 
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13.2 PCT MK1 glass radiation testing measurements 

The PCT will be subjected to energetic radiation during the cruise to Mars and on the Martian 

surface. In order to determine the effects of radiation on the PCT glass, radiation testing was carried 

out. Polished samples of the PCT MK1 glass, and a sample of commercial BK7, were subjected to a 

beam of 10MeV protons to a total fluence of           protons / cm2.  

13.2.1 Reflectance and transmittance before and after radiation exposure 

Reflectance and transmittance measurements were taken of the samples before and after the 

proton irradiation to determine the changes induced in the glass. The measurements before and 

after irradiation for each of the samples tested are presented in the following plots. 

13.2.1.1 Red 

 

Figure 13-17 Reflectance and transmittance of the PCT MK1 Red glass before and after exposure to the proton beam. 
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13.2.1.2 Yellow 

 

Figure 13-18 Reflectance and transmittance of the PCT MK1 Yellow glass before and after exposure to the proton beam 

13.2.1.3 Green 

 

Figure 13-19 Reflectance and transmittance of the PCT MK1 Green glass before and after exposure to the proton beam 



327 
 

13.2.1.4 Blue 

 

Figure 13-20 Reflectance and transmittance of the PCT MK1 Blue glass before and after exposure to the proton beam 

13.2.1.5 Light Grey 
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Figure 13-21 Reflectance and transmittance of the PCT MK1 Light Grey glass before and after exposure to the proton 
beam 

13.2.1.6 BK7 

 

Figure 13-22 Reflectance and transmittance of commercial BK7 glass before and after exposure to the proton beam 

13.3 Schott glass measurements and results 

In addition to the PCT MK1 glass manufactured in Aberystwyth, samples of commercial Schott 

coloured filter glass have been prepared and measured. Although the glass has not yet been through 

all of the same processes as the PCT MK1 Glass, the measurements and results obtained so far are 

presented in the following sections. 

13.3.1 Reflectance and Transmittance 

The reflectance and transmittance of the Schott glass were measured in the same way as the PCT 

MK1 glass. Measurements have only been taken in the polished state to date and are presented in 

the following plots. 
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13.3.1.1 Reflectance - Polished 

 

Figure 13-23 Reflectance measurements of polished samples of Schott commercial filter glass. 

13.3.1.2 Transmittance- polished 

 

Figure 13-24 Transmittance measurements of polished samples of Schott commercial filter glass. 
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13.3.2 Schott glass complex refractive index 

The refractive index and extinction coefficient of the Schott filter glass samples have been 

determined in the same way as for the PCT MK1 glass and are presented in the following plots. 

13.3.2.1 RG610 – Red 

 

Figure 13-25 Refractive index and extinction coefficient for the Schott RG610 glass. 
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13.3.2.2 OG515 – Yellow 

 

Figure 13-26. Refractive index and extinction coefficient for the Schott OG515 glass. 

13.3.2.3 BG18 – Blue / Green 

 

Figure 13-27 Refractive index and extinction coefficient for the Schott BG18 glass. 
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13.3.2.4 BG3 – Blue 

 

Figure 13-28 Refractive index and extinction coefficient for the Schott BG3 glass. 

13.3.2.5 BG36 – Multi band 

 

Figure 13-29 Refractive index and extinction coefficient for the Schott BG36 glass. 
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13.3.2.6 NG11 – Light Grey 

 

Figure 13-30 Refractive index and extinction coefficient for the Schott NG11 glass 

13.3.2.7 NG4 – Dark Grey 

 

Figure 13-31 Refractive index and extinction coefficient for the Schott NG4 glass 
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14 Appendix D 

This appendix contains some documents relevant to the development of the Hyperspectral 

Imaging Wide Angle Camera described in chapter 8. Included are the application for the 

Ocean Optics BlueOcean grant, the end of project report for the BlueOcean grant and the 

conference paper presented at the Hyperspectal imaging conference in Glasgow in 2011. 

The conference paper also includes the measurements taken of the Beagle 2 filters off axis 

and a method of obtaining additional spectra information from the PanCam system which is 

not included in the main section of the thesis. 
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14.1 BlueOcean grant application 
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14.2 BlueOcean grant end of project report  
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14.3 Conference paper presented at HSI 2011 
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