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ABSTRACT 
 

Two dimensional two-color pyrometer was developed with a 3 CCD for imaging high 

solid surface temperatures in the research at Luleå University of Technology (LTU). 

The initial calibrations has been performed with a blackbody radiation source for a 

temperature range from 900 K up to 1700 K. The camera has been calibrated for how 

the gain and exposure time affect the pixel intensity (DN). The gain was shown to 

have an exponential correlation to the pixel intensity. For the exposure time there was 

a linear correlation towards the pixel intensity where slope and intercept were 

functions of the energy. The ratio of the green and red pixel intensity for an image is 

translated into the corresponding temperature. Based on calibration results, algorithm 

was created to convert the ratio of the two colors to temperature by a polynomial 

function for gain and exposure time input. This decreased the program computing 

time compared to if the temperature had to be calculated iteratively from the 

equations for the both pixel intensities, for each pixel. 

The resulting calibration is valid for the temperature range from 1300 K up to 1700 K 

and is within the target area for the temperature range needed for the research at LTU. 

The validation of the calculated temperatures delivered a good results from 1100 K up 

to 1700 K. A pixel intensity in the range 150 < DN < 200 is suggested for the red 

channel for imaging. The calibration was done for 8 bit images which correspond to a 

range of pixel intensity from 0 to 255 for the colors red, green and blue (RGB).  

A validation experiment was done by imaging the surface of a thermocouple heated 

by a flat flame burner. The lowest offset between the measured temperature 

(thermocouple) and the calculated temperature (3CCD) was ca. 25 K and the highest 

ca. 100 K. The results showed that the evaluated technique of using a 3CCD camera 

as a two-color pyrometer is valid for measuring solid surface temperature. The 

calibration will make it possible to measure the surface temperature on fuel particles 

which will be done during the future research at LTU.  
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CHAPTER 1 

INTRODUCTION 
 

1.1 Introduction 
 

All around the world the media continuously bring up the threat of how the climate 

changes will affect us, how the melting of the polar ices increases due to the higher 

amount of greenhouse gas emissions, that the fossil-fuel deposits will come to an end, 

that the thickness of ozone layer decreases etc. Regardless the reason it is obvious that 

it is unnecessary to waste energy in different processes that can be done with a lower 

energy input. Examples of these processes can be the combustion engines in modern 

cars which are getting more efficient regarding fuel consumption, among other things, 

or the measures carried out in old and new houses in order to reduce the heat 

consumption. Other examples can be to take care of by-products during production of 

paper pulp where the black liquor is refined to biofuel etc. There exist many 

established working processes that are not energy efficient enough. This can be well 

working techniques serving a purpose but where there is room for improvement in 

order to become more energy efficient. For example there can be lack of knowledge 

or inadequate approximations leading to the working design etc. One way to increase 

the knowledge is to understand how reactions appear during a combustion, which 

might decrease the faults made by bad approximations etc. 

Ongoing research of this topic is taking place at Luleå University of Technology 

(LTU) and a multi-fuel flame reactor with mounted inspection glass is under 

construction. One step in the research is to find information about temperature 

variations of the fuel particle surface during combustion. A 3 CCD camera can be 

used to capture two dimensional temperature images of solid surface using two-color 

pyrometer technique. This is a non-contact thermometer method using the fact that a 

hot object radiate light in visible wavelength. The camera then collects the red, green 

and blue contribution of this radiation and from this the temperature of the target can 

be found. This will provide the temperature of the surface for every pixel on the 

camera sensor. In order to achieve this the temperature measuring algorithm has to be 

developed and this is the task of this project. 

 

1.2 Temperature measurements 
 

General methods for temperature measurement can be divided into two groups, non-

contact and contact thermometry. Contact thermometers has a physical contact with 

the object or medium which is intended to be measured. Examples of these kind of 

thermometers are thermistors, ordinary liquid-in-glass thermometers, resistance 

thermometers etc. [11]. One common technique is the thermocouple which is highly 

accurate, inexpensive and simple method, depending on the field of application. Non-

contact thermometers allows, as the name refers to, the thermometer the preform the 
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measurement without having a direct physical connection to the object. For example 

this makes it possible to measure the temperature without interfering with mass flows 

which could be a problem by using a contact thermometer. It is also possible to 

preform measurements in environments where ordinary thermometers would have had 

problems to be attached, like moving parts. One example of these non-contact 

thermometry methods is a pyrometer.  

 

1.3 Two-color pyrometry with CCD camera 
 

The world pyrometer comes from the two Greek words standing for fire (pyr) and to 

measure (meter) which interprets to measure hot temperature and this is a known 

method for this occasion. There are different kind of pyrometer techniques but they 

have in common the ability to measure the temperature of a surface without the 

physical connection. One example is the handheld device, available for households, 

which can be aimed onto a target and delivering the surface temperature of the object 

[1]. However this kind of device only provide the spot temperature which make it 

hard to find the variation in temperature over a surface. This especially for the 

temperature of small fuel particles which quickly change position and temperature 

and is the purpose of the research at LTU.  

In order to measure the temperature with a CCD camera the two-color pyrometer 

method (sometimes mentioned as the ratio pyrometer), is used. An image is mainly 

constructed by the three colors red, green and blue (RGB). The image is then built by 

multiple pixels and every pixel is presented by a number called pixel intensity or 

digital number (DN). For each color the pixel intensity is given by a specific equation 

and the two-color method is based on the ratio of the pixel intensity for two colors 

and their equations. Here only the temperature is unknown which can be iterated [1], 

[2], [3] and [4]. This is later explained in the theory section. 

 

1.3 CCD camera 
 

The Charge-couple-device (CCD) was invented in 1970 by Boyle and Smith [7]. The 

CCD-sensor is the component within a camera that detect the incoming light and 

convert it to an electrical signal for processing into a picture. The information of the 

image is stored electronically and is therefore easy to manipulate afterwards. CCD 

cameras are made for many different applications and is a common choice for 

households while obtaining a system camera. However there are cameras made for 

scientific purposes with higher accuracy such that astronomical imaging etc. There 

are difficulties while producing the sensors and therefore the price strongly depends 

upon the accuracy and size [7]. 

Most CCD cameras has only one sensor and the resulting image presentation is a gray 

image. Color images can be obtained by filters and with the detector response. It is 

possible to approximate the primaries or the complements and these filtered arrays are 

called colored filtered arrays (CFAs). One common CFA layout is the Bayer filter, 
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invented by Bryce E. Bayer in 1976. This layout uses twice the amount of green 

element than for red and blue in order to mimic the human eyes physiology, see 

Figure 1, [7]. 

In 3 CCD cameras three sensors, one for each color, are present and will have the 

same amount of element for each colors. This increases the information stored in the 

image compared to the single array cameras. However it is possible to interpolate the 

red contribution in a green pixel for a single array camera.  

 

Figure 1 - Single array camera (Bayer layout) and 3CCD camera (3x sensors) 

 

1.4 Objective 
 

The main objective of this thesis is to develop a two dimensional non-contact 

temperature measurement technique using two-color pyrometer theory with a 3 CCD 

camera. The calibration of the temperature calculation algorithm was done by the 

images of black body radiation source with various temperatures, exposure times, and 

gains. To investigate the validity of the developed temperature measurement method, 

a thermocouple was set inside the flame of a flat flame burner and temperature 

measured by the current method and thermocouple reading were compared. 
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CHAPTER 2 

METHODOLOGY 

 

2.1 Basic functions of CCD sensor 
 

CCD sensors has an array of semiconductors with three basic functions: collect a 

charge, transfer the charge and convert the charge into a measurable voltage. Each 

pixel/cell of the array has a depletion region often referred to as a “well”. The well 

has a positive charge and when the negative charge (electrons) enters the well they get 

trapped inside. The number of electrons able to be stored in a well is proportional to 

the applied voltage and the total number able to be trapped is called the well capacity 

[7]. It is when the light hits the sensor the electrons are released due to the 

photoelectric effect [6]. The higher the intensity of the incoming light the higher 

amount of electrons are released. If the incoming electrons exceed the well capacity 

the electrons are bled to the surrounding pixels. When this occurs the pixel becomes 

saturated and the information is lost and therefore not suitable for investigation. If a 

camera stores images with 8-bit color graphics each pixel have the maximum number 

of colors: 82 = 256 [0:255]. It is when the pixel intensity in these cases exceed the 

maximum value (255) the pixel becomes saturated and when this occurs you do not 

know how much information that is getting lost. 

 

2.2 Camera noise 
 

There are different kinds of noise in a CCD image that have influence on the pixel 

intensity. The noise with largest influence on the DN’s are the readout and black 

current noise [8]. The so-called readout noise arises when the analog signal is 

converted to a digital number. This noise is independent of exposure time and can be 

subtracted from the image by constructing a bias frame. This frame is an image with 

no exposure time and with no light hitting the camera detector. This noise varies from 

readout to readout and pixel to pixel and therefore it is advised to average nine or 

more images, creating a master bias frame [8]. 

Due to the internal heat of the camera, electrons are generated by the photoelectric 

effect. These electrons cannot be separated from the electrons irradiated by the target 

and will be tapped inside the “pixel wells”. This occurs even though no light is 

present and is therefore referred to as dark/black current. This thermal noise is 

proportional to the exposure time accordingly to that increased exposure time 

increases the time for the black current to get trapped inside the wells. Theoretically 

an exposure time long enough could saturate the pixel by these internally generated 

electrons [7] and [8]. In the same way as for the readout noise a master dark frame 

can be created and later subtracted from the images. A master dark frame should be 

needed for every exposure time used. 
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In order to get images with low background noise three experiments has to be 

performed in order to sort out this influence from the pictures. Three areas will 

investigated and these are the influence during preheating, the readout noise and the 

black current. The reason for evaluate the influence of preheating is the fact that dark 

current is formed due to internal heat generation. Therefore it should be an effect of 

the signal if the camera is cold or hot. It is also important to know if there is a specific 

time for the camera to be turned on before getting used for the research.  

 

2.3 Experimental setup 
 

The setup for the calibrations was of a simple kind, see Figure 2 below. The camera 

was mounted on a tripod and lined up with the opening of the blackbody (BB) 

radiation source. The radiation spectrum from the blackbody furnace is thought to 

follow Planck’s spectrum. All adjustment were made by the eye, disregarding the 

working distance to the BB surface which was measured with a yardstick. The camera 

was focused on the surface and the depth of the BB was 150 mm and was added to the 

distance between the camera lens and the opening. 

 

 

Figure 2 - Setup during experiments. Everything was adjusted by the eye except from 

the distance to target which was measured with a yardstick 

 

The blackbody radiation source was the PYROTHERM CS 1500 from DIAS Infrared 

Systems which is used for calibration and verification of non-contact thermometers in 

the temperature range from 300○C to 1500○C. 

The 3CCD camera used for the measurement was the model CV-M9GE from JAI. 

The camera uses 3 x 1/3” SONY ICX204AL CCD sensor with a dichroic prism for 

color separation. The camera control software used was the JAI Control Tool 

downloaded from www.JAI.com. The pictures was taken at the interval of 30 Hz with 

the chosen file format TIFF. 
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During the initial experiments focus lens was used with a working distance of 1 m. 

The conclusion from initial analysis was that the image had to be enlarged. This 

because the DN values decreased rapidly while moving away from the center, at all 

directions. The lens was replaced with another one which made it easy to choose the 

distance from the BB surface with satisfying magnification of the surface. That 

resulted in a rectangular image, with no sign of the circular BB opening. An 

evaluation of the images made sure that the resolution of a region with even DN’s had 

been increased. The resulting images for the both lenses are presented in Figure 3. 

 

 

Figure 3 - a) Result from the first objective. The DN values decreased rapidly while 

moving away from the center. b) The result from the second objective. The DN values 

are more stable. (The two pictures are not taken for the same settings or temperature) 

 

2.4 Procedure of calibration 
 

The JAI Control software give access to the different settings available for the camera. 

The settings to be calibrated is the gain, g, and the exposure time, Δt. The gain 

amplifies the signal in order to get a desirable output. In order to find out how the 

choice of gain affect the pixel intensity, multiple pictures has to be taken for different 

gain settings and temperatures of the blackbody radiation source. In the same way the 

exposure time setting is calibrated. During the calibration only these two quantities 

are varied with all other conditions and settings equal. 

 

2.5 Data treatment 
 

Every camera sensor is unique and has its own signature which can be everything 

from broken (dark) pixels to faults during manufacturing etc. [7] and [8]. The pixel 

intensity is sensitive for small variations in surroundings condition etc. and can result 

in minor differences between two photos. Therefore, during a calibration stage using a 

blackbody, it is important to avoid calculations of pictures where the signal might 

peak or have values far away from the true condition. One way to handle this problem 

is to create a master frame of the image to be analyzed (as explained in the noise 
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section). This is done by calculate the mean value with a certain number of images. 

This will even out the signal and result in a signal more likely to be comparable with 

the true conditions. When analyzing a blackbody image it is important to subtract the 

background, containing the noise. 

 

 

Figure 4 - Graphic overview of master frame algorithm 

 

2.5.1 Summarizing algorithm 
 

In order to create the mean master frame an algorithm was written in the software 

program MATLAB. Figure 4 above shows the principle of how the algorithm works. 

The program reads all tiff-files from a specific folder, loads them into MATLAB and 

sums them up. The standard format for the images used were “uint8” which limits the 

total DN value to 255. Therefore the format was converted to “double” which allows 

much higher values for the pixels. With the summarized picture created the program 

divides the new image with the amount of tiff-files in the selected folder. The 

premade background is then subtracted and after converting back to “uint8” format 

the result is a master image for the specific case. However the DN values now has an 

upper limitation of about 247, depending on the background signal that has been 

subtracted. This means that when a pixel has a value of around 247 it is considered to 

be saturated and therefore not valid for consideration in the calibration. The master 

frame is then saved in a chosen folder with the same format as before.  

From the master frame the algorithm bring out and separate the three different colors 

red, green and blue (RGB) from the image. However there is still some noise present 

and every channel undergoes a medfilt2 operation. This modify the pixel values by a 

2X2 array that adjust the values with the median value of the pixels in the array. To 

use the median number will be more accurate compared to the mean value, where 

dark pixels would have a much higher influence of the result [9]. When the color 

channels has been filtrated the mean value and the standard deviation is analyzed. 

By typing the temperature and what gain and exposure time that was used for the 

specific case, a data file is created and stored in a chosen folder, presenting 

temperature, gain, exposure time, mean value and standard deviation for the red, 

green and blue channels respectively. By running multiple temperature images the 
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new results gets appended in the same data file. With all data collected the results can 

then be analyzed in MATLAB or EXCEL. 

 

2.6 Theory 
 

The theory is based on the color-band pyrometry principle [1] using a CCD camera. 

There are several similar studies on CCD pyrometers [2], [3], [4]. 

 

2.6.1 Equation for the digital number  
 

In this section the theory needed for calculation of the digital number (DN) for each 

pixel in a picture is presented. The result will be the base for creating a two-color 

pyrometer out of a CCD camera. The equation for the DN’s is founded on Planck’s 

law of radiation which can be expressed as: 

𝐵𝜆
𝑏 =

𝐶1𝜆−5

(𝑒𝐶2 𝜆𝑇⁄ −1)
         (1) 

This is the radiant power per unit solid angle per unit projected area for a blackbody. 

Here C1 = 1.190 X 1016 [W nm4 cm-2 sr-1] and C2 = 1.438 X 107 [nm K] and are 

Planck’s constants of radiation and λ and T are the wavelength [nm] and the 

temperature [K], [5]. To describe a gray body Planck’s law has to be modified with 

respect to the spectral emissivity of the target which is the ratio of the spectral 

radiance of the source compared to a black body at specific wavelength and 

temperature, 𝐵λ = ελ𝐵λ
𝑏. The total radiance in the range λ1 and λ2 then becomes: 

𝐵 = ∫ 𝜀(𝜆)𝐵𝜆
𝑏λ2

λ1
𝑑𝜆         (2) 

The pyrometer setup, Figure 5 on the next page, uses a camera and to deal with the 

geometric factors the solid angle is defined as Ω = πD2/4d2, where D is the diameter 

of the lens and d is the distance to the target. 

The target is emitting equally in all direction and with a target source area of A1, the 

spectral radiant power on the lens becomes Фi,λ = A1Bλ Ω. While the radiant power 

passes through the lens there are also losses due to the transmittance, τλ, of the optics 

that has to be considered. With a sensor area of A2 and a pixel area of a, the spectral 

irradiance for a specific pixel of the CCD sensor becomes: 

𝐸λ =  𝐵λτλ
𝑎𝐴1

𝐴2

𝜋𝐷2

4𝑑2
         (3) 
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Figure 5 - Solid angle and properties for imaging system 

 

The sensor has a relative response, Sλ, which tell how much of the energy at specific 

wavelengths for the red, green and blue colors getting registered by the sensor. 

Together with the function of exposure time, Δt, and gain, g, setting and the 

proportional factor, α (which ensures units consistent), the digital number (DN) or the 

pixel intensity for each pixel is calculated by the equation: 

𝐷𝑁 =  𝛼
𝜋

4
(

𝐷

𝑑
)

2 𝑎𝐴1

𝐴2
𝑓(𝑔)ℎ(Δ𝑡) ∙ ∫ 𝜀(𝜆)

𝜆2

𝜆1
τλSλ

𝐶1𝜆−5

(𝑒𝐶2 𝜆𝑇⁄ −1)
𝑑𝜆    (4) 

In equation 4 the exposure time decide for how long the sensor will be able to detect 

the incoming light. With increased exposure time the amount of electrons able to be 

trapped in a cell increases. This will lead to an increased value of the DN’s. The gain 

on the other side works like an amplifier of the signal and will also increase the DN if 

enlarged [7]. 

 

2.6.2 Two-color pyrometer 
 

The lowest to the highest wavelength of the spectral radiance from the target, which 

can be detected by the camera sensor, contributes to the pixel intensity in equation 4. 

If to be compared to a spot-temperature pyrometer, using only two narrow wavelength, 

the signal strength is dramatically increased [1]. 

The 3CCD camera used for this project have three different sensors, one for each 

color: red, green and blue (RGB). By equation 4 the DN of each color-channel is 

correlated to the target temperature for the specific color, here for the red channel: 

𝐷𝑁𝑟𝑒𝑑 =  𝛼
𝜋

4
(

𝐷

𝑑
)

2 𝑎𝐴1

𝐴2
𝑓(𝑔)𝑟𝑒𝑑ℎ(Δ𝑡)𝑟𝑒𝑑 ∙ ∫ 𝜀(𝜆)

𝜆2

𝜆1
τλSλ,red

𝐶1𝜆−5

(𝑒𝐶2 𝜆𝑇⁄ −1)
𝑑𝜆  (5) 

The same analogy is used for the other two colors. 
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The spectral responses for the sensor is given by the manufacturer. By assuming that 

the spectral emissivity and transmittance are wavelength independent (gray body 

assumption) and that geometric magnitudes are equal for the two channels the 

following equation form the basic color-band method used for a CCD camera 

pyrometer, with only the temperature as a unknown: 

𝐷𝑁𝑔𝑟𝑒𝑒𝑛

𝐷𝑁𝑟𝑒𝑑
=

𝛼𝑔𝑟𝑒𝑒𝑛𝑓(𝑔)𝑔𝑟𝑒𝑒𝑛ℎ(Δ𝑡)𝑔𝑟𝑒𝑒𝑛∙∫ 𝑆𝜆,𝑔𝑟𝑒𝑒𝑛
𝐶1𝜆−5

(𝑒𝐶2 𝜆𝑇⁄ −1)
𝑑𝜆

𝜆2
𝜆1

𝛼𝑟𝑒𝑑𝑓(𝑔)𝑟𝑒𝑑ℎ(Δ𝑡)𝑟𝑒𝑑∙∫ 𝑆𝜆,𝑟𝑒𝑑
𝐶1𝜆−5

(𝑒𝐶2 𝜆𝑇⁄ −1)
𝑑𝜆

𝜆2
𝜆1

    (6) 

This method is flexible and the ratio of any of the three colors can be used for 

temperature measurements of the target. In order to find the spatial distribution of the 

target-temperature the camera have to be focused on the surface [1]. 

 

2.7 Calibration 
 

In order to use equation 6 for temperature measurements the gain and exposure time 

functions along with the proportional factor and sensor relative response has to be 

found. This can be done, which has been mentioned, by targeting a blackbody 

radiation source for a temperature range with varying settings [1], [2] and [3]. This 

calibration will give the gain and exposure time functions. The proportional factor 

will be given as the quota between the images DN for each color and the 

corresponding DN computed by equation 6, with the proportional factor excluded. 

The sensor relative response has to be collected from data handed from JAI. 

The iteration needed for solving the temperature in equation 6 for each pixel would be 

demanding for the computer. Based on the calibration results a lookup table can be 

created for a temperature interval showing the corresponding pixel ratio.  Then by an 

algorithm the pixel ratio from an image can be converted into temperature by a 

polynomial function for the used gain and exposure time setting. This will 

substantially decrease the computing time. 
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Chapter 3 

RESULTS AND EXPERIMENT 
 

3.1 Relative response 
 

In equation 6 used for calculating the DN ratio, the wavelength dependent relative 

response is included. The two graphs in Figure 6 was provided from the JAI help desk 

showing the transmittance and relative response for a typical sensor. By multiplying 

the transmittance and the response, the relative response for each color is found. This 

was done by using the software “Graphgrabber”, downloaded from quintessa.org. The 

software makes it possible to create data series with high accuracy from an image, in 

this case from Figure 6. Four data files were created with interpolated values in order 

to calculate the relative response for every wavelength. The data files was the red, 

green and blue transmittance and the sensor relative response. The resulting data for 

the relative response is presented in appendix A and Figure 7 present the result. 

 

 

Figure 6 – Above: Sensor relative response for different wavelength. Below: 

transmittance for different wavelength, for each color (RGB). Data sheet handed from 

JAI.com 
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Figure 7 - Resulting sensor relative response for each color by multiplying the 

transmittance and response from data sheet. 

 

3.2 Background subtraction 
 

In this section experiments needed to create the master frame background are being 

performed. 

 

3.2.1 Preheating noise 

This experiment investigate the time needed for the camera to be turned on before 

getting used for temperature experiments. This was done by taking pictures with the 

sensor cover on, which means that no light hits the detectors. Then the lowest 

exposure time possible (20 µs) was used for a total of 20 images. The JAI software 

was set to acquisition mode in order to find the shortest time possible needed and the 

samples was collected every half hour for five hours. The pictures was later analyzed 

in Matlab by the mean master frame program. From the master frame the mean pixel 

intensity (DN) for each color channels was investigated along with the standard 

deviation. The results in Figure 8 and Figure 9 on the next page show that the time 

needed for preheating is about one hour. All future experiments was therefore 

performed after at least 1.5 hours preheating. 
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Figure 8 - Mean pixel intensity for each color channel over time due to preheating of 

the camera 

 

 

Figure 9 - Standard deviation for each color channel over time due to preheating of 

the camera 

 

3.2.2 Black current noise 
 

The black current, which is electrons interfering with the camera detectors, is 

generated by the internal heat generation within the camera. The literature [7] and [8] 

tell that the amount of black current is proportional to the exposure time. This means 

as mentioned that a master black frame has to be created and subtracted for each 

exposure time used. 

The experiment was made accordingly as for the preheating and 11 samples was 

collected between 20 and 33300 µs. The Matlab code was used for finding the mean 

pixel intensity and standard deviation for all color channels. Results in Figure 10 and 

Figure 11 on the next page show that there are no distinct growth of signal noise with 

increased exposure time. In fact the results corresponds to the outcome from the 

experiment for preheating, after one hour. By conferring with the JAI support help 
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desk it was found that one could influence the black level in the analog control section 

with the black level selector entry (in JAI software). 

 

Figure 10 - Mean pixel intensity vs. increasing exposure time 

 

 

Figure 11 - Standard deviation vs. increasing exposure time 

 

3.2.3 Master frame background 
 

The conclusion from the above two experiments was that only one master background 

has to be subtracted from the images, disregarding used exposure time. The resulting 

master background frame was created by 20 images taken with the lens cover on and 

after 1.5 hour preheating. The resulting mean values and standard variation of the 

pixel intensity for each color-channel are presented in Table 1 below. The readout 

noise was considered to be included in this master frame. 

Table 1 - Mean value and Standard deviation for background master frame 

COLOR CHANNEL MEAN VALUE STANDARD DEVIATION 

Red 7,99 0,06 

Green 7,99 0,09 

Blue 8,00 0,04 
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3.3 Number of pictures needed for an even signal 
 

The output signal for an imaged target differ if multiple samples are collected. Before 

imaging hot surfaces for calibration, experiments for high temperature was performed 

in order to find the number of pictures to be included in the summarizing program. 

The standard deviation in master frames created by 1, 10, 50, 100 and 200 images was 

evaluated for five different temperatures. All color channels had the same trend and in 

Figure 12 the red channel is presented and the signal even out between 10 and 50 

images. The time for the algorithm to evaluate the data was not much longer for 50 

images compared to 10, but for 200 the computing time was significantly enlarged. 

Therefore 50 images was used further on for evaluating the BB images. 

 

Figure 12 - Number of images needed to be summarized for high temperature imaging. 

 

3.4 Camera gain calibration 
 

When the gain is changed in the JAI Control software the output signal is amplified in 

order to get a readable output [7]. In order to see understand how the choice of gain 

setting for an image affect the pixel intensity, measurements was done in order to find 

the gain function, f(g). During the experiment the exposure time was kept constant 

with only the gain as a variable parameter. Data was collected from 900 K up to 1700 

K with an increment of 100○. All three channels behaved similarly and in Figure 13 

on the next page the red result is presented. The initial analysis indicated that the pixel 

intensity leveled out near the saturation limit. Therefore a decision was made to cutoff 

the data around a pixel intensity of 220. With the cutoff the resulting data clearly 

followed the form eγ∙g, where g is the gain value and γ a constant which was found to 

be almost constant in the temperature range 1100 K to 1700 K. The averaged value 

for γ was 3.70 ∙ 10-3, 3.60 ∙ 10-3 and 3.81 ∙ 10-3 for the red, green and blue channels 

accordingly. 
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Figure 13 - Results for gain calibration (red channel). Data has been cutoff around a 

pixel intensity of 220 in order to calibrate for an exponential function 

 

3.5 Exposure time calibration 
 

The exposure time setting decide for how long the sensors will be able to collect 

electrons from the incoming light. An image taken with a short exposure time results 

in a dark image and one with a longer exposure time will result in a brighter image, if 

compared. In order to find the exposure time function, h(Δt), experiments was done 

accordingly as for the gain calibration, here with a fixed gain value and the exposure 

time as a variable parameter. Data was initially collected for the same temperature 

range as for the gain, but later analysis indicated the need for additional temperature 

for the higher range (above 1500 K). This because of Stefan-Boltzmann’s law which 

says that the radiated power per area increases with temperature in power of fours 

[10]. The initial evaluation did also show some kind of linear dependence but not with 

any obvious pattern between the different temperatures. It was later discovered that 

the exposure time setting only affected the DN every 42 µs and after correcting the 

used exposure time the result in Figure 14 and Figure 15 on the next page was 

established. The evaluation also pointed out that the blue channel had a week signal, 

highly affected of the background subtraction. Therefore this channel was excluded 

for further calibrations, leaving the red and green channels to be used in the ratio 

equation 6.  
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Figure 14 - Higher temperature results from the exposure time calibration (red 

channel). The exposure time has been adjusted to be measured every 42 µs, starting at 

20 µs. 

 

 

Figure 15 - Lower temperature results from exposure time calibration (red channel). 

 

The slope and intersect increase with the temperature and are functions of the energy 

received by the CCD sensors [1]. In Figure 16 and Figure 17 the slope and intercept is 

plotted against the energy which is defined by equation 6 [1], for all temperatures 

used. 
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𝐸𝑐𝑜𝑙𝑜𝑟 = ∫ 𝑆𝜆,𝑐𝑜𝑙𝑜𝑟
𝐶1𝜆−5

(𝑒𝐶2 𝜆𝑇⁄ −1)
𝑑𝜆

𝜆2

𝜆1
       (7) 

The results in Figure 16 and Figure 17 show that both the slope and intercept has a 

linear relation to the energy and the slope was chosen with zero intercept. The 

computed values regarding slope and intersect was thought to be valid within the 

temperature range of 1300 K up to 1700 K. The resulting function for how the 

exposure time affect the DN became: 

ℎ(𝛥𝑡)𝑟𝑒𝑑 = 328𝐸𝑟𝑒𝑑 ∙ 𝛥𝑡 + 4500𝐸𝑟𝑒𝑑 + 0.966     (8) 

 

ℎ(𝛥𝑡)𝑔𝑟𝑒𝑒𝑛 = 220𝐸𝑔𝑟𝑒𝑒𝑛 ∙ 𝛥𝑡 + 2600𝐸𝑔𝑟𝑒𝑒𝑛 + 0.817    (9) 

 

 

Figure 16 - Energy vs. slope for exposure time calibrations. The slope show a linear 

relation to the energy with zero intersect. 

 

 

Figure 17 - Energy vs. intercept for exposure time calibration. The intersect show a 

linear relation to the energy. 
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3.6 Proportional factor 
 

With the two equations for gain and exposure time, all pixel intensity was calculated 

for 1300K up to 1700 K with the different exposure time and gain used in the master 

images from the exposure time calibration. The below equations were used.  

𝐷𝑁𝑟𝑒𝑑 = 𝑒3.66∙10−3∙𝑔 ∙ (328𝐸𝑟𝑒𝑑 ∙ ∆𝑡 + 4500𝐸𝑟𝑒𝑑 + 0.966)              (10) 

𝐷𝑁𝑔𝑟𝑒𝑒𝑛 = 𝑒3.60∙10−3∙𝑔 ∙ (220𝐸𝑔𝑟𝑒𝑒𝑛 ∙ ∆𝑡 + 2600𝐸𝑔𝑟𝑒𝑒𝑛 + 0.817)             (11) 

The related DN numbers extracted from the temperature images was then divided by 

the computed numbers in order to find the proportional factor α, for all temperatures 

and settings. This factor will adjust the calculated pixel intensity to the measured 

values. The resulting factor was found to have a logarithmic behavior for both 

channels. The result for the red channel is presented in Figure 18 and the equation for 

the proportional factor is presented below for each color. 

𝛼𝑟𝑒𝑑 = 3.68𝐸(−2) ln(∆𝑡) + 1.46                 (12) 

𝛼𝑔𝑟𝑒𝑒𝑛 = 4.14𝐸(−2) ln(∆𝑡) + 1.38                 (13) 

 

 

Figure 18 - Proportional factor, α, have a logarithmic relation to exposure time (red 

channel). Adjust the computed pixel intensity to the measured values. 
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3.7 Temperature calculation from a 3CCD image  
 

In this section the temperature is calculated from the images taken on the blackbody 

for varying settings and temperature. 

 

3.7.1 Temperature from blackbody images 
 

With the quantities known for iterate the temperature from equation 6, the resulting 

equations for the DN of red and green channel became: 

𝐷𝑁𝑟𝑒𝑑 = (3.68 ∙ 10−2 ln(∆𝑡) + 1.46)𝑒3.66∙10−3∙𝑔(328𝐸𝑟𝑒𝑑 ∙ ∆𝑡 + 4500𝐸𝑟𝑒𝑑 + 0.966) 

                     (14) 

𝐷𝑁𝑔𝑟𝑒𝑒𝑛 = (4.14 ∙ 10−2 ln(∆𝑡) + 1.38)𝑒3.60∙10−3∙𝑔(220𝐸𝑔𝑟𝑒𝑒𝑛 ∙ ∆𝑡 + 2600𝐸𝑔𝑟𝑒𝑒𝑛 + 0.817) 

                     (15) 

In order to find the temperature for each pixel a lookup table was created, plotting the 

calculated DN ratio against the corresponding temperature. The ratio of the green and 

red channel was then translated into temperature for the pictures with varying 

exposure time. The resulting mean temperature was then plotted against the 

corresponding blackbody temperature in Figure 19. The straight line represent a 

perfect relation between the blackbody and the calculated temperature. The two 

dotted lines correspond to a 5 % offset from the ideal condition.  

The calibration is valid between 1300 K and 1700 K but the result provide data which 

enable temperature calculation from 1100 K with satisfying result. There is a 

scattering around the ideal and in Figure 20 on the next page the calculated 

temperatures are plotted against the exposure time. There is a clear growth in 

calculated temperature with increased exposure time. If a short exposure time is used 

the signal is weaker compared to a longer one. When calculating the temperature the 

signal should not be too weak. After analyzing the settings used, the recommended 

DN for the red channel (strongest) should be between 150 and 200, which can be 

controlled in the imaging software. 
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Figure 19 - The calculated temperatures vs. blackbody temperature. Data from images 

with varying exposure time. 

 

 

Figure 20 - Exposure time vs. calculated temperature in the range from 1500 K up to 

1700 K. Temperatures not included show similar behavior. The result show a growth 

in temperature for increasing exposure time. 
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3.7.2 Residuals 
 

In Figure 20 it is possible to notice some kind of gradient of the results. In order to see 

the behavior of the calculated temperatures the residuals was investigated via equation 

16, where Tb is the blackbody temperature and Tcalc the computed temperature. The 

results are present in Figure 21 for the residuals vs. the exposure time and residuals vs. 

gain in Figure 22. 

𝑇𝑏−𝑇𝑐𝑎𝑙𝑐

𝑇𝑏
                    (16) 

The results for exposure time indicate that there exist some kind of systematical error. 

The reason for this was not found. However the samples for higher exposure time are 

few which may affect the result. The data up to 500 µs more or less have an even 

scatter. 

 

 

Figure 21 – Temperature residuals vs. exposure time plot. 

 

 

Figure 22 – Temperature residuals vs. gain plot. 
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Figure 24 - Imaged hot surface of the 

thermocouple. The temperature output 

was noted for all images, here 1178 K. 

Figure 25 – The blue contribution of the 

image, showing flame front above and 

under the thermocouple. 

3.8 Temperature imaging of hot surface 
 

The final stage for the calibration was to evaluate a real case for temperature 

measurements with the 3CCD camera. This was done by imaging the surface of a 

thermocouple heated by a flat flame burner while reading the temperature output of 

the thermocouple. Figure 23 show the experimental setup and the camera was 

positioned at the same distance as for the BB expeiments. The fuel was a mixture of 

air and methane surrounded by of a ring of nitrogen, providing a stable flame. By 

adjusting the mixture and mass flow of the reactants, the temperature of the 

thermocouple could be varied. When the surface became hot enough the surface 

began to glow, Figure 24. The blue contribution of this image show a flame front 

above and under the thermocouple and is illustrated in Figure 25.  

 

 

Figure 23 – Experimental setup for thermocouple heated by a flat flame burner. Air 

and methane is burning surrounded by a ring of nitrogen. 

 

 

Images was taken for 1109 K, 1161 K, 1178 K and 1213 K. The quota of the green 

and red DN was translated into temperature for each pixel by using the created lookup 

table. In Figure 26 and Figure 28, on the next page, the result for 1109 K and 1178 K 
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are presented. The area of interest is somewhere at the tip of the thermocouple. In 

Figure 27 and Figure 29 the offset between the calculated temperature and the 

measured temperature by the thermocouple is presented. The lowest offset for the four 

temperatures was estimated to around 25 K and the highest to around 100 K. The 

result for the images of 1161 K and 1213 K was not as convincing as for the presented 

figures. However it is important to point out that the investigated temperature range 

for this evaluation is outside the calibration range (1300 K – 1700 K). During the 

experiment no reflections were made about how surrounding conditions may affect 

the results. The experiment was made for visualizing how two-color pyrometer theory 

can be applied to a CCD camera for measuring solid surface temperature. 

 

 

Figure 26 - Calculated temperature of thermocouple surface measuring 1109 K. 

 

Figure 27 - Offset between measured and calculated temperature for 1109 K. 
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Figure 28 - Calculated temperature of thermocouple surface measuring 1178 K. 

 

 

Figure 29 - Offset between measured and calculated temperature for 1178 K. 
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CHAPTER 4  

CONCLUSION 
 

4.1 Discussion 
 

The calibration and evaluated method for 2 dimensional imaging of solid surface 

temperature with a CCD camera is valid from 1300 K up to 1700 K. The resulting 

analysis enables measurement of surface temperature from 1100 K. This range is 

within the target for the research at LTU and fulfill the aim for this project. The main 

work done during the project has been to form an algorithm for calibration of the 

3CCD camera. The sensors are fragile and can change behavior over time which can 

lead to that further calibration is necessary in order to keep the accuracy. 

The resulting temperature calculation had signs of some kind of systematical error but 

the reason for this was not found. The output temperature calculation also grew with 

increasing exposure time. One reason might be that for a strong signal (high pixel 

intensity) the influence of noise is low compared to the case with a weak signal and if 

the exposure time is decreased the signal will drop. Therefore a high exposure time is 

suggested for temperature reading from an image. However the analysis showed that 

an optimal pixel intensity of the red channel is within the range 150 < DN < 200.  

One source of error is the relative response taken from the graph handed from the JAI 

helpdesk. This response relates to a standard camera sensor and does not tell how well 

the used response correlates to the real behavior of the sensor. In order to find out the 

real behavior of the response the sensors has to be calibrated with a monochromator. 

This is a device distributing light at specific wavelength and the procedure for this 

kind of calibration is illuminated by Hong Lu [1]. However this calibration is 

expensive and was decided not to be included for this project. 

The calibration was performed for 8 bit images but in a late stage of the project it was 

found that the camera is able to record 10 bit images. To use 10 bit images will 

increase the temperature resolution, providing 1024 tones for each color instead of the 

256 used for this calibration. For 10 bit images a new calibration has to be performed 

together with a new master background for subtraction. The estimated time needed for 

calibration is estimated to just over one week of work. A new calibration include 

temperature and background imaging, Matlab processing and evaluation of the results. 

As for this calibration the black current should not have to be considered. 

 

5.4 Further work 
 

For using this CCD pyrometer for temperature measurements it is important to check 

all conditions which may have an effect on the result. It can be transmission losses 

while targeting a surface through glass etc. There may also be the case where the view 

factor inside a furnace have an effect on the output from the CCD pyrometer. This 

topic is brought up in the work done by Hong Lu [1]. 
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There were no testing about how the change of lens or working distance affect the 

pixel intensity. When the distance to the object increases the signal should be 

decreased. This reaction was assumed to be canceled out in the ratio equation 6. It is 

possible that the CCD pyrometer that has been calibrated will be used in research at 

Luleå University of Technology. 
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APPENDIX A – SPECTRAL RESPONSIVITY 
 

Spectral responsivity data from data graph (JAI) 

 

RED GREEN BLUE 

Wavelength 

[nm] Response 

Wavelength 

[nm] Response 

Wavelength 

[nm] Response 

547 4.77E-04 466 1.40E-03 400 3.22E-01 

548 1.69E-03 467 3.69E-03 401 3.36E-01 

549 2.66E-03 468 7.41E-03 402 3.50E-01 

550 3.82E-03 469 1.26E-02 403 3.63E-01 

551 5.20E-03 470 3.56E-02 404 3.79E-01 

552 6.85E-03 471 6.75E-02 405 3.93E-01 

553 7.43E-03 472 1.22E-01 406 4.13E-01 

554 8.49E-03 473 1.55E-01 407 4.34E-01 

555 1.06E-02 474 2.01E-01 408 4.51E-01 

556 1.24E-02 475 2.32E-01 409 4.70E-01 

557 1.36E-02 476 2.09E-01 410 4.88E-01 

558 1.32E-02 477 1.73E-01 411 5.02E-01 

559 1.24E-02 478 1.49E-01 412 5.15E-01 

560 1.11E-02 479 9.64E-02 413 5.27E-01 

561 9.82E-03 480 7.92E-02 414 5.39E-01 

562 8.77E-03 481 8.06E-02 415 5.51E-01 

563 8.07E-03 482 1.03E-01 416 5.64E-01 

564 7.68E-03 483 1.27E-01 417 5.77E-01 

565 7.88E-03 484 1.57E-01 418 5.90E-01 

566 8.83E-03 485 1.81E-01 419 6.01E-01 

567 1.06E-02 486 1.97E-01 420 6.11E-01 

568 1.55E-02 487 2.06E-01 421 6.21E-01 

569 2.41E-02 488 2.15E-01 422 6.29E-01 

570 4.12E-02 489 2.26E-01 423 6.37E-01 

571 5.87E-02 490 2.47E-01 424 6.46E-01 

572 8.41E-02 491 2.82E-01 425 6.53E-01 

573 1.04E-01 492 3.66E-01 426 6.61E-01 

574 1.27E-01 493 4.11E-01 427 6.67E-01 

575 1.49E-01 494 4.50E-01 428 6.74E-01 

576 1.70E-01 495 4.89E-01 429 6.82E-01 

577 1.90E-01 496 5.10E-01 430 6.88E-01 

578 2.16E-01 497 5.32E-01 431 6.96E-01 

579 2.39E-01 498 5.57E-01 432 7.04E-01 

580 2.73E-01 499 5.87E-01 433 7.08E-01 

581 2.97E-01 500 6.25E-01 434 7.14E-01 

582 3.34E-01 501 6.61E-01 435 7.22E-01 

583 3.67E-01 502 6.98E-01 436 7.29E-01 

584 3.98E-01 503 7.36E-01 437 7.37E-01 
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585 4.19E-01 504 7.67E-01 438 7.44E-01 

586 4.41E-01 505 8.02E-01 439 7.52E-01 

587 4.71E-01 506 8.35E-01 440 7.61E-01 

588 4.91E-01 507 8.62E-01 441 7.71E-01 

589 5.10E-01 508 8.78E-01 442 7.79E-01 

590 5.22E-01 509 8.98E-01 443 7.87E-01 

591 5.31E-01 510 9.09E-01 444 7.95E-01 

592 5.40E-01 511 9.18E-01 445 8.02E-01 

593 5.46E-01 512 9.26E-01 446 8.09E-01 

594 5.50E-01 513 9.34E-01 447 8.15E-01 

595 5.53E-01 514 9.44E-01 448 8.20E-01 

596 5.51E-01 515 9.53E-01 449 8.28E-01 

597 5.45E-01 516 9.68E-01 450 8.38E-01 

598 5.39E-01 517 9.81E-01 451 8.46E-01 

599 5.35E-01 518 9.89E-01 452 8.52E-01 

600 5.32E-01 519 9.96E-01 453 8.61E-01 

601 5.28E-01 520 9.99E-01 454 8.68E-01 

602 5.23E-01 521 1.00E+00 455 8.74E-01 

603 5.18E-01 522 1.00E+00 456 8.79E-01 

604 5.11E-01 523 9.98E-01 457 8.83E-01 

605 5.06E-01 524 9.96E-01 458 8.86E-01 

606 4.99E-01 525 9.94E-01 459 8.90E-01 

607 4.93E-01 526 9.92E-01 460 8.95E-01 

608 4.87E-01 527 9.87E-01 461 8.99E-01 

609 4.80E-01 528 9.83E-01 462 9.08E-01 

610 4.74E-01 529 9.78E-01 463 9.15E-01 

611 4.68E-01 530 9.73E-01 464 9.19E-01 

612 4.62E-01 531 9.70E-01 465 9.16E-01 

613 4.56E-01 532 9.68E-01 466 9.11E-01 

614 4.50E-01 533 9.65E-01 467 9.07E-01 

615 4.41E-01 534 9.63E-01 468 8.99E-01 

616 4.31E-01 535 9.61E-01 469 8.87E-01 

617 4.22E-01 536 9.58E-01 470 8.75E-01 

618 4.16E-01 537 9.54E-01 471 8.59E-01 

619 4.09E-01 538 9.52E-01 472 8.39E-01 

620 4.03E-01 539 9.48E-01 473 8.21E-01 

621 3.97E-01 540 9.44E-01 474 7.98E-01 

622 3.93E-01 541 9.41E-01 475 7.79E-01 

623 3.87E-01 542 9.37E-01 476 7.59E-01 

624 3.81E-01 543 9.33E-01 477 7.35E-01 

625 3.74E-01 544 9.28E-01 478 7.14E-01 

626 3.69E-01 545 9.24E-01 479 6.89E-01 

627 3.64E-01 546 9.20E-01 480 6.65E-01 

628 3.59E-01 547 9.15E-01 481 6.37E-01 

629 3.54E-01 548 9.11E-01 482 6.05E-01 
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630 3.47E-01 549 9.05E-01 483 5.80E-01 

631 3.40E-01 550 9.00E-01 484 5.45E-01 

632 3.34E-01 551 8.96E-01 485 5.12E-01 

633 3.26E-01 552 8.91E-01 486 4.78E-01 

634 3.20E-01 553 8.87E-01 487 4.48E-01 

635 3.13E-01 554 8.83E-01 488 4.12E-01 

636 3.08E-01 555 8.78E-01 489 3.82E-01 

637 3.02E-01 556 8.72E-01 490 3.56E-01 

638 2.96E-01 557 8.67E-01 491 3.33E-01 

639 2.92E-01 558 8.64E-01 492 2.70E-01 

640 2.87E-01 559 8.60E-01 493 2.44E-01 

641 2.80E-01 560 8.55E-01 494 2.18E-01 

642 2.74E-01 561 8.50E-01 495 1.96E-01 

643 2.69E-01 562 8.44E-01 496 1.74E-01 

644 2.64E-01 563 8.35E-01 497 1.46E-01 

645 2.58E-01 564 8.27E-01 498 1.21E-01 

646 2.51E-01 565 8.14E-01 499 1.05E-01 

647 2.46E-01 566 7.97E-01 500 9.45E-02 

648 2.42E-01 567 7.76E-01 501 8.51E-02 

649 2.37E-01 568 7.57E-01 502 7.68E-02 

650 2.32E-01 569 7.35E-01 503 7.06E-02 

651 2.27E-01 570 6.95E-01 504 6.21E-02 

652 2.23E-01 571 6.67E-01 505 4.95E-02 

653 2.18E-01 572 6.22E-01 506 3.74E-02 

654 2.14E-01 573 5.75E-01 507 2.75E-02 

655 2.09E-01 574 5.43E-01 508 2.02E-02 

656 2.04E-01 575 5.05E-01 509 1.79E-02 

657 1.99E-01 576 4.62E-01 510 2.46E-02 

658 1.94E-01 577 4.26E-01 511 3.78E-02 

659 1.91E-01 578 3.87E-01 512 5.64E-02 

660 1.86E-01 579 3.45E-01 513 7.35E-02 

661 1.81E-01 580 3.04E-01 514 8.10E-02 

662 1.77E-01 581 2.65E-01 515 7.67E-02 

663 1.72E-01 582 2.23E-01 516 7.01E-02 

664 1.68E-01 583 1.86E-01 517 4.49E-02 

665 1.64E-01 584 1.65E-01 518 2.83E-02 

666 1.61E-01 585 1.29E-01 519 1.44E-02 

667 1.57E-01 586 1.04E-01 520 3.33E-03 

668 1.53E-01 587 8.70E-02 521 1.67E-03 

669 1.49E-01 588 7.66E-02 522 1.42E-03 

670 1.45E-01 589 6.58E-02 523 1.85E-03 

671 1.41E-01 590 5.58E-02 524 3.26E-03 

672 1.38E-01 591 4.63E-02 525 4.63E-03 

673 1.34E-01 592 3.83E-02 526 5.45E-03 

674 1.32E-01 593 3.29E-02 527 5.97E-03 
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675 1.28E-01 594 2.64E-02 528 5.97E-03 

676 1.26E-01 595 2.24E-02 529 5.92E-03 

677 1.24E-01 596 1.93E-02 530 5.72E-03 

678 1.22E-01 597 1.61E-02 531 5.29E-03 

679 1.20E-01 598 1.40E-02 532 4.40E-03 

680 1.16E-01 599 1.29E-02 533 2.20E-03 

681 1.11E-01 600 1.17E-02 

  682 1.06E-01 601 1.12E-02 

  683 1.03E-01 602 1.14E-02 

  684 9.95E-02 603 1.16E-02 

  685 9.67E-02 604 1.15E-02 

  686 9.37E-02 605 1.07E-02 

  687 9.12E-02 606 9.83E-03 

  688 8.90E-02 607 8.60E-03 

  689 8.72E-02 608 7.29E-03 

  690 8.54E-02 609 5.43E-03 

  691 8.38E-02 610 3.72E-03 

  692 8.20E-02 611 2.26E-03 

  693 7.97E-02 612 1.49E-03 

  694 7.79E-02 

    695 7.59E-02 

    696 7.39E-02 

    697 7.19E-02 

    698 6.98E-02 

    699 6.77E-02 

    700 6.57E-02 

    701 6.40E-02 

    702 6.21E-02 

    703 5.97E-02 

    704 5.77E-02 

    705 5.60E-02 

    706 5.46E-02 

    707 5.32E-02 

    708 5.20E-02 

    709 5.10E-02 

    710 5.02E-02 

    711 4.88E-02 

    712 4.64E-02 

    713 4.40E-02 

    714 4.24E-02 

    715 4.12E-02 

    716 3.99E-02 

    717 3.84E-02 

    718 3.72E-02 

    719 3.60E-02 
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720 3.49E-02 

    721 3.38E-02 

    722 3.27E-02 

    723 3.14E-02 

    724 3.03E-02 

    725 2.93E-02 

    726 2.83E-02 

    727 2.73E-02 

    728 2.64E-02 

    729 2.54E-02 

    730 2.42E-02 

    731 2.34E-02 

    732 2.23E-02 

    733 2.13E-02 

    734 2.04E-02 

    735 1.96E-02 

    736 1.86E-02 

    737 1.77E-02 

    738 1.66E-02 

    739 1.54E-02 

    740 1.41E-02 

    741 1.26E-02 

    742 1.12E-02 

    743 9.93E-03 

    744 8.71E-03 

    745 7.78E-03 

    746 6.61E-03 

    747 5.65E-03 

    748 4.97E-03 

    749 4.35E-03 

    750 3.64E-03 

    751 2.93E-03 

    752 2.30E-03 

    753 1.60E-03 

    754 8.43E-04 

     


