
 

  

Master of Science Thesis 

Division of Combustion Physics 

Department of Physics 

Lund University 

 

Nawzad Al-Habib 

Investigations on the detection of 

signal decays originating from Laser 

Induced phosphorescence 

June 2011 



 

  

Investigations on the detection of 

signal decays originating from 

Laser Induced phosphorescence 

 

Master of Science Thesis 

Nawzad Al-Habib 

Division of Combustion 

Physics 

Department of Physics 

Faculty of Engineering LTH 

 

This thesis work has carried out at the Division of Combustion Physics, under the 

supervision of Mattias Richter and Christoph Knappe 



Division of Combustion Physics, Lund University |  ii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Nawzad Al-Habib  

Lund Reports on Combustion Physics, LRCP-146  

ISRN LUTFD2/TFC-146-SE 

ISSN 1102-8718 

Lund, Sweden, June 2011  

Nawzad Al-Habib 

Division of Combustion Physics  

Department of Physics  

Faculty of Engineering LTH  

Lund University  

P.O.Box 118  

S-221 00 Lund, Sweden 

  



Division of Combustion Physics, Lund University |  iii 

 

Abstract  

 

 

Thermographic Phosphor signals are usually collected using Photomultiplier 

tubes. These detectors have shown signs of non-linearity in their response. This 

thesis aims towards the investigation of saturation effects in the PMT detector 

that cause an artificial change in measured phosphorescence decay time. It has 

been found after the experiments that the non-linearity is caused by two main 

factors. The first factor is the input intensity of phosphorescence, were non-

linearity increased with increasing input intensity. The second factor is the gain 

applied to the PMT or in other words the electrical potential applied to the 

dynodes. With increasing PMT gain the probability of dynode saturation 

becomes higher and if saturation occurs at one of the dynodes the response of 

the PMT is no longer linear. The attempt to identify an operating region with 

linear response for the PMT resulted in the conclusion that low gain and low 

input intensity is needed to achieve this. A correction method has been 

introduced in this thesis to overcome systematic errors that arise from non-

linear saturation effects in the PMT.   
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Abstrakt 

 

Intensiteten från termografiska-fosforer detekteras vanligtvis med en foto-

multiplikator (PMT). Från den uppmätta intensiteten beräknas en livstid som 

speglar signalen avklingning. Denna livstid kan sedan kopplas till fosforns 

temperatur. I samband med livstidsmätningar har det framkommit att dessa 

detektorer kan uppvisa en icke-linjär respons, dvs förhållandet mellan insignal 

och utsignal är inte linjärt. Detta avhandlingsarbete fokuserar på att undersöka 

mättningseffekter hos PMT-detektorer som kan resultera i att felaktiga livstider 

mäts upp. Då livstiden direkt översätts till en temperatur, innebär det att även 

noggrannheten hos den beräknade temperaturen påverkas negativt. Två 

huvudparametrar har identifierats som viktiga för uppkomsten av dessa icke-

linjäriteter. Den ena är inkommande ljusintensitet. Ökad intensitet har visat sig 

medföra större avvikelse från den önskvärda linjära responsen. Den andra 

viktiga parametern är förstärkningen i PMT-detektorn, eller mera precist, den 

spänning som läggs över dynoderna i dynodkedjan. Vid högre spänningar ökar 

sannolikheten för mättnad i dynodkedjan vilket leder till en icke-linjär 

mätsignal. Ett viktigt mål med det presenterade arbetet var att identifiera ett 

arbetsområde där detektorn uppvisar ett linjärt beteende. En av slutsatserna är 

att det krävs en låg förstärkningsgrad och en begränsad intensitet på 

inkommande ljus för att erhålla en linjär respons. Vidare presenteras en 

korrigeringsmetod för att kompensera för det systematiska fel 

mättnadseffekterna orsakar i PMT-detektorer.    
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Chapter 1: Introduction 

 

Thermographic phosphors are frequently used for remote measurement of surface 

temperatures. Most phosphors are ceramic crystals doped with rare-earth atoms and are often 

available in the form of powder. Phosphor materials have been  discovered early in 17
th

 

century and were first observed by Vincetinus Cascuarolo in Bologna[1]. The temperature-

dependent parameter is used in varies fields such as for studying physical, chemical and 

biological processes. On stationary as well as on moving surfaces, themographic phosphors 

have been used for remote measurements of temperatures. Moving surfaces such as gas 

turbine blades in aircraft jet engines and pistons in car engines are considered as suitable, but 

still challenging, targets for applications of themographic phosphors. Thermographic 

phosphors irradiate after suitable excitation with UV light. The emission spectra changes with 

temperature. Another fundamental property of phosphorescence is that its lifetime decreases 

with increasing temperature. For each thermographic phosphor there is a certain temperature 

region, where a desirable and strong relation between temperature and phosphor decay time 

can be observed. 

The spectral shift as well as changing lifetimes can be calibrated against known temperatures 

and later used for measurements of unknown surface temperatures. Särner during his thesis 

work surveyed temperature sensitivity for multiple phosphors and produced a very useful 

graph, see Fig.1.1. It can be used as a reference.  

The general goal of this work is to investigate the stability of the evaluated phosphorescent 

decay, captured by a detector, when varying the incident light intensity, the electrical 

amplification (gain) and applying different types of signal processing strategies while 

keeping temperatures constant. Variation in the evaluated lifetime at a fixed temperature will 

have a direct negative impact on the precision of the surface temperature measurements. 

 Decay times of different phosphors span a range from a few milliseconds down to the 

nanosecond regime. To investigate the lifetime stability different strategies with the CdWO4 

and the La2O2S:Eu phosphors were used. This work focuses on the parameters that influence 

the stability of the lifetime evaluated from the PMT signal such as, laser intensity, gain, 

temperature, phosphorescence signal intensity and external amplification of the detected 

phosphorescence signal.  
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Figure 1.1 Temperature sensitivity for a selection of phosphors. Decay time vs. temperature 

(blue curves) can be read on the left y-axis. Measurements based on spectral Ratios are 

displayed as dashed and can be read on the y-axis to the right [1]. 
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Chapter 2: Theory 

2.1 Thermographic phosphors (TP) 

 

The Lanthanides and Actinides are rare-earth elements, which have similar chemical and 

physical properties. Rare-earth elements were first discovered by Lieutenant Carl Axel 

Arrhenius in 1787 in the village of Ytterby, Sweden[2]. 

Phosphoresce radiation can be obtain when the phosphors are optically excited, for example 

by appropriate laser radiation; the energy is absorbed by atoms and an electron jumps to a 

higher energy state. When the molecules make a non-radiative transition to a lower triplet 

state through collision, for example, the molecules can accumulate in such a triplet state for 

long time, since the transition to the singlet ground state is forbidden according to quantum 

mechanical selection rule. Therefore a weak light emission with a long lifetime is obtained 

[3]. 

When the temperature varies, the emission spectra are changed for any materials, this is due 

to the population  distribution in the rotational and vibrational levels of the ground and 

excited state being altered according to the Boltzmann expression [1]. In order to associate 

the phosphorescence signal to a specific temperature, a calibration process is required. The 

temperature response for a number of phosphors is presented in Fig.1.1. It shows that overall 

they are sensitive in a temperature range extending to in excess of 1200 
0
C.  

The information provided by the calibration curves helps in the choosing of the appropriate 

phosphor for the application of interest. To obtain a decent temperature resolution and to 

minimize background interference, the phosphor emission needs to have steep temperature 

dependence and emit high signal intensity preferably in the blue spectral region.  

Laser induced phosphorescence thermometry can be applied for surface temperature 

measurements in numerous combustion applications , such as gas turbines blades in aircraft 

jet engines, pistons in car engines and, for  non- metals as well depending in the application. 

Surface coatings of phosphor can be applied either temporarily or permanently. Many 

problems associated with the application of conventional thermometry techniques, e.g. the 

use of thermo couples, in combustion environment can be circumvented by applying TP, 

especially when moving targets are considered. 

 

 

 

 

 

http://en.wikipedia.org/wiki/Carl_Axel_Arrhenius
http://en.wikipedia.org/wiki/Carl_Axel_Arrhenius
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 In the section below the two phosphors used during this thesis are presented.  

2.1.1. La2O2S:Eu 
 

The transition from the 
5
D2, 

5
D1, and 

5
D0 states give a strong temperature sensitivity at low 

temperature of the emission line at 512 nm, 538 nm, and 624 nm respectively[1]. The 

phosphor was excited by the third harmonic of a Nd:YAG laser at 355 nm. Fig.1.2.  shows 

the comparison between La2O2S:Eu and CdWO4 phosphors and indicates a difference in 

lifetime corresponding to one order of magnitude. 

 
Figure 2.1 Temperature Calibration Curve for the CdWO4 and La2O2S:Eu phosphors 

(graph provided by Christoph Knappe) 

2.1.2. CdWO4 

 

Cadmium tungstate (CdWO4), which is a phosphor emitting a blue radiation. The CdWO4 

phosphor has two absorption peaks centred at 295 nm and 266 nm respectively. The phosphor 

was excited by the fourth harmonic of a Nd:YAG laser at 266 nm.  The lifetime of CdWO4 at 

room temperature was about 11 µs and at a temperature of 275 °C the lifetime decreased to 6 

ns (sees Fig.2.1.).  
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2.2 Temperature measurement using the lifetime method 

 

The phosphorescence radiation properties from thermographic phosphors are temperature 

dependent. Consequently any variations in temperature will cause a change in lifetime. The 

intensity decays exponentially. The temperature can thus be calibrated and determined by 

calculation the phosphorescence lifetime from measured intensity decay. This is usually done 

by fitting the intensity decay according to this relation: 

 

      
  

                                                           (2.1)     

 

where     is the initial intensity,   is time and   is lifetime or decay time. 

 

Figure 2.2 Decay signals from La2O2S:Eu at 23, 65 and 110 
0
C  respectively. 

 

The resulting decay times are related to temperatures through calibration measurements. 

Later it will be possible to retrieve the temperature from the measured phosphorescence 

decay time by fitting the intensity decay to equation 2.1, and using calibration data.  
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2.2.1 Evaluation of lifetime  
 

Most phosphor time decays show a weak multi-exponential dependence, causing single-

exponential fitting to be dependent on the chosen time window of investigation. An iterative 

algorithm similar to Brübach et al [4]was applied for evaluation of the phosphorescence 

lifetime τ. 

2.2.1.1 Lifetime evaluation using a fix time window 
 

In this method the start point and end point of the fitting window are pre-defined. The fixed 

window method uses an exponential fitting function that already exists in the MATLAB 

library. The fitting is a least square fitting routine that doesn’t take into consideration the fact 

that the lifetime decay might be multi-exponential. Since the fixed window method takes a 

certain decay length, there will be no walk off to the both sides of the fitted curve. That is the 

reason why the multi-exponential components of the decay will have always constant effect 

on the evaluated lifetime. The fitting window starts at a certain time after the start of the 

lifetime decay. Different temperature means different fitting windows this introduces random 

errors and this is the reason behind the disadvantage of the fixed window. 

 

 

Figure 2.3 Constant fitting window, the start and the end point of window do not move. 
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2.2.1.2 Iterative method on evaluated decay time 
 

The lifetime of phosphor signal can vary several orders of magnitude with temperature. This 

means that the lifetime of the phosphor signal at a certain temperature might be quite 

different if the temperature is changed. At high temperature the decay time becomes shorter 

than at low temperature. Using the same fitting window for decay curves obtained at two 

different temperatures will result in an error in the estimation of lifetimes. To overcome this 

issue when evaluating lifetime, an iterative lifetime dependant approach that sets the fitting  

Figure 2.4 Flow chart of algorithm applying the iterative fitting window  

(Image created by Christoph Knappe). 



 

Division of Combustion Physics, Lund University |  8 

 

window width and position in relation to the evaluated decay time (figure 2.4) has been used. 

Initial estimation of the lifetime is determined earlier. The window will start at a certain time 

after the laser peak for example after 1 τ and it will end after 5 lifetimes. The obtained 

lifetime is compared to the initial estimation, and if the two lifetimes are equal then the loop 

ends. However, if the two values differ from each other, the new estimated τ is then used as 

initial value for the second loop. This process will continue until a stable solution is found 

(see fig. 2.4 and 2.5), but the loop is stopped after 30 iterations to prevent infinite looping. 

 

 

 

Figure 2.5 Iterative fitting windows 

 

Sometimes when the fitting window walks off either in one or in the other direction, the 

obtained lifetime results are unstable. When the oscillation in τ is high, the iterative process 

loop does not stop, whereas in the case of small oscillation, after 30 iterations, an average of 

the last 10 solution is calculated from τ. In addition difference in signal intensity might alter 

the conditions for the initial estimation of τ. As a consequence, the position of the iterative 

window might then vary too. 
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2.3 Detector impact on evaluated decay time 
 

Temperature evaluation is induced directly from the computed decay time. Since the detector 

saturation introduces changes to the detected lifetime, this will reflect as a systematic error in 

the calculated temperature. So, any source of error that might affect the lifetime value will 

directly affect the value of the temperature as well. 

 

2.3.1 Nonlinear intensity response 
 

Nonlinearity in the detector response can have a significant influence on the evaluation of the 

lifetime. The calculated decay time should be constant regardless of signal intensity for a 

given temperature. However, earlier work by Christoph Knappe at Lund University has 

proved that this relation is unreliable, and the detected intensity level has shown to have an 

impact on the resulting decay time.  

Figure 2.6 shows the two cases, first when the evaluated lifetime does not alter when 

changing the intensity of the input signal (blue curve), whereas the red curve shows variation 

in lifetime evaluation when the input intensity is altered.  

 

Figure 2.6 Linear and Nonlinear intensity response. 

 

The red curve is realistic measurement data whereas the blue is the same data post processed 

to illustrate the behaviour of an idealized detector response.  



 

Division of Combustion Physics, Lund University |  10 

 

There is a good signal available on the lab during the calibration process, but in the real 

applications like engine experiments it might introduce systematic errors when the measured 

intensity is much weaker compared to the calibration measurements. Figure 2.7 shows 

examples of decay times calculated from measured intensity decay curves time from two 

different temperatures 50
0
C and 75

0
C using the La2O2S:Eu phosphor.  

Figure 2.7 Evaluated lifetimes for 50 
0
C and 75 

0
C temperatures. Different              

gain settings at the two temperatures can result into the same evaluated lifetime.  

 

For each temperature there are two measurement series with different gain settings.  To 

decrease the intensity on the PMT the gain is reduced. Two different gain setting are tested at 

two different temperatures. The measurements at each temperature are performed in rapid 

sequence immediately after each other, thus the temperature remains constant. The evaluated 

decay times went down when the gain was lowered, the problem become more evident by 

plotting a horizontal line that indicates how the lifetimes for the two different temperatures 

end up at similar number (Figure 2.7). 

2.3.2.   Basic principle of Photo-Multiplier Tubes 
 

A photomultiplier tube, which is a vacuum tube, consists of a photosensitive cathode, in 

which the absorption of a photon releases an electron that is accelerated towards the dynode. 

The current is amplified exponentially when electrons pass through a chain of dynodes. Each 

electron gives rise to several secondary electrons at each impact in the dynode chain the 

generated secondary electrons are the accelerated towards the next dynode. This process will 

continue over successive dynode stages, a high current amplification is achieved. See Fig.2.8. 
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Figure 2.8 the voltage at each dynode is determined by a chain of resistors. The resistors 

may be Zener diodes as it is important to maintain a constant voltage. The resistors can 

also be connected to capacitors to maintain a high voltage, even for strong pulsed currents 

 

After the electron avalanche passes through the dynode chain they are collected by the anode 

of the photomultiplier tube and outputs the electron current to an external circuit. The current 

amplification in the dynodes is due to electron multiplication. The relationship between the 

multiplication factor and dynode voltage is illustrated for a typical dynode material in Fig.2.9. 

 

 

Figure 2.9 The yield of secondary electrons as a function of the voltage between the 

dynodes. In this case the e dynodes are beryllium-copper [5]. 
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The photocathode material controls many aspects of the characteristics of the PMT such as 

the spectral response and quantum efficiency. This means that not all striking photons on the 

photocathode surface emit a photoelectron and are therefore not detected. On the other hand, 

photocathode thickness is playing an important role that influences the response from the 

absorbed photons. In the case of a thicker photocathode, additional photons will be absorbed 

but only some photoelectrons emitted from the back surface [6].The quantum efficiency can 

be determined by: 

                   
                           

                          
                               (3.1) 

The sources of noise in photomultipliers can be summarized by three types: Shot noise, 

Multiplication noise and Thermal noise. Shot noise is dominating at high signal levels and is 

caused by the random statistical nature of the photon-electron conversion. The multiplication 

noise is due to the amplification difference of the dynodes. Such difference may cause an 

increase in the noise level.  The third type of noise is also called Jonson noise (power 

converted to heat) and is due to the thermal movement of the electrons in a material.  

 

2.3.3 Detector saturation  
 

Saturation in a PMT occurs if either the photocathode is impoverished by too many photons 

hitting it (optical saturation) or if at least one of the avalanche dynodes cannot produce 

enough secondary electrons (electrical saturation). Then, the amount of light energy that is 

captured by the PMT or the electrical amplification factor (gain) might cause the device to go 

into the saturation regime. If this happens the saturation might result in virtually longer 

lifetime being calculated. Figure 2.10 shows the linearity as a function of input intensity  
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Figure 2.10 The linearity as a function of input intensity[7] 

2.3.3.1 Optical saturation 
 

The Photocathode in the PMT is made of semiconductor material. It converts the energy of 

incoming light into photoelectrons. Electrical properties of the photocathode depend on the 

material type. The sensitivity of photocathode varies with the wavelength of incoming light. 

The saturation occurs when too many photons hit the photo cathode at the same time causing 

it to deplete the free electrons in the valence band. 

2.3.3.2 Electrical saturation 
 

Electrical saturation sets in when at least one of the dynodes has depleted it’s electrons not 

being able to deliver the same multiplication as the dynode before.  This can be caused by a 

too high electrical gain which increases the multiplication factor in between the dynodes, but 

can even happen at moderate gains if a lot of primary electrons have been released by the 

photocathode. 

This causes a large current flow in the dynodes, which thereby increasing the space charge 

density, and causing current saturated[7]. This is cause by anode linearity characteristic 

(Fig.2.8.). The limitation of anode linearity is due to two factors: the voltage-divider circuit 

and space charge density effects due to a large current flowing in the dynode[7].  
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Chapter 3: Experimental work 
 

This section covers a brief description of the equipment that has been used during this thesis 

work. 

3.1 Experimental setup 
 

To test the linearity and other characteristics of the PMT, the setup is optimized for that 

purpose. The setup is mainly composed of Laser (excitation source), Phosphor sample (test 

medium), PMT (detector), and Oven (for temperature variation).     

 

Figure 3.1 the experimental setup for Laser-Induced Phosphorescence 
 

The phosphor sample was placed inside an oven and probed at different temperatures. A 

photomultiplier tube (PMT) collects the phosphorescence that has been induced by the laser. 

A thermocouple glued onto the sample surface provides the reference temperature.  

The setup is composed of an excitation source which is an Nd:YAG laser that had  harmonic 

generators that produce 266 nm or 355 nm radiation, Oven, Oscilloscope, PMT,MCP_PMT, 

Thermocouple, Filters, Iris, and Powermeter. 
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3.2 Experimental equipment 
 

3.2.1 Excitation source  
 

Laser-induced phosphorescence can be performed by using a pulsed laser, Nd:YAG running 

at its tripled or quadrupled harmonic.  The excitation bands are in the UV-region. In this 

project the laser was operated at two different wavelengths (266nm and 355 nm). Often the 

active medium in an Nd:YAG laser is excited by flash lamps. In this work Nd: YAG Quantel 

Brilliant B was used, the laser emits wavelengths at 1064, 532, 355 and 266 nm.  The 

operation of Q-Switch mode of the Brilliant B laser produces pulses with a duration  of 

approximately 4-6 ns. The maximum energy per pulseare: 850 mJ @1064 nm, 400 mJ @532 

nm ,185 mJ@355nm, and 90mJ@266  nm[8].  
 

3.2.2 Oven  
 

The product name of the oven is ENTECH ENERGITEKNIK AB and model type SPECS 

No. 89270. The oven has an internal tube in the form of a T. The T-shaped tube is joined 

together with high temperature cement, which can withstand  temperatures of maximum 1200 

degrees C. The temperature can be set to desired values. The controller is programmable and 

can follow an appropriate heating curve. The oven tube is sensitive to thermal shock and it is 

therefore recommended that the temperature  is changed slowly. Temperature-ramp should 

not exceed 2-3 degrees 
0
C/ min. The power is 9 KVA 380/220 Volt. 

 

3.2.3. Thermocouple  

 

Thermocouple wire is normally designed for use in higher temperatures. Thermocouples are 

common sensor which are used to measure temperature. The repeatability and accuracy of the 

temperature measurement is essential for both the control of complex engineering 

systems/processes and research purposes. The thermocouple is placed where the temperature 

is to be measured. In this thesis work, the thermocouple wire was glued onto the sample 

surface inside oven to provide a reference temperature. Lab View Software was used to 

collect data from the thermocouple and calculate every temperature as a mean value/std. The 

actual thermocouple temperatures are stored in the text file. The MATLAB calibration code 

read temperature from text file and calculates Ti and ΔTi then sorts the temperatures and 

matched them to the decay curve file. 
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3.2.4. Powermeter  
 

The laser power meter that has been used is manufactured by OPHIR Laser Measurement 

Group Nova II. This is a device for the measurement of the power of laser pulse. The basic 

principle of powermeter is converting the optical power to heating power which thereby 

causing a temperature rise. The model Nova II laser power/Energy can operate with thermal, 

piezoelectric and photodiode heads. OPHIR thermal powermeter are useful for average 

powers between ∼ 0.01 W and several 10 watts. 
 

3.2.5. Oscilloscope  
 

An Oscilloscope is an electronic instrument that allows for the observation of the 'shape' of 

electrical signals by displaying a graph of voltage versus time on its screen.  The oscilloscope 

used in this study was a:  LECROY WaveRUNNER®6000A SERIES DSO.. WaveRunner 

6000A series oscilloscope was designed to operate application software runs on a Windows 

platform. The oscilloscope has maximum sampling rates of 2.5GS/s if the four channels are 

used and 5.0 GS/s if only two channels are used. A sampling rate of 500 MS/s is frequently 

used in this thesis. Higher sample rates don’t provide any more advantages on the contrary 

the file size increases and thus computation time. The internal resistance of the oscilloscope 

is set to a value of 50 Ohm. 
 

3.2.6. Current -to-Voltage Amplifier   
 

The signal from a photomultiplier tube is current; a current -to-voltage was used to convert 

the current to voltage and then amplified. There are two ways of connecting the 

photomultiplier tube to an oscilloscope. The first method connects the output current from 

photomultiplier tube across a 50 ohm resistor in the oscilloscope and the voltage is measured 

across this resistor. The PMT has a maximum DC output current limit of 100µA[9] to prevent 

the PMT from being saturated. The second method connects the current output through an 

amplifier of amplification factor value of 200. The current-to-voltage amplifier is in house 

made which has bandwidth of 5 MHz (correspond to 200ns broadening). Current- to-voltage 

converter helps keeping the PMT below saturation levels because the amplification increases 

the signal without the need to increase PMT gain.   
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3.2.7. Light Detectors 
 

Light detection is a very crucial process to identify many physical phenomena. Detectors are 

essential for many applications such as spectroscopy, diagnostic, high energy physics, 

thermographic phosphors, and so on. The detector of optical radiation can be divided 

according to their operating principle into major categories: Temperature-sensitive and 

Quantum detector. This thesis work focused only on a quantum detector in which a single 

photon strikes a metal or semiconductor in a vacuum, eject electrons from surface and get 

detected. 
 

3.2.7.1 Photomultiplier tube (PMT) 
 

A Photomultipliers tube is characterized by a fast time response. Time response is defined as 

the duration of time taken by the photoelectron to get multiplied through the dynodes and 

reach the anode. The Photomultiplier tubes (frequently shortened as PMT) are sensitive for 

detection of very weak signal. The PMT used in this thesis work is Hamamatsu H6780-04 

which has spectral response from 185 nm to 850 nm. This corresponds to a range from UV 

through, visible, to the near infrared region. The DC output current of PMT is limited to 

100µA. The gain of a photomultiplier tube can be calculated by the number of dynode stages 

N and the average numbers of free secondary photoelectrons δ that are created from one 

incoming electron in each dynode.  Then the current amplification factor (G, gain) is G= δ
N
.  

A gain knob ranging from 0 to 9.9 is determining the PMT gain control voltage (see Fig.3.2.).  

 

Figure 3.2 the relationship between gain knob and pmt input control voltage 
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Any change in PMT gain causes a variation in the voltage across the series of dynodes.  The 

relation between the voltage and gain is nonlinear (Figure 3.3); small changes in voltage can 

produce large change in gain. The PMT gain in the Figure 3.3 corresponds to the electron 

multiplication in the dynodes chain.  

3.2.7.2 Multi-channel Plate PMT (MCP- PMT) 
 

The MCP PMT is different from regular photomultipliers since a multi-channel plate is used 

for electron multiplication instead of a dynode chain. This difference in structure and 

operation offer some advantages such as fast time response (in the picoseconds range), and 

high gain. Each channel in the MCP works as an independent electron multiplier. The 

principle of multiplication is when a primary electron hits the inner wall of a channel, several 

secondary electrons are released, and then they are accelerated by the electric field provided 

by the voltage applied across the two ends of the MCP. These secondary electrons hit the 

channel walls repeatedly and create further secondary electrons [7]. The MCP_PMT model 

used is Hamamatsu R5916U-50 series. The features of this detector are: High speed gating 

by low supply Voltage (+10 V), gate rise time of 1 ns, gate width of 5 ns, fast rise time of 180 

ps. 

 

 

 

 

 

 

Figure 3.3 the relationship between gain on the dynodes and PMT input control voltage 
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3.3.1 Gain variation for La2O2S:Eu at different temperatures 
 

The time decay of La2O2S:Eu at different temperatures was investigated using an current-to-

voltage amplifier in a setup according to figure 3.1.. The table below shows the experimental 

parameters that were varied in this investigation. In order to protect the detector operating in 

amplified mode, the maximum output voltage should be considered. The maximum output 

current for a PMT working in continuous mode is 0.1 mA[9]. By taking into consideration 

the value of oscilloscope resistor and the amplification factor a maximum output voltage of 1 

V is found (0.1 mA*50 Ohm(oscilloscope resistor)*200=1 V). there are two gains at each  

 

Table 3.1 The Calibration parameters for La2O2S:Eu-phosphor 

La2O2S:Eu-phosphor-calibrating (540nm); FL- QS -426us, Pulse Energy = 0,07mJ 

T 
0
C gain1 gain2 t/div [µs]  

 

 

There are 2 gains for each temperature. One at 

5.8 and one that changes with phosphorescence 

intensity in order to get 1V output power. 

 

 

 

 

 

 

 

 

23 5.8 5.8 50 

110 5.8 6.1 50 

200 5.8 6.0 5 

315 5.8 6.0 0.2 

350 5.8 6.2 0.2 

330 5.8 6.3 0.2 

275 5.8 6.2 0.5 

250 5.8 6.2 1 

225 5.8 6.15 2 

180 5.8 6.0 10us 

145 5.8 6.0 50us 

125 5.8 6.0 50us 

75 5.8 5.3 50us 

50 5.8 5.4 50us 
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3.3.2 MCP-PMT vs. PMT for CdWO4 phosphor 
 

The two detectors were compared while investigating the stability of the evaluated 

phosphorescent decay as a function of incident light intensity at 164 
0
C and 185 

0
C . These 

two temperatures were chosen due to the fact that the maximum gate width that can be 

obtained from the MCP-PMT is 1µs and the lifetime for CdWO4 at room temperature is 

around 11µs. At high temperatures the lifetime becomes shorter, which enables the decay to 

be recorded within the MCP gate width. As criteria for this evaluation phosphorescence 

intensities of the MCP-PMT and standard PMT are matched at a single time after the start of 

the decay. The figure 3.4 shows meaning of matching decay intensity and peak intensity. 

Table 3.2 PMT vs. MCP-PMT 

T=164 0C, intensity matched at t = 1τ 

PMT-
Gain 

MCP- 
gain(V) 

Peak intensity  
Match 

intensity(mV) 
Ch.2 Ch.1 

MCP-PMT(mV) PMT(mV) 

7.0 2161 1350 1014 296 

6.8 2155 1116 900 302 

6.6 2138 950 802 270 

6.4 2114 804 696 260 

6.2 2108 650 609 160 

6.0 2086 540 530 145 

5.8 2065 450 450 110 

5.6 2043 380 380 80 

5.4 2021 300 335 53 
 

Table 3.3 PMT vs. MCP-PMT  

T=184 0C ,  intensity matched at t = 1τ 

PMT-
Gain 

MCP- 
gain(V) 

Peak intensity  
Match 

intensity(mV) 
Ch.2 Ch.1 

MCP-PMT(mV) Reg. PMT(mV) 

7.0 2192 1244 1000 240 

6.8 2171 1030 880 200 

6.6 2150 900 780 180 

6.4 2133 700 700 160 

6.2 2110 600 600 150 

6.0 2090 480 530 130 

5.8 2068 360 450 115 

5.6 2046 290 390 100 

5.4 2023 250 320 60 
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Figure 3.4 Matching decay intensity (left) and peak intensity (right) of two different 

detectors. 
 

 

3.3.3 Amplified PMT vs. non amplified PMT for CdWO4 phosphor 

matching decay intensity 
 

An investigation about the effect of the current-to-voltage amplifier on the evaluation of the 

lifetime of the phosphorescence was done. The setup included two identical PMTs with 

interference filters of central pass wavelength of 450 and a spectral width of 10 nm FWHM. 

The first PMT was connected through the amplifier. The second PMT was connected directly 

to the oscilloscope. The used phosphor is CdWO4, with an excitation wavelength of 266 nm. 

The phosphorescence peak occurs at a wavelength of 450 nm.  

 

Table 3.4 Amplification PMT vs. Non Amplification PMT 

The temperature registered is 185 
0
C, matched at t = 1τ  

Gain Max. Peak Intensity (mV) Matching 

intensity(mV) Non Amp(Ch1) Amp(Ch2) Non Amp Amp 

7,0 2,8 900 230 200 

6,8 2,73 760 200 170 

6,6 2,65 720 150 140 

6,4 2,56 650 120 95 

6,2 2,48 550 100 75 
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3.3.4 Amplified PMT vs. non-amplified PMT for CdWO4 phosphor 

matching peak intensity. 
 

This experiment is similar to 3.3.3, only this time the peak intensity was matched. In order to 

investigate the behaviour of linearity stability region of the detector, a comparison between 

the amplified and non-amplified configurations of the PMT was done. The gain setting was 

varied between maximum values of 9.0 to a minimum of 3.0. The gain was decreased with 

steps of 0.2. Also, temperature was changed and measurements were performed at 19, 62, 

101, 154, and 185 
0
C respectively (see Appendix tables 1.1-1.5) 

3.3.5 Gain, iris size, and laser intensity variation effect 
 

To study which of these parameters has a big influence on the stability region of the PMT 

detector, the iris size, laser intensity, and gain were varied (Figure 3.1). First, the iris size was 

changed while keeping the laser intensity and the PMT gain setting constant. The iris size is 

changed among 5 different positions. Then, the iris size is fixed to middle position and the 

gain was changed to match the peak intensities that were obtained by the iris change. Then, 

the gain and iris size are fixed and the laser intensity is changed by changing the Q-switch 

delay to match the intensities got earlier when the iris size was changed. The conditions and 

registered parameters are presented below in table 3.5. The iris position 1 correspond to 

smallest size and 5 the largest. As a reference third position of the iris is used to fixed the 

gain and laser intensity. 

Table 3.5 Gain, Iris size, laser intensity variation. Only one parameter was varied at a time, 

while the rest was kept constant at the grey market values.  

Iris 

Pos. # 

Max output  

Intensity 

Amplified 

PMT (mV) 

Max output  

Intensity 

Non-Amp 

pmt(mV) 

Laser 

Power(mW) 

Q-switch 

delay(µs) 

Gain Var. 

Amp  

Gain Var. 

non-Amp  

1 68 250 NA 382 5.80 2.34 

2 388 810 7.8 312 7.70 2.85 

3 570 978 15.0 300 8.20 2.98 

4 802 1154 33.5 283 8.59 3.15 

5 1395 1395 55.5 268 9.12 3.36 
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Chapter 4: Results and Discussion  

4.1. Gain variation for La2O2S:Eu at different temperatures 
 

To investigate the effects of laser intensity variation and PMT gain variation on the linearity 

response of the PMT and thus the evaluated lifetime, linearity tests have been conducted on 

the La2O2S:Eu phosphor . The La2O2S:Eu phosphor at different temperatures have been 

tested. 

Figure 4.1 shows decay times for room temperature at a constant gain of 5.8. The spread on 

the x-axis (maximum PMT output voltage) is due to the shot-to-shot laser intensity variation. 

Clearly, already this laser intensity spread caused the lifetime to change significantly. The 

intensity range is between 0.92 to 0.90 output volts on the output PMT, the intensity is 

changed 2% that results in 20% error in the temperature.  This variation is too small to be 

seen when put into relation to the whole range of lifetimes from a calibration curve, but when 

isolated the non-linearity behaviour is more accurately displayed. The trend shown in the 

figure indicates that lower intensity will give shorter decay time and vice versa. The decay 

lifetimes range corresponds a computed temperature range of 21 
0
C to 26 

0
C although the 

measurements have been performed at a fixed temperature of 23 
0
C. 

 

Figure 4.1 Measurement points lifetime for La2O2S:Eu at room temperature   

 

The two methods for evaluation (see chapter 2.2.1.1 and 2.2.1.2) were plotted in Fig.4.1, the 

constant fitting window (blue) and iterative fitting window methods (red) are displayed. A 

fixed fitting window yields equal results as the iterative fitting window. This is a proof that 

the nonlinearity behaviour in the PMT is a pure physical effect; the evaluation algorithm does 

not contribute to the nonlinear behaviour of the PMT. 
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In the case of higher temperature (Figure 4.3), where two gains are used the non-linearity also 

exist but the trend is less pronounced. The non-linearity effects are totally detector related 

this means the phosphor type does not have any major effect on the evaluated lifetime. At 

high temperature the phosphorescence signal decreases, this can be compensated electrically 

by increasing the gain on the PMT. All maximum PMT output goes at least to 1 V for all 

temperature. 

 

 

 

         Figure 4.2 Measurement points lifetime for La2O2S:Eu at 57 
0
C 

 

         Figure 4.3 Measurement points lifetime for La2O2S:Eu at 110 
0
C 
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Figure 4.4 Measurement points lifetime for La2O2S:Eu at 275
0
C 

 

 

The non-linearity slope is lower at the highest temperature (Figure 4.4) where the computed 

lifetimes are showing a reasonable overlap. This is indicating that the weak signal intensity 

produced at higher temperatures might reduce saturation problems in the PMT detector but 

the lifetime slope can also be connected to the short lifetime at high temperature. 

 

 

 

 

 

 

 

Figure 4.5 Measurement points lifetime for La2O2S:Eu at 75 
0
C 
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Figure 4.6 Measurement point’s lifetime for La2O2S:Eu at 125 
0
C 

 

Figure 4.7 Measurement point’s lifetime for La2O2S:Eu at 145 
0
C 

 

Figure 4.8 Measurement point’s lifetime for La2O2S:Eu at 200 
0
C 
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The situation gets more obvious for the lower temperatures (Figure 4.2 and Figure 4.5). The 

output voltage of the PMT is increased to a high level that caused the trend to suddenly flip 

direction. The flip effect is due to the unknown causes that need further investigation in the 

future.  

               Figure 4.9 Measurement point’s lifetime for La2O2S:Eu at 180 0C 

 

 

Figure 4.10 Measurement point’s lifetime for La2O2S:Eu at 245 0C 
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For all temperatures the behaviour is almost the same, in which better linearity is achieved at 

high temperature due to lower input signal intensity hitting the detector. The lifetime spread 

as a function of output voltage is larger at high temperatures and short decays. 

From all above curves, the slope was found from each curve; at each temperature there is 

lifetime τ at 1 V, all slopes are plotted against lifetime τ. 
 

 

Figure 4.11 the slope versus tau for all measured temperature  

 

In the section 2.3.1 (Nonlinear intensity response) it has been mentioned that the calibration 

at one intensity and measuring at another intensity cause the temperature to have systematic 

errors. To overcome this issue, this calibration plot at reference intensity 1 volt could be used 

for corrections. From this plot it is possible to interpolate more points between measured 

points. Thereby it is possible to determine the slope for new points that help to correct for 

possible errors in the determined temperature. Using the obtained slope correction of PMT 

nonlinearity due to intensity variation could be done.  
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4.3 MCP VS PMT for CdWO4 phosphor 

The CdWO4 phosphor gives lifetimes that are one order of magnitude shorter than the 

La2O2S:Eu phosphors (see Figure 2.1). The Photomultiplier tube (PMT) and Micro-Channel 

Plate (MCP) were used to study the stability regions of the evaluated phosphorescence decay 

from both detectors. The temperature was registered at 164 
0
C and 185 

0
C.Figure 4.14 shows 

that the curve deviates from the linearity when the current on the PMT is increased. The 

investigated intensity range translates into about 1 volt from minimum to maximum. When 

linearity of the detector is mentioned it is meant the detector will give same decay time for 

varying input intensities. So, linear behaviour would be presented as a horizontal distribution 

of lifetime versus intensity. However, from figure 4.12 the behaviour of lifetime distribution 

is taking slope which represent the non-linearity of the behaviour.  

It can be deduced from this curve that the linear response of the PMT is limited to an output 

current of maximum few milli-amperes. For comparison the MCP detector was used at the 

same temperature as the conventional PMT.  The MCP shows better linearity but the shape of 

the curve shows some variation in MCP PMT linearity. The MCP_PMT results (Figure 4.13) 

shows same variations but it is still around a fixed range of lifetimes. While the PMT (Figure 

4.12) shows different lifetime distribution for varying phosphorescence intensity.   

 

 

 

 

 

Figure 4.12 Decay time characteristic for PMT @ T=164
0
C 

Figure 4.13 Decay time characteristic for MCP @ T=164
0
C 
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When the temperature is higher see (Figure 4.14 and 4.15), the trend in both cases show 

better linearity and the non-linearity behaviours become less pronounced. The slope of the 

PMT non-linearity in higher temperature is less than the corresponding non-linearity slope at 

lower temperature. This might be due to the lower phosphorescence intensity produced at 

higher temperature or due to the shorter lifetime produced at higher temperature. 

 

 

 

 

 

 

 

 

 

 

Figure 4.14 Decay time characteristic for PMT @ T=184
0
C 

Figure 4.15 Decay time characteristic for MCP_PMT @ T=184
0
C 
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4.4. Amplified vs. non- amplified for CdWO4 phosphor at matching 

decay intensity. 
 

In this investigation the gain of PMT was varied while the laser intensity was kept constant. 

The two curves show the linearity behaviour of both non-amplified (Fig.4.17) and the 

amplified (Fig.4.16). In this experiment the decay intensities were matched to provide closer 

look into the linearity of the detector. It can be noticed that amplified PMT provide by far 

superior linearity when compared to non-amplified PMT. This is due to the fact that the 

amplified configuration prevents the PMT dynodes from getting saturated. This has been 

achieved by lower PMT gains and external amplification. On the other hand, saturation effect 

drives the non-amplified PMT configuration to have non-linear response towards the 

incoming phosphorescence signal. These results also indicate that the linearity region is 

limited by a maximum intensity current. That means any input signal with an output voltage 

greater than 0.3 volt has non-linear effects embedded in it. Although the amplified 

configuration of the PMT provides somehow linear response the input intensity, the amplifier 

gives rise to a higher level of noise in the output signal. Furthermore, the amplifier broadens 

the output signal and makes the evaluation of fast decays, faster than 5 MHz (corresponds to 

200 ns), near impossible to achieve. 

 

Figure 4.16 Amplified PMT at T185 for matching decay intensity 

Figure 4.17non- amplified PMT at T185 for matching decay intensity 
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4.5 Amplified vs. non- amplified for CdWO4 phosphor at matching 

peak intensity. 
 

To observe the linearity behaviour in the PMT used, measurements were taken at several 

temperatures. In this measurement the gain of the amplified and non-amplified was changed 

to get matching of the phosphorescence peak intensity. The decay time showed similar 

behaviour through all the temperatures for the non –amplified PMT. But the results show 

better linear response of the amplified PMT with the best results obtained at high 

temperatures. Figure 4.18 is clear evidence on the non-linearity of the detector with 

increasing gain on the PMT. The lifetime value increases with increasing gain that leads to a 

big difference among the evaluated phosphorescence decays. This non-linear behaviour is 

due to the saturation effects in the PMT dynodes.  As the intensity decreases the signal to 

noise ratio decreases also which result in higher systematic errors in lifetime determination. 

These errors are displayed as large spread of decay time values at low intensity.  

 

 

 

Figure 4.18 non-amplified PMT at T=19.5
0
C 

Figure 4.19 Amplified PMT at T=19.5
0
C 
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The saturation effect changes the shape of the output current distribution from the PMT 

which ideally follows the shape of the input intensity distribution. Figure 4.19 represents the 

result given by an amplified PMT with same temperature condition as non-amplified. The 

results indicate better linearity of the PMT in the amplified configuration. This might be due 

to the low gain settings for the detector which minimises the saturation of the dynodes. These 

give better results compare to non-amplified PMT.  

 

 

 

 

 

 

 

Figure 4.20 Amplified PMT at T=62 
0
C 

 

Figure 4.21 Non-amplified PMT at T=62 
0
C 
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In some of the figures in this section (Figures .4.21-23-25-27), subgroups are formed due to 

the fact that the measurements were done by changing the gain by step of 0.2. This step 

resulted in output life time distribution that looks like small sub-groups and not continuous 

distribution.  

 

 

 

 

 

Figure 4.22 Amplified PMT at T=101 
0
C 

 

Figure 4.23 Non-amplified PMT at T=101 
0
C 
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Figure 4.24 amplified PMT at T=154
0
C 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.25 Non-amplified PMT at T=154 
0
C 
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For high temperatures, i.e. shorter phosphorescence decays, the intensity of the 

phosphorescence decreases. Because the amplified PMT is driven with lower gain values 

than the non-amplified, the amplified PMT reacts more linear but with higher noise. For an 

output of 2.5 volt the gain of amplified PMT is set to 3.3 while the gain of non-amplified is 

9.0. 

 

Figure 4.26 amplified PMT at T=185
0
C 

 

 

 

Figure 4.27 Non-amplified PMT at T=185 
0
C 
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For all amplified and non-amplified curves measured at different temperatures, the slope was 

found from each curve. For every temperature lifetime τ is taken at an intensity of 1 volt; all 

slopes are plotted against lifetime τ. 
 

 

 

 

 

The method applied in section 4.1 where the fitting slope have been plotted against lifetime 

evaluated from curves with peak intensity of 1 V. The slope of the decay times  of the two 

phosphor types are plotted for amplified and non-amplified PMT verses The corresponding 

lifetime evaluated at 1 V  It can be noticed from figure 4.28 that amplified gave a smaller 

slope variation with the range of evaluated lifetimes. This also indicate that the amplified 

PMT configuration provide better linearity for the output of the PMT. As with the figure 

4.11, figure 4.28 can also be used to introduce correction to the calculated lifetime and thus 

correction of the deduced temperature.    
 

 

 

 

 

 

 

Figure 4.28 fitting slope versus tau for amplified PMT and non-amplified PMT  

for all measured temperature 
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4.6 Gain, iris size, and laser intensity variation effect 
 

The results obtained from the variation of the Gain, Iris, and laser intensity (see Fig.3.1.) 

detected by the non-amplified PMT are plotted below. Where, every variation has been given 

a specific colour to distinguish between them. The laser variation shows the maximum value 

for stability and linearity over the whole region of output intensity. The gain of non-amplified 

PMT was fixed at 8.20 (see table 3.5) when laser intensity is varied. The iris modification 

produces a nonlinear behaviour in our lifetime calculation. Finally, the gain variation 

produced a nonlinear behaviour that stabilized near the middle of the range because they were 

first matched at the middle iris size 

 

Figure 4.29 gain, iris, and laser intensity variation for non-amplified PMT 

  

Similar conditions were applied for the amplified PMT as the non- amplified PMT, but the 

behaviour was totally different that than shown by the non-amplified PMT. The behaviour 

can’t be described precisely due to the fact that that it shows random behaviour for all 

variations applied whether for the gain, iris or laser. However, it can be noticed that the laser 

intensity variation produced lifetime that is more stable compared to the other. Also, the 

reason of the splitting in the evaluated lifetime is still to be unknown.  

 

Figure 4.30 gain, iris, and laser intensity variation for Amplified PMT  
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Chapter Five: Conclusion and Outlook 
 

The stability of the evaluated phosphorescent decay from detector as a function of incident 

light intensity was investigated. The results presented in this thesis work indicate that the 

different parameters such as light intensity, iris size, gain with amplified, and with non-

amplified variation have influence on the linearity behaviour. All of these parameters showed 

there is a specific range of voltage over which the PMT/voltage divider circuit will produce 

linear output which is limited to few mille-amperes. Linearity response on evaluation of the 

lifetime is getting better in high temperature when the lifetime becomes shorter and intensity 

becomes lower.  

From slopes (Figure 2.11 and 4.30) obtained for the two phosphors used ( La2O2S:Eu and 

CdWO4)  corrections to the calculated temperature could be applied. This results in a better 

accuracy in the determination of the temperature since the non-linear effects are already 

accounted for in the slope correction. 

The temperature accuracy can be further improved with the use of a detection system with a 

higher sensitivity and better linearity. By referring to the results obtained during this thesis 

work, it was clear that certain detector configuration is better than the other ones. The 

amplified PMT configuration provided the best linearity in comparison to the non-amplified 

PMT. Although the MCP_PMT showed good linearity in our experiment, its lifetime 

detection is limited to a maximum of 10 microseconds. This range restricts us from exploiting 

the full dynamic range of the phosphor, since lifetimes in the order of milliseconds are 

detected at low temperature. MCP_PMT is recommended for very short decay times less than 

1 microsecond because it provides high level of linearity for a wide input intensity range (see 

Figure 4.17). 

Amplified PMT suffers from broadening introduced by current-to-voltage amplifier. This 

limits the dynamic range of the PMT to lifetimes greater than 250 ns. Also by using a current 

to voltage converter with higher bandwidth will allow for the evaluation of decay times 

shorter than 250 ns. Improvements to the detector linearity can be done by introducing   

improvements to the voltage-divider-circuit of the PMT. There are two methods suggested by 

HAMAMATSU PMT Handbook (page 87) to maximise linear output. The first method is to 

insert a Zener diode between the last dynode and the anode.  The second is to use resistors 

with lower resistance in the voltage-divider-circuit of the PMT to increase the divider current.  

Investigation of new detector types such as a photodiode, avalanche photodiode, and time 

gated PMT could provide a better alternative to the current PMT. Improvement could also be 

added to the optical system especially the collection of phosphorescence 
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Appendix A: Amplified PMT vs. non-amplified PMT for CdWO4 phosphor 

 

Appendix table 1.1 Non amplified gain and amplified gain @ T=19.5
0
C 

The temperature registered = 19.5 
0
C  

Laser power= 9.0 mW @ FL-QS=310 µs 
 

Gain 

Non Amp  Amp  Non Amp  Amp  Non Amp  Amp  

9.0 3.05 7.0 2.75 5.0 2.31 

8.8 3.01 6.8 2.71 4.8 2.25 

8.6 2.98 6.6 2.67 4.6 2.18 

8.4 2.95 6.4 2.65 4.4 2.1 

8.2 2.93 6.2 2.59 4.2 2.0 

8.0 2.9 6.0 2.54 4.0 1.90 

7.8 2.88 5.8 2.51 3.8 1.79 

7.6 2.86 5.6 2.46 3.6 1.68 

7.4 2.82 5.4 2.42 3.4 1.54 

7.2 2.79 5.2 2.37 3.2 1.40 

    3.0 1.14 
 

 

Appendix table 1.2 Non amplified gain and amplified gain @ T=62.1
0
C 

The temperature registered = 62.1 
0
C  

Laser power= 15.8 mW @ FL-QS=300 µs 
 

Gain 

Non Amp  Amp  Non Amp  Amp  Non Amp  Amp  

9.0 3.05 7.0 2.73 5.0 2.31 

8.8 3.0 6.8 2.69 4.8 2.25 

8.6 2.98 6.6 2.67 4.6 2.18 

8.4 2.92 6.4 2.63 4.4 2.10 

8.2 2.90 6.2 2.59 4.2 2.01 

8.0 2.89 6.0 2.55 4.0 1.90 

7.8 2.86 5.8 2.50 3.8 1.80 

7.6 2.83 5.6 2.46 3.6 1.69 

7.4 2.80 5.4 2.41 3.4 1.58 

7.2 2.77 5.2 2.37 3.2 1.45 

    3.0 1.18 
 

 

 

Appendix table 1.3 Non amplified gain and amplified gain @ T=62.10C 
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The temperature registered = 101.6 
0
C 

Laser power= 18.0 mW @ FL-QS=300 µs 

 

Gain 

Non Amp  Amp  Non Amp  Amp  Non Amp  Amp  

9.0 3.11 7.0 2.78 5.0 2.35 

8.8 3.07 6.8 2.75 4.8 2.3 

8.6 3.04 6.6 2.72 4.6 2.23 

8.4 3.01 6.4 2.67 4.4 2.16 

8.2 2.98 6.2 2.63 4.2 2.07 

8.0 2.95 6.0 2.59 4.0 1.98 

7.8 2.91 5.8 2.55 3.8 1.88 

7.6 2.88 5.6 2.50 3.6 1.75 

7.4 2.85 5.4 2.46 3.4 1.62 

7.2 2.82 5.2 2.41 3.2 1.48 

    3.0 1.34 

 

 

Appendix table 1.4 Non amplified gain and amplified gain @ T=154 
0
C 

The temperature registered = 154 
0
C 

Laser power= 17.5 mW @ FL-QS=300 µs 

 

Gain 

Non Amp  Amp  Non Amp  Amp  Non Amp  Amp  

9.0 3.22 7.0 2.88 5.0 2.44 

8.8 3.18 6.8 2.85 4.8 2.39 

8.6 3.15 6.6 2.81 4.6 2.33 

8.4 3.11 6.4 2.77 4.4 2.25 

8.2 3.08 6.2 2.73 4.2 2.18 

8.0 3.04 6.0 2.69 4.0 2.07 

7.8 3.02 5.8 2.64 3.8 1.95 

7.6 3.0 5.6 2.59 3.6 1.82 

7.4 2.95 5.4 2.55 3.4 1.69 

7.2 2.91 5.2 2.50 3.2 1.55 

    3.0 1.32 
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Appendix table 1.5 Non amplified gain and amplified gain @ T=185 
0
C 

The temperature registered = 185 
0
C 

Laser power= 22.0 mW @ FL-QS=295 µs 

 

Gain 

Non Amp  Amp  Non Amp  Amp  Non Amp  Amp  

9.0 3.33 7.0 2.97 5.0 2.53 

8.8 3.29 6.8 2.93 4.8 2.48 

8.6 3.25 6.6 2.89 4.6 2.40 

8.4 3.22 6.4 2.85 4.4 2.34 

8.2 3.18 6.2 2.80 4.2 2.27 

8.0 3.15 6.0 2.77 4.0 2.18 

7.8 3.11 5.8 2.72 3.8 2.05 

7.6 3.03 5.6 2.67 3.6 1.90 

7.4 3.05 5.4 2.63 3.4 1.78 

7.2 3.01 5.2 2.57 3.2 1.63 

    3.0 1.43 

      

 

Appendix table 1.6 fitting parameters for iterative code. 

La2O2S:Eu                                    Amplified PMT 

FitWinFac 0.5 

FitWinLength 3.7 

Cutoff 2.8e-7 

Startint 10 

CdWO4 Amplified PMT Non- amplified PMT 

FitWinFac 0.5 0.5 

FitWinLength 5.5 5.5 

Cutoff 2.5e-7 0.5e-7 

Startint 6 6 

 

 
 

 


