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ABSTRACT 

The fluorescence properties and energy transfer processes 

of dye-polymers have been investigated with time-resolved 

fluorescence spectroscopy. Based on an understanding of these 

characteristics, the new dye-polymers were optimized for 

potential applications in scintillators and wavelength 

shifters used in high energy particle detection. The two 

primary criteria for suitable samples were high quantum 

efficiencies and short fluorescence decay times. In this work, 

epoxypolymers were doped with dyes or dye-mixtures. 

Fluorescence decay times, relative quantum efficiencies, and 

critical energy transfer radii from Forster kinetics were 

obtained. 

A new time autocorrelated two photon counting technique 

(TATPC) with beta-particle excitation was developed for this 

work to measure the fluorescence decays from scintillators. 

Other techniques used were a multi-photon fast analog 

technique and a single photon counting. 

In order to understand and model the fluorescence decay 

and associated energy transfer processes in the dye-polymers, 

a sum-of-exponentials was employed to obtain the decay times 

of the dye-polymers for first approximation. In order to gain 

realistic understanding of the inter-molecular energy transfer 

mechanisms taking place, Forster kinetics was then applied to 

model the observed fluorescence decay in detail. 



The types of dyes and their concentrations in the 

polymers played an important role in the fluorescence decays 

of the new dye-polymers. Higher concentrations increase the 

non-radiative energy transfer efficiency from donor to 

acceptor molecules and thus shorten the decay times in a 

desirable way. The concentration effects of dyes in epoxy-

polymer were studied and different dye mixtures tested in 

order to obtain a fundamental understanding of radiative and 

non-radiative energy transfer processes in molecules and 

materials for high energy particle detection. 
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CHAPTER 1 

INTRODUCTION 

Time-resolved luminescence spectroscopy is a widely used 

technique for studying the luminescence decay processes from 

many materials such as coal, oil shales, oil condensates, 

crude oil, semiconductors, scintillators, and fibers [1, 2] . 

This technique is particularly useful for studying dye-

polymers. In this work, we attempted to use nanosecond time-

resolved fluorescence spectroscopies to investigate the 

fluorescence characteristics and energy transfer processes of 

dye-polymers. This work primarily started from a proposed 

project of studying new materials for particle detectors in 

the Superconducting Super-Collider (SSC) by W. Borst, S. 

Gangopadhyay, and R. Wigmans. In that project, we planned to 

use the existing fluorescence spectroscopy techniques in our 

laboratory to find polymer based fluorescence materials with 

desired characteristics (i.e., short decay times, high quantum 

efficiencies, and proper emission wavelengths) that may be 

used as scintillators and wavelength shifters in particle 

detectors. Although the SSC was terminated, we decided to 

continue with our study because the properties of dye-polymers 

are interesting in themselves and these new materials may lead 

to other applications. In addition to finding new materials, 

we also extended our research to investigate the energy 

transfer processes in the dye-polymers. 
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Both dyes and polymers have been used in lasers [3, 4], 

optic-electronics [5] , semi-conductors [6, 7] , biological 

research [8,9], chemistry [10, llj , medical work [12J and even 

construction technology [13] and clothing. Depending on their 

compositions, dye-polymers have special characteristics for 

different uses, such as in particle detections [14, 15], 

biological applications [16], solar luminescence concentrators 

[17] , and laser-optics [18] . In this work, epoxy-polymers were 

employed as the base materials, and thus were doped with 

various dyes or dye-mixtures for study. 

We designed these new dye-polymers for used in 

scintillators and wavelength shifters. Scintillators absorb 

energy from high energy particles and then emit photons. On 

the other hand, wavelength shifters absorb the photons from 

the scintillators and then emit photons at certain wavelengths 

for detection. 

Particle detector based on scintillators and wavelength 

shifters was first used by Crookes as early as 1903 [19] . 

Regener (1908) used visual scintillation counters and detected 

a-particles from certain solid angles [20] . Several famous a-

particle scattering experiments were accomplished by Geiger 

and Marsden (1909) [21] , and Rutherford (1911) [22] also used 

visual scintillation counters. In 1929, Chariton and Lea first 

made a comprehensive theoretical study of scintillating 

processes in visual scintillation counters [23] . At that time, 

people could only use the eye as detector to see the 

t61itt^rf^\^l^:^fe^--A-^\g:^:.t:rg;;i^^«q^J 



scintillations. Krebs was the first to develop electrical 

scintillation counters in 1941 [24] . In 1944, Curran and 

Barker used the photomultiplier as the detector in 

scintillation counting [25], thus improving the sensitivity 

and time resolution considerably. Marshall, Coltman and their 

co-workers designed a photomultiplier scintillation detector 

which can detect not only a-particles, but also protons, /8-

particles, y-rays. X-rays, and neutrons [26]. Following these 

works, scintillation materials and detecting methods have been 

comprehensively studied and improved. Recently, Bross et al. 

used new compounds based on 3-hydroxyflavone (3-HF) and its 

derivatives for plastic scintillators [27]. The 3-HF 

scintillator was one of the scintillators used in our work for 

comparison with our new scintillators. 

Based on the studies of compounds used in scintillators, 

Kobayashi and Maudsley (1974) summarized several basic 

characteristics for a scintillator and a wavelength shifter 

[16] : a) high quantum efficiency, b) emission of light at a 

wavelength that is within the region of maximum sensitivity of 

the photomultiplier, c) no concentration quenching, d) ready 

availability and low cost. To have these properties in our new 

dye-polymers, we varied the constituents and the 

concentrations of various dyes. 

In order to identify the constituents with the proper 

characteristics for scintillators and wavelength shifters, the 
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\gmamwBmmmmmmmmm 

photophysical processes in dye-polymers were studied in detail 

in this work. 

A photophysical process is defined as a process which 

does not involve a chemical change after electronic excitation 

of a molecule or system of molecules by non-ionizing 

electromagnetic radiation (photons), but it also can occur 

following the excitation by ionizing radiation. In a dye-

polymer, these processes include the intramolecular excitation 

and de-excitation processes of the electronic states, and the 

energy transfer kinetics between molecules. The former 

processes generally involve absorption and emission of 

photons, while the latter processes involve radiative and non-

radiative transitions. The photophysical processes of dye-

polymers were investigated by analyzing time-resolved 

fluorescence decays with assumed kinetics. 

A fast analog technique [28, 29] and a new photon 

counting technique specially developed for this work were the 

two techniques used to acquire the fluorescence decays from 

the dye-polymers in order to study the fluorescence properties 

and energy transfer kinetics. The fast analog technique 

originally was developed by W. Borst in 1983 [28, 29] . Since 

then, this technique has been continuously improved by using 

fast photomultipliers, ultra-short laser pulses, and extensive 

software for analyzing fluorescence decay times. In the fast 

analog technique, a pulsed nitrogen-pumped dye laser is used 

as the excitation source, and a microchannel plate 

Hiii^'tsmiTm 
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photomultiplier (MCP-PMT) detects the fluorescence from 

samples. A fast waveform digitizer is used to digitize the 

fluorescence decay for further analyses. 

In this work, however we have developed a new "time auto

correlated two photon counting technique" (TATPC) in which (3-

particles are used for fluorescence excitation. This technique 

was modified from Time-Correlated Photon Counting Technique 

(TCSPC) [30]. The photon counting technique was developed in 

1950 - 1960. Heron et al. were the first to use TCSPC [31]. 

Since then, the instrumentation was under development in 

timing instruments [32], detectors and excitation sources [33, 

34, 35] . Because of those improvements, TCSPC became more 

attractive and straight forward for research in photophysics, 

photochemistry and photobiology [3 6, 3 7] . The advantages of 

TCSPC are the time resolution, high-quality instruments and 

high sensitivity. 

The differences between the TATPC and traditional TCSPC 

techniques are the excitation source and the trigger signal. 

In traditional technique, the trigger signals are derived from 

the excitation source (e.g., laser). In the new TATPC 

technique, a random single photon from the fluorescence decay 

after excitation by a /8-particle was used as the trigger. 

Because of the randomness of the photon emission after the 

excitation there was no fixed time base. Thus the time-

resolved fluorescence spectra acquired with this new technique 

were an autocorrelation function of the fluorescence decay 
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(the latter actually being a convolution of the decay with the 

instrument response) instead of the direct fluorescence decay. 

Instead of a pulsed laser employed in the traditional 

TCSPC technique, a Strontium-90 /5-source was the excitation 

source in this work. Each jS-particle provided an excitation 

pulse corresponding to a 6-function response. By using the /?-

particle radiation we also simulated a high energy particle 

detection system. 

The fluorescence decays and energy transfer processes in 

the dye-polymers were interpreted by applying the appropriate 

kinetics to our data. Two types of fluorescence decay kinetics 

were considered in this work. In the first case, we assumed a 

simple sum of exponential functions representing the 

fluorescence decay [38] . This ignored any interaction between 

molecules. In the second and more important case, we employed 

Forster kinetics with a time-dependent energy transfer rate 

[39, 40, 41] . The details of the data analysis and the 

kinetics are presented in Chapters 2 and 3. 

The purpose of this work was to develop new techniques 

for acquiring fluorescence decays from dye-polymers, to 

discern the appropriate energy transfer kinetics in dye-

polymers and to identify new dye-polymers with proper 

characteristics for particle detectors. 
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CHAPTER 2 

TECHNIQUES FOR FLUORESCENCE SPECTROSCOPY 

Many techniques are available to characterize material 

and to study photophysical processes. They include 

fluorescence spectroscopy [42], electron microscopy [43] , 

Fourier transform infrared spectroscopy [44], and Raman 

spectroscopy [45] . Fluorescence spectroscopic methods are 

widely used in various areas of physics, chemistry, and 

biology. The time-correlated single photon counting technique 

[30] , and the phase-modulation technique [46] are the most 

widely used fluorescence spectroscopic techniques to analyze 

the fluorescence decays. In this work, a fast analog technique 

developed by Borst et al. [28, 29] and a new time auto

correlated two-photon counting technique (TATPC), which was 

developed from a single photon counting technique, were used 

to acquire the time-resolved fluorescence spectra of our new 

dye-polymers. In addition, continuous wave excitation was also 

employed to obtain the fluorescence emission spectra. Details 

of these techniques and data analysis methods are described in 

this chapter. 

2.1 Fast Analog Technique 

The fast analog technique has been used to measure 

fluorescence from different materials [1,2], and is 

particularly useful for acquiring fluorescence decays from the 
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new wavelength shifters in this work. The advantage of this 

technique is that many photons are detected for each 

excitation event. Hence, whole fluorescence decay can be 

digitized by a fast waveform digitizer and then reconstructed 

by a computer. 

2.1.1 Schematics of Apparatus 

An experimental setup of the fast analog technique for 

measuring fluorescence decays is shown in Figure 2.1. A pulsed 

nitrogen laser (PTI model PL 2300) was coupled to a dye laser 

(PTI model PL 201), which supplied the light pulses for 

fluorescence excitation. The nitrogen laser has a pulse width 

of 800 ps FWHM, pulse energy of 1.3 mJ and a repetition rate 

of typically 10 Hz at 337.1 nm. The dye laser, which can be 

operated in the 350 - 1000 nm range, was used generally at 375 

or 42 0 nm. The output pulse width was 500 ps and the pulse 

energy 100 ~ 150 fiJ. Most of the pulse energy was used to 

excite the sample, but some of it was diverted with a beam 

splitter and sent to a photo-diode to derive a trigger pulse 

for a fast waveform digitizer (Tektronix 7912AD). The pulsed 

fluorescence from the samples was spectrally analyzed with a 

double-grating monochromator (SPEX model 1680) . Usually a cut

off filter (400 or 450 nm) was placed between the sample 

holder and monochromator. This filter blocked out scattered 

laser light. A microchannel plate photomultiplier (MCP-PMT, 

Hamamatsu R-1564U-01) detected the fluorescence at the 

8 
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Figtire 2.1: Instrument setup of fast analog technique. 



monochromator output. Every fluorescence pulse consisted of 

many photons (typically 50 ~ 1000) . Thus, each output pulse 

from the MCP-PMT contained the characteristic time signature 

of the overall fluorescence decay. The pulses were digitized 

by the fast waveform digitizer into 512 channels. This 

digitizer contains an amplifier (model 7A29) and a time base 

(model 7B90B) . The maximum digitation rate was 100 GHz, 

consistent with a time scale of 10 ps/channel. However, the 

bandwidth of the digitizer input amplifier was about 75 0 MHz, 

resulting in an instrument risetime of about 500 ps in 

response to a step function input. The digitized fluorescence 

pulses were recorded and stored by an IBM personal computer. 

Generally 512 or 1024 fluorescence pulses were summed to 

obtain smooth fluorescence pulses with enough photons (~ 5 x 

10^ photons) for analysis. The background was acquired with 

the monochromator slits closed and was subtracted from the 

signal. 

In order to obtained the actual fluorescence decay, the 

instrument response needed to be known and taken out of the 

measured fluorescence decays. This response was measured with 

a quartz or metal plate as the "sample." This plate reflected 

part of the laser beam into the monochromator and the MCP-PMT 

detected scattered photons from the laser. Thus acquiring the 

instrument profile, including the laser pulse. 

10 
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2.1.2 Data Analysis for the Fast Analog Technique 

The acquired fluorescence pulses from the fast analog 

technique contained the actual fluorescence decay convoluted 

with the temporal instrument response as shown in Figure 2.2. 

The theoretical fluorescence decay M(t) was given by 

M(t) = /x(tO 'F{t-t')dt' (2.1) 

where I(t) is the overall instrument response and F(t) is the 

actual fluorescence decay. As is seen in Figure 2.2, the 

overall instrument response I (t) was a convolution function of 

the laser pulse E(t) and the instrument response H(t) of the 

electronic detection system (PMT and digitizer). Figure 2.3 

shows an example of fluorescence decay from Coumarin 504 

obtained in this way. 

In this technique, the function M(t) and I(t) were known. 

Hence, the actual fluorescence decay F(t) could be recovered 

by using a mathematical deconvolution procedure. Details are 

described later (see Chap. 2.3). 

2.2 Time Auto-Correlated Two-Photon Counting Technique 

A time auto-correlated two-photon counting technique 

(TATPC) was a new technique developed for this work from time-

correlated single photon counting technique (TCSPC). Beta-

particles from a Sr-90 source excited the fluorescence instead 

of a laser. The main difference with traditional TCSPC was the 

source of trigger signal, which was now derived from a random 

11 
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Laser Pulse Fluorescence 
Decay Pulse 

M(t) 

Instrument Measured 
Response Decay 
(PMT, Digitizer) 

INTENSITY 
(VOLTS) 

INSTRUMENT RESPONSE 

J(T) 
• N MEASURED DECAY M(t) 

* 

FLUORESCENCE DECAY F(t-T) 

TIME 

M ( t ) = I * F where I(t) = E * H 

Figure 2.2: Measured fluorescence decay M(t) of fast analog technique 
is a convolution function of actual fluorescence decay F(t) and overall 
instrument response I(t) while the overall instrument response is a 
convolution function of the laser pules E(t) and the instrument response 
of detection system H(t). 
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DCM decay in 0.1 mM C-504 + 1 mM DCM 

10 20 30 40 
Time (ns) 

50 

Figure 2.3: An example of measured fluorescence decay from fast 
analog technique. This is a decay of DCM in a wavelength shifter with 
combination of Coimiarin 504 and DCM. This decay was measured at 
590 nm. 
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single photon from the fluorescence decay, and thus had no 

fixed time base. TATPC with /S-particle excitation thus was the 

technique employed for acquiring fluorescence from our new 

scintillators, and had advantages to traditional TCSPC 

according to its higher counting rates (see Chap. 2.2.2 for 

details) . In order to use the /8-source, a special sample 

chamber was designed. The experimental details of the time 

autocorrelated two-photon-counting technique are described in 

the following. 

2.2.1 Description of The Apparatus 

An experimental setup of the TATPC technique is shown in 

Figure 2.4. A strontium-90 (Sr-90) /S-particle source (100 /iCi, 

Isotope Products Laboratories) was used as the excitation 

source. The source was placed in a holder in a specially 

designed sample chamber as seen in more detail in Figure 2.5. 

The sample and source were placed close together. Two 

identical photomultipliers (PMTs) (Hamamatsu R1547) were 

attached to the sample chamber (Figures 2.4 and 2.5) for 

detecting the fluorescence signals. Each PMT was connected to 

a pre-amplifier (EG&G Ortec Model VT120C) and a discriminator 

(EGScG Ortec Model 584) . Signals from both PMTs were used as 

the start and stop pulses for a time-to-amplitude converter 

(TAC, EG&G Ortec Model 457). Generally, the signal from PMTl 

was used as the start signal while signal from PMT2 with a 48 

ns delay (Electronic Delay, EG&G Ortec Model 425A) was used as 

14 
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Figure 2.4: Schematic of experimental setup for the Time 
Auto-correlated Two Photon Counting Technique (TATPC). 
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Figure 2.5 Schematic diagram of sample holder for photon 
counting (a) overall dimension of the holder, (b) detailed 
dimension of the holder for time-correlated single photon 
counting (TCSPC), (c) detail of the holder for time 
autocorrelated two photon counting technique (TATPC). 
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the stop signal. The signal from the TAC was directed to a 

multichannel analyzer board (Nucleus PCA 2000) installed in 

the IBM computer. The computer recorded the data for further 

analysis. 

The difference between the new TATPC technique and the 

conventional time-correlated single-photon-counting (TCSPC) is 

the source of the trigger signal for the TAC as shown in 

Figure 2.6. For TATPC a random photon from the fluorescence 

decay provides the trigger, while for conventional TCSPC a jS-

particle does so. In the /5-particle trigger mode, one PMT (PMT 

1) detected the jS-particles and gave the start signal for the 

TAC. Using a PMT to detect jS-particles was quite 

unconventional, because usually a PMT detects photons via 

photo-electron production at the cathode. However, jS-particle 

can also knock out an electron from the photo-cathode when 

passing through it, resulting in the desired signal. In the (3-

trigger mode, the samples needed to be cut to about 1 mm 

thickness. Otherwise, the /8-particles cannot penetrate through 

the sample to reach the PMT and to produce a trigger signal. 

An aluminum foil was placed between the sample chamber and the 

PMT housing in order to prevent the detection of photons, but 

still allow jS-particles to pass through. For getting the 

maximum excitation and increasing the photon detection rate, 

the sample was placed at a 45° angle orientation with respect 

to the source as shown. An aperture and an optical high pass 

filter were placed between the sample chamber and PMT housing 

17 
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Figure 2.6: Comparison of traditional and modified time-correlated 
single photon counting techniques. 
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to block scattered /S-particles and to select certain 

wavelengths (s 4 00 nm) . The count rate from TAC in the (S-

trigger mode was typically on the order of 100 /s and thus 

rather low. 

In the random photon trigger mode for TATPC, a photon 

from anywhere during the decay provides the trigger. According 

to our estimations each such fluorescence decay contains about 

500 ~ 1000 photons (see the following). These photons arrive 

randomly and hence, there was no fixed time base for the 

trigger signal with respect to the fluorescence excitation by 

the /8-particle. 

The samples were about 5 mm thick and were placed in 

front of the source as shown. The PMT which detected the /8-

particle in the jS-trigger mode now detects a photon from the 

fluorescence decay after excitation. The other PMT detects 

another random photon from the same decay in identical 

fashion. In this method, small apertures and an optical high 

pass filters (& 4 00 nm) were placed between the sample chamber 

and PMT housings. This blocked the unwanted jS-particles and 

avoided signal pileup. The filters were thick (5 ~ 12 mm) 

enough to block all the jS-particles and also reduced the 

fluorescence intensity sufficiently to detect only one or none 

for each /8-excitation event. The signal rate from this new 

TATPC method was found to be up to 7000 counts/second. This 

was about 10 to 100 times more than that from TCSPC method 

with /S-trigger. We have two major reasons for this intensity 
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increase. First, only part of the jS-particles that produced 

photon signal were detected in the /3-trigger mode, because of 

the solid angle effect (see details of count rate estimation 

below) . Second, each /8-particle produced ~ 500 - 1000 photons, 

and thus increased the rate of trigger signals in the photon 

trigger mode. Furthermore, the coincident count rate was also 

increased. Therefore, higher coincident signals from TAC can 

be accumulated and thus construct a fluorescence decay by the 

multichannel analyzer within a shorter time, and this 

increased the signal-to-noise ratio. Details about data 

analysis are described below. 

Two methods were used to obtain the temporal instrument 

response for the TATPC method, one measured and the other 

calculated. The response was measured by placing a quartz 

plate of 5 mm thickness in the sample holder. According to 

Jiang et al. [47] the fluorescence decay time of the impurity 

in quartz is about 12 ps. The detected photons may also come 

from Cherenkov radiation. As known when beta-particles passing 

through the quantz plate will produce the Cherenkov radiation 

[48] , and the Cherenkov photons are detected by the PMTs. The 

Cherenkov radiation also occurs in a very short time. Hence, 

the quartz plate serves to calibrate the response. For the 

calculation, the response was assumed to be a Gaussian 

function. The o of this Gaussian was "best-fitted" during the 

data analysis or fixed to a value of 1-4 ns. There was no 

noticeable difference in the fluorescence decay times from 
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these two ways to obtain the instrument response. Figure 2.7 

shows the instrument response obtained with a quartz plate and 

a best fit with a Gaussian. It is seen that the data points 

are represented well by a Gaussian function of o = 1.4 ns. 

2.2.2 Signals and Signal-to-Noise Ratio 

We shall now estimate the expected signal count rates for 

the TATPC and TCSPC techniques and compare with the 

observations. In the jS-trigger mode of the TCSPC technique, 

the count rate of the trigger pulses from the /0-particles 

should be 

Ca = A 
Q 

P 
P 

2TU 
Es^M (2.2) 

where A^ is the activity of the jS-source (Â  = 100 /iCi = 

3.7x10^ /s) , Qp is the solid angle subtended by the PMT with 

respect to the source. Eg is the transmission coefficient of 

jS-particles through the sample and Ê i through the aluminum 

foil (see Fig. 2.5). The distance between source and PMT is 

7.55 cm. The size of the PMT photocathode is 0.52 cm^ (1.3 cm 

X 0.4 cm). The Eg and Ê i are justified to 0.8 and 0.7 

according to our measurements. We put the sample or the 

aluminum foil between the jS-source and a Geiger-Mueller 

counter, and then obtained the attenuation of count rate 

according to the sample or the aluminum foil. For the 100 /zCi 

/3-particle source with 3.7 x 10^ /S-particles/s spread into a 

27r solid angle in the forward direction, the count rate thus 
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Figure 2.7: Instrument response of TATPC technique obtained from 
quartz windows with Gaussian function fit. 
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is Ĉ  = 3008 /s by assuming a detection efficiency of the PMT 

for /S-particles of 1.0, which seems to have been the case. The 

measured count rate was about 2680 /s and thus close to the 

estimate. The count rate of fluorescence photons detected by 

PMT 2 in the TCSPC technique (see Fig. 2.5) can be estimated 

in a similar manner. Suppose one jS-particle produces N photons 

which spread randomly into a 47r solid angle. The count rate 

then is 

P̂ = ^P:^^/Y, (2.3) 

where Q^ is the PMT solid angle, Tf is the transmission 

coefficient of the high-pass filter in the path (Tf = 0.7), 

and 7p the quantum efficiency of the PMT (Yp = 0.1) . The 

distance from the center of the sample to the PMT is 6.3 cm 

(Fig. 2.5) resulting in Qp/47r = 0.001. It is imporstant to 

note that there is about 0.3 mm distance between the source 

and the sample which should be taken into account. This small 

gap changes the activity A^ of j8-particles from 3.7 x 10^ /s 

to 3.3 X 10^ /s. If we assume that one |S-particle produces N 

= 54 0 photons, we obtain a photon count rate of Cp == 1.3 x 10^ 

/s. The experimental count rate was about 1.3 x 10^ /s. From 

this we concluded that the assumption of 54 0 photons / (S is 

valid. 

After estimating the count rates for the trigger and 

photon signals, we need to estimate the coincident signal 

count rate from the TAC in the TCSPC method. It should be the 
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probability of detecting one photon which was produced by a 

detected jS-particle. This rate is given by the count rate Ĉ  

for the jS-particles multiplied by the probability that the N 

photons give a count. Thus we have 

Ccoin = C^^NT.y^ (2.4) 

With the experimental parameters, we have for this probability 

fip/47r NTfYp = 0.036 and thus Ĉ oin = 105 /s. The experimental 

coincident count rate was about 70 /s (background counts were 

substracted) and is in reasonable agreement with the above 

estimate. It is important to note here that the N = 54 0 

photons//8 have a detection probability of only 0.039 and 

therefore we clearly are in the single photon counting mode as 

required by the TCSPC technique. We now estimate the 

background count rate, which was present in the measured 

coincidence count rate. For this purpose we may assume that 

both the trigger and photon counts are randomly distributed in 

time. For a time window AT of the time-to-amplitude converter. 

this background is given by 

r = r c A T (2.5) 

where CpM̂ i and Cp̂n.2 are the count rates (includes noise) 

detected by PMT 1 and PMT 2. Here, the Cp̂ ri is a sum of the 

count rate Ĉ  of jS-particle and the count rate produced by PMT 

thermal noise (typically, 850 counts/s) and Cp̂ ĵ is the photon 

count rate plus thermal noise. AT was set to 100 ns. Thus the 

background coincident count rate is C^y. = 46 /s. The measured 
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background was about 47 /s in a good agreement. One 

fluorescence decay was acquired in about 18 minutes. The peak 

count was about 650 counts on average background count of 26 

/channel in the 18 min. interval. Thus the signal-to-noise 

ratio for the peak channel was about 26. 

In the photon trigger mode of the TATPC method, the 

estimates of count rates for the trigger, photon, and 

coincident signals and the background are carried out in a way 

similar to the preceding analysis for the TCSPC method. 

Smaller apertures were used on both PMTs in the TATPC method 

yielding smaller solid angles. The count rate of the trigger 

should be 

Q 
^' ^ ^P'i^ NT^y. (2.6) 

where A^ is the activity of the jS-source, Q^^ is the solid angle 

subtended by the PMT, Tf is the transmission coefficient of 

the filter and y^ the quantum efficiency of the PMT. Here, we 

suppose that one /3-particle produces 1000 photons, because a 

thicker sample of 5 mm thickness was used instead of 1 mm. Tf 

and 7p are 0.7 and 0.1 as above. The solid angle Q̂  of PMT now 

is the solid angle of the aperture, because the latter is 

smaller. The radius of the aperture is about 0.14 cm and the 

distance from the center of sample to the aperture was about 

2.9 cm. Hence, the trigger count rate is Ct = 1.35 x 10^ /s. 

The measured count rate was about 1.40 x 10^ counts/s. For the 

signal channel, we have the same, except for a somewhat 
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d i f f e r e n t s o l i d a n g l e 

C^ = A ( 2 . 7 ) 

In this channel, the distance from the center of the sample to 

the aperture was 2.7 cm. Thus the count rate here is Cp = 1.55 

X 10^ /s. The experimental count rate was about 1.48 x 10^ /s. 

The greatest uncertainty in these estimates is in the number 

N = 1000 photons/iS, which probably is known to within 2 0 - 3 0% 

accuracy at best. 

Both PMTs now detect photons. For the coincident count 

rate we have 

^coin ~ -̂ p 
(47C) ^ 

(2.8) 

By substituting the relevant numbers we obtain 

Ccoin = 3 . 3 x l 0 ^ x 
0.14^x71:2 

( 4 7 1 ) 2 x 2 . 9 2 x 2 . 7 2 

~ 6280 {counts/s) . 

x(1000x0.7x0.1)2 

The measured coincident count rate was about 5600 counts/s. 

The background count rate is estimated in the same 

fashion as for the TCSPC method (Eq. 2.5). Both photon counts 

are assumed to be randomly distributed. Thus we have 

Cbk ~ ^PMTl^^PMT2^^^• (2.9) 

Here, the C^^^ and Cp̂ ĵ include the count rate produced by PMT 

thermal noise, but this is negligible when considering the 

count rates of trigger and photon signals, which give rise to 

a random background. Hence, the coincident count rate of 
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background is 

C^^ = C.C^AT = A^ 
Q.Q 

(471) 
^N^TfylAT. (2.10) 

Substituting numbers, we have Ĉ k = 2 072 /s. Experimentally we 

had 1024 /s in a factor of 1/2. 

We now estimate the signal-to-noise ratio. It is given by 

(-^) 
N 

C. 
com 
c bk 

(2.11) 

From Eqs. 2.8 and 2.9 we obtain 

N A^x^T 
(2.12) 

or numerically. 

N 3 .3x10̂ x10-'̂  
=3.03 . (2.13) 

This is the average over all channels. What matters most, 

however, is the signal-to-noise ratio over the full-width at 

half-maximum (FWHM) of the acquired signal. This can be 

obtained from 

I S ^ _ / "^ \ ^ ^total n total 

'•FWHM i^pxAr n 
( 2 . 1 4 ) 

FWHM 

where n̂ otai i^ ^^® total channel number (2048 channels) and 

n is the FWHM channel number of a fluorescence decay (322 
••FWHM 

channels in this case). We then have 
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(-^)FWHM = 3 . 0 3 x 4 ^ = 20 . 
S_ 
N 322 

(2.15) 

The measured (S/N)pp^ was 33 

According to the above calculations, a higher coincident 

count rate and a better signal-to-noise ratio can be obtained 

from the TATPC technique. Hence, this technique was used to 

acquire the fluorescence decays from scintillators. 

2.2.3 Data Analysis for the Time Autocorrelated 
Two-Photon Counting Technique 

In the TATPC technique, a Sr-90 beta-source is used as 

the excitation source. After an excitation event, a random 

single photon from the fluorescence decay serves as the 

trigger signal. The probability of the occurrence of a trigger 

signal at time t̂  is the probability for the emission of a 

photon at time t̂ . For a fluorescence decay function F(t), 

this probability is given by 

p(t,) = F(t,) / JF{t)dit) . (2.16) 

The physical unit of p(t) and F(t) is to be taken as counts/s. 

Suppose that a single photon from the same fluorescence decay 

is detected as the signal for the TAC at time tj. The 

corresponding probability is 

pit^) = Fit^) / JF{t)dt. (2.17) 
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The probability of obtaining a coincidence signal from the TAC 

at tj with a trigger pulse at t̂  is 

d P i 2 ( t i ' t 2 ) = P(^i) • P ( t 2 ) dt^ ( 2 . 1 8 ) 

where the physical unit of dP^ 2 is counts/s. The output signal 

from the TAC occurs at a time t = t2 - t̂ . Therefore, ts = t + 

ti and 

dP{t,t^) = pit^) ' p{t^+t) dt^ (2.19) 

Thus, the probability dP(t,ti) for obtaining a signal count in 

coincidence is a product of the two normalized decay functions 

at different times t̂  and t+t^. The time at which a coincidence 

signal occurs does not depend on the trigger times t̂  or time 

t2 from the signal channel, but depends only on the difference 

The trigger may occur at any time during the fluorescence 

decay. This also is true for the photon from the other PMT. 

Therefore, the theoretical fluorescence count rate of the 

coincidence signal counts at time t is given by 

P(t) = |p(ti) •p(ti + t)dti. (2.20) 

In here the instrument response is ignored. We see that the 

fluorescence signal measured with the TATPC method is the 

correlation function of the trigger and the fluorescence 

functions. In our case, both functions of course are the same 

(namely the fluorescence decay), and thus the measured 

function is the autocorrelation function of the fluorescence 
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decay. It needs to be noted here, that if the TAC does not 

receive a start signal (trigger), then it will not accept a 

stop signal (fluorescence signal). Hence, we need t = t2 - ti 

s 0. The measured fluorescence curve has a maximum at t = 0, 

and then decreases with increasing time. Note that P(t) in Eq. 

2.20 has a maximum at t = 0, because both p(ti) and p(ti+t) are 

normalized decay functions which will decrease with increasing 

times t and t̂  (as shown in Fig. 2.8). 

In our TATPC experiments, we delayed the fluorescence 

signal with a delay line by a time t̂  = 48 ns. Therefore, 

maximum of probability P(t) in Eq. 2.2 0 also shifted from t = 

0 to t = td- This delay now also made it possible that the 

time difference between signal and trigger pulses could be 

negative. This results in a curve P(t) which is symmetric 

about t = td according to Eq. 2.20. 

The instrument response now needs to be included in our 

considerations. The start and stop signals for TAC were 

corrupted by electron transit time jitter in the PMT and other 

broadening. Therefore, instead of Eq. 2.20 the theoretical 

fluorescence decay function was an auto-correlation function 

of the convolution of the fluorescence decay and the 

instrument response. According to 

Mit) = fsit') ' S{t'+t)dt' (2.21) 

where instead of p(t) in Eq. 2.2 0 we now have 
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Figure 2.8: Theory of measured fluorescence decay from TATPC. A 
random photon from PMT 1 will start the TAC and another random 
photon detected by PMT2 will be the stop signal for TAC. The time 
interval from start to stop is t. 
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S(tO = fFit^) • I{t'-t^)dt^ (2.22) 

The function F(t) is the normalized fluorescence decay and is 

same as p(t) in Eq. 2.20 and I(t) is the overall instrument 

response. Again theoretical fluorescence decay function M(t) 

is symmetric about time of delay with a maximum there (Figure 

2.9) . 

2.3 Data Analysis of Time-Resolved Fluorescence Decays 

In order to characterize our new dye-polymers, the 

acquired fluorescence decays were analyzed by assuming proper 

energy transfer kinetics in the molecules following 

excitation. A least squares fitting method [49, 50] thus was 

used to fit the measured decays with the assumed kinetics 

model, thus yielding the characteristic parameters of the 

model, such as fluorescence decay time and others (see Chap. 

3.6) . 

In the least-squares formulation the optimum values of 

the parameters of the chosen energy transfer model are 

obtained by minimizing the weighted sum of the squares of the 

deviations between the experimental points of the measured 

fluorescence decay Ma(ti) and the theoretical function M(tJ 

calculated from the assumed kinetics. That is, the reduced 

error sum 
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Figure 2.9: Fluorescence decay from the commercial scintillator 
NE102 obtained with the Time Auto-Correlated Two Photon 
Counting Technique (TATPC). The measured function shown is an 
autocorrelation function of the actual fluorescence decay (including 
instrument response), (see Fig. 2.12 for the fitting result) 
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5Cv = -^T.'^i ' [Mjt,)-M{t,)]^ (2.23) 
2 = 0 

needs to be minimized. In this equation, ŵ  is the weighting 

factor of the measured decay at the time t̂ , N is the total 

number of ti (typically, 512 points) , and v = N-P is the 

degree of freedom, where P is the number of fitting parameters 

from the model. The weighting factor is 

w^ = 1 / al (2.24) 

the reciprocal of the square of the uncertainty from 

measurements at time t̂ . 

The theoretical function M(t) in Eq. 2.23 was calculated 

by using Eq. 2.1 for the fast analog technique or Eq. 2.21 for 

the time-autocorrelated two-photon-counting technique. Because 

we know the instrument response I (t) from a direct measurement 

as described, this calculation can be carried out after 

assuming an appropriate fluorescence decay F(t) . Two different 

kinetics were considered for the decay F(t) and to analyze the 

data. They were a sum of exponential decay functions [3 8] and 

Forster kinetics [39, 40, 41] . 

In the first case, the decay function F(t) is assumed to 

be a sum of non-interacting exponentials given by [3 8, 51] 

n 

Fit) = Y,^i exp(-t/t^) (2.25) 
1=1 

where â  is a pre-exponential factor corresponding to the 
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fluorescence decay time T^ of the i"̂  fluorescer. In this 

kinetics no energy transfer, intermolecular nor 

intramolecular, is assumed. This is not a realistic 

representation of the actual fluorescence decay, but is very 

useful nonetheless, because it yields an average decay time 

for any dye-polymer and allows an overall classification 

according the brevity of the fluorescence decay. 

Two fitting procedures were performed for this kinetics, 

namely a so-called "distribution of decay times fit" [52] and 

a "discrete decay times fit." The former was employed to 

analyze the decays from the fast analog technique while the 

latter was served to analyze the data from both the fast 

analog technique and the TATPC technique. In the "distribution 

fitting" procedure, thirty decay times with equal spacing on 

a logarithms time scale were assumed. Only the pre-exponential 

factors â  were adjusted in the fitting, while the decay times 

Ti were kept fixed. Figure 2.10 shows an example of a 

distribution fit for the decay of the dye DCM in a wavelength 

shifter made with 100 /xM C-504 and 1 mM DCM. After obtaining 

the best fit and thus the optimal values for â,, the relative 

contribution from the corresponding decay time T„ to the 

overall fluorescence decay was calculated from 

P = 
^ n 

^m-^m 

E-^i^i 
(2.26) 

1=1 

These percentage contributions P̂, were plotted as a function 
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Figure 2.10: Distribution fit of a fluorescence decay from fast analog 
technique. This decay is from DCM in wavelength shifter made by 0.1 
mM Coumarin 504 and ImM DCM. 
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of decay time T̂ ,, yielding a distribution such as the one 

shown in Figure 2.11. This distribution shows one dominant 

peak. (Sometimes we found more than one peak in other work not 

related to this thesis.) In general, the mean decay time for 

each such dominant peak in the distribution was calculated 

from 

E T P 
m=i 

ave 

E^» 
(2.27) 

m=i 

where Ti and TJ are the shortest and longest decay times, in 

the range of decay times spanning the dominant peak. For a 

single dominant peak such as in Figure 2.11, the overall 

fluorescence decay is well represented by a single decay time 

equal to the mean decay time above. The distribution fits 

generally spanned the range 0.1 to 50 ns, whereby most assumed 

decay times are found to make zero contribution to the overall 

fluorescence decay, as is seen clearly in Fig. 2.11. The time 

range was always chosen to range from well below to well above 

the actual decay times present, thus missing none of them. 

In the "discrete decay times fitting" procedure, only one 

or two exponentials are assumed to represent the fluorescence 

decay F(t). Both the pre-exponential parameters ai and decay 

times Ti (i = 1, 2) are varied in this case until the 

optimized values are obtained. In general, the decay times 

obtained from discrete fit should be similar to the mean decay 
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Figure 2.11: An example of a decay-time distribution and the 
calculation of the mean decay time from fitted DCM decay for 0.1 mM 
C-504 and 1 mM DCM in epoxypolymer (see also data in Fig. 2.10) 
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times from distribution fit. "Discrete decay time fitting" was 

the only method employed in analyzing the fluorescence decays 

from our new TATPC technique. Figure 2.12 shows an example of 

a discrete fit with an assumed two-exponential fluorescence 

decay from the commercial scintillator NE-102. The mean decay 

time was 3.35 ns, as obtained from Eq. 2.27 using the fitted 

decay times T^ = 2.43 ns and TJ = 8.91 ns and corresponding 

percentages P̂  = 85.7% and Pj = 14.3%. 

In order to gain a more realistic understanding of the 

energy transfer mechanisms in dye-polymers, Forster kinetics 

was then applied to analyze the same fluorescence decays. This 

kinetics assumes a time-dependent rate constant for the energy 

transfer. It applied primarily to the non-radiative energy 

transfer of high viscosity materials such as our wavelength 

shifters and scintillators. The detailed energy transfer 

processes in our dye-polymers and the associated Forster 

kinetics are discussed in Chapter 3. 

In the least squares fitting method, the minimized error 

sum and fitting parameters such as decay times were obtained. 

To determine the quality of the fits, the x/-error sums (Eq. 

2.23) of the weighted residuals were evaluated [52]. A value 

x/ « 1 was taken as one possible indicator of a good fit. The 

weighted residuals, defined by 

W, = 
{M°-M^) 

(2.28) 

were taken as another indicator for a good fit [52]: the W^'s 
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Figure 2.12: A example of two-exponential fit for scintillator NE 102 
decay which obtained from TATPC technique. This analysis 
corresponds to the data acquisition in Fig. 2.9. 
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should be randomly distributed about the zero line for an 

adequate model function F(t) for the fluorescence decay and 

for a good fit see Figures 2.10 and 2.12. Normally a visual 

inspection of the weighted residuals was sufficient to decide 

whether the residuals were correlated or random. For analyzing 

decays obtained from the fast analog technique with 

distribution fits, an autocorrelation function was also used 

as a third indicator for the goodness of fit, see Figure 2.10 

[53]. It was calculated from 

^i = 
-'•'Jc=l (2.29) 

n k=l 

where Ai is the correlation between the residual for time T^ 

and the residual for the time Tî,̂  summed over a selected 

number of times Ti. In practice, the presence of high 

frequency oscillations in the autocorrelation function around 

the zero baseline was taken as an indication of a good fit. 

2.3.1 Error Analysis and Estimates 

There are two types of errors possible in the 

measurements: statistical errors and systematic errors. The 

statistical error can be obtained from fitting the results. 

Two fitting methods were used to obtain the fluorescence decay 

times from the data. Estimates of the statistical 

uncertainties in the mean decay times from the distribution 
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fits were obtained by using the same sample and acquiring the 

fluorescence decay several times and with two different 

photomultipliers. For instance, the fluorescence decays from 

our new scintillator 7% PTP + 7% TPhB were measured with the 

fast analog technique and laser excitation (Xex = 3 75 nm) and 

the mean decay times found were 3.07, 2.57, 2.54, 3.13, 2.98, 

2.65, 2.64, 2.68, 2.70, 2.72, 2.53 and 2.53 ns. From these we 

obtain an average of (2.73 ± 0.30) ns, where the uncertainty 

of 0.3 0 ns is a conservative estimate (Table 5.1). 

The uncertainties for the discrete fits were determined 

from the diagonal of the inverse chi-squared (x̂ ) curvature 

matrix [50, 54]. For one-exponential fits, the uncertainties 

ranged from 0.04 to 0.15 ns (Table 4.8). For the two-

exponential fits, the errors in the decay times ranged from 

0.05 to 0.20 ns (Table 4.8). Unless otherwise specified, we 

henceforth shall assume that the experimental uncertainties in 

the fluorescence decay times from the discrete fits are s 0.2 

ns. 

The uncertainties in the natural decay times and critical 

radii from Forster kinetics were also determined. The errors 

again were obtained from the inverse chi-squared curvature 

matrix as in the case of discrete fits. For the wavelength 

shifters (Table 4.9), the uncertainties in the natural decay 

times of the donors and acceptors ranged from 0.09 to 0.56 ns 

and from 0.01 to 0.10 ns, respectively (Chap. 4.5). The errors 

in the critical radii ranged from 0.8 to 4.2 A. For the 
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scintillators (Table 5.4), the uncertainties in the natural 

decay times of solvent, primary, and secondary dopants ranged 

from 14.8 to 2 0.3 ns, from 0.11 to 0.5 ns, and from 0.2 5 to 

0.2 9 ns, respectively. The errors in the critical radii of the 

primary dopant and the secondary dopant ranged from 6.9 to 

12.5 A, and from 4.6 to 5.4 A, respectively (Chap. 5.5). 

In addition to the statistical errors from the 

measurements, the other source of errors are the systematic 

errors in the experiment. In the new time auto-correlated two-

photon counting technique, the systematic errors mainly come 

from the timing instruments. These timing errors are caused by 

the time walk and time jitter in the instruments. We have 

measured the time spread from the time-to-amplitude converter 

(TAC) and discriminators to estimate these errors. 

The time spread for the TAC was estimated by using the 

same signal as both the start and stop pulses. This signal was 

a single photon from a fluorescence decay detected by a PMT 

connected to a pre-amplifier and a discriminator. The output 

signal of the discriminator was seperated into two parts. One 

was directed to the TAC as the start pulse, the other through 

the electronic declay and then to the TAC as the stop pulse. 

The time spread from the TAC was about 50 ps. 

The time spread for the discriminators was determined in 

a similar manner. A signal from the PMT was sent to a pre

amplifier and then on two discriminators. The result showed 

that the time spread for the discriminators was about 240 ps. 
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Therefore, the systematic error in the timing is about 250 ps. 

(This estimated error actually contains both the systematic 

and statistical errors.) 

The other possible systematic error was from the time 

windows of the TAC and the multichannel analyzer (MCA) 

(generally, 100 ns). There were several methods to estimate 

this error. In the first, we adjusted the input range of the 

MAC to be the same as output range of the TAC in order to 

match the time window (e.g., 100 ns). This was done by using 

a similar method as for estimating the time spread for the 

TAC. A signal from the discriminator was used as both the 

start and stop signal for TAC. The stop signal was delayed by 

100 ns which was the same as the time window of the TAC. The 

difference of time between these two instruments was about 100 

ps after the minor adjustment. The second estimate for 

calibrating the time scale came from the measurement of the 

time spread from the TAC as mentioned above. The position of 

the maximum count rate in the time spread distribution was at 

50 ns, which was the signal delay provided by a delay cable. 

The third estimate was from the fitted results. The mean decay 

times of the commercial scintillator 3-HF were 8.45 ns and 

8.58 ns (Table 5.3), compared with 8.5 ns from the literature 

[27] . If there were any serious timing discrepancies, our 

measured decay times probably would differ significantly with 

the literature. Hence, we believed that the systematic error 

for the time window was probably about 100 ps as obtained from 
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the first estimate above. There may be other types of 

systematic errors from the instruments used in TATPC 

technique, but we cannot estimate them. 

2.4 Fluorescence Emission Spectrum Measurement 

Fluorescence emission spectra of the new dye-polymers 

were obtained by using a continuous wave (cw) excitation. 

These then led to a calculation of the relative quantum 

efficiencies of the new dye-polymers. The instrumental setup 

for the cw experiment is shown in Figure 2.13. A xenon arc 

lamp was the excitation source. The excitation wavelengths 

were 43 0 nm for the wavelength shifter measurements and 360 nm 

for the scintillator measurements. The sample was placed in 

the holder as in the fast analog technique (see section 2 .1 or 

Fig. 2.1) and the fluorescence emission was scanned by a 

double grating monochromator (SPEX 1680) with a computer 

controlled motor drive. An InGaAs side-on PMT (Hamamatsu 

R2 658) was connected to the output of the monochromator in 

order to detect the emission intensity. Emission spectra were 

recorded with a PC. The measured spectra were corrected for 

the spectral instrument response, the latter obtained by 

calibration with a standard lamp. 

The relative quantum efficiency for fluorescence emission 

from a given sample was calculated by integrating the 

intensity of a fluorescence emission spectrum from 525 to 780 

nm and dividing by the quantum efficiency by our standard 

45 

.-.- •'̂.'"-'̂  "' "-^^'I^NLjA^JLIIft^l^^i^^f^SKMIIhClMAifTiff^ -' '-̂ ^̂ -̂ ^ 



\Mm wammmme''*'-^'^^--^ 

Figure 2.13: Schematic of experimental setup of continuous 
wave excitation measurement. 
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sample; namely a wavelength shifter made with 10 /iM C-NB and 

10 mM DCM in epoxypolymer. This particular sample has the 

highest observed quantum efficiency, and thus its relative 

quantum efficiency was defined as 1.0. 

2.5 Sample Preparation Methods 

In this project two kinds of dye-polymers were studied, 

namely scintillators and wavelength shifters. The samples were 

prepared by doping epoxypolymer with suitable dyes. Several 

tests were performed to identify such dyes which have the 

proper characters for scintillators and wavelength shifters. 

In all, 23 commercial dyes were tested in ethanol solution, 

because these solutions were easy to prepare. All dyes were 

obtained from Exciton, Inc. and they are listed in Table 2.1. 

Two preparation methods for the epoxypolymers were tried to 

make the samples [55] . In one method, Diglycidyl Ether of 

Bisphenol A (DGEBA) was mixed with Hexahydrophthalic Anhydride 

(HHPA); in the other, DGEBA was mixed with Trimethoxyboroxine 

(TMBOX). DGEBA was obtained from Dow Chemical Company; HHPA 

and TMBOX were purchased from Miller-Stephenson Chemical 

Company, Inc., and Aldrich Chemical, respectively. 

For initial tests, each dye was prepared in ethanol 

solution at a concentration of 1 /iM. The total volume of each 

solution was only 50 ml and it would have been difficult to 

measure precisely the weight of each dye. Therefore, a 10 mM 

dye solution was prepared first, and then the solution was 
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Table 2 .1 
tests 

Name list of dye chemicals used for preliminary 

Dyes 

a-NPO 

BBQ 

BPBD-365 

Coumarin 440 

Coumarin 460 

Coumarin 498 

Coumarin 500 

Coumarin 504 

Coumarin 519 

Coumarin 54OA 

C r y s t a l V i o l e t 670 

DCM 

DPS 

HIDC I o d i d e 

Ki ton Red 620 

LDS 698 

Oxazine 750 

PTP 

Rhodamine 575 

Rhodamine 590 

Rhodamine 610 

Rhodamine 64 0 

S t i l b e n e 420 

Chemical Name 

2 - ( 1 - n a p h t h a l e n y l ) - 5 - p h e n y l - o x a z o l e 

4 , 4 " ' - b i s [ ( 2 - b u t y l o c t y l ) o x y ] 1 , 1 ' : 4 ' , 1 " : 4 " , 1 " ' - q u a t e r p h e n y l 

2- [ 1 , 1 ' - b i p h e n y l ] - 4 - y l - 5 - [4- ( 1 , 1 - d i m e t h y l e t h y l ) p h e n y l ] 1 , 3 , 4 -
o x a d i a z o l e 

7 -amino-4 -me thy l -2H- l -ben2opyran-2 -one 

7 - ( d i e t h y l a m i n o ) - 4 - m e t h y l - 2 H - l - b e n 2 o p y r a n - 2 - o n e 

2 , 3 , 6 , 7 - t e t r a p h y d r o - l O - ( m e t h y l s u l f o n y l ) IH.. 5H., I I H . -
[Ubenzopyrano [6, 7, 8 - i J ] a u i n o l i z i n - l l - o n e 

7 - ( e t h y l a m i n o ) - 4 - ( t r i f l u o r o m e t h y l ) - 2 H - l - b e n z o p y r a n - 2 - o n e 

2 , 3 , 6 , 7 - t e t r a h y d r o - l l - o x o - l H , 5 H , I I H - [ 1 ] b e n z o p y r a n o [ 6 , 7 , 8 -
i j ] q u i n o l i z i n e - 1 0 - c a r b o x y l i c a c i d , e t h y l e s t e r 

2 , 3 , 6 , 7 - t e t r a h y d r o - l l - o x o - l H , 5 H , I I H - [ 1 ] b e n z o p y r a n o [ 6 , 7 , 8 -
i j ] c r u i n o l i z i n e - 1 0 - c a r b o x y l i c a c i d 

2 , 3 , 6 , 7 - t e t r a h y d r o - 9 - ( t r i f l u o r o m e t h y l ) - I H . . 5H.. 1 1 H." 
[ 1 ]benzopyrano [ 6 , 7 , 8-i-i] q u i n o l i z i n - 1 1 - o n e 

5- imino-5H-benzo[a]phenoxaz in-9-amine monope rch lo ra t e 

[2- [ 2 - [ 4 - ( d i m e t h y l a m i n o ) p h e n y l ] e t h e n y l ] - 6 - m e t h y l - 4 H - p y r a n - 4 -
y l i d e n e ] - p r o p a n e d i n i t r i l e 

4 , 4 " - ( 1 , 2 - e t h e n e d i y l ) b i s - l , 1 ' - b i p h e n y l 

2 - [5 - ( l , 3 - d i h y d r o - l , 3 , 3 - t r i m e t h y l - 2 H - i n d o l - 2 - y l i d e n e ) - 1 , 3 -
p e n t a d i e n y l ] - 1 , 3 , 3 - t r i m e t h y l - 3 H - i n d o l i u m i o d i d e 

N- [ 6 - d i e t h y l a m i n o ) - 9 - ( 2 , 4 - d i s u l f o p h e n y l ) - 3 H - x a n t h e n - 3 - y l i d e n e ] -
N-e thy l -e thanamin ium hydrox ide , i n n e r s a l t , sodium s a l t 

[2 - [4 - [4 - ( d i m e t h y l a m i n o ) p h e n y l ] l , 3 - b u t a - d i e n y l ] - l -
e t h y l p y r i d i n i u m monoperch lora te 

5- ( e thy l imino) -10 -me thy l -5H-benzo[a ] p h e n o x a z i n - 9 - e t h y l a m i n e 
monoperch lo ra te 

1 , 1 ' : 4 ' l " - t e r p h e n y l 

2- [ 6 - ( e t h y l a m i n o ) - 3 - ( e t h y l i m i n o ) - 2 , 7 - d i m e t h y l - 3 H - x a n t h e n - 9 - y l ] 
benzo i c a c i d 

2- [ 6 - ( e t h y l a m i n o ) - 3 - ( e t h y l i m i n o ) - 2 , 7 - d i m e t h y l - 3 H - x a n t h e n - 9 - y l ] 
b e n z o i c a c i d e t h y l e s t e r 

N- [ 9 - ( 2 - c a r b o x y p h e n y l ) - 6 - ( d i e t h y l a m i n o ) - 3 H - x a n t h e n - 3 - y l ] - N -
e thy l - e thanamin ium c h l o r i d e 

9 ( 2 - c a r b o x y p h e n y l ) - 2 , 3 , 6 , 7 , 1 2 , 1 3 , 1 6 , 1 7 - o c t a h y d r o -
IH. 5H.11H. 15H-xan theno [ 2 , 3 . 4 - i i : 5 , 6 , 7 - i ' i ' ] d i a u i n o l i z i n - 4 -
i u m p e r c h l o r a t e 

2 , 2 ' - ( [ 1 , 1 ' - b i p h e n y l ] - 4 , 4 ' - d i y l d i - 2 , l - e t h e n e d i y l ) b i s -
b e n z e n e s u l f o n i c a c i d disodium s a l t 

48 

aiadKivus ^̂ î â sssA 
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diluted 100 times twice to yield a 1 fiM concentration. During 

the dilution procedures, a small part (0.05 ml) of the 

original solution was taken out and added to 4.95 ml of 

ethanol. This way a 100-fold dilution can be achieved. This 

method has two advantages. First, the volume of the final 

solution (1 /iM) was not too large and only the volume needed 

was prepared in order to avoid waste. Second, the concentrated 

solution could be stored for later use. The preparations of 

the dye-polymer samples, scintillators and wavelength 

shifters, were carried out by Dr. Nikolay Barashkov. Details 

of the methodology are presented in Appendix A. 
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CHAPTER 3 

ENERGY TRANSFER IN DYE-POLYMERS 

3.1 Introduction 

In order to understand the characteristics of dye-

polymers, the energy transfer and fluorescence processes in 

these new materials need to be known. In the past four 

decades, many articles discussed these processes [56, 57] . 

With our techniques and data analysis we interpreted the 

fluorescence decay times and energy transfer processes in new 

dye-polymers. There are two kinds of energy transfers in dye-

polymers, radiative and non-radiative. Carlo and Franck in 

1922 first observed non-radiative energy transfer [58] . At 

that time, they did not know whether the energy transfer was 

due to long distance transfer, molecular collisions or 

formation of exciplexes. With some experimental results at 

hand, Forster in 1948 [40] developed a quantitative expression 

for the long range electronic energy transfer rate for dipole-

dipole interactions. Since then Brown and Livingston studied 

long range non-radiative energy transfer in liquid solutions, 

and they started to think about the solvent effects in the 

energy transfer [59] . Swank and Buck studied the scintillation 

processes in plastic solid solutions and tried to distinguish 

between the radiative and non-radiative energy transfers in 

the solid solution [60] . Weinreb performed similar experiments 

in liquid systems [61] . Galanin started to consider the 
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concentration effects on the energy transfer [62] . In the 

1960's, Birks published a series of articles which extensively 

discussed the possible cases of energy transfer [63, 64, 65, 

66, 67] . He also drew conclusions about the solvent effect 

[66, 67], the radiative and non-radiative energy transfers 

[65, 67] and the concentration effect [64, 65] . Based on these 

studies, there now exist several kinetic models for energy 

transfer in different systems. 

The energy transfer kinetics in solid solutions has been 

investigated for various systems by several authors. Koski had 

suggested earlier that the energy transfer in the polystyrene 

(PS)-Anthracene system is purely radiative [68]. Krenz did a 

detailed study of this system, in which the intensities of the 

PS and anthracene emission were shown as a function of 

concentration [69] . The results indicated that the energy 

transfer occurred radiatively in the concentration range 5 x 

10"̂  % to 0.5 % by weight. In the other hand, an efficient non-

radiative transfer process became operative at higher 

concentrations. In 1953, Swank and Buck studied the PS-TPB 

(1:1' :4:4'-tetraphenyl-1:3-butadiene) system with a special 

method to distinguish between the radiative and non-radiative 

energy transfers [60]. They compared the scintillator pulse 

heights of samples excited directly by Q?-particles and 

indirectly by the emission from a thin PS disc which was 

placed on the sample and irradiated by a-particles. With the 

second arrangement only radiative energy transfer can occur. 
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They obseirved a significant difference in the radiative pulse 

height vs. concentration curves in the two cases. In the first 

case, the pulse height increases with increasing 

concentration. In the second case, the pulse height increases 

rapidly at low concentration, but becomes constant at 

concentration larger than 500 /iM. They concluded that the 

radiative energy transfer, which is effective at low 

concentration, cannot account for more than 2 0 percent of the 

total energy transfer at high concentration. One important 

result from their observations is the concentration dependence 

of the decay time. 

Swank and Buck also found that the decrease of the PS 

(donor) decay time from 16 ns (without TPB acceptor) to 6.5 ns 

with high TPB concentration is consistent only with non-

radiative energy transfer. Several other experiments have 

confirmed the importance of non-radiative transfer. Birks and 

Kuchela have measured the energy transfer efficiency as a 

function of concentration in the PS/TPB system, using direct 

(donor absorption) and indirect (acceptor absorption) UV 

excitation [64, 70] . They obtained an energy transfer vs. 

concentration curve as shown in Figure 3.1. One important 

result from Birk's research [64] is the independence of donor 

concentration for energy transfer efficiency. Considering 

various kinetic models, Bennett proved that Forster kinetics 

should be applied to the energy transfer of solute-solute in 

the solid samples such as plastic solutions [71]. Other 
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Figure 3.1: Energy transfer efficiency coefficient f against 
concentration c of TPB in Polystyrene-TPB soultions (Birks 
and Kuchela, 1959) In here, f = f, + f^ = [ (qoy) o+crc] / (l + ac) , 
where (qoy)o is fluorescence quantum efficiency of polystyrene, 
o is the ratio of non-radiative energy rate and natural decay 
rate of polystyrene. 
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experiments also verified the applicability of Forster 

kinetics to solvent-solute energy transfer in solid samples 

[58, 72, 73] . 

In addition to Forster kinetics, other kinetics such as 

Stern-Volmer kinetics and intermediate kinetics were applied 

to liquid systems [66, 67] . The kinetics to be used depends on 

diffusion effects of the solvent (i.e. the viscosity of the 

solvent) [74, 75] . If the solute is freely moving in the 

solvent, then Stern-Volmer kinetics is applicable. If the 

solvent has very high viscosity, then Forster kinetics is 

appropriate. Birks has extensively studied this solvent 

effect. 

In this work, we have studied energy transfer processes 

and concentration effects of dyes in new epoxypolymer based 

samples. The new dye-polymers all were plastic solutions. This 

means that the samples were solid samples and that diffusion 

effects were negligible. We therefore assumed Forster kinetics 

in modeling our results. 

3.2. Fluorescence of Molecules 

Before considering the intermolecular energy transfer 

processes, the energy transfer paths in a molecule need to be 

understood [76, 77, 78] . A molecule in the ground singlet 

state will be promoted to a excited singlet state (e.g., Ŝ  or 

Sj) after absorbing photons. Since an excited molecule is not 

in thermal equilibrium with its surroundings, it will have a 
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short lifetime, and a number of processes, which contribute to 

the deactivation of the excited molecule to lower excited 

singlet states, will occur (Fig. 3.2). The deactivation 

processes may include internal conversion (e.g., Ss^S^ or 

SI^SQ) , intersystem crossing (e.g., S^^TJ , and vibrational 

relaxation (e.g., higher vibronic states to the lowest 

vibronic state in Ŝ ) . These processes do not involve emission 

of photons. While the time-scale for intersystem crossing is 

in the millisecond region, the others are all in the 

picosecond or shorter time scale [76, 79, 80] . 

Once the excited molecule is in its lowest vibronic state 

of the Si excited singlet state, there are two ways for the 

excited molecule to make a transition to one of the vibronic 

bands in the ground state [77]. One is nonradiative decay or 

internal conversion. The other is radiative decay or 

fluorescence with the emission of a photon. The band 

structures in the fluorescence emission are associated with 

the vibronic energy levels of the ground state molecule and 

can be observed in the emission spectrum. The fluorescence 

comes from transitions between states of identical 

multiplicity. Usually rapid internal conversion and 

vibrational relaxation enable the emission to occur from the 

lowest vibrational level of the first excited state. This is 

known as Kasha's rule [81]. The rate of emission from the 

excited singlet states gives the inherent radiative decay time 

T of this state. 

- '*? 
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Figure 3.2: Electronic energy level diagram of deactivation paths for a 
typical molecule or atom where So is the ground state; Si is the first 
excited state; S2 is the second excited state and Ti is the first triplet 
state. ABS: absorption; VR: vibrational relaxation; IC:intemal 
conversion; F: fluorescence; NR: non-radiative decay, ISC: intersystem 
crossing; P: phosphorescence. 
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T = (3.1) 

where kf is rate constant for fluorescence decay. In general, 

the fluorescence wavelengths are longer then the absorption 

wavelengths, as can be seen from Fig. 3.2. 

Materials can be made to absorb particular wavelengths 

and then emit longer wavelengths [82] . The idea of 

scintillators and wavelength shifters is based on this: An 

energetic particle is absorbed by the scintillator. Energy of 

the particle is then transferred to scintillator, and causes 

the eventual emission of photons from the scintillator. 

Wavelength shifters then may be used to absorb the photons 

from the scintillators, and shift the energy to longer 

wavelengths for convenient detection. In order to have better 

scintillators and wavelength shifters, there are two important 

design parameters to be considered [16], namely quantum 

efficiency and fluorescence decay times. A good dye-polymer 

for particle detection should have high quantum efficiency and 

short decay times. The higher quantum efficiency of materials 

can produce more photons, and thus increase the intensities of 

signals for detection. The shorter decay times can avoid the 

signal pileup in environments with high collision rates. 

3.3 Energy Transfer in Wavelength Shifters 

The energy transfer mechanisms in a wavelength shifter or 

in a scintillator depends on the constituents of the dye-
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polymer: The dye-polymer can be a single dye, a binary system 

or a ternary system [66, 82]. The new wavelength shifters in 

this work are binary systems (two-dyes) and the new 

scintillators are ternary systems (epoxypolymer plus two-

dyes) . 

In the case of wavelength shifters, the energy transfer 

is a solute-solute transfer, i.e., the energy is transferred 

from the first dye (donor) to the second dye (acceptor). The 

possible paths of intermolecular energy transfer in a 

wavelength shifter are radiative and non-radiative [83] . As 

shown in Figure 3.3, the first dye (donor) absorbs UV photons 

from a scintillator or from a laser more conveniently for 

purposes of testing. The subsequent energy transfer to the 

second dye can be radiative or nonradiative. Finally the 

second dye emits the photons to be observed in fluorescence. 

In radiative energy transfer the acceptors absorb photons 

from the fluorescence decay of the donors. This process 

requires two steps according to 

D* ^ D + hv 

hv + A -^ A* 
(3.2) 

There is no direct interaction of the donor with the acceptor. 

Obviously only energies corresponding to that part of the 

emission spectrum of the donor which overlaps with the 

absorption spectrum of the acceptor can be transferred. The 

transfer can occur over very long distances and the transfer 

efficiency does not depend on the viscosity of the medium. 
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Figure 3.3: Diagram of energy transfer paths in a wavelength 
shifter. The wavelength shifter is a binary system, and there are 
two possible paths for this intermolecular energy transfer: radiative 
and non-radiative. I 
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On the other hand, non-radiative energy transfer involves 

the simultaneous de-excitation of the donor and excitation of 

the acceptor. This is a one-step process which does not 

involve a photon as an intermediary and can be written as 

D* + A ^ D + A* . (3.3) 

In this case, the transitions in the donor (D* D) and 

acceptor (A -^ A*) must be nearly resonant. Therefore, 

radiationless excitation transfer can occur only if the 

initial state (D*-i-A) and final state (D+A*) are resonant and 

if they are coupled by a suitable donor-acceptor interaction 

mechanism. If there is a small energy gap between the excited 

states of donor and acceptor, this may be made up by including 

the vibrational energies in the donor and acceptor. 

Nonradiative energy transfer as a one-step process is much 

faster than the two-step radiative energy transfer. Therefore, 

nonradiative energy transfer between the donor and acceptor is 

strongly desired in fast wavelength shifters. 

3.4 Energy Transfer in Scintillators 

The new scintillators in this work are ternary systems: 

the energy is transferred from the base material (polymer) to 

the primary dopant and then from the primary dopant to the 

secondary dopant. The secondary dopant releases fluorescence 

photons for detection. The paths of energy transfer in a 

scintillator are shown in Figure 3.4. The energy can be 
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Figure 3.4: Diagram of energy transfer paths in a scintillator. 
The scintillator is a ternary system. 
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transferred radiatively or nonradiatively from the solvent to 

the primary dopant and from the primary dopant to the 

secondary dopant. The theories of radiative and nonradiative 

energy transfers are the same for the energy transfer in 

wavelength shifters [82] . The difference here is that the 

wavelength shifters are binary systems while the 

scintillators are ternary systems. In the scintillators the 

solvent itself is involved in first step of the energy 

transfer. 

3.5 Radiative Energy Transfer 

For radiative energy transfer the fluorescence decays of 

donor and acceptor are independent: the fluorescence decay of 

the donor does not change in the presence of the acceptor and, 

conversely, the fluorescence decay of the acceptor does not 

change with the donor [82] . The relation between the donor and 

the acceptor consists in the overlap of donor emission and 

acceptor absorption. If the absorption of the acceptor does 

not overlap with the emission of the donor, then there is no 

energy transfer. The efficiency of energy transfer depends on 

the overlap area of spectra and on the concentrations of donor 

and acceptor [83]. 

The radiative energy transfer is slower than nonradiative 

energy transfer; and therefore, it is not a desired energy 

transfer mechanism in a dye-polymer where short fluorescence 

decay times are needed. Regrettably, radiative transfer cannot 
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be ignored when considering the overall energy transfer 

mechanisms in the medium, but its efficiency may be diminished 

by using high acceptor concentration (see Fig. 3.1). 

3.6 Nonradiative Energy Transfer (Forster Kinetics) 

Two primary types of nonradiative energy transfers 

between donor and acceptor may occur [65, 82] , namely resonant 

energy transfer [40, 62] and collisional transfer [65, 85]. 

Resonant transfer arises from the Coulomb interaction between 

the donor and acceptor which can be considered as a multipole-

multipole interaction, with the strongest contribution from a 

dipole-dipole term. This transfer generally is long-range. On 

the other hand, collisional energy transfer is caused by 

short-range electron-exchange interaction between donor and 

acceptor or by exciplex formation and dissociation of donor 

and acceptor [65, 80, 86] . Depending on the properties of dye-

polymers, different theories such as Forster kinetics [40], 

Stern-Volmer kinetics [66] need to be considered'for the non

radiative energy transfer, as mentioned in Section 3.1. 

The quantum-mechanical matrix element for the donor-

acceptor resonant interaction between the initial and final 

states of the non-radiative energy transfer according to 

perturbation theory is given by [83] 

|i|f̂ Hi|;̂ dT = Ji|;̂ .i|f̂ Hi|;̂ Tlr̂ .dT (3.4) 
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where ^̂  and ^̂  are the initial and final state wave functions. 

This equation includes the electrostatic Coulomb interactions 

where the Hamiltonian can be expanded in a permanent multipole 

expansion [8 0] 

H = P'P/r^ + P-Q/r^ + Q-Q/r^ + . . . . (3.5) 

Here, the first term is the dipole-dipole interaction, the 

second term the dipole-quadrupole interaction, etc. The 

dipole-dipole interaction becomes more important than the 

higher order terms as the distance between donor and acceptor 

increases. In other hand, higher multipole interactions become 

important at close approach of the donor and acceptor [83, 

85] . But at these small distances between donor and acceptor, 

the electron exchange interaction and the collisional energy 

transfer become more significant than the resonant energy 

transfer [85, 87] . Hence, Forster kinetics can only be applied 

to when the donor and acceptor are well separated (-2 0 A or 

more) and are immobile, the spectral overlap is significant, 

and no important medium (i.e., solvent) interacts with donor 

and acceptor during the energy transfer [80, 83] . In this 

work, the smallest distance between donor and acceptor was -34 

A. The donors and acceptors are considered immobile in the new 

epoxypolymer based solid samples. Hence, the dye-polymers meet 

all these restraints. Therefore, Forster kinetics was used to 

model the energy transfer processes in our dye-polymers. 
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According to Forster, the rate constant for non-radiative 

dipole-dipole energy transfer is given by [40] 

8.8xl0-25ic2(J)̂  
^D'-A ~ 1 •—. / F^(v)e^(v) dv (3.6) 

where K is an orientation factor and is equal to (2/3) ̂^̂  for 

a random distribution of donor and acceptor molecules [84], ^^ 

is the quantum yield for the donor emission, n is the 

refractive index of the solvent, T^ is the natural donor decay 

time, R is the distance between the donor and acceptor 

molecules, v is the wave number of spectrum, "F^iv) is the 

spectral distribution of the donor emission (in quanta 

normalized to unity) , and EJ^ is the molar extinction 

coefficient for the acceptor absorption. This formula assumes 

that the energy transfer is much slower than vibrational 

relaxation in both the donor and the acceptor, and only the 

dipole-dipole interaction is considered. 

The energy transfer rate in Forster kinetics is usually 

expressed in terms of a critical radius R̂ , at which the 

intermolecular energy transfer rate is equal to the donor 

natural decay rate constant k̂ .̂p = I/T^. The critical radius 

R_, is defined as [40, 84] 

25 Ji^2, 

Rl = 
S.8xlO-^''K''r\jy 

n' 
f F^{v)e^{v)-^ 
i V 

dv 
4 

(3.7) 
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Comparing this equation with Eq. 3.6, the rate constant of 

energy transfer can be rewritten as 

^D*-A 
^(4£)e 
T^ R 

(3.8) 

where the TQ is the natural decay times of the donor and R is 

the separation between donor and acceptor. Forster [4 0, 84] 

also defined a critical concentration c„ related to R„: 

c^ = 3000/47ri\ZR (3.9) 

where N is the Avogadro's number. This is the acceptor 

concentration at which the energy transfer efficiency is 50%. 

In Forster kinetics, the fluorescence decay curves are no 

longer simple exponential decay. They now include a stretched 

exponential term related to non-radiative energy transfer [66, 

67] . In the case of the ternary scintillator systems in this 

work, the rate equations for the fluorescence decay of solvent 

X', primary dopant Y*, and secondary dopant Z* are as follows: 

dX* 
dt -(K.^k^y)^' (3.10) 

dY* 
dt 

k^YX*-{k^y^ky,Z)Y* (3.11) 

dZ* 
dt 

k^,ZY*-k,,Z* (3.12) 

where k̂ ^ = l/r̂ x / k̂ ^ = I/T^V and k̂ ^ = I/T^^ and T̂ ,̂ T and T 
oy oz 
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are the natural decay times of solvent, primary dopant and 

secondary dopant, respectively; X is the ground state 

concentration of solvent, Y concentration of the primary 

dopant and Z of the secondary dopant. The primed quantities 

^ ' Y*, Z* signify the corresponding excited state 

concentrations; ]<i^ and kŷ  are the non-radiative energy 

transfer rate constants from the solvent to the primary dopant 

and from the primary dopant to the secondary dopant, 

respectively. These rate constants k^ and kŷ  are time-

dependent and are given by [66] 

^^ = ̂ v ox (3.13) 

yz 
1 oy (3.14) 

where Y^ and Ẑ  are the critical concentrations of primary 

dopant and secondary dopant, respectively. Eq. 3.10 shows the 

loss of excitation energy by the solvent due to natural decay 

and non-radiative energy transfer. Eq. 3.11 shows the gain of 

excitation energy by the primary dopant due to non-radiative 

energy transfer from the solvent and the loss of excitation 

energy due to natural decay and non-radiative energy transfer 

from the primary dopant to the secondary dopant. Eq. 3.12 show 

the gain of excitation energy by the secondary dopant due to 

non-radiative energy transfer and the loss of energy due to 

natural decay (refer to Figure 3.4). 
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The relative fluorescence intensity as a function of time 

"the fluorescence decay curves" can be obtained by solving 

these rate equations. These derivations and solutions were 

carried out by Dr. W. Borst and then confirmed by Dr. T. 

Gibson at Texas Tech University. For the decay of the excited 

solvent one obtains as a general solution 

Z*(t) = X*(0)exp[-ic^^t-2-i-y]^] (3.15) 

where X*(0) is the initial concentration of the excited 

solvent. (One may assume X*(0) = 1.) The fluorescence decay 

from the excited primary dopant in general is 

Y*{t) = [X*{0)yyfErJ — dt^ 
0 \fP 

+ y* ( 0 ) ] -e " <*̂ oyt+2Y2V̂ oyt) 

(3.16) 

where 

y=Y/Y^, y^ = Z / Z^ 

a = {k^y - k^^) , P = Yz\/^ - Yy^/^ 
(3.17) 

The Y*(0) is the initial concentration of the excited primary 

dopant (Y*(0) = 0 in our case). The fluorescence decay of 

excited secondary dopant finally is in general 

Z*{t) = [Yzv/^/ 
' e^°'''Y'{t') ^^/ 

/F 7" 
+Z*(0)] -e'̂ "'̂  

(3.18) 
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where Y*(t) is fluorescence decay of excited primary dopant 

and from Eq. 3.16. The initial concentration of excited 

secondary dopant at t = 0 is Z*(0) = 0 in our case. Note that 

we may take Y*(0) = Z*(0) = 0 because all excitation comes from 

X*(0) . 

In the case of a binary wavelength shifter, only two 

types of molecules are involved in the energy transfer, namely 

the donor X and the acceptor Y. In this simpler case, all 

terms related to Z will be zero and the rate equations above 

reduce to 

dX' 
dt 

-{k^,,^k^Y)X' ox 
(3.19) 

dY* (3.20) 

as already described by Birks [66] . Here k̂,, = I/T^^ and k̂ y = 

I/TQJJ. The TQX and T̂ y are the natural decay times of primary 

dopant and secondary dopants and k^ is the non-radiative 

energy transfer rate constant from primary dopant to secondary 

dopant. The rate constant k^ is time-dependent, and given 

again by Eq. 3.13. The fluorescence decay functions in this 

case are obtained by solving these two rate equations. The 

decay of the excited primary dopant again is given by 

Eq. 3.15. 

X-(t) = X*{0)exip[-k^^t-2-^,/J^] . (3.21) 
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But the fluorescence decay of the excited secondary dopant Y* 

now is given by [66] 

where 

/

o (at'+2Bx/P) 
-̂  '—-dt' 

^ 

+ y*(0) ] 'e'^°y^ 

(3.22) 

y = Y / Y , , a = ik^- k) 
oy 

P = - Y y v / ^ 
(3.23) 

The most important constraint for the validity of Forster 

kinetics is met in our work by the large separation between 

donor and acceptor, a distance much larger than the size of 

individual molecules. This distance indeed was larger, based 

on the dye concentrations and energy transfer radii, and 

therefore the higher order Coulomb-terms in the interaction 

energy could be ignored. For our dye-polymers, the highest 

acceptor concentration was about 10 mM, and donor and acceptor 

molecules were far apart (- 34 A) (refer to Eq. 3.9). 

According to Forster kinetics and studies by Birks's [64], the 

energy transfer efficiency is independent of the donor 

concentration, and therefore only acceptor concentration is 

used to obtain the critical radii for non-radiative energy 

transfer. Had the concentrations been much higher, collisional 

energy transfer would have had to be considered [85, 87] . 
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However, this does not seen to be necessary for our new 

wavelength shifter and scintillator formulations. 

In order to analyze the acquired fluorescence decay 

curves with Forster kinetics, we replaced the function F(t) 

given by Eqs. 2.1 and 2.22 with the decay functions X*(t), 

Y'(t), and Z*(t) above. If the measured fluorescence decay was 

the acceptor emission from a wavelength shifter, then the 

decay function Y*(t) from Eq. 3.22 is used as the function 

F(t) in Eq. 2.1 in order to analyze the data. Similarly, X*(t) 

from Eq. 3.21 was measured and used as the function F(t) for 

the donor emission from a wavelength shifter. 

For the scintillators, only the fluorescence decay from 

the secondary dopant was measured, and thus the decay function 

Z*(t) from Eq. 3.18 will be the function F(t) in Eq. 2.22. The 

function Z*(t) unfortunately is very complicated, and thus it 

is hard to calculate it in closed form. I am grateful to Dr. 

T. Gibson at TTU for a writing computer program in which Z*(t) 

is calculated numerically. Furthermore, the fluorescence decay 

for the excited primary dopant Y*(t) was also obtained with 

this program. Hence, both functions could be used as F(t) in 

Eq. 2.22 in order to analyze the data. 
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CHAPTER 4 

WAVELENGTH SHIFTERS 

4.1 Introduction 

Finding new dye-polymers with short decay times and high 

quantum efficiencies for use as wavelength shifters and 

scintillators was the primary purpose of this project. Several 

preliminary studies were performed in which 23 commercial dyes 

dissolved in ethanol were tested by measuring their absorption 

and emission spectra and fluorescence decay times. Several 

dyes were chosen as candidates after the initial studies. 

The solvent might influence the characteristics of a dye 

in several ways, such as the energy levels, absorption, 

emission spectra, and decay times, because viscosities, 

polarities and structures of various solvents are different. 

This is known as the solvent effect [67, 88] . In order to 

verify that the photophysical properties of the chosen dyes 

will not change as a result of the "solvent effect," the 

fluorescence decays and cw spectra of some candidate dyes such 

as DCM and LDS in epoxypolymer were measured. As is known [62, 

70] , the concentrations of the dyes in the polymer play an 

important role in the energy transfer. Therefore, various 

concentrations of DCM, Coumarin 504 and Coumarin NB were 

prepared individually in each epoxypolymer, and their 

fluorescence properties were studied. These experiments helped 

us understand the fluorescence characteristics of individual 
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candidate dyes in epoxypolymer and led to new wavelength 

shifters. 

Most of the wavelength shifters in this work were 

mixtures of two-dye combinations in epoxypolymer and thus they 

are binary systems. The concentration effects of primary 

dopants and of secondary dopants were studied in order to 

maximize the wavelength shifters for proper absorption and 

emission wavelengths and short decay times for particle 

detection. Generally, fluorescence decays presented in this 

chapter were measured with the fast analog technique (Chap. 

2.1) and analyzed using a sum of exponentials with a decay 

time distribution fit (Chap. 2.3), except as specified. The 

uncertainties of the decay times were s 0.3 0 ns (Chap. 2.3.1) . 

4.2 Preliminary Study: Dyes in Solution 

Twenty-three commercial dyes were tested as candidate 

dyes at a concentration of 1 /iM in ethanol. Their absorption 

and emission spectra and decay times were measured. The 

results of all initial measurements are shown in Table 4.1. We 

found, for instance that the dye PTP is a good candidate for 

new scintillators according to its short decay time. For 

wavelength shifters, we found that Coumarin 4 98, Coumarin 504 

and Coumarin 519 may be suitable as primary dopants. These 

three Coumarins have absorption peaks at about 43 0 nm, which 

is near the emission peak for some commercial scintillators, 

especially the scintillator SCSN-81. They efficiently absorb 
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Table 4 .1 Resul ts of prel iminary t e s t s from 23 commercial 
dyes 

Dyes 

PTP 

BPBD-365 

BBQ 

a-NPO 

DPS 

Stilbene 420 

Coumarin 440 

Coumarin 460 

Coumarin 4 98 

Coumarin 500 

Coumarin 504 

Coumarin 519 

Coumarin 54OA 

Coumarin NB^ 

Rhodamine 575 

Rhodamine 590 

Rhodamine 610 

Rhodamine 64 0 

Kiton Red 62 0 

DCM 

LDS 698 

Cresyl Violet 670 

HIDC Iodide 

Oxazine 750 

Absorption 
Peak (nm) 

276 

302 

307 

326 

341 

349 

324 

370 

430 

392 

436 

412 

425 

395 

517 

530 

543 

564 

554 

464 

485 

601 

641 

667 

Emission 
Peak (nm) 

339 

364 

381 

398 

408 

425 

430 

445 

480 

495 

480 

490 

520 

460 

560 

560 

575 

594 

575 

644 

680 

630 

665 

700 

Decay 
Time (ns) 

1.2 

1.9 

0.86 

3.6 

3.1 

4.2 

5.1 

3.5 

3.5 

4.7 

4.2 

4.3 

4.4 

3.2 

5.3 

3.3 

2.0 

0.53 

3.5, 1.4 

1.1 

1.5 

Molecular 
Weight (g) 

230 

354 

675 

271 

332 

563 

175 

231 

319 

257 

313 

285 

309 

414 

479 

479 

591 

581 

303 

379 

362 

510 

470 

* The u n c e r t a i n t i e s of t h e decay t imes a r e s 0.30 ns (Chap .2 .3 ) . 
a . Th is dye was produced by Dr. N. Barashkov and measured i n epoxy
polymer . 
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photons from scintillators. Furthermore, these three coumarins 

have emission peaks near 480 - 490 nm. Based on a recent 

radiation damage study [89] , polystyrene can form a new 

absorption band near 53 0 nm for radiation doses over 50 Mrad. 

This may cause the fluorescence transmission of polystyrene to 

drop up to 50%. Avoiding absorption by radiation-damaged base 

material (e.g., polystyrene) thus is a requirement for 

choosing secondary dopants. 

We chose DCM and LDS 698 as the secondary dopants in the 

new wavelength shifters. These two dyes have absorption peaks 

at 464 and 485 nm, respectively. Hence, DCM and LDS 698 may 

non-radiatively transfer energy from coumarins, have high 

quantum efficiencies, and their emission peaks are at 644 and 

680 nm. They have fluorescence decay times of 2 .0 and 0.53 ns, 

respectively. An example is shown in Figure 4.1, which gives 

the emission spectrum of the commercial scintillator SCSN-81 

and the absorption and emission spectra of Coumarin 504 (C-

504) and DCM in ethanol. It is clear that the absorption of C-

504 matches the emission of SCSN-81, and the absorption of DCM 

matches the emission of C-504. As is also seen, DCM has a 

large Stokes's shift and thus can avoid the reabsorption of 

its own emission. According to these results, wavelength 

shifters with coumarins as primary dopant and with DCM or LDS 

698 as secondary dopant should have high energy transfer 

efficiencies, short decay times, and be able to shift the 
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Wavelength (nm) 

800 

Figure 4.1: Emission and absorption spectra of scintillator and 
candidate dyes for wavelength shifter. (1) emission spectrum of the 
commercial scintillator SCSN-81, (2) absorption and (3) emission 
spectra of C-504 in ethanol, and absorption (4) and emission (5) spectra 
ofDCM in ethanol. 
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wavelengths to red for photodetection. They also can avoid the 

reabsorption of radiation-damaged plastic materials. 

4.3 Dves in Epoxv-Polvmer and Concentration Effect 

Based on the initial studies of dyes in ethanol, the 

resulting candidate dyes were doped into epoxypolymer as the 

base material. We then studied their cw emission spectra and 

fluorescence decay times. As mentioned above, these dyes may 

change their fluorescence characteristics according to the 

solvent effect. Figure 4.2 shows the comparison of emission 

spectra of DCM in ethanol and in epoxypolymer. The shape of 

the emission spectra are similar, but the peak is shifted from 

644 nm in ethanol to 570 nm in epoxypolymer (this may be 

important for choosing detector in particle detection). Figure 

4.3 shows the corresponding DCM fluorescence decays in both 

solvents. The decay times were 2.0 ns in ethanol and 2.3 ns in 

epoxypolymer and were the same within our error limits. 

When using the dye LDS 698, the problem was that it 

reacted with the epoxy-polymer. This was seen by looking at 

the color of a LDS 698-epoxypolymer sample and by measuring 

the emission spectra and fluorescence decays. The color was 

not uniform over the sample: some parts were darker than 

others. The sample also was in a gel-like phase, while other 

samples formed a solid phase. Different emission spectra were 

found from different parts of this LDS 698-epoxypolymer 

sample. The decay times were also significantly different 
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Figure 4.2: Comparison of DCM emission spectra in epoxypolymer (1) 
and ethanol (2). The peaks of the two spectra are at 570 nm and 639 nm, 
respectively, (see also Fig. 4.4 at the lowest DCM concentration) 
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Figure 4.3: Comparison of DCM decays in ethanol (a), and 
epoxyploymer (b). The decay times of DCM in these two solvents are 
2.0 and 2.3 ns, respectively. 
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(from 3.12 ns to 2.03 ns) for different parts of the sample, 

and different from that of LDS in ethanol (0.53 ns). We thus 

concluded that LDS 698 reacted with the epoxypolymer. Hence, 

it seems impossible to make an epoxypolymer-based wavelength 

shifter from LDS 698. Of the two dyes studied, only DCM 

remained a suitable secondary dopant. 

Our wavelength shifters contain a new coumarin dye 

produced by Dr. Nickolay Barashkov. This dye is 4-trifluoro

methyl -7- (N-allylamino) coumarin, henceforth called Coumarin NB 

(C-NB) [90] . It was tested in epoxypolymer and was used as one 

of the primary dopants in our wavelength shifters. 

The type of intermolecular energy transfer in a dye-

polymer system, namely radiative or non-radiative, strongly 

depends on the dye concentrations [62, 70] . Before studying 

the concentration dependence of the energy transfer in the new 

wavelength shifters, the fluorescence decay times and cw 

emission spectra of individual dyes in epoxypolymer were 

investigated for different concentrations. These ranged from 

10 /iM to 1 mM for the coumarins as donor, while the acceptor 

DCM had concentrations from 1 fiM to 10 mM. Figure 4.4 shows 

examples of emission spectra for different concentrations of 

C-504 and DCM. The basic structure of the spectra for C-504 

did not change, but there is a red-shift with increasing 

concentration for the DCM spectra. This can be seen from the 

growing intensity near 630 nm for the highest DCM 

concentration, and accompanied by the shift of the primary 
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C-504 emission 
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Figure 4.4: CW emission spectra fi-om C-504 and DCM for different 
concentrations. Both dyes were in epoxypolymer. The basic structure of 
the C-504 emission remained the same. For the emission fi-om DCM, a 
red shift in the peak and a developing second peak at 630 nm were 
observed with increasing concentration. 
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emission peak. Figure 4.5 shows the corresponding fluorescence 

decays from C-504 and DCM. The decays of C-504 at the lower 

concentrations of 10 //M and 100 /xM are similar (3.3 and 4.0 

ns) , but become slower at the highest C-504 concentration of 

1 mM (5.4 ns). The decay times of C-504 seem to increase with 

increasing C-504 concentration. This is significant at the 

highest C-504 concentration of 1.0 mM and may due to the self-

absorption of C-504. The decays from DCM at five different 

concentrations remained about the same (2.3 to 2.8 ns). The 

decay times are summarized in Table 4.2, which also including 

measurements on the dye C-NB (4.0 to 4.3 ns) . These 

fluorescence studies of individual dyes in epoxypolymer were 

useful standards for studying energy transfer in our binary 

wavelength shifters. 

4.4 New Dye-Polymers for Wavelength Shifters 

From the preliminary studies the four dyes chosen as 

donors were C-498, C-504, C-519 and C-NB , while only the dye 

DCM was used as the acceptor. The donor concentrations ranged 

from 10 /iM to 1 mM for C-504 and C-NB, and from 100 /xM to 1 mM 

for C-4 98 and C-519. The acceptor concentrations ranged from 

1 /xM to 10 mM our binary wavelength shifters. 

The fluorescence emission intensity was taken as an 

indicator of the energy transfer efficiency. Figure 4.6 shows 

an example of cw spectra from wavelength shifters made with 

the donor C-504 and the acceptor DCM. The C-504 concentration 
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Figure 4.5: Fluorescence decays of C-504 and DCM for different 
concentrations. Both dyes were in epoxypolymer The concentration 
of C-504 varied from 0.01 mM to 1 mM and DCM from 0.001 mM 
to 10 mM. The decay times of C-504 range from 3.27 to 5.40 ns, and 
the decay times of DCM from 2.33 to 2.80 ns (refer to Table 4.2). 
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Table 4.2 Mean decay times of dyes for varied single dye 
concentrations in epoxypolymer 

Sample 

10 /iM C-504 

100 /iM C-504 

1.0 mM C-504 

Decay Time (at 480 nm) 

3.27 ns 

3.98 ns 

5.4 0 ns 

Sample 

10 /iM C-NB 

100 /iM C-NB 

1.0 mM C-NB 

Decay Time (at 460 nm) 

4.01 ns 

4.15 ns 

4.34 ns 

Sample 

2.2 /iM DCM 

10 /iM DCM 

100 /iM DCM 

1.0 mM DCM 

10 mM DCM 

Decay Time (at 590 nm) 

2.33 ns 

2.51 ns 

2.34 ns 

2.59 ns 

2.80 ns 

* The uncertainties of the decay times are s 0.30 ns 

(Chap. 2.3). 
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Figure 4.6: Comparison of cw emission spectra at five different 
concentrations of DCM mixed with 100 |iM C-504 in epoxypolymer.iMl 
spectra were measured under the same experimental conditions and no 
normalization was done. At low DCM concentrations the emission from 
C-504 dominates, while at high DCM concentrations the emission is 
primarily from DCM above 525 nm. 
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was fixed at 100 /iM and the concentrations of DCM were varied 

from 1 /iM to 10 mM. As is seen, the intensity of the donor 

emission decreases while the acceptor emission increases with 

increasing acceptor concentration. The increase in the 

emission intensity in the red means that more energy is being 

transferred from donor to acceptor as the acceptor 

concentration increases. There are two reasons for this: the 

radiative energy transfer efficiency increases because of the 

increasing absorption of photons by the acceptor from the 

donor and second, the non-radiative energy transfer increases 

with the decreasing distance between donor and acceptor in 

accordance with Forster kinetics. 

Table 4.3 shows a summary of the relative quantum 

efficiencies of wavelength shifters made with C-504 and DCM. 

The efficiency roughly increased with increasing acceptor 

concentration for the two highest donor concentrations, except 

for the sample made with 1.0 mM C-504 + 10.4 mM DCM. For the 

lowest donor concentration, there was no such a trend. This 

may due to the low donor concentration (i.e., not many photons 

were produced by the donor) . The relative quantum efficiencies 

were calculated by integrating a fluorescence emission 

spectrum over the wavelengths 525 nm to 750 nm, and then 

comparing to the quantum efficiency of a wavelength shifter 

made with 10 /iM C-NB + 10 mM DCM, for which the efficiency was 

taken as 1.0 because it was the highest value for all 

wavelength shifters studied (refer to Chap. 2.4). 
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Table 4.3 Mean decay times and relative quantum efficiencies 
of mixtures of Coumarin 504 (donor) and DCM (acceptor) in 
epoxypolymer 

S a m p l e 

10 /iM C - 5 0 4 + 2 /iM DCM 

10 /iM C - 5 0 4 + 8 /iM DCM 

10 /iM C - 5 0 4 + 150 /iM DCM 

10 /iM C - 5 0 4 + 1 . 1 mM DCM 

10 /iM C - 5 0 4 + 9 mM DCM 

1 0 0 /iM C - 5 0 4 + 1 .2 /iM DCM 

1 0 0 /iM C - 5 0 4 + 16 /iM DCM 

1 0 0 /iM C - 5 0 4 + 130 /iM DCM 

1 0 0 /iM C - 5 0 4 + 1 . 1 mM DCM^ 

1 0 0 /iM C - 5 0 4 + 9 mM DCM'̂  

1 . 0 mM C - 5 0 4 + 1 . 3 /iM DCM 

1 . 0 mM C - 5 0 4 + 9 /iM DCM 

1 . 0 mM C - 5 0 4 + 80 /iM DCM 

1 . 0 mM C - 5 0 4 + 1 .2 mM DCM 

1 . 0 mM C - 5 0 4 + 1 0 . 4 mM DCM 

480^ 

3 . 2 2 

3 . 2 0 

2 . 7 5 

1 . 9 7 

nm 

n s 

n s 

n s 

n s 

* * • 

3 . 3 8 

3 . 2 1 

2 . 8 5 

2 . 2 6 

0 . 7 3 

n s 

n s 

n s 

n s 

n s 

8 . 8 1 

6 . 1 3 

3 . 7 7 

2 . 6 3 

1 . 2 5 

n s 

n s 

n s 

n s 

n s 

590^ nm 

3 . 7 9 n s 

3 . 1 9 n s 

2 . 9 3 n s 

3 . 7 0 n s 

3 . 9 0 n s 

5 . 2 3 n s 

3 . 6 0 n s 

2 . 9 7 n s 

2 . 6 4 n s 

2 . 7 4 n s 

• * * 

7 . 9 4 n s 

6 . 9 4 n s 

4 . 6 3 n s 

4 . 2 5 n s 

Q . E . ^ 

0 . 4 0 

0 . 5 9 

0 . 6 1 

0 . 5 9 

0 . 4 0 

0 . 3 0 

0 . 6 4 

0 . 6 3 

0 . 7 2 

0 . 7 2 

0 . 4 0 

0 . 4 3 

0 . 6 9 

0 . 8 1 

0 . 6 1 

a. Donor emission. 
b. Acceptor emission. 
c. Quantum efficiency for acceptor emission. 
d. This sample was chosen as a candidate wavelength shifter 
***: Fluorescence signal was too weak to detect. 
* The uncertainties of the decay times are s 0.30 ns. 
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Figure 4.7 shows emission spectra for donor 

concentrations from 10 /iM to 1 mM at a constant acceptor 

concentration 10 mM. The relative quantum efficiencies 

obtained from these spectra are 0.4, 0.72 and 0.61 with 

increasing donor concentration. According to these results, 

the efficiency will not increase with increasing the donor 

concentration with constant acceptor concentration. 

The fluorescence decay times from the new dye-polymers 

were an important indicator for the kind of energy transfer 

taking place [60]. If there is only radiative energy transfer 

between donor and acceptor, then the decay times of the donor 

would not change and the decay times of the acceptor would be 

longer than without the donor (by roughly the decay time of 

the donor). If there is only non-radiative energy transfer, 

then the decay times of the donor will decrease and the decay 

times of the acceptor will be about the same as those without 

the donor. Figure 4.8 shows an example of the fluorescence 

decays from wavelength shifters with a fixed C-504 

concentration of 100 /iM and varying DCM concentration from 1 

/iM to 10 mM. Part (a) refers to the fluorescence decay of the 

donor C-504 monitored at 480 nm and (b) to the decay of the 

acceptor DCM at 590 nm. The fluorescence decays become faster 

with increasing acceptor concentration for both the donor and 

the acceptor emission indicating that the efficiency for non

radiative energy transfer increases with increasing acceptor 

concentration. The acceptor decay was monitored at 590 nm 
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Figure 4.7: Comparison of cw spectra at three different concentrations 
of the donor C-504 mixed with 10 mM DCM as the acceptor in 
epoxypolymer. The emission is mainly from DCM. 
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Figure 4.8: Comparison of fluorescence decays from mixtures of 
C-504 and DCM in epoxypolymer. i\ll samples have a fixed C-504 
concentration of 100 |iM while the DCM concentrations vary. The 
fluorescence decays are much faster at the higher DCM concentrations. 
The decay times of C-504 range from 3.4 to 0.7 ns and of DCM from 
5.2 to 2.6 ns. 
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(Table 4.3) while the 480 nm emission corresponds to the decay 

of the donor. For 10 /iM C-504, the decay times of C-504 

decrease from 3.22 to 1.97 ns while for DCM they range from 

3.90 to 2.93 ns, but not in a systematic way. The shortest 

decay time of DCM is at 150 /iM DCM which is 2.93 ns. The 

decreasing decay times of C-504 with increasing DCM 

concentration show that the efficiency for non-radiative 

energy transfer increases with DCM concentration, as expected. 

The decay times of DCM are longer than those obtained without 

C-504 (2.5 ns. Table 4.2). This indicates that radiative 

energy transfer still is significant in the overall energy 

transfer in these new wavelength shifters at this lowest donor 

concentration. For the higher concentration at 100 /iM C-504, 

the decay times of C-504 and DCM change systematically from 

3.38 to 0.73 ns, and from 5.23 to 2.74 ns, respectively. For 

1 mM C-504, which was the highest concentration of C-504, the 

decay times decrease from 8.81 to 1.25 ns for C-504, and from 

7.94 to 4.25 ns for DCM as the DCM concentration increases. 

From these results it is clear that the donor decay times 

decreased with increasing acceptor concentration for each 

group. This is the same for decay times of the acceptor. This 

clearly shows that efficiency for non-radiative energy 

transfer increased with increasing acceptor concentration, and 

it is comparable to or larger than the efficiency for 

radiative energy transfer. It is noted that the decay times of 

C-504 in the highest C-504 concentration (1 mM) were longer 
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than those in the lower C-504 concentrations. This may be due 

to the increase of C-504 natural decay time with increasing C-

504 concentration (from 3.27 ns to 5.40 ns. Table 4.2). For 

our candidate samples (100 /iM C-504 + 1.1 mM DCM and 100 /iM C-

504 + 9 mM DCM) we assumed that the non-radiative energy 

transfer dominated over the radiative transfer and we 

neglected the later when we modeled the decay by Forster 

kinetics. 

From the results in Table 4.3, two particular samples 

were identified as potential candidates for wavelength 

shifters in particle detectors. They are 100 /iM C-504 + 1.1 mM 

DCM and 100 /iM C-504 + 9 mM DCM. These two samples have high 

relative quantum efficiencies and short decay times. Several 

other samples made from C-504 + DCM have high relative quantum 

efficiencies (such as 1 mM C-504 + 80 /iM DCM and 1 mM C-504 + 

1.2 mM DCM), but their acceptor decay times are long, 6.94 and 

4.63 ns, respectively. 

Table 4.4 shows the results for the decay times and 

relative quantum efficiencies of wavelength shifters for C-NB 

+ DCM combination. Similar to the previous C-504 + DCM case, 

the lower DCM concentration yields longer mean decay times and 

lower relative quantum efficiencies. For the group with 10 /iM 

C-NB, three high DCM-concentration samples have short decay 

times (2.69, 2.66, 2.87 ns) , but only the highest DCM 

concentration yields a high relative quantum efficiency - the 

highest found in the new wavelength shifters and thus defined 
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Table 4.4 Mean decay times and relative quantum efficiencies 
of Coumarin NB and DCM mixtures in epoxypolymer 

Sample 

10 /iM C-NB + 1 . 0 /iM DCM 

10 /iM C-NB + 13 /iM DCM 

10 /iM C-NB + 190 /iM DCM 

10 /iM C-NB + 1 . 0 mM DCM 

10 /iM C-NB + 1 1 mM DCM^ 

1 0 0 /iM C-NB + 1 . 0 /iM DCM 

100 /iM C-NB + 26 /iM DCM 

1 0 0 /iM C-NB + 90 /iM DCM 

1 0 0 /iM C-NB + 1 .2 mM DCM 

1 0 0 /iM C-NB + 10 mM DCM^ 

1 . 0 mM C-NB + 1 . 2 /iM DCM 

1 . 0 mM C-NB + 35 /iM DCM 

1 . 0 mM C-NB + 160 /iM DCM 

1 . 0 mM C-NB + 1 . 1 mM DCM 

1 . 0 mM C-NB + 7 mM DCM^ 

4 60 nm 

4 . 0 9 n s 

4 . 0 0 n s 

2 . 6 5 n s 

2 . 1 1 n s 

0 . 7 0 n s 

4 . 9 4 n s 

3 . 9 8 n s 

4 . 0 5 n s 

* * * 

2 . 5 5 n s 

4 . 2 1 n s 

4 . 4 4 n s 

4 . 2 7 n s 

3 . 9 7 n s 

3 . 2 6 n s 

590 

4 . 1 3 

3 . 0 7 

2 . 6 9 

2 . 6 6 

2 . 8 7 

nm 

n s 

n s 

n s 

n s 

n s 

5 . 8 5 

4 . 1 3 

4 . 2 3 

3 . 8 0 

3 . 0 8 

n s 

n s 

n s 

n s 

n s 

5 . 1 9 

5 . 5 0 

5 . 3 3 

4 . 2 5 

2 . 8 5 

n s 

n s 

n s 

n s 

n s 

Q . E . 

0 . 2 9 

0 . 4 8 

0 . 5 7 

0 . 6 5 

1 . 0 

0 . 3 7 

0 . 3 3 

0 . 6 3 

0 . 6 3 

0 . 8 2 

0 . 4 4 

0 . 4 7 

0 . 6 2 

0 . 5 5 

0 . 8 0 

a. These samples were chosen as the candidates for wavelength 
shifters. 
***: Fluorescence signal was too weak to detect. 
* The uncertainties of the decay times are s 0.30 ns 
(Chap. 2.3). 
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as 1.0. In the groups of 100 /iM and 1.0 mM C-NB, only the 

highest DCM concentration samples are suitable for potential 

applications. These two samples have decay times of 3.08 and 

2.85 ns and relative quantum efficiencies of 0.82 and 0.80, 

respectively. The sample 100 /iM C-NB + 1.2 mM DCM has no decay 

time listed, because the donor emission of this sample was too 

weak for detection. The three most suitable samples for 

wavelength shifters are highlighted in Table 4.4. These 

samples all have comparable DCM concentrations on the order of 

10 mM, but different C-NB concentrations of 10 /iM, 100 /iM and 

1 mM. 

The energy transfer processes in C-NB + DCM samples can 

be understood by looking at the decay times. As is seen in 

Table 4.4, the decay times for both C-NB and DCM decrease with 

increasing DCM concentrations indicating that the non

radiative energy transfer efficiency increased. For the group 

with 10 /iM C-NB and the lowest DCM concentration, the C-NB 

decay time of 4.09 ns is about the same as that of 4.01 ns for 

C-NB without DCM in epoxypolymers (Table 4.2), while the DCM 

decay time of 4.13 ns (Table 4.4) is much longer than that of 

DCM in the absence of C-NB (2.33 ns. Table 4.2) . This clearly 

shows that radiative energy transfer from C-NB to DCM 

dominated. For the highest three DCM concentrations, the C-NB 

decay times of 2.65, 2.11 and 0.70 ns are much shorter than 

for single C-NB in epoxypolymers, while the DCM decay times of 

2.69, 2.66 and 2.87 ns are about the same as for single DCM in 

94 

ifa^uiifc m 



mt~. 

epoxypolymer. This indicates that the energy transfer now is 

predominately non-radiative. In the groups with 100 /iM and 1.0 

mM C-NB, only the highest DCM concentration samples clearly 

show non-radiative energy transfer. For other DCM 

concentrations, the radiative energy transfer either dominates 

or is comparable to the non-radiative energy transfer. 

We found that in general samples with the lowest donor 

concentration of 10 /iM have low relative quantum efficiencies. 

Therefore, dye-polymers made with the other primary dopants C-

498 or C-519 were not measured at the lowest donor 

concentration of 10 /iM, but only at 100 /iM and 1 mM. The 

results for C-498 are shown in Table 4.5. As can be seen, the 

two samples 100 /iM C-498 + 1.0 mM DCM, and 100 /iM C-498 + 10 

mM DCM have decay times of 3.37 ns and 3.10 ns, and relative 

quantum efficiencies of 0.74 and 0.72, respectively. Thus they 

are good candidates for potential wavelength shifters. 

Furthermore, only in these two samples was the overall energy 

transfer dominated by non-radiative energy transfer. This can 

be seen from the decay times of both C-4 98 and DCM. The decay 

times of 2.66 and 0.61 ns for C-498 were shorter than the time 

of 4.2 ns for C-498 in ethanol, while the DCM decay times of 

3.37 and 3.10 ns are close to those of DCM without C-498 in 

epoxypolymers (2.59 and 2.8 ns, respectively). 

Table 4.6 shows the corresponding results for C-519 + DCM 

mixtures in epoxypolymer. Several samples have high relative 

quantum efficiency. The sample 100 /iM C-519 + 10 mM DCM with 
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Table 4.5 Mean decay times and relative quantum efficiencies 
of Coumarin 4 98 and DCM mixtures in epoxypolymer 

S a m p l e 

1 0 0 /iM C - 4 9 8 + 1 .2 /iM DCM 

1 0 0 /iM C - 4 9 8 + 10 /iM DCM 

1 0 0 /iM C - 4 9 8 + 100 /iM DCM 

1 0 0 /iM C - 4 9 8 + 1 .0 mM DCM^ 

1 0 0 /iM C - 4 9 8 + 10 mM DCM^ 

1 . 0 mM C - 4 9 8 + 1 . 0 /iM DCM 

1 . 0 mM C - 4 9 8 + 10 /iM DCM 

1 . 0 mM C - 4 9 8 + 100 /iM DCM 

1 . 0 mM C - 4 9 8 + 1 . 0 mM DCM 

1 . 0 mM C - 4 9 8 + 10 mM DCM 

4 90 nm 

3 . 6 9 n s 

4 . 2 2 n s 

3 . 8 1 n s 

2 . 6 6 n s 

0 . 6 1 n s 

6 . 7 1 n s 

6 . 9 2 n s 

4 . 6 1 n s 

3 . 1 7 n s 

1 . 0 8 n s 

590 nm 

5 . 2 5 n s 

5 . 6 0 n s 

4 . 9 3 n s 

3 . 3 7 n s 

3 . 1 0 n s 

8 . 7 9 n s 

7 . 5 0 n s 

6 . 6 0 n s 

5 . 4 0 n s 

3 . 6 2 n s 

Q . E . 

0 . 3 2 

0 . 6 0 

0 . 6 4 

0 . 7 4 

0 . 7 2 

0 . 3 9 

0 . 5 0 

0 . 6 7 

0 . 6 7 

0 . 4 0 

a. The candidates for wavelength shifters. 

* The uncertainties of the decay times are <. 0.30 ns 

(Chap. 2.3). 
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Table 4.6 Mean decay times and relative quantum efficiencies 
of Coumarin 519 and DCM mixtures in epoxypolymer 

Sample 

100 /iM C-519 + 1.0 /iM DCM 

100 /iM C-519 + 10 /iM DCM 

100 /iM C-519 + 100 /iM DCM 

100 /iM C-519 + 1.2 mM DCM 

100 /iM C-519 + 10 mM DCM^ 

1.0 mM C-519 + 1.0 /iM DCM 

1.0 mM C-519 + 10 /iM DCM 

1.0 mM C-519 + 100 /iM DCM 

1.0 mM C-519 + 1.0 mM DCM 

1.0 mM C-519 + 10 mM DCM 

490 

4.24 

4.20 

3.75 

2.59 

0.78 

nm 

ns 

ns 

ns 

ns 

ns 

6.12 

6.08 

4.51 

3.07 

1.03 

ns 

ns 

ns 

ns 

ns 

590 nm 

6.3 8 ns 

6.52 ns 

5.32 ns 

3.7 0 ns 

2.92 ns 

9.23 ns 

8.8 9 ns 

7.43 ns 

6.82 ns 

3.81 ns 

Q.E. 

0.31 

0.45 

0.62 

0.73 

0.86 

0.43 

0.49 

0.71 

0.68 

0.51 

a. The candidate for wavelength shifter. 

* The uncertainties of the decay times are s 0.30 ns 

(Chap. 2.3). 
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its short decay time of 2.92 ns seems to be the most promising 

one as a wavelength shifter and only for this sample did the 

non-radiative energy transfer dominate. 

4.5 Results and Discussions 

Based on our testing of new coumarin-DCM wavelength 

shifters, eight candidates with short decay times and high 

relative quantum efficiencies were identified for potential 

use in high energy particle detectors. These are shown as the 

first eight entries in Table 4.7, this summarizing results 

from Tables 4.3, 4.4, 4.5 and 4.6. The emission peaks of the 

chosen candidates are around 590 nm. This is far from 53 0 nm 

and, therefore, these candidates can avoid the reabsorption of 

fluorescence emission by radiation-damaged base materials as 

described in Section 4.3. The decay times range from 3.4 to 

2.6 ns and are significantly shorter than those of currently 

used wavelength shifters, which generally are around 5.0 ns. 

The relative quantum efficiencies are high, ranging from 0.72 

to 1.0. For comparison, a commercial wavelength shifter 3-HF 

was tested. Its results are listed as item 13 in Table 4.7. 

In this work, we also tested several wavelength shifters 

with three dyes. The results are included as items 10 and 11 

in Table 4.7. The observed decay times were as long as 9.7 ns 

and the relative quantum efficiencies were low. No suitable 

combination was found with a simultaneous short decay time and 

high quantum efficiency. These 3-dye wavelength shifters were 
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prepared for testing different dye combinations, but their 

results show that they are not suitable for potential 

applications. Hence, no further research has been done on 

these combinations. The same is true for item 12 in Table 4.7. 

This sample was prepared for testing new dye. According to its 

long decay time of 9.0 ns, this sample is not a candidate for 

potential wavelength shifter. 

In addition to the four categories of coumarin + DCM 

combinations, binary wavelength shifters with HBO + DCM were 

also investigated (item 9 in Table 4.7) . The emission peak of 

this sample was at about 560 nm. The decay time of 2.6 ns was 

short. From the emission peak and decay times, this sample was 

also suitable for particle detectors. But its relative quantum 

efficiencies was low (0.58). 

The fluorescence decays of the eight wavelength shifters 

were analyzed with a sum of non-interacting exponentials as 

mentioned in Chap. 2, Section 3. Both decay time distribution 

fits and discrete decay times fits were applied. The mean 

decay times from the decay time distribution fits were listed 

in the previous section (Tables 4.3 - 4.6) and are summarized 

in Table 4.7. For the discrete decay times fits, we assumed 

one or two-exponential decays. The results of these fits are 

given in Table 4.8 together with a comparison with the 

distribution fits. Most mean decay times from the different 

fitting methods are about the same with the error limits. 

Details of the uncertainty estimations are described in Chap. 
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2.3. For energy transfer, the results show that the mean decay 

times of C-504 are significantly shorter than that without the 

DCM (3.98 ns. Table 4.2). This is the same for C-NB where the 

values ranged from 0.7 to 3.3 ns in wavelength shifters and is 

about 4.15 ns without the DCM (Table 4.2). For the acceptor 

DCM, most mean decay times are close to those without the 

donors (2.6 and 2 .8 ns for 1 mM and 10 mM, respectively) . From 

this information, we conclude that non-radiative energy 

transfer is the dominant the energy transfer process in these 

wavelength shifters. As mentioned in Chap. 3, there are 

radiative and non-radiative energy transfers in our new binary 

wavelength shifters. When there is only radiative energy 

transfer, the decay time of the donors would not change in the 

presence of acceptors while the decay times of the acceptors 

would be longer than without the donors. If there is only the 

non-radiative energy transfer, the decay time of donor will be 

shorter than without the acceptors, and the decay times of the 

acceptors will be the same as in the absence of the donors. 

From the decay times, we can only know there is non

radiative energy transfer in these candidate wavelength 

shifters. In order to obtain more detailed information about 

the non-radiative energy transfer taking place, Forster 

kinetics was used to analyze the fluorescence decays. Eqs. 

3.21 and 3.22 give the decays of the donor and acceptor. These 

equations were used as the assumed fluorescence decays F(t) in 

Eq. 2.1 in order to calculate the theoretical decays M(t) in 
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Eq. 2.23. For the decay of the excited donor Eq. 3.21, the 

acceptor concentration Y is known, while the natural decay 

rate of donor ko,, = 1 / T^^ and critical concentration Ŷ  (as 

related to critical radius R̂ , Eq. 3.9 are unknown. Hence, the 

kox and Y^ are the fitting parameters for analyzing the 

fluorescence decays from the donor in the wavelength shifters. 

For the acceptor decay in Eq. 3.22, the natural decay rates k̂ ^ 

of donor and k̂ y = 1 / r̂y of acceptor are unknown, and the 

critical concentration of acceptor Ŷ  is also unknown. These 

three unknown parameters were fitted. The donor and acceptor 

decays have the two common parameters k^^ and Y^. Hence, we 

have used a special fitting method called "global fit" [91J, 

in which we fit both decays from donor and acceptor 

simultaneously. Only one set of fitting parameters k̂^̂, k̂ y and 

YQ is used for both decays, and numerical results are obtained 

for these from the best fit to our model. Figure 4.9 shows an 

example of a global fit with Forster kinetics for the 

wavelength shifter 0.1 mM C-498 + 10 mM DCM. 

Table 4.9 shows the results obtained for the natural 

decay times obtained from the fitted rate constants k^^ and k̂ y 

from the global fits. As is seen, the natural decay times of 

donors are about the same as those obtained from other methods 

(see Table 4.1 and 4.2); except the natural decay times of C-

NB are much longer than the mean decay times of individual C-

NB in epoxypolymers (4.01 ~ 4.34 ns. Table 4.2). The acceptor 

natural decay times in most cases (1.8 ~ 3.5 ns) are very 
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Figure 4.9: An example of a Forster kinetics fit to fluorescence decays 
from 0.1 mM C-498 + 10 mM DCM in epoxypolymer. This fit is global 
with the simultaneous fitting of donor and acceptor decay. 
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Table 4.9 Fitting results of chosen wavelength shifters from 
Forster kinetics 

S a m p l e 

1 0 0 /iM C - 5 1 9 + 10 mM DCM 

1 0 0 /iM C - 5 0 4 + 10 mM DCM 

10 /iM C - 4 9 8 + 10 mM DCM 

10 /iM C - 4 9 8 + 1 mM DCM 

1 mM C-NB + 10 mM DCM 

1 0 0 /iM C-NB + 10 mM DCM 

10 /iM C-NB + 10 mM DCM 

Td ( n s ) 

5 . 3 4 

5 . 4 9 

4 . 6 7 

3 . 9 4 

1 8 . 5 0 

1 6 . 9 7 

1 4 . 0 8 

Tg ( n s ) 

2 . 7 1 

2 . 9 9 

3 . 4 0 

3 . 1 0 

1 . 7 9 

3 . 5 2 

3 . 2 4 

Ro (A) 

5 6 . 8 

5 5 . 8 

5 1 . 9 

5 8 . 2 

4 9 . 1 

6 4 . 9 

6 5 . 4 

* The uncertainties typically are AT^ S 0.56 ns, AT^ < 0.10 ns 

and ARo s 4.2 A. 
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close to the mean decay times (2.3 ~ 2.8 ns) in Table 4.2. In 

addition to the natural decay times, Forster kinetics also 

delivered the critical radii for the non-radiative energy 

transfer. According to Table 4.9, these range from 5 0 to 65 A. 

From the results obtained with Forster kientics, the 

fluorescence decays can be calculated by using the analytical 

solutions of the excited donor X* and the excited acceptor Y* 

in Eqs. 3.21 and 3.22. Figure 4.10 shows an examples of the 

decays of the excited donor and the excited acceptor for the 

wavelength shifter 100 /iM C-519 + 10 mM DCM. The coumarins in 

all these samples can be assumed to have similar chemical 

structures, and thus the critical radii of these samples are 

similar. As mentioned in Chap. 2.3, the uncertainties for the 

natural decay times and the critical radii were determined 

from the diagonal of the inverse chi-squared curvature matrix. 

For the critical radii, the uncertainties ranged from 0.782 to 

4.2 A, and thus we chose the largest value as the range for 

the uncertainty. For the natural decay times of the donor and 

accpetor, the uncertainties ranged from 0.09 to 0.56 ns and 

from 0.01 to 0.10 ns. Again, the largest values were chosen as 

the ranges of uncertainties. 
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0.8 -

=! 0.6 
CO 
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0 
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Figure 4.10: An example of fluorescence decays of the excited donor 
X* and the excited acceptor Y* for the wavelength shifter 100 |iM 
C-519 -I- 10 mM DCM. The curves were calculated from the fitted 
parameters obtained with Forster kinetics (Table 4.9). The initial excited 
state concentration for X* is normalized to 1.0. 
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CHAPTER 5 

SCINTILLATORS 

5.1 Introduction 

In addition to the wavelength shifters discussed, dye-

polymer scintillators were also studied in this work. The 

scintillator base material (here epoxypolymer) can be excited 

by high energy particles and thus scintillators have been used 

extensively in particle detectors. The operating principle of 

scintillators was described in Chapter 3; to repeat briefly: 

the base material absorbs energy from the incident particle, 

this excitation energy is non-radiatively transferred to the 

primary dopant and from there to the secondary dopant, either 

radiatively or non-radiatively (Chap. 3.4). Finally, part of 

the original particle energy is emitted by the secondary-

dopant in the form of fluorescence photons for detection. As 

three components are involved in the energy transfer (the base 

material and the primary and the secondary dopants), the 

scintillators studied were ternary systems. The energy 

transfer is radiative or non-radiative transfer similar to the 

processes described for wavelength shifters (Chap. 3.3). 

Again, non-radiative energy transfer is desired in 

scintillators because it is a one-step process and is faster 

than radiative energy transfer. 

The new dye-polymers from this work thus were also used 

in scintillators. They were first investigated with laser 
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excitation in order to determine the fluorescence properties 

of the dyes in the dye-polymers. The laser wavelength used 

(375 nm) excited only the secondary dopant in the dye-polymer, 

thus leaving the base material and the primary dopant 

unaffected. As a result the natural decay times of the 

secondary dopant were obtained directly and were used as 

standards for subsequently studying the energy transfer in the 

scintillators similar to the studies in wavelength shifters 

(Chap. 3.1 and 4.3) . Furthermore, the fluorescence decays from 

the three commercial scintillators SCSN-81, NE 102A and 3-HF 

were also obtained for comparison in similar fashion, 

following laser excitation. 

In order to excite the epoxypolymer base material in the 

scintillators for evaluating the energy transfer processes 

taking place, a Strontium-90 beta-source now was used as the 

excitation source. For these experiments, a new time auto

correlated two-photon counting (TATPC) technique was developed 

to acquire the fluorescence decays (Chap. 2.2). Furthermore, 

the fast analog technique described in Chap. 2.1 was modified 

to acquire the fluorescence decays in this case. The 

fluorescence decay times from these different techniques were 

then compared with those from the literature, if available. 

Finally, and most important the energy transfer processes in 

the new dye-polymers were studied with Forster kinetics (Chap. 

2.3 and 3.6), which we consider the most realistic energy 

transfer model in this case. 

109 



5.2 Preliminary Study 

We used the fast analog technique with laser excitation 

to acquire the fluorescence decays from the three commercial 

scintillators SCSN-81, NE-102, and 3-HF and from our two new 

dye-polymers 4% PTP + 4 % TPhB and 7% PTP + 7 % TPhB. Because 

the excitation wavelength of the laser was 3 75 nm, only the 

secondary dopant TPhB was excited, but not the base material 

and the primary dopant PTP. Similarly, only the last component 

in three commercial scintillators should have been excited. 

(We were unable to ascertain the composition of these 

scintillators.) 

The fluorescence decays from laser excitation were 

analyzed with decay time distribution fits (Chap. 2.3) to 

obtain the mean decay times. The results are shown in Table 

5.1. The mean decay times of the TPhB in the two new dye-

polymers were about 3.0 with an estimated uncertainty of 0.3 

ns (Chap. 2.3.1). These natural decay times are similar to 

those of TPhB in cyclohexane solution (2.78 ns, see reference 

90) . The mean decay times of the three commercial 

scintillators also are given in Table 5.1 for comparison. The 

directly measured natural decay times of the secondary dopant 

in our new dye-polymers were used for investigating the energy 

transfer by Forster kinetics. If non-radiative energy transfer 

dominates over radiative transfer, then the decay time of the 

second dopant is the same as the natural decay time of that 

dopant obtained from Forster kinetics. If, on the other hand, 
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Table 5.1 Fluorescence properties of dye-polymers 

Sample 

4% PTP + 4% TPhB 

7% PTP + 7% TPhB 

SCSN-81 

NE-102A 

3-HF 

Mean Decay 

Time^ 

2.97^ ns= 

3.07^ ns^ 

1.74 ns 

1.24 ns 

6.30 ns 

Absorption 

Peak 

414 

414 

378 

360 

Emission 

Peak 

455 

455 

436 

536 

Emission 

range** 

410 -

700 

410 -

700 

400 -

600 

410 ~ 

750 

a. The measurements were taken with the fast analog technicjue and laser 
excitation (Chap. 2.1). The excitation wavelength was 374 nm. Mean decay 
times were obtained from the distribution. The uncertainties are s 0.3 ns. 
b. Fluorescence decay was measured at 455 nm which was the emission peak 
of TPhB. 
c. 2.78 ns in cyclohexane [92] . 
d. The fluorescence was excited with an UV lamp excitation (see Chap. 2.4 
for detail). 

Table 5.2 Mean decay times of dye-polymer scintillators 
excitation by /3-particles, recorded with the modified fast 
analog technicjue, and analyzed with a decay time distribution 
fit. 

Sample 

4% PTP + 4% TPhB 

7% PTP + 7% TPhB 

SCSN-81 

3-HF 

Mean Decay 
Times^ 

3 .6 ns 

3 .2 ns 

10.1 ns 

8 . 8 ns 

Literature 

11.8 ns* 

8.5 ns9 

e. The uncertainties of the mean decay times are s 0.3 ns 
f. reference 93. 
g. reference 27. 
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radiative energy transfer is involved to a significant degree, 

then the decay time of the secondary dopant is longer than the 

natural decay times because radiative transfer from the first 

dopant is much slower than non-radiative transfer. As can be 

seen from the data below, the decay time of the second dopant 

from laser excitation is very nearly the same as that deduced 

from Forster kinetics following jS-particle excitation. Thus we 

believe that Forster kinetics is valid. 

Figure 5.1 shows the fluorescence emission spectra from 

the two new dye-polymer scintillators and from two of the 

commercial scintillators, as obtained by excitation at 360 nm 

with an UV lamp (Chap. 2.4). The emission peaks of the two new 

dye-polymers both are at 455 nm, close to 436 nm for the 

commercial scintillator SCSN-81. For the scintillator 3-HF, 

the peak is at 536 nm. The absorption and emission 

characteristics of these samples are summarized in Table 5.1. 

5.3 Results and Discussions 

In order to excite the base material and simulate the 

environments of a high energy particle detector, a Sr-90 (S-

particle source was used as already mentioned. A fluorescence 

emission experiment was performed first in order to ascertain 

whether or not the fluorescence emission spectra and peaks do 

not change with the excitation source (i.e., jS-particle 

instead of UV lamp). Figure 5.2 shows the fluorescence 

emission spectra obtained for three samples. Clearly the 
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Figure 5.1: Fluorescence emission spectra of dye-polymer scintillators 
obtained with UV lamp excitation. 
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Figure 5.2: Fluorescence emission spectra of dye-polymer scintillators 
obtained with beta-particle excitation. 
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emission spectra from /8-excitation source are very similar to 

those from UV-lamp excitation as a comparison with Figure 5.1 

shows. Hence, we have the important result that the 

fluorescence emission spectra and peaks do not change with the 

excitation source. Similar to the case of the wavelength 

shifters, the emission spectra for the scintillators show that 

the energy was transferred efficiently from the primary dopant 

to the secondary dopant because no donor fluorescence shows up 

in the emission spectra. 

We used two different techniques to acquire the 

fluorescence decays from the scintillators. The first method 

was a modified fast analog technique. The arrangement was the 

same as for our standard fast analog technique (Chap. 2.1), 

but a jS-source was now used for excitation instead of a pulsed 

laser. The fluorescence decays from four samples were 

measured. The resulting mean decay times from a decay time 

distribution fit are shown in Table 5.2. They are 3.2 ± 0.3 ns 

and 3.6 ± 0.3 ns for our new dye-polymers, respectively. These 

decay times are only a little longer than those from laser 

excitation (Table 5.1). On the other hand, the decay times of 

two commercial scintillators SCSN-81 and 3-HF are much longer 

than those from laser excitation. As described, if the energy 

transfer processes from base material to primary dopant and 

from there to secondary dopant in the samples were all non

radiative, then the decay times should be the same as the 

natural decay times of the last component (acceptor) . From the 
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comparisons of the decay times from /S-excitation and from 

laser excitation, which excite only the last acceptor, we can 

conclude that the energy transfer in our new dye-polymers was 

primarily non-radiative energy transfer, while in the 

commercial scintillators it still seems to have been mostly 

radiative. 

The second method, the time auto-correlated two-photon 

counting (TATPC) technique, was specially designed to measure 

the fluorescence decays from dye-polymer scintillators 

following /S-particle excitation. The fluorescence decay 

acquired with this technique is an auto-correlation function 

of the fluorescence decay, the latter actually being a 

convolution of the instrument response with uncorrupted "true" 

fluorescence decay (see Eq. 2.21). 

The autocorrelated fluorescence decay from the TATPC 

technique was first analyzed with single or double exponential 

decays (Chap. 2.3) . The result of the fitting for the new 

scintillator 7% PTP -i- 7% TPhB is shown in Figure 5.3. This 

fluorescence decay was analyzed with a two-exponential decay. 

The mean decay time was 3.89 ± 0.2 ns. Similarly, we obtained 

results for the scintillator 4% PTP -i- 4% TPhB and for the 

commercial scintillators NE-102 and 3-HF, see Table 5.3. The 

decay times of the dye-polymer scintillators are around 3.8 ± 

0.2 ns. They are somewhat longer than those from laser 

excitation 3.0 ± 0.3 ns (Table 5.1) and are directly 

comparable to results for jS-particle excitation, 3.2 and 3.6 
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Figure 5.3: Fluorescence decay from the new scintillator 7% PTP + 7% 
TPhB as acquired with the TATPC technique, and analyzed with a 
2-exponentail decay. 
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Table 5.3 Mean decay times of dye-polymer scintillators 
excited by /3-particles, acquired with the time auto-correlated 
two-photon counting technique and analyzed with one and two 
exponential fits. 

Sample 

4% PTP -h 

4% TPhB 

7% PTP -h 

7% TPhB 

N E - 1 0 2 A 

3HF 

1-exp. 

7"= 

3 . 9 7 

4 . 0 3 

3 - 4 3 

8 . 4 5 

Tl 

^2 

2 . 4 5 

6 . 3 3 

2 . 6 6 

6 . 7 2 

2 - 4 3 

8 . 9 1 

8 . 7 4 

8 . 3 6 

2 - e x p . ' 

P i 

P2 

6 6 . 3 % 

3 3 . 7 % 

6 9 . 8 % 

3 0 . 2 % 

8 5 . 7 % 

1 4 . 3 % 

5 7 . 3 % 

4 2 . 7 % 

i 

T 
' mean 

3 . 7 5 

3 . 8 9 

3 . 3 5 

8 . 5 8 

a 

8 . 5 ^ 

a. Refer to Figure 2.12 for fitting results. 

b. reference 27. 

c. The uncertainties of the decay times are < 0.15 ns for one 

exponential fit (see Chap. 2.3.1 for details). 

d. The uncertainties of the decay times are s 0.2 ns for twO' 

exponential fit (Chap. 2.3.1 for details). 
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ns (Table 5.2). The results are close enough to conclude again 

that the energy transfer in the new scintillators is primarily 

non-radiative from the base material to the primary dopant and 

from there to the secondary dopant. By analyzing the TATPC 

data with Forster kinetics instead of simple exponential 

decays, the agreement in natural decay time of the second 

dopant, as obtained with laser and /3-particle excitation, is 

better and well within the limits of error. This clearly shows 

the dominance of non-radiative energy transfer. 

For the scintillator NE-102A the decay time of 3.4 ns is 

much longer than that from laser excitation (1.24 ns; Table 

5.1) . The decay time of 8.5 ns for 3-HF also is longer than 

that from laser excitation (6.3 ns; Table 5.1) . As mentioned, 

the decay times from laser excitation should be the natural 

decay times of the last dopant (acceptor) in the 

scintillators, while those from /3-particle excitation give the 

overall decay times. Thus we conclude that in the commercial 

scintillator the energy transfer had a significant radiative 

component. 

5.4 Results from Forster Kinetics 

We now describe the result from Forster kinetics, applied 

to the two new scintillators 4% PTP -i- 4% TPhB and 7% PTP + 7% 

TPhB in epoxypolymer. The data were acquired with the TATPC 

technique. The details of Forster kinetics of ternary system 

scintillators have been discussed in Chap. 3.6. According to 
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Eqs. 3.15 , 3.16 and 3.18, we have the fluorescence decay 

functions of the excited epoxypolymer base X*(t), primary 

dopant PTP Y*(t), and secondary dopant TPhB Z*(t). In the 

function X*(t) for the excited solvent (Eq. 3.15), the natural 

decay rate k̂ ^ of the solvent and the critical concentration 

YQ of the primary dopant are unknown. Thus these are fitting 

parameters in Forster kinetics. Furthermore, the natural decay 

rate k̂ y of primary dopant and the critical concentrations Y^ 

and ZQ of primary and secondary dopant are fitting parameters 

in Y*(t) . Finally, in the function Z*(t) the natural decay rate 

ko2 and the critical concentration Ẑ  are the remaining 

parameters to be obtained from a best fit. Altogether, five 

parameters k̂ /̂ k̂ y, k̂ ,̂ Ŷ , and Ẑ  can in principle be obtained 

from a Forster kinetics fit to the TATPC data. 

In the TATPC experiments, optical high-pass filters were 

placed in front of both PMTs (Chap- 2.2.1). These filters 

blocked the /5-particles, and also chose the detecting 

wavelengths. Only the fluorescence from the secondary dopant 

TPhB could be measured directly, because that is where all the 

emitted fluorescence came from. Therefore only the decay Z'(t) 

of the excited secondary dopant could be analyzed. Now 

specifically, this assumes the function Z*(t) from Eq. (3.18) 

as the function F(t) in Eq. 2.22. As can be seen readily, the 

function Z*(t), as first presented by Dr. W. Borst, is quite 

complex to calculate analytically. Fortunately, Dr. T. Gibson 

found a method to calculate Z*(t) numerically with a suitable 
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computer program. In this program, both the decay functions 

Y*(t) and Z*(t) can be solved numerically from their decay rate 

equations (Eqs. 3.11 and 3.12) and fit the five parameters k̂ ,̂ 

ôy/ k^7.i YQ and Ẑ , while the decay function X'(t) can be 

calculated analytically. Figure 5.4 shows an example of the 

analysis with Forster kinetics from our new scintillator (7% 

PTP and 7% TPhB) . The decay was from the emission of the 

secondary dopant TPhB. 

For convenience, we have changed the decay rate 

constants to natural decay times and the critical 

concentrations to the critical radii according to r = 1 / k 

and R = (3000/47rNc) ̂ ^̂  We thus obtained the natural decay 

times of the solvent epoxypolymer, primary dopant PTP and 

secondary dopant TPhB and the critical radii of the primary 

and secondary dopants. The results are summarized in Table 

5.4. For the two scintillators we found natural decay times of 

the secondary dopant TPhB of 3.29 ± 0.29 and 3.22 ± 0.2 5 ns, 

respectively. Both agree well within the error limits and 

furthermore they agree with the natural decay times of TPhB 

obtained from laser excitation (see Table 5.1). The critical 

radius for the non-radiative energy transfer from primary 

dopant Y to secondary dopant Z were found to be 39.5 ± 5.4 A 

and 33.5 ± 4.6 A, respectively. 

The natural decay time TQ^ of the epoxypolymer base 

materials and T̂ y for the primary dopant and the critical 

radius Ry for non-radiative energy transfer from epoxypolymer 
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Figure 5.4: Forster kinetics fit to the fluorescence decay from the 
scintillator 7% PTP + 7% TPhB. The data as acquired with the TATPC 
technique are the same as in Fig. 5.3, but the fluorescence decay model 
assumed in the analysis is different. 
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Table 5.4 Forster kinetic results for the new dye-polymer 
scintillators excited by jS-particles. Data acquisition was 
with the time-autocorrelated two-photon counting technique 
(TATPC) 

Sample^ 

4% PTP + 4% TPhB 

7% PTP + 7% TPhB 

T^ ( n s ) 

7 5 . 7 0 

4 4 . 6 6 

Ry (A) 

2 3 . 8 

1 7 . 4 

Ty ( n s ) 

1 . 8 9 

2 . 1 5 

Rz (A) 

3 9 . 5 

3 3 . 5 

T^ ( n s ) 

3 . 2 9 

3 . 2 2 

a. X refers to epoxypolymer, y to PTP and z to TPhB. 

* The uncertainties of the parameters are: AT,, = 2 0.0 ns, ARy 

= 12.3 A, 

(determined from error matrix. Chap. 2.3.1) 

ATy = 0.5 ns, AR^ = 5.4 A, and AT^ = 0.3 ns 
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to primary dopant PTP also were obtained simultaneously from 

the same fit. The two parameters T^^ and Ry were highly 

uncertain in these fits. This can be expected because only the 

fluorescence decay from the secondary dopant could be measured 

and this is two steps removed from the decay of the 

epoxypolymer base and the energy transfer to the first dopant. 

Clearly, accuracy in T^^ and Ry would be obtained if the 

fluorescence decay Y''(t) could be measured; but we were unable 

to do so. The natural decay time Ty of the primary dopant PTP 

was 1.89 ± 0.11 ns and 2.15 ± 0.5 ns, respectively. This is 

somewhat longer than that of 1.21 ns for PTP in cyclohexane 

[92]. It is probably due to the solvent effect (Chap. 3.1). 

According to the analysis of the fluorescence decays from our 

new scintillators with Forster kinetics, we have obtained the 

critical radii for non-radiative energy transfer and natural 

decay times of every component involved in the energy 

transfer. From the results obtained with Forster kinetics 

(Table 5.4), the fluorescence decays of the excited solvent 

X', the excited primary dopant Y' and the excited secondary 

dopant Z* can be calculated by using the program from Dr. T. 

Gibson. Figure 5.5 shows an example of the decays for the 

three components in scintillator 7% PTP -i- 7% TPhB. We did not 

apply Forster kinetics to analyze the fluorescence decays from 

the commercial scintillators because their compositions were 

unknown. 
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Figure 5.5: Fluorescence decays of the excited solvent X*, the excited 
primary dopant Y* and the excited secondary dopant Z* for the 
scintillator 7%PTP +7% TPhB. The curves were calculated from the 
fitted parametes obtained with Forster kinetics (Table 5.4). The initial 
excited state concentration for X* is normalized to 1.0. 
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The new dye-polymers of ternary systems have decay times 

that are much shorter than those of the commercial 

scintillators SCSN-81 and 3-HF, and they are comparable to 

that of NE-102A (compare Tables 5.2 and 5.3). They also have 

a fluorescence emission spectrum similar to SCSN-81. Thus it 

seem that we have made some significant improvement over 

existing scintillators. 
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CHAPTER 6 

CONCLUSIONS 

In this work we have carried out an extensive study of 

the fluorescence decays from dye-polymers with time-resolved 

fluorescence spectroscopy. In addition to the previously 

available fast analog technique, a new time auto-correlated 

two-photon counting technique (TATPC) was developed to acquire 

the fluorescence decays. The fluorescence properties and 

intermolecular energy transfer processes of new dye-polymers 

were investigated by modeling the obseirved fluorescence decays 

with a sum-of-exponential decay and with Forster kinetics. 

According to the analysis, several of the new dye-polymers may 

be suitable for high energy particle detectors. 

In the multi-photon fast analog technique, a nitrogen 

pumped dye laser was used as the excitation source and the 

entire fluorescence decay was acquired after each excitation. 

Generally, 512 fluorescence decays were summed, and then 

averaged to get one fluorescence curve. 

In the new TATPC technique, a Strontium-90 /3-source was 

used for exciting the epoxypolymer base of the dye-polymer. In 

this way, we could study ternary (3-component) dye-polymer 

systems. The excitation by /3-particles was particularly well 

suited for a study of dye-polymers that can be used as 

scintillators because such particle are the ones detected in 

high energy particle physics experiments. By using the new 
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TATPC technique, the signal counting rates were about 10 - 100 

times higher than those from traditional photon counting 

techniques. Therefore, a higher signal-to-noise-ratio in the 

fluorescence decays was achieved with this technique, and the 

data acquisition times were shortened significantly. 

Conversely the activity of the jS-source need not be as strong 

as that in traditional single photon counting for the same 

total signal count. A final advantage of the new TATPC 

technique is that the entire experimental setup is very 

compact and easy to build. 

Optical high-pass filters were put between the sample 

holder and photomultiplier (PMT) in order to select the 

wavelength range for the emitted fluorescence. These filters 

also blocked unwanted /3-particles. The new TATPC technique 

with jS-particle excitation can be used to characterize not 

only the dye-polymers in this work, but also other materials 

with large electronic energy bands which require higher 

energies for excitation. This could be the subject of future 

studies. 

According to our theory, the time-resolved fluorescence 

spectra curves with the TATPC technique are an auto

correlation function of the fluorescence decay, where the 

latter actually is a mathematical convolution of the 

fluorescence decay corrupted with the temporal instrument 

response. The mathematical form of fluorescence decay 

generally is complex and it takes time (1 to 4 hours) to 
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analyze a data set. This may be improved in the future with 

faster computers and software. 

We employed two kinetic models to analyze the 

fluorescence decays. The first assumed a fluorescence decay 

given by a sum of non-correlated exponentials. From this 

model, we can obtain the overall decay times of dye-polymers. 

These decay times are an important parameter for dye-polymer 

characterization and their applications and thus are an 

indicator for the energy transfer taking place. Shorter decay 

times of the donors signify non-radiative energy transfer 

taking place, resulting also in shorter decay times of 

acceptors and thus in short response times of the dye-

polymers. 

The second energy transfer model used was Forster 

kinetics. It was the most appropriate model for understanding 

the energy transfer mechanisms in our solid dye-polymers. With 

Forster kinetics we have performed an analysis of the 

fluorescence decays from binary system dye-polymers (two 

components involved in energy transfer, wavelength shifters). 

The fluorescence decays both from the donor and the acceptor 

were analyzed simultaneously in one so-called "global fit". We 

also have derived and solved the equations for energy transfer 

in ternary dye-polymer systems (three components involved in 

energy transfer, scintillators). We obtained the natural decay 

times of the donors and acceptors as well as the critical 

radii for the non-radiative energy transfer between the donors 
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and acceptors. These are the distances, between the donor and 

acceptor molecules where the non-radiative energy transfer 

rate is 50% of the overall energy transfer. The critical 

radius is an important parameter for optimizing the dye 

concentrations in polymers. 

The dye-polymers in this work consisted of epoxypolymer 

doped with dyes or with dye mixtures. Two kinds of 

epoxypolymers were used; one was DGEBA -i- HHPA, and the other 

one was DGEBA + TMBOX. In order to choose the proper dyes and 

dye-mixtures for the dye-polymer samples, the fluorescence 

decay times and emission spectra of 23 commercial dyes were 

studied in ethanol. From these initial tests, four coumarins 

(C-498, C-504, C-519 and C-NB) were chosen as the primary 

dopants in the dye-polymers and DCM as the secondary dopant 

for wavelength shifters. Furthermore, PTP and TPhB also were 

used as primary and secondary dopants for scintillators. As is 

known, the energy transfer efficiency depends on the 

combinations and concentrations of the dyes in the dye-

polymers and thus we have studied dye-polymers with different 

dye combinations and concentrations of primary dopants and 

secondary dopants. For the Coumarin-DCM mixtures in 

epoxypolymers, the concentrations of coumarins were varied 

from 10 /xM to 1 mM while the DCM concentration ranged from 1 

/iM to 10 mM. For the PTP and TPhB mixture in epoxypolymers, 

the PTP and TPhB concentrations both were 4% or 7%. 
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In the analysis of fluorescence decays from Coumarins+DCM 

in epoxypolymers we found that the mean decay times of both 

Coumarin and DCM became shorter with increasing DCM 

concentrations at fixed Coumarins concentrations. For 

instance, the mean decay times of C-504 changed from 3.3 8 to 

0.73 ns ± 0.30 ns, and the mean decay times of DCM from 5.23 

to 2.74 ns ± 0.30 ns with an increase in DCM concentration 

from 1.2 /iM to 9 mM at a fixed concentration of C-504 of 100 

/xM. The relative quantum efficiencies of the dye-polymers were 

calculated from the overall fluorescence emission. They were 

found to increase with increasing DCM concentration. For 

example, they increased from 0.3 0 to 0.72 for the above C-504 

and DCM mixtures in epoxypolymers. From these observations we 

conclude that the non-radiative energy transfer from Coumarin 

to DCM becomes more pronounced with increasing DCM 

concentration. 

On the other hand, when the Coumarin concentration was 

varied instead of the DCM concentration, we found no such 

trends in the decay times. For example, the mean decay times 

from C-NB were 4.09, 4.94 and 4.21 ns ± 0.30 ns for C-NB 

concentrations of 10 //M, 100 /iM, and 1 mM, respectively (at a 

fixed 1 fiM DCM concentration) . For the same set of C-NB and 

DCM mixtures in epoxypolymers, the mean decay times of DCM 

were 4.13, 5.85 and 5.19 ns ± 0.30 ns and thus also did not 

show a significant trend. 
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Eight samples with mixtures of Coumarins and DCM in 

epoxypolymers were considered as potentially promising 

wavelength shifters for high energy particle detectors. The 

mean decay times of these optimized samples ranged from 2 . 6 to 

3.4 ns ± 0.30 ns, and the relative quantum efficiency from 

0.72 to 1.0. The fluorescence decay times were shorter and 

thus better than those from most commercial wavelength 

shifters. These eight samples were extensively analyzed as to 

their energy transfer processes. The critical radii from 

Forster kinetics for non-radiative energy transfer ranged from 

49.1 to 65.4 A ± 4.2 A. 

For PTP -t- TPhB in epoxypolymers, the decay times (~ 3.9 

ns ± 0.2 ns) were shorter than those from most commercial 

samples such as SCSN-81 and 3-HF. There was no significant 

difference in the decay times from the two concentrations used 

in this case. We conclude that the concentrations (4% or 7%) 

of the PTP and TPhB mixtures in epoxypolymers were optimized 

in both samples. The critical radii for these two samples were 

3 9.5 A and 33.5 A ± 5.4 A, respectively. These two samples may 

be suitable scintillators in particle detectors. 
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APPENDIX A 

DYE-POLYMER PREPARATION METHOD 

As mentioned earlier, the preparations of the new 

scintillators and wavelength shifters were done by Dr. Nikolay 

Barashkov. Two different types of epoxypolymer (i.e. DGEBA + 

HHPA and DGEBA + TMBOX) were used as the base materials and 

they required different preparation methods. In the first type 

of epoxypolymer, the base material of DGEBA has doped with a 

certain amount (concentration 10 /xM ~ 10 mM) of the desired 

dye or dye mixture. A cure material, namely HHPA, and an 

accelerator of the epoxy-HHPA reaction, 2-phenylbenzimidazole 

(PBI) , were used to produce the dye-epoxyploymer samples. The 

amount of HHPA was 68% of the mass of DGEBA. The accelerator 

PBI was used at 0.05% (mass) of both DGEBA and HHPA. All 

materials were put into a 100 mm by 10 mm silylated test tube 

in a silicone bath. The temperature profile was: 2 hours at 

70°C, 6 hours at 80°C, and 40 hours at 90°C, and then a ramp 

at 10°C/h back to 70°C. The samples were stirred during the 

preparation procedure in order to obtain uniformity, 

especially at the first temperature. This step is very 

important, because all materials must be well dissolved in the 

dye-epoxypolymer. 

The second type used TMBOX as the curing material. The 

amount of TMBOX was 6% (mass) of DGEBA. For preparing the 

DGEBA and TMBOX epoxypolymers, the desired dye or dye mixture 
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was added to DGEBA. Then the sample was heated and stirred in 

a silicone bath to dissolve the dye or dye-mixture in DGEBA. 

With a syringe and needle, TMBOX was added under nitrogen gas 

to prevent a reaction between TMBOX and the moisture in the 

air. The sample was then quickly vacuum-degassed to remove air 

bubbles and then cured in silylated test tubes in a silicone 

bath with the following temperature profile: 1 hour at 60°C, 

2 hours at 80°C, 8 hours at 90°C and then a ramp of 10°C/h 

back to 60°C. 

All test tubes were treated with the silylation procedure 

before use. First, the test tubes were washed with 

concentrated nitric acid and sulfuric acid. Then they were 

rinsed with distilled water and dried with compressed air. 

They were filled with a 30% dichlorodimethylsilane / 

chloroform solution and soaked for 4 - 5 hours. Finally, the 

tubes were rinsed with chloroform, methanol and distilled 

water, and dried for about 30 minutes. 

After this the solid dye-epoxypolymer samples were ready 

for use. The only way to remove a sample from the test tube 

was to break the test tube. This separation of the sample from 

the tube was easy, because the tube had been treated with the 

silylation procedure. The samples were cut to a thickness of 

about 5 mm with a diamond saw and then polished with different 

diamond pastes. They then were ready for the fluorescence 

measurements. 
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APPENDIX B 

COMPUTER ANALYSIS PROCEDURES 

For analyzing fluorescence decays from scintillators with 

Forster kinetics, the theoretical decay functions need to be 

calculated (Chap. 3.6). As mentioned in Chap. 2.3, the 

analytical solutions for this case were derived by Dr. W. 

Borst (Eqs. 3.15, 3.16 and 3.18). These solutions for the 

excited state concentrations of the primary and secondary 

dopants Y*(t) and Z*(t) have very complicate forms. Thus, 

several special numerical techniques were used in order to 

analyze the fluorescence decays. 

In the numerical analysis, the theoretical functions F(t) 

(Chap. 2.3) for the primary and the secondary dopants were not 

directly calculated from the complex analytical solutions 

Y*(t) and Z*(t) . A computer program was developed by Dr. T. 

Gibson which numerically solved the rate equations 3.10, 3.11, 

and 3.12. A 4th-order Runge-Kutta method [94, 95] was used for 

this purpose to integrate the coupled rate equations. It is 

important to note that the rate constants k^ and kŷ  for non

radiative energy transfer were time-dependent (Eqs. 3.13 and 

3.14) and diverged at time zero. Hence, a Frobenius method 

[96, 97] was used to solve the rate equations near zero time. 

By using these two methods, the numerical solutions to the 

rate equations for the primary and the secondary dopants Y'(t) 
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and Z*(t) were calculated completely and thus could be used to 

analyze the fluorescence decays. 

For the scintillator samples, only the fluorescence 

decays from the secondary dopant Z"(t) were measured. 

According to Eq. 3.12, the fluorescence photons came from the 

radiative decay of Z*(t). Hence, the numerical solution of 

Z*(t) was used as the theoretical function F(t) in Eq. 2.22. 

This function then was convoluted with the instrument response 

function I(t) in order to obtain the function S(t) in Eq.2.22. 

According to Eq.2.21., the theoretical fluorescence decay 

function M at a particular time t was then obtained by 

calculating the auto-correlation function of the function 

S(t') . This procedure was repeated in order to obtain M(t) for 

all time channels (Chaps. 2.2.3 and 2.3) . Then the theoretical 

decay function M(t) together with the measured fluorescence 

decay Ma(t) were used to calculate the reduced error sum x/ in 

Eq. 2.23. These numerical procedures were repeated by varying 

the fitting parameters (Chap. 5.4) until the minimum of x/ was 

obtained. The Marquardt algorithm [54] was used to search for 

these best values of the fitting parameters, thus yielding the 

optimized calculated Z*(t) under the assumption of the Forster 

kinetics model. 

The analysis of fluorescence decays from wavelength 

shifters with Forster kinetics was done in a similar manner as 

that for scintillators. The analytical solutions of the rate 

equations for the excited donor X*(t) and excited acceptor 

142 

"n9W»v 

g ^ ^ - ^ 
^;..v^v.i^Vvyj^. MSStmi^i 



•.-.,ff;'.l.,'«JtU«^^.J! ^-r,-,-,"-^i-n—ttVih^n-hWb'ffff'i > >.< 

Y*(t) (Eqs. 3.19 and 3.20) were derived by Birks [66], and are 

given by Eqs. 3.21 and 3.22. These solutions are not as 

complicated as those for the scintillators. Hence, these 

solutions could be used in their analytical form and numerical 

values were calculated directly from them and used as the 

theoretical function F(t) in Eq. 2.1. 

For the wavelength shifters, both fluorescence decays 

from the donor and the acceptor were measured. When analyzing 

the donor fluorescence decays, the function X*(t) was used as 

F(t). When analyzing the acceptor decays, the function Y*(t) 

was used. The theoretical function F(t) was then convoluted 

with the instrument response I (t) in order to obtain the 

theoretical decay function M(t) in Eq. 2.1. In the same way as 

for the scintillators, the theoretical function M(t) , together 

with the measured fluorescence decay M3(t), was used to 

calculate the reduced error sum Xv^ in Eq. 2.23. It is 

important to note that both the fluorescence decays from the 

donor and the acceptor were measured in this case. Hence, the 

decays from the donor and from the acceptor were analyzed 

simultaneously by using a global fitting method. (This yielded 

more precise information than for the scintillators, where 

only the decay from the acceptor Z* could be measured.) As 

described in Chap. 4.5, this also yielded common set of 

fitting parameters for both decays. As for the scintillators, 

the least-squares fitting method with the Marquardt algorithm 

was used for the wavelength shifters to obtain the minimum of 
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the reduced error sum x/ and the best set of values of the 

fitting parameters. 

For the numerical analysis with Forster kinetics, a 

workstation computer equipped with a Intel Pentium Pro 2 00 MHz 

Processor was used in this work. The programs were written in 

Fortran language and compiled with the Microsoft Fortran Power 

Station. For the fluorescence decays from the scintillators, 

it typically took four hours to analyze one fluorescence 

decay. For wavelength shifters, it was about 2 hours for one 

set of the fluorescence decays. As mentioned in Chap. 6, these 

long computation times may be improved in the future with 

faster computers and software. 
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