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PICOSECOND TRANSIENT ABSORPTION SPECTROSCOPY 

OF MOLECULAR EXCITED STATES

A B S T R A C T

The design and construction o f a picosecond flash spectroscope, based on 
conventional flash photolysis designs, is reported. Pump and probe pulses of 
approximately 7ps duration are produced by optical amplification of more than 106 and 

continuum generation. Optical detection by a vidicon camera and microcomputer allows 

detailed analysis o f transient spectra to be performed with relative ease. The 
characterisation of molecular excited state absorption enables the interpretation o f  time- 

resolved data involving several components.
Two broad areas of investigation are reported. In the study o f artificial 

photosynthesis the transient absorption spectra of the singlet and triplet excited states of 
Tetraphenyl Porphyrin (TPP) and three metalated porphyrins (ZnTPP, GeTPP and A1TPP) 
are measured. The ability to monitor singlet state population is established and the transient 
spectra of a molecular triad, comprising quinone and carotenoid molecules covalently 
linked to a porphyrin, indicate that previous evidence of photodriven intramolecular charge 

separation was incomplete. In natural photosynthesis a series of preparations of the 
PhotoSystem One (PS1) reaction centre are studied from 0 to 3ns with a time resolution of 
lOps. The spectral features associated with the PS1 antenna molecules and the reaction 
centre P700 are measured and the results provide values for the antenna to P700 energy 
transfer rate with P700 either chemically reduced or chemically oxidised. In both cases it is 
found that the antenna lifetime is approximately 15ps and that when P700 is chemically 

reduced this matches the grow in of P700+.
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CHAPTER 1

1.1 INTRODUCTION

Since the first demonstration o f flash photolysis in 1949 [G.Porter, 1950] and its 

application in the technique of flash spectroscopy, experimental results have been steadily 

improved in terms o f time resolution, sensitivity and ease o f recording. Transient 

absorption spectra recorded by this technique can provide information as to both the kinetic 

rates of change within a chemical sample and the absorption spectra of the excited states 

involved. The central power of flash spectroscopy has been the use of two short pulses of 

light, one for creating and one for probing the transient chemical composition of a sample, 

and this pump and probe technique, with a time resolution limited only by the durations of 

the two pulses, has consistently allowed the performance of time resolved experiments that 

would have been impossible with conventional, real time, devices such as photomultipliers 

and photodiodes.

Early experiments required the use o f photographic film for recording the 

transmitted probe pulse. The film itself had no time resolving capability but provided an 

accurate measurement of the transmitted light intensity. Additionally, the result o f a series 

of flashes could be summed in a single trace to improve the signal in situations of low 

transmission. These features combined with the time resolution of the ’pump-probe' 

experimental technique and provided the ability to record, in a single experiment, a full 

spectrum of the transient chemical population created in the sample. The major limitation of 

the technique was that the photographic recording had to be developed, the optical density 

of the film measured point by point and the data converted to the transient absorption 

spectrum by calibration with respect to the probe pulse spectral intensity and the sensitivity 

of the film. This analysis phase was a significant restriction on the technique although the 

gradual automation of the processes, such as the measurement of the photographic plate's 

optical density by means of a scanning microdensitometer, significantly reduced the time 

taken to produce final spectra.

Although the methods for recording and analysing data have, until recently, 

remained the same, the sources of both pump and probe pulses have developed 

continuously. Early experiments used millisecond flash lamps powered by bulky capacitor 

banks but, as the design o f flash lamps and power supplies progressed, the time resolution
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was improved to approximately l|is . A major advance occurred with the introduction of 

pulsed and Q-switched laser sources [J.D.Shipman and A.C.Kolb, 1966 ]. These lasers 

provided high energies (several Joules) in near monochromatic pulses of only a few 

nanoseconds duration and therefore constituted ideal sources of chemically selective pump 

pulses. The restriction on time resolution was then imposed by the timing and duration of 

the white light probe pulses. After Q-switched lasers came mode-locked lasers 

[D.J.Bradley and G.H.C. New, 1974] and these provided pulse durations o f a few 

picoseconds and, although less powerful than Q-switched pulses, single short mode-locked 

lasers provided unrivalled time resolution for the excitation source. The problem remained 

of how to generate the white light probe pulse. This has been solved in recent years by 

using a portion of the mode-locked pump beam to generate white light pulses, of the same 

duration as the pump pulses, by non-linear propogation in liquid media (continuum 

generation). Amplified picosecond dye lasers can now routinely provide millijoule pulses, 

tunable over tens of nanometers at a repetition rate of 10Hz, and therefore, although the 

light intensity of both pump and probe pulses is low, signals may be averaged from many 

experiments within a reasonable time. Modem photosensitive array detectors, such as 

vidicon cameras and charge-coupled devices, now provide automatic measurement of the 

transmitted probe beam and conversion into digital form.The transfer of this data to a 

microcomputer allows the recording of large amounts of data which can be converted into 

transient absorption spectra both quickly and painlessly. This combination of techniques 

offers the possibility of producing multipoint transient spectra with a time resolution two to 

three orders of magnitude faster than that of real time devices available and a time from 

experiment to final spectra of minutes rather than days.

This Thesis reports the design, construction and performance of such a picosecond 

transient absorption spectroscope and on its use to study the excited state absorption spectra 

of a series of molecular systems. The molecular systems form two distinct sets, the first 

was the study of a biomimetic molecular Triad designed to undergo efficient charge 

separation in solution. The second involved the natural green plant Photosystem One 

(PS1) reaction centre complex under different redox conditions such that efficient charge 

separation does, and does not occur.

In the rest o f the Chapter One a brief introduction is given into each o f these 

subjects while Chapter Two deals with the theoretical ideas behind optical amplifier design, 

continuum generation and the design of effective computer software for the data acquisition
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and analysis. Chapter Three details the design and operating parameters of the elements 

which make up the experimental apparatus and Chapter Four reports the first set of 

experimental results obtained, with a brief summary o f the experimental procedures 

involved in obtaining such results. Chapter Five discusses the results obtained with PS 1 

reaction centre complexes and in Chapter Six a summary of the information gained is given 

along with a discussion o f the future prospects for both the technique and the chemical 

systems studied.

1.2 TRANSIENT ABSORPTION SPECTROSCOPY

The design and construction of any transient absorption spectroscope has to address 

two central demands. Firstly the need to produce, with a pulse of light that defines the 

minimum time resolution of the apparatus, a sufficient excited state population such that the 

detection apparatus can resolve changes in the absorption spectrum of the sample. 

Secondly, the apparatus must produce an interrogating pulse of light, the duration of which 

should not be significantly longer than that of the excitation pulse, with which to measure 

the transient spectrum. The determination o f  what constitutes a large enough transient 

population must be based upon a consideration of how transient absorption experiments are 

performed in practice. At the start of any series of experiments the only known spectral 

property of a chemical system is its ground state absorption spectrum and the first test of 

any system is, therefore, an attempt to measure the bleaching of the ground state 

absorption features. Technically this is not strictly necessary as it is possible that the 

excited state of the chemical system under investigation possesses an absorption feature that 

has a higher extinction coefficient than the ground state and in this case transient 

absorption spectra will be measurable at a lower excitation energy than that at which 

ground state bleaching can be detected. In practice this does not change the situation as it is 

very difficult to confidently ascribe any transient absorption features measured to the 

excited state species as there are several physical and chemical processes that can produce 

artificial signals. These sources of artificial signals are discussed further in Chapter Four, 

but instability in the probe pulse spectrum and dielectric breakdown within the sample 

solution can both lead to apparent spectral features and therefore, initially, it is only 

possible to identify bleaching which corresponds to a ground state absorption maximum 

with any certainty.
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The lower limit on the transient population required is therefore set by the lowest 

transient absorption signal that may be resolved by the detection system. Whilst a full 

account of the factors that determine this limit is given in Chapter Four, for the present we 

shall take this limit to be AO.D. = 0.01, where AO.D. is the difference in the optical 

density of the sample before and after excitation at any given wavelength.

12 A Pump Pulse

Whilst the maximum optical density o f a solution to be studied by fluorescence 

methods is 0.1 , by virtue of the fact that absorption and re-emission of the fluorescence by 

the ground state molecules distorts the time profile of the decay, this restriction does not 

apply to transient absorption data performed with this apparatus owing to the geometry of 

the pumped and probed region of the sample. It is possible to work with systems that 

possess optical densities as high as 1.4 without measurable distortion of the kinetic data 

and in order to determine the minimum pump power required we may therefore assume that 

the entire pump power is absorbed. If we assume a reasonable ground state extinction 

coefficient, ca. 105 1 mol*1 cm*1, an excitation area of 3 x 10*2 cm2 and a pump wavelength 

of 600nm we may readily calculate that the excitation energy required to produce a ground 

state bleach o f 0.01 is lpJ. For a realistic system where we wish to follow the decay of 

any feature over a factor of 10 and that extinction coefficients may be nearer 104 we can 

set a working figure for the excitation pulse at closer to lOOpJ. As explained below, the 

generation o f pump pulse energies of this size is not particularly difficult, the major 

problem associated with picosecond pump sources is the extremely high peak powers of 

these pulses (ca. 109 W cm"2 in the sample cell). This can lead to non-linear phenomena 

and it has been found that improvements in sensitivity, which permit the use of lower pump 

powers, are the primary concern in the development of a picosecond transient absorption 

apparatus.

1 2 2  Probe Pulse

In order to fulfill the second requirement demanded for the apparatus, that of an 

interrogating pulse of white light with a duration similar to that of the excitation pulse, we 

have adopted the use of a phenomenon called continuum generation or pulse 

superbroadening first described in the 1960's. A detailed description of how this process 

is believed to occur is given in Chapter Two, but for the moment we will review the general
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features of the technique and the properties of the continuum produced. It is necessary to 

use the phenomenon of continuum generation to provide the probe pulse since conventional 

methods such as flash lamps or spark gaps cannot produce pulses that are less than several 

nanoseconds in duration and the potential repetition rate of such sources is significantly 

lower than that of modem laser sources.

The process o f continuum generation was first noted when higher power Q- 

switched Ruby laser pulses were focussed into optical Kerr effect liquids such as carbon 

disulphide and transparent solids such as glasses. The output beam was found to be 

accompanied by a broad continuum of light extending both to the red and blue of the 

original laser wavelength. The process almost invariably caused damage to the glass 

samples and it was realised that continuum generation occurred at extremely high power 

densities and that this was commonly accompanied by self-focussing of the laser pulse 

within the glass block. The permanent damage to the glass meant that it was extremely 

difficult to generate a series of continua without subsequent pulses being scattered by the 

earlier damage but it was soon discovered that continuum generation was a general 

property of all materials including both simple liquids and, at higher powers, gases. The 

'self-healing' property of liquids, in that no permanent optical damage is caused, means 

that they are better suited as continuum generators and research into the processes that 

cause the creation o f the continuum continued during the 1970s [ A.Penzkofer et al., 1973, 

1974, 1975 and W.Lee Smith et al., 1977].

The results obtained showed that above a certain critical power density, ca. lO10 

W/cm'2, a monochromatic picosecond pulse will dramatically broaden in wavelength with 

very little change in temporal shape, and that by the use of liquids the physical damage to 

the generator is healed between each successive pulse. The phenomenon has been 

described as both continuum generation and pulse superbroadening and as the second name 

implies the continuum produced is not spectrally flat but peaks at the initial laser 

wavelength. For pulses generated from a 600nm input pulse the continuum is detectable, 

both by eye and by our detection system, from below 400nm out to 800nm. The intensity 

of the continuum varies by at least 2 orders o f magnitude over this range but once the input 

power of the laser pulse reaches approximately 2-3 times the value at which continuum 

generation begins, the continuum becomes stable both in terms o f spectral shape and 

absolute power. For the purposes o f flash spectroscopy, one o f the most important 

features of the output continuum is that its duration is almost equal to that of the input
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pulse. There is evidence that the continuum pulse is lengthened and that the red portion of 

the spectrum precedes the blue but in the picosecond regime these effects are relatively 

small. [H.Mashira et al., 1983; R.L.Fork et al., 1982].

The results obtained by earlier workers suggested that input pulse energies of the 

order o f lmJ would be required to generate stable continua from a pulse of several 

picoseconds duration at 600nm. This energy is significantly greater than that required for 

excitation of the sample (lOOjiJ) and in the design of the apparatus it was intended to 

routinely generate between 1 and 2mJ in order to provide both pump and probe beams. It 

should be noted that once continuum generation has been stabilised the intensity of light 

between 400nm and 750nm is such that it is commonly necessary to attenuate the probe 

pulse in order to prevent secondary excitation of the sample or overloading of the detector.

The amplification of optical pulses to these energies requires the construction of 

amplifiers with very high single pass gains. Under such extreme conditions it is not 

obvious how optical elements will behave and in Chapter Two a summary is given of the 

theoretical background for the design of single pass high gain amplifiers. The process of 

continuum generation has provoked much discussion as to the mechanisms involved and an 

introduction to the theory of non-linear optical propagation is also provided. It is found 

that the two major non-linear processes, stimulated Raman scattering (SRS) and continuum 

generation may both be treated by considering the third order non-linear susceptibility 

tensor o f the transmitting medium and experimental evidence obtained in other laboratories 

is shown to favour the interpretation that self-focussing, self-phase modulation and 

parametric amplification are all important factors in continuum generation under the 

experimental conditions reported here. During the course o f this Thesis it has been found 

that the theoretical treatments of these phenomena are of strictly limited use, the processes 

are so complex that no solutions may be derived which take into account all o f the 

parameters which are known to be of importance. Therefore, general explanations for the 

main features of the two processes are derived and then a set of 'Golden Rules', derived 

from practical experience, are listed in order to provide some idea of the important 

considerations involved. Chapter Two goes on to discuss how the computer software used 

in these experiments has been designed, written and used. The concept of a suitable 

'operating environment' is discussed and the major lessons learnt during this Thesis, that 

good software develops from an understanding of the real experimental requirements and 

that program flexibility is the most important element of a developing piece o f research
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equipment, are explained by reference to the final integrated software package, 

MASSAGE.

1 2 3  Experimental Apparatus

Chapter Three gives a detailed account of the elements which have been combined 

to produce the picosecond transient absorption spectroscope used in these studies, Figure 

1.1. A sa  brief introduction the apparatus can be thought of as comprising four separate 

sections. The production of the primary optical pulse; the amplification of the primal^ 

optical pulse; the generation and coupling of the pump and probe beams into the sample 

cells and finally the detection, accumulation and analysis of the transmitted light intensity.

The primary light source of the apparatus is a conventional synchronously-pumped 

dye laser. In this equipment the output of an actively mode-locked Argon ion laser is used 

to pump a separate dye laser cavity as this arrangement offers several advantages over the 

use of the Argon ion laser alone. The Argon ion laser outputs pulses at 514.5nm with a 

duration of approximately lOOps. In contrast the dye laser output is tunable from 560 to 

620nm and routinely produces pulses as short as 7ps. The output pulse energy is, 

however, only InJ per pulse and these pulses must be delivered into an amplifier chain in 

order to increase the pulse energies by a factor in excess o f 106. The current apparatus 

therefore makes use of four separate stages o f amplification powered by the output of a Q- 

switched Neodymium:Yttrium Aluminium Garnet (Nd:YAG) laser. Several authors had 

previously developed systems similar to this and it had been established that this 

arrangement could provide the amplified dye laser pulses required. Once picosecond 

pulses with powers in excess of lmJ have been produced a small fraction is split from the 

beam to act as the pump pulse and the remainder is used to generate the probe pulse. The 

liquid medium used for continuum generation in these experiments is a mixture of H2O and 

D2O (Deuterium Oxide) as it has been found that the structure, stability and intensity of the 

continuum generated can be improved by optimising the relative proportions o f the two 

liquids. The continuum is passed through a series of spectral filters in order to attenuate the 

probe beam and remove the residual pump light. The pump and probe pulses are then 

recombined, with an appropriate relative delay, and passed through the sample cells. The 

transmitted continuum beam is then coupled into a spectrograph and the spectrally 

dispersed pulse imaged onto a vidicon camera. This camera provides a highly sensitive 

method of detection and the automatic conversion of the data into 512 separate wavelength
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FIGURE 1.1 Transient Absorption Spectroscope.
Layout o f  the com ponents o f  the p icosecond  transient 

absorption spectroscope developed and used during this 

Thesis.



Vidicon

F ig u re  1.1 T ra n s ie n t Absorption S p ectro sco p e



points over a 140nm region of the continuum spectrum. The output of the vidicon camera 

is connected to a microcomputer which can accumulate signals over an extended period in 

order to achieve the desired signal to noise ratio. Once accumulation of data is complete the 

computer can readily convert it to a transient absorption spectrum and display the spectrum 

on a cathode-ray screen or make a permanent plot on paper.

In summary, the design of the experimental apparatus developed for use in this 

Thesis is based firmly on conventional flash spectroscopic systems. Use has been made of 

several recent developments in generation, detection and analysis techniques and these have 

allowed the construction of a flash spectroscope with a time resolution of ca. 15ps, an 

excitation pulse tunable from 595 to 615nm with an energy of approximately IOOjxJ. The 

use of continuum generation allows the recording of spectra throughout the region 400 to 

750nm and, by combining the vidicon camera and microcomputer, many hundreds of laser 

shots can be averaged in the space of a few minutes to yield transient absorption spectra 

with signal resolution of better than AO.D. = 0.01.

1.3 MODEL PHOTOSYNTHETIC SYSTEMS

The worldwide interest in the storage of photochemical energy, by the absorption of 

photons, in the visible region of the electromagnetic spectrum and subsequent chemical 

reactions to generate high energy chemical products, has largely concentrated on systems 

involving porphyrin molecules. The porphyrin molecule is extremely attractive as the 

primary light absorbing species for a number of reasons. It has several intense ground 

state absorption bands in the visible region, the Soret bands in the blue and the Q bands in 

the red. The positions of these bands can be altered by substitution of the porphyrin ring 

and by the insertion of metal ions into its centre. These changes may also be used to alter 

the redox potential of both excited and ground state porphyrins and therefore many artificial 

photosynthetic systems have utilised porphyrin molecules as the primary light absorbing 

species and the primary electron donor or acceptor. The direction of research into artificial 

photosynthesis has been greatly influenced by the widespread occurrence of porphyrin 

molecules in natural photosynthetic systems. Green plant and bacterial photosynthesis both 

use several types o f chlorphyll molecules, in various molecular environments, to perform a 

range of functions vital to the overall absorption, conversion and storage of energy.
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The fundamental processes of natural photosynthesis may be broken down into 

five separate stages:

1. Light Harvesting.

2 . Charge Separation.

3 . Charge Transport.

4. Water Oxidation.

5 . Fi/W Formation.

The absorption of visible photons within an antenna 

system of molecules and the subsequent transfer of that 

energy to a single reaction centre.

Within the reaction centre an electronically excited 

molecule undergoes either internal charge separation or 

charge transfer to an adjacent molecule.

The redox products of the primary charge separation 

undergo charge transfer reactions with secondary electron 

donors and acceptors.

The oxidised product of stages 2 and 3 reacts with water 

to generate O2.

The reduced product of stages 2 and 3 react with CO2 to 

produce carbohydrates.

Each of these five stages has been studied in-vivo and modelled in-vitro to 

understand both natural photosynthetic systems and in an attempt to produce more suitable 

fuel products. Stages 4  and 5, although the ultimate goals of photosynthesis, are not the 

subject of this Thesis since, once stages 1 to 3 have been accomplished the progress is 

essentially that o f a conventionally driven biochemical redox reaction system. Steps 1 to 

5, in both natural and artificial photosynthesis, occur on a time-scale of picoseconds and 

the role of porphyrin molecules is known to be o f vital importance. By characterising the 

excited state properties of porphyrin molecules on this time-scale it is possible to use the 

transient absorption spectra of photosynthetic systems to elucidate both reaction rates and 

pathways.

13.1 Porphyrins and Metalloporphyrins

The basic porphyrin skeleton, Figure 1.2a, consists of four pyrole rings linked to 

create a conjugated ring by four carbon atoms. The simplest form of the molecule is where 

all the positions 1-8 and a -S  are bonded to hydrogen atoms and this is known as free-base 

porphyrin. If any of the outer hydrogen atoms are substituted, as is the case with all the
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molecules studied in this Thesis, the molecule should be referred to as a porphin. Whilst 

this terminology is technically correct it is not commonly used and throughout this Thesis 

the term porphyrin is used to refer to any molecule derived from the basic porphyrin ring. 

The two hydrogen atoms linked to the nitrogens in the centre of the ring may easily be 

removed to form a dinegative anion which readily accepts metal ions into the centre of the 

ring to form metalloporphyrins of varying stability depending upon the metal chosen. Both 

porphyrins and metalloporphyrins possess intense absorption bands across the visible 

region; the Soret (or B) bands are centred around 400nm and possess extinction 

coefficients of the order of 105 1 mol"1 cm'1, the Q bands are centred around 550nm with 

extinction coefficients o f the order 1041 m oH cm -1. The Q bands of the a,p,y,S  

tetraphenylporphyrin show 4 main peaks, Figure 1.2b, and these may be rationalised as 

two distinct electronic transitions, each accompanied by additional vibrational levels. The 

Qy transition corresponds to a polarization of the transition dipole across the line of the two 

central hydrogens, the Qx transition corresponds to the dipole being along it  When the
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central hydrogens are replaced by a single metal ion the two polarizations become 

degenerate and the Q band structure coalesces to a single peak with one or more vibrational 

levels, Figure 1.2c. Different metal ions do affect the intensity of the Q bands and may 

shift them by tens o f nanometers, however, the basic features of a porphyrin absorption 

remain easily identifiable. The electronic structure o f the porphyrin ring suggests that both 

B and Q transitions are primarily %n* transitions and the relative intensities and energy 

splitting between the Qy and Qx transitions may be understood by considering the closed 

loop conjugated paths within the ring. The two most important paths are shown in Figure 

1.3; 1.3a shows an 18 electron path and 1.3b a 16 electron path. Owing to the stearic 

effect of the two protons the nitrogen atoms in the free-base porphyrin are forced out of the 

plane and conjugation of the non-bonding nitrogen electron pair is reduced. It is found 

therefore, that in the free-base molecules the 18 electron pathway is primarily responsible 

for the Q bands and the non-degeneracy o f  the Qx and Qy transitions is readily apparent. 

For metalloporphyrins the 16 electron pathway is found to be more important leading to the 

equivalence of the Qx and Qy transitions.

The importance of the electron pathway responsible for the Q bands is demonstrated 

once we proceed to look at Chlorophylls and Bacteriochlorophylls. These molecules are 

simply derived from the porphyrin ring structure by the hydrogenation o f one or two of the 

pyrollic outer double bonds. Where one double bond has been lost the molecule is known
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( Source A.J.Rest 1982)

Figure 1.4 Chlorophyll a and b Absorption Spectra

as a Chlorin and where two have been lost, a Bacteriochlorin or Tetrahydroporphyrin. 

Additionally, free-base Chlorins are known as pheophytins and Bacteriochlorins as 

Bacteriopheophytins. Because the 1-2 and 5-6 double bonds are not involved in either the 

16 or 18 electron paths the Chlorins and Bacteriochlorins have absorption spectra 

remarkably similar to the corresponding porphyrins, Figure 1.2d. Significant changes do 

however occur to the ratio of the Q and B band intensities. In simple porphyrins the Q/B 

ratio is approximately 1:15, in Chlorins it is nearer 1:5 and in bacteriochlorins 1:1.

Whilst the absorption spectra of porphyrins, Chlorins and Bacteriochlorins may be 

thought to be surprisingly similar and that metallation of all three normally serves only to 

modify the major spectral features, some relatively minor alterations of ring substitution 

can have major consequences upon the Q/B ratio. A notable example of this is in 

Chlorophyll-a and Chlorophyll-b as can be seen from Figure 1.4, the chemical differences 

between these molecules is slight and yet their absorption spectra can in some respect be 

regarded as more dissimilar from one another than from the parent porphyrin.

The initial experiments conducted with the apparatus looked at the transient 

absorption spectra of a series of isolated free-base and metallated tetraphenyl porphyrins in 

solution. These experiments provide an introduction to the general features of porphyrin 

excited singlet state spectra and although detailed molecular orbital calculations can 

successfully predict most o f the features o f  porphyrin ground state spectra it has been
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found that the general principle of simple Q band transitions that vibrationally relax on a 

sub picosecond time-scale to give a single excited singlet state is valid. In all the 

experiments reported in this Thesis excitation of the porphyrin molecules has been via one 

of the Q bands and in no case have we observed any significant difference in behaviour 

based upon excitation wavelength. These results have been used to guide the conduct and 

interpretation of two sets of experiments involving porphyrin molecules in photosynthetic 

systems.

1 3 2  Biomimetic Charge Separation

Photodriven charge separation is the fundamental step in all photosynthetic 

systems. In natural systems the efficiency o f charge separation, once the reaction centre 

has received the energy absorbed by the antenna system, is found to be near unity. Natural 

photosynthesis appears to use chlorphyll dimer/pheophytin pairs to perform this step but in 

artificial work the most common approach has been to use porphyrin/Quinone pain 

[M.Migita et al., 1981, N.Mataga et al., 1984]. Model systems can quite easily achieve 

highly efficient charge separation, however the major problem has been found to be to 

prevent the rapid back reaction of the products. In homogeneous solution attempts to 

stabilise the products have concentrated on forcing the products out of the solvent cage by 

electrostatic repulsion [A.Harriman and M-C.Richoux, 1982]. This has achieved some 

success as, once the products are physically separated, other reactions designed to yield 

stable chemical products can be made reasonably competitive. In heterogeneous media, 

however, the most practicable solution to the problem of back reaction is to continue the 

charge separation by subsequent charge transfer reactions, as in natural photosynthesis.

A model photosynthetic molecule, designed to mimic several of the basic stages of 

natural photosynthesis has been prepared by Professor T. Moore and co-workers. The 

molecule comprises three molecules used in homogeneous model systems covalently linked 

to form a single Triad. Quinone and carotenoid molecules are covalently linked to opposite 

sides of a tetraarylporphyrin, Figure 1.5. It has been shown, in other laboratories, that the 

porphyrin/quinone pair will undergo charge separation and that the carotenoid/porphyrin 

pair undergoes energy transfer from the carotenoid singlet to the porphyrin (light 

harvesting) as well as from the porphyrin triplet to the carotenoid (photoprotection) [A. L. 

Moore et al., 1982]. By combining the quinone-porphyrin, P -  Q,and porphyrin- 

carotenoid, C -  P, pairs within a single molecule it was hoped that once charge separation

23





had occurred between P -  Q generating P+ -  Q“, the C -  P+’ pair would undergo rapid

charge transfer to yield C+‘-  P -  Q*’. The physical separation of the ions was expected to 

greatly increase their stability and preliminary work on the triad had produced evidence 

that, under favourable conditions, quantum efficiencies as high as 25% could be achieved 

[T.A.Moore et al., 1984]. The preliminary results, discussed further in Chapter Four, 

involved both pulse radiolysis and picosecond flash photolysis techniques conducted using 

light at 532nm. We decided to investigate the reaction sequence, following direct excitation 

of the porphyrin at 590nm, by monitoring the spectrum in the region 435 to 575nm. This 

allowed us to follow the bleach of the porphyrin ground state, the grow in of the porphyrin 

cation and the bleach of the carotenoid ground state.

The results of our experiment show that the results obtained previously are not as 

simple as originally thought and that in picosecond transient absorption experiments there 

exist a number of unexpected processes which can seriously distort experimental results, 

Although the Final results on the Triad were not as intended, or expected, they provide an 

invaluable demonstration of the practical realities of performing transient absorption 

experiments and the benefits of simultaneous measurement of transient absorption at 

multiple wavelengths.

1.4 NATURAL PHOTOSYNTHETIC SYSTEMS

Following the investigation of simple metalloporphyrins and the biomimetic Triad, 

it was decided to concentrate research on the natural photosynthetic system, Photosystem 

One (PS1). PS1 forms one half of the photosynthetic process in higher green plants and 

recent advances, in elucidating the mechanisms involved in bacterial photosynthesis and in 

preparing functional PS1 samples for in-vitro experiments, meant that picosecond transient 

absorption data could be recorded and interpreted in the light o f our increased 

understanding of such systems.

Photosynthesis in green plants is accomplished by the coupling o f two 

photosystems within the chloroplast. Figure 1.6. shows an electron micrograph of a higher 

plant chloroplast and the stacked (granal) and unstacked (stromal) regions of the thylakoid 

membrane are clearly visible.The original Z-scheme formulation of natural photosynthesis 

[R.Hill and F.Bendall, 1960] was based on the need for 2 separate photosystems, 

Photosystem One (PS1) and Photosystem Two (PS2) but it did not tackle the problem of
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where or how the photosystems were situated within the thylakoid membrane. It was the 

chemiosmotic principle [P.Mitchell, 1961; R.J.P.Williams, 1961] which led to the 

discovery of the proton pump across the membrane [J.Neuman and A.T.Sagendorf, 1964] 

and to the understanding of the importance of the spatial distribution of the protein 

complexes. The precise positions of PS1, PS2 and the other protein complexes within the 

chloroplast are not well defined but, broadly speaking, PS1 particles are found within the 

stromal regions and PS2 within the granal regions o f the membrane, although the 

concentrations of both, along with their associated light harvesting proteins, are dynamic, 

responding to light levels, colour and season, Figure 1.7.

Photosystem One and Photosystem Two are used to drive the splitting of water and 

the generation of ATP used for the further metabolising o f carbon dioxide. Each 

photosystem may be regarded as three separate functional units? a mobile pool of 

chlorophyll molecules, a fixed series o f antenna chlorophyll molecules and a reaction centre 

complex. The mobile pool of antenna chlorophylls is made up of Chlorophyll-a (Chl-a) 

and Chlorophyll-b (Chl-b) molecules in a single protein, the Light Harvesting Complex 

Protein II (LHCP-II). Recent work has shown that the individual LHCP-II protein 

contains both Chl-a and Chl-b molecules in a well ordered configuration and that each 

LHCP-H monomer is further structured as a trimer and it is this trimeric functional unit that 

is believed to exist naturally in the plant [J.P.Ide et. al., 1986]. The number of LHCP-II 

units associated with PS1 is much less than with PS2 although, again, the ratio is found to 

be dependent upon the growing conditions o f the plant. It is believed that the LHCP-II 

units are mobile within the thylakoid membrane and redistribute themselves so as to 

maintain an equal turn-over rate in the two photosystems. Because of their natural mobility 

it is relatively easy to remove LHCP-II from preparations of both PS1 and PS2 and each 

photosystem is then surrounded by several hundred antenna chlorophyll molecules which 

are not mobile and which channel energy to the reaction centres. The nature of the antenna 

chlorophylls associated with each photosystem is not the same, PS1 having a Chl-a:Chl-b 

ratio of 4 whereas PS2 appears to be comprised of exclusively Chl-a molecules.

Each reaction centre contains a sequence of molecules which undergo and then 

stabilise photodriven charge separation. The sequence is believed to start, in both reaction 

centres, with a chlorophyll special pair. The special pair consists o f two chlorophyll 

molecules in close proximity and is believed to be the site that receives the excitation 

directly from the antenna system. Following excitation the special pair is believed to
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FIGURE 1.7 Protein Distribution Within the Thylakoid 
Membrane.
The distribution o f the Light Harvesting C om plex Protein 

(LHCP-II), PhotoSystem  One (PS1), PhotoSystem  Tw o  

(PS2), Cytochrome b6-f  com plex and the C Fq-CFj com plex  

within the Thylakoid membrane is shown schem atically. In 

addition to these proteins, the chemical cycles which couple to 

generate Q  and ATP are shown.
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undergo charge separation and to transfer an electron to the primary acceptor of the reaction 

centre sequence. It is at this point that the significant differences between PS1 and PS2 

become apparent and that the precise nature of the charge separation process is unclear.

The PS2 reaction centre is closely analogous to the photosynthetic bacterial reaction 

centres which have been extensively studied in recent years [M.Becker et al., 1986; 

S.R.Meech et al., 1986; J.Breton et al., 1986]. In both Rhodopseudomonas Viridis (Rsp 

Viridis) and Rsp Sphaeroides the reaction centre sequence has been determined to be

P ...... BCH1 —-  Bph —-Q a ........Fe -— QB

where P is the bacterial special pair made up of the two Bacteriochlorophyll molecules. 

BChl is a single Bacteriochlorophyll molecule, Bph is a Bacteriopheophytin, Qa is a 

Quinone, Fe is an iron atom and Qb is a second Quinone.

P*, the excited singlet state of P, is found to decay in 3.0 +/- 0.2ps and the bleach 

of BPh is seen to rise with the same lifetime. Although BChl is spatially between P and 

BPh and its absorption can be monitored separately from both of the other molecules, no 

bleaching of the BChl ground state has been observed. The state P+ - BC1 - BPh- is 

formed with a i/e time of 3ps and after this the electron is transferred to QAwith a !/e time 

of 200ps and Qa then transfers the electron, via Fe, with a Ve time of several hundred 

nanoseconds.

The detailed results which have been achieved in studying the purple bacteria 

reaction centres have been possible for a number o f reasons. Firstly, the ability to 

completely remove the reaction centre antenna system has meant that P can be directly 

excited, thereby avoiding the range of excitation times for P which would occur if 

excitation were coming from an antenna system. Secondly, because the antenna system 

has been removed, transient signals from the reaction centre components are not masked by 

the large antenna absorptions, the system is also relatively easy to study owing to the fact 

that the absorption peaks o f each component overlap very little and may therefore be 

studied independently. Finally, all of the observations can be interpreted on the basis of 

high resolution crystal structure data which has been obtained with a resolution of 3A [S. 

Deisenhofer et al., 1985]. This crystallographic data has proved invaluable in interpreting 

the transient absorption data and has helped to direct research to important questions such 

as why the spatially intermediate BChl is not seen to be involved in the electron transfer
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between P and Bph. Although no such crystallographic data is available for either PS1 or 

PS2, the current research into green plant reaction centres is firmly based on the 

understanding of the bacterial reaction centre structure and reaction sequence.

In green plant PS2 reaction centres the sequence is believed to be

P -----Chl-a------p h ------ Qa ------F e -----Qb

where P is a Chl-a special pair and has a maximal absorption at 680nm, it is therefore 

commonly referred to as P680. The evidence for Chl-a being present is slight 

[R.I.Cogdell, 1983], but the similarity between PS2 and the purple bacteria mean that it is 

generally accepted that it is present. The time for primary charge separation and electron 

transport to yield Ph- is not known, but is presumed to be similar to that found in bacteria, 

i.e. 3ps. Qa is reduced with a Ve time of 400ps and Qb with a */e time of several hundred 

nanoseconds. Very few results on a picosecond timescale have been obtained with PS2 

owing to the fact that the antenna chlorphyll system cannot be removed without disrupting 

the reaction centre. Additionally, the absorption maxima of P680, Chl-a and ph are not 

well separated in wavelength and are obscured by the antenna chlorphylls. Until 'naked' 

reaction centres can be prepared and direct excitation of P680 achieved, the apparent 

similarity between PS2 and bacterial reaction centres cannot easily be confirmed.

The reaction centre sequence in PS1 performs a similar task to that of PS2. There 

is, however, less certainty as to the identity o f each component and the assignments are, 

once more, influenced by our understanding of the bacterial system.

The accepted sequence is

P -----A0 -----A j ------A2 ----- P430

where P is commonly referred to as a special pair although the evidence for this is limited. 

Aq is believed to be Chl-a and Aj a quinone species. A2 is an iron-sulphur centre and P430 

consists of 2 iron-sulphur centres. P has a maximum absorption at 700nm and is generally 

referred to as P700. It is immediately clear that the PS1 reaction centre sequence differs 

from PS2 in the identities of Aj, A2 and P430. The final reduced species is not a quinone 

as before but an iron-sulphur centre complex.

In Chapter Five a series of experiments conducted on two different reaction centre
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preparations are described. The two preparations yielding samples with different numbers 

of antenna molecules, and for each sample two series of time resolved spectra were 

obtained, one with P700 quenching the antenna to yield P700+ and one where P700+ had 

been chemically oxidised in the dark, thereby preventing this quenching mechanism. The 

results cover the spectral region 625nm to 785nm and this has allowed us to monitor the 

antenna chlorophyll, P700 and Chl-a ground state bleaches. Preliminary results were used 

to establish the nanosecond time-scale behaviour before concentrating on the rise time of 

the P700 ground state bleach. In order to detect the small signals produced by the PS1 

samples it was necessary to improve the signal to noise ratio o f our results and to this end 

the sample cell o f the spectroscope was modified to take two cells, one for the sample and 

one for a reference cell. The final results obtained yielded transient absorption signals of 

less than 0.04 AO.D. with noise o f less than 0.002 A O.D.

1.5 CONCLUSION

The results presented in this Thesis provide a comprehensive view of the theory, 

practice and interpretation of the transient absorption spectra o f a series of photochemically 

important excited states. As with many experimental investigations the techniques used 

were 'state of the art' when the research began and most o f the results obtained were n ew , 

but at the time of writing this Thesis these statements are no longer true. Therefore, in 

Chapter Six, a discussion o f what is now possible and what is now known about the 

chemical systems studied is provided It is hoped that the main chapters of this Thesis will 

serve both as an introduction to the technique and chemical systems studied as well as 

reporting some significant advances. Chapter Six is based on the experience gained during 

the course of these studies and is intended to help guide the way for future research.
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CHAPTER 2

2.1. INTRODUCTION

From the experience of earlier workers and the considerations discussed in Chapter 

One, it was known that pulse energies in excess of lmJ would be required to provide both 

the pump pulse and stable continuum. In these experiments the synchronously-pumped 

dye laser provides 7ps pulses of light at a rate of 75MHz. Each pulse has an energy of 

only InJ and we were therefore faced with the task of amplifying these pulses by a factor 

of at least 106. Several authors have studied the theory of high gain laser amplifiers [L.M. 

Franz and J.S.Nodvik, 1963; U.Ganiel et al., 1975; T.L.Koch et al., 1982 ] and in 

Section 2.2 we shall look at the basic theory of such amplifiers and explain the salient 

predictions that may be derived. The amplified pulses are used to both excite the samples 

under investigation and to produce the interrogating pulse. The interrogating pulse is 

produced by continuum generation and the basic theory o f this process is reviewed in 

Section 2.3. One o f the major conclusions of these two sections is that the predictions of 

simple theories are of limited value in the everyday use of the equipment For this reason a 

selection of 'Golden Rules' is provided in Section 2.4 which summarise the most important 

factors involved in these two processes, as discovered empirically. The transmitted 

interrogation pulse is detected by a vidicon camera and the output is stored in a micro

computer. This computer is also used to calculate and display transient absorption spectra 

and the principles upon which a comprehensive software package has been developed are 

discussed in Section 2.5.

2.2 AMPLIFIERS

Many different models of the performance of optical amplifiers have been proposed 

because o f the difficulty in developing a single theory to cover the wide range of 

operational parameters involved. Because it is impossible to obtain an exact solution to the 

full equations, one is forced to impose certain constraints on the model which are 

appropriate to the experimental conditions.

For reasons that will soon become apparent the geometry of a Single Pass, High 

Gain (SPHG) amplifier is o f great importance to both its maximum gain and efficiency and 

the particular geometry is one of the constraints incorporated into any theoretical model. In 

the current apparatus the amplifiers have a pencil-like geometry, i.e. a cylinder with a
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In single pass high gain 
amplifiers the pulse to be 
amplified (I ) travels the 
length (L) of an approximately 
cylindrical gain volume of 
narrow radius (r). The high 
aspect ratio (L/r)allows off 
axis fluorescence to escape 
with very little gain.

Figure 2.1 Single Pass High Gain Amplifier Design

length typically 10 times that of its diameter, see Figure 2.1. The amplified beam passes 

once along the length of the cylinder and experiences a single pass gain, generally in 

excess of 10. To produce optical gain within the cylindrical volume of the amplifier one 

requires an energy source with which to create the necessary population inversion. In the 

current apparatus, this is achieved using a high power nanosecond laser pulse derived from 

the frequency doubled output of a Q-switched Nd:YAG laser. For our purposes the active 

medium of the cylindrical volume must be capable of producing a net gain over the region 

590-620nm following excitation at 532nm by the Nd:YAG laser. It is immediately 

apparent that the Rhodamine dyes provide a suitable selection and in the current apparatus 

both SulphaRhodamine B and Rhodamine 101 are employed. The laser pulse can excite the 

cylindrical volume either transversely or longitudinally and, as will be explained, the 

appropriate choice for a SPHG amplifier is transverse pumping.
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22.1 Basic Theory

Any theoretical treatment o f a SPHG amplifier must attempt to predict the gain 

obtained for a given pump intensity, i.e. a given pump pulse energy which is itself time 

dependent. In a system involving a 5ns pump pulse, an input pulse of 7ps and an amplifier 

dye with a radiative lifetime of approximately 3ns, it might be supposed that a fully time 

dependent model would be required. However, because the input pulse is so much shorter 

than the pump it is reasonable to calculate the gain as a function of time, and then regard the 

system as fixed during the time of passage o f the input pulse. We shall start by deriving a 

relatively simple model of the amplifier and gradually improve the model as we identify its 

shortcomings.

I p ° a

&
kR1 —

£t kRO

N,

N,

kRi >  1012/[s '1] 

kRo >  1 0 12/ [ s ' 1] 

kf =-c-1/[s '1]

Figure 2.2 Simplified Four Level Gain Scheme

A simple rate equation model for the gain cylinder assuming a four level scheme, as 

shown in Figure 2.2, with the standard simplifying assumption that vibrational relaxation 

within So and Si is effectively instantaneous, is given by,

dNi/dt = GaN0Ip “ T-iNi {2.1}

dN0 = -d N i {2.2}

N = N0 + Ni {2.3}
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where,

N

No

N i

CJa

X

Total concentration of molecules /[Moles.nv3]

Concentration o f  molecules in So / [Moles.m*3]

Concentration o f molecules in Si / [Moles.m*3]

Absorption cross section (So —» Si) of the dye at 532nm / [m2] 

Natural radiative lifetime of the dye / [s]

Pump laser intensity / [Einsteins.m-2.s-l]

These equations give rise to a steady-state excited population

Ni = Nip a a / ( a aIp + x - i)

with a relaxation time, with respect to changes in IP, of

{2.4}

Xrelax — ( + {2-5}

It should be noted that if Ni «  N then x ^ ^  is very little different from x .

This simple theory therefore predicts that the single pass gain, G, defined as the ratio of the 

amplified pulse energy before and after the amplifier, IoUt / Ii0 , given by

G = exp( OeNiL) { 2.6}

where,

a e = Emission cross section (Si —> So) o f the dye at the amplified pulse 

wavelength / [m2]

L = Length of the amplifier /  [m]

can be calculated by substituting Equation {2.4} in Equation {2.6} to give

G = exp( a aa cNIpL / ( a aIp + x-1) ) {2.7}

Again, if N j «  N, it can be seen that the single pass gain of the amplifier rises
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exponentially with the pump power,with a maximum achievable gain of G = exp( a cNL). 

It might be thought therefore that, given a powerful enough pump source and a high 

enough concentration of dye, an arbitrarily large single pass gain could be achieved.

2 2 2  Amplified Spontaneous Emission

This model is incomplete in one major respect however, it fails to take into account 

the effect of single pass gain on the spontaneous emission generated within the amplifier. 

[ V.A Apkarian, 1984]. At any point within the amplifier a certain fraction o f the 

spontaneous emission will be along the axis of the amplifier, either in the positive or 

negative x direction, and will therefore undergo high gain. The majority however will be 

emitted off axis and will pass through only a short region of gain. As can be seen from 

Figure 2.1 the fraction o f spontaneous emission that passes along the amplifier and 

remains within the gain cylinder throughout varies with position. This is not easy to model 

exactly and most treatments have settled for an approximate fraction typically ( r/L )2 to be 

assumed for the entire length of the amplifier. The quantity (L/r) is known as the aspect 

ratio o f the amplifier and this term is generally used to indicate the geometry o f an 

amplifier.

Assuming that a uniform excited state population N i exists we may calculate the 

energy loss due to the amplified spontaneous emission along the length of the amplifier.

dIAsE / dx = (JjN jT-i + Iase^ N i {2 .8}

Where,

<l> =  ( f / L )2

Cx = Emission cross section (Si —> So) of the dye at the amplified 

spontaneous emission wavelength / [m2]

and this may be integrated along the length o f the amplifier to give:

Ia s e = ( e x p C c ^ N i L ) - 1) <J>x / {2 .9 }

It should be noted that for small gains, i.e. a^NiL «1 this reduces to
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Iase = 4>*-1N iL { 2.10

which is the simple fluorescence that would be emitted from the end of the amplifier in the 

absence of gain. The Amplified Spontaneous Emission (ASE) can therefore be seen to rise 

approximately exponentially once the small signal single pass gain is larger than about 2, 

and this energy loss mechanism must be included in our derivation of Nj as a function of I. 

Equation {2.1} now becomes

dNi / dt = a aN0I - x-iNi( 1 - 2<J>) - ( exp( axNjL) -1 ) 2<J>x-i / L cx {2.11}

Where the ASE has been included twice owing to the fluorescence being in both the 

positive and negative direction, and an average ASE value obtained by dividing by L.

At low pump intensities this reduces to Equation {2.1} ,as before, owing to the 

small effect o f the ASE. We can define the point at which the ASE becomes an important 

factor as when the loss due to simple fluorescence equals that due to ASE, i.e.

T-i (l-2<|>)Ni = (exp( GXNjL) -1 )  2<> x -i/L a x {2.12}

Assuming that the single pass gain, given approximately by exp(axNiL), is much greater 

than 1 and that <|>«1 this may be rewritten as

ex p (a xN iL ) = 1 {2.13}

a^NiL 2<j>

and it can be seen that the aspect ratio of the cell is of great importance in determining the 

gain at which the ASE becomes the dominant loss mechanism. It is because of these simple 

theoretical predictions that the aspect ratio of a SPHG amplifier should be made as high as 

possible. In the first amplifier of the current apparatus the aspect ratio is approximately 50, 

giving a gain of approximately 8000 at which the loss from ASE equals that from simple 

fluorescence.

2 2 3  Limitations of Theory

As previously noted as long as the left hand side of Equation {2.12} is larger than 

the right, simple fluorescence is the dominant energy loss mechanism and the system 

relaxes with a time constant approximately equal to t. At very high pumping intensities the

37



ASE is the dominant energy loss mechanism and computer simulation has shown that the 

relaxation time drops considerably below x [U.Ganiel, et al., 1975]. These results have 

been used by most authors [A.Migus et al., 1982; T.L.Koch, et al., 1982; G.Haag, et 

al.,1983] to justify a steady state approach to solving the rate Equations, {2.11}, {2.2} 

and {2.3}, in situations where the pump duration is of the same order as x. One of the 

most striking predictions of these treatments is that as ASE rises to become the dominant 

energy loss mechanism, spatial inhomogeneity of the population inversion within the gain 

volume develops. This is due to the fact that the ASE is being amplified along the gain 

volume in both directions and as the gain exceeds the value given by Equation {2.13} the 

population inversion at each end of the amplifier becomes saturated [T.L.Koch, et al., 

1982]. If the pumping power is increased further this effect is accentuated and the 

population inversion at the ends of the amplifier remains low whilst it increases at the centre 

where the ASE intensity is relatively low. As this process prevents energy being stored 

evenly within the amplifier the efficiency, defined as the fraction o f pump power available 

as gain for an amplified picosecond pulse, is significantly reduced.

The results o f these treatments o f the ASE and spatial inhomogeneity of SPHG 

amplifiers were used as the basis for the design of many picosecond pulse amplification 

systems including the one used in this Thesis. In the course o f building and using the 

equipment it has become apparent that, although elegant, the theoretical model is too simple 

to be able to take into account all o f the factors that affect amplifier performance. The first 

major simplification is that the population inversion throughout the amplifier achieves rapid 

equilibrium with the time dependent pump pulse intensity. The problem with this 

assumption, that x reiax « is that the ASE intensity and the gain are both exponentially 

dependent on Nj , Equations {2.6} and {2.9}. Therefore although N i relaxes with a 

lifetime less than x, the ASE and gain relax very much more slowly. For amplifiers similar 

to those used in the present apparatus the intermediate region of slow relaxation of the gain 

and ASE extends up to gains as high as several thousand. Since the highest gain used in 

this apparatus is approximately 1000, and the highest reported single pass gain for 

amplifiers of this type is 5000, it would seem that the assumption of rapid relaxation and 

the use of steady state solutions is highly questionable.

This failing o f the theoretical model is, however, compensated for by a number of 

other processes which ensure rapid relaxation and limit the practicably achievable gain to a 

figure somewhat below that predicted by the simple model. These processes lead to a
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reduction in the effective aspect ratio o f the cell and an increase in the energy loss due to 

ASE owing to lasing action within the gain volume. The aspect ratio of the cell was 

introduced as an approximate measure of the fraction of simple fluorescence which would 

experience gain as it left the amplifier. It was noted that the true value would vary across 

and along the cell but at low gain the error due to this approximation is not too great 

However, as the single pass gain rises and the spatial inhomogeneity of the amplifier 

becomes significant the approximation begins to introduce large errors. For example, at 

low gains the reflection of fluorescence from the side face of amplifier cell, where the pump 

beam enters, is not important, but as the ASE rises the secondary amplification of this 

reflected portion leads to a significant increase in the energy loss due to stimulated 

emission. To make matters more complicated a number of additional effects lead to an 

increase in reflective ’trapping' of the ASE within the gain volume.

In order to understand these effects it is useful to consider first the reasons why 

SPHG amplifiers use transverse pumping o f the gain volume as opposed to colinear, 

longitudinal pumping. If a SPHG amplifier is to have a high aspect ratio and still remain 

reasonably short it is clear that the diameter of the gain volume must be relatively small. If 

the pump and amplified beams are to remain overlapped for the full length o f the gain 

volume during longitudinal pumping it is necessary either to steer both beams into the cell 

from two mirrors a large distance from the entrance face, which is inconvenient, or to 

combine the two beams on a dichrcic beam splitter, which is expensive. In the last 

amplifier of the current apparatus the first method of longitudinal pumping has been used 

owing to the relatively low aspect ratio o f the cell, in other laboratories dichr^ic beam 

splitters have been used. However, for high gain amplifiers longitudinal pumping is not 

the most appropriate method owing to the high ground state absorption of the amplifier. 

The dyes used for the amplifiers, SulphaRhodamine B and Rhodamine 101, have ground 

state absorptions that peak around 465nm, Figure 2.3, and if they are to provide single 

pass gains in excess of 1000 the single pass attenuation due to the ground state must also 

be on the order of 1000. This is to say the optical density of the cell, along the axis of the 

amplified beam, must be approximately 3 and assuming at most 50% excitation of the dye 

an optical density of at least 6 is requiredln practice,the optical density of the first amplifier 

in the current apparatus, at the absorption maximum, is approximately 25 and this produces 

an optical density at 530nm of 8. It is immediately clear that in systems using these pulse 

wavelengths and amplifier dyes, longitudinal pumping is not possible owing to the rapid

39





attenuation o f the pump pulse along the cell. Therefore transverse pumping is almost 

invariably the method chosen for SPHG amplifiers. This optical arrangement means that 

the gain volume is not the idealized cylinder of our theoretical model but a focussed line 

along the length of the cell with the pump intensity dropping as it penetrates further across 

the cell. The cylindrical lens which focuses the pump beam is positioned slightly closer to 

the side face of the amplifier cell than its focal length so that, as the beam is absorbed the 

intensity is maintained by continued focussing. This produced a gain volume that is 

approximately 0.25mm high by 0.5 to 1mm deep and which then continues across the 

amplifier cell with diminishing pump pulse intensity. This gain 'sheet' as opposed to gain 

cylinder can no longer be described by a simple aspect ratio and, at high pump powers, this 

geometry brings into importance several other processes.

At low pump powers reflections of fluorescence, approximately along the axis of 

the amplifier, from the liquid/glass and glass/air interfaces of the side of the amplifier cell 

do not affect significantly the level of ASE. Reflection of a few percent o f the ASE back 

through a gain of 10 does not lead to a significant increase in energy loss, on the other hand 

a few percent reflection experiencing a gain o f 1000 can lead to a great increase in energy 

loss. The fact that the gain volume is a 'sheet' means that the ASE emitted from the first 

amplifier is a cone at low pump powers but this changes to a horizontal sheet of emission at 

high pump powers. This effect is added to by the refractive index changes which occur 

across the gain volume. Refractive index changes associated with the rapidly changing 

optical density of the medium with respect to wavelength and due to the temperature 

changes accompanying radiationless relaxation within the dye molecules, mean that near 

axis fluorescence and ASE are again, weakly, coupled back into the gain volume. These 

effects could be included as a pump intensity dependent term in Equation {2.11} but it is 

doubtful if these examples of low level feedback of the ASE are exhaustive and an ability to 

model fully and solve the relevant equations is unlikely. A final example of an additional 

energy loss mechanism which can become important at high pump power is lasing of 

individual amplifier cells. Whilst every attempt is made to avoid on, or near, axis 

reflections close to the cells there are two plane-parallel reflectors around each amplifier, 

these are the input and output faces of each cell. Multiple reflections along the axis of the 

amplifiers are avoided by each cell being tilted along the line of the amplified beam. This 

ensures low reflective loss o f the amplified pulse owing to the cell being at approximately 

Brewster's angle but more importantly fluorescence which is emitted normal to these faces
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must pass through extended regions of unexcited dye. This precaution normally prevents 

lasing but in the second and third amplifiers, which have relatively low aspect ratios it was 

found to happen if very high gains were produced.

It might be thought that these effects would all combine to render the theoretical 

treatment of amplifier design impossible but the model derived so far, despite its detailed 

failings, does exhibit the fundamental features o f real amplifier behaviour. The principle 

that Amplified Spontaneous Emission rises rapidly as the single pass gain of an amplifier, 

in any direction, reaches 2 remains true. The precise role of reflection and geometry are not 

easily modelled but may be regarded as reductions in the effective aspect ratio o f the cell 

either permanently or with rising pump power.

No mention has been made so far about ASE from one amplifier feeding into the 

next, but this is the main problem associated with amplifier chain design. Some of the 

techniques used in the current apparatus such as spectral, spatial and temporal filtering, are 

discussed in Chapter Three, but this effect can once more be treated as a reduction in the 

aspect ratio of individual cells. All of these effects mean that rapid relaxation of the 

population inversion, as the pump pulse intensity changes in power during a few 

nanoseconds, can occur and that the gain and ASE intensity closely follow the pump pulse. 

Because they are exponentially dependent upon the population inversion they do not have 

the same temporal shape but there is little or no integration o f the pump pulse power and 

therefore any reduction in the length o f the pump pulse and the concomittent increase in 

peak intensity are desirable.

2.3 CONTINUUM GENERATION

Frequency broadening of laser pulses was first observed in self-focussed filaments 

in carbon disulphide and other Kerr-effect liquids in the early 1960's [W.J.Jones and 

B.P.Stoicheff, 1964; D.I.Mash, et al., 1965; N.Bloembergen and P.Lallemand, 1966; 

P.Lallemand, 1966]. Superbroadening, by several thousands of wavenumbers about the 

laser wavelength, can be produced by sufficiently short, intense light pulses in a wide 

range of materials [R.R.Alfano and S.L.Shapiro, 1970 ]. In solids the process is almost 

invariably accompanied by filamentation, i.e. localised self-focussing of separate portions 

of the beam, and this causes permanent damage to the material due to the high peak powers 

generated. In a system designed to operate at 10Hz the problems o f scattering off 

previously damaged regions of the continuum generator rules out the use of solids but in
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liquids, although single shot damage occurs, the system is self-healing and in this section 

we shall concentrate on trying to understand the process of continuum generation in 

liquids.

23.1 Basic Theory

The transmission of electromagnetic waves through any medium is determined by 

the response of the medium to the electric and magnetic fields of the radiation. It is usually 

assumed that P = % • E» that is a linear relationship between P the induced electric dipole 

moment per unit volume, and E the internal electric field strength. In this case the dielectric 

constant of the medium, e, is given by

e = 1 + {2.14}

A more general assumption is to expand P(r,t) as a power series in terms of E(r,t).

P = XlE + X2 EE + foEEE {2.15}

It should be noted that additional terms, in terms o f the internal magnetic field B(r,t) 

and cross terms involving spatial and temporal derivatives can also be included. These 

extra terms are used to calculate optical activity, Faraday rotation and other higher order 

optical effects [R.W.Terhune and P.D.Maker, 1968].

This expansion can be more useful in determining non-linear effects by calculating its 

Fourier transform. The Equation {2.15} now becomes:

P(©i) =* Xim( ©i) Em ( ©i)

+ 2X2mn (~©i» ©j> ©k) En (©j) E0 (©k) 5  (*©i + COj +  COjc )

+  yCsmnop (-© i, COj, COjc, ©1) Eo (COj) E q (©k) Ep (©1) 8  ( -© i +  COj +  G* +  ©  1)

{2.16}
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where ^  0 and p refer to the polarization o f  the different plane waves incident on the

medium at angular frequencies C0j, co* and coj. 8( -CDj + coj + G)*) is the Kronecker delta 

function. P(C0i) is now the degree o f polarization of angular frequency o&i induced by the 

incident fields and the multiplicative factor for each term is chosen such that in the 

degenerate case:

P(2co) = X2E2(co) {2 .17}

and

P(3g>) = X3E3(C0) {2.18}

Xi(C0i) is now the linear susceptibility and is related, as before, to the simple refractive 

index o f the medium. In addition, %2 and %3 may be regarded as complex, in which 

case absorption and/or amplification of the field at ©i may occur. In order to account for all 

combinations of n ... and i . .. %i, X2 and X3 316 tensors and for %3, which is a fourth rank 

tensor, there can be as many as 81 independent elements. The symmetry of the medium, 

however, reduces this number and for an isotropic medium, such as we shall consider, 

there are only four distinct non-zero tensor elements of X3.

%3(mmimn) ("®i> ®j> tOfc, COi) 

%3(mmnn) (“®i» ® j, COfc, CDi) 

%3(mnmn) ("®j, tQj, ^ k ,  ®l) 

%3(mnnm) (_®i> ®j» ® l)

where, X3(mmmm) = %3(mmnn) +  ^3(mmnn) + X3(mnnm) {2.19}

For the case in which we will be interested we need only consider the element for 

all four polarized parallel, i.e. = X3(mmmnl) and the situation is further simplified by the 

fact that for isotropic liquid media x 2 is constrained by being zero by symmetry 

considerations.

Insight into the order of magnitude and frequency dependence of % is obtained by 

considering a simple model of the medium as an oscillating dipole using time dependent 

perturbation theory. [J.A.Armstrong, et al., 1962].
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For Xi(C0i) this leads to

Xi (COi) = NL e2 Xa ( Qa + Qa )

h ©a - ©i ©a* + COi

{ 2.20}

where, Oa = < g | x | a x a | x | g >  ,the electronic overlap integral of the ground state 

g and an excited state a, and

where h©' = the energy gap between g and a and T is included to account for relaxation 

processes between the two levels. The whole equation being summed over all excited 

states coa . The second term in Equation {2.20} is a slowly varying function of ©a but the 

first term rises to a maximum whenever coa = ©  ̂ i.e. whenever a molecular transition is in 

resonance with the incident field. In this situation is predominantly complex and, 

depending on the sign of the i T term, E(C0j) is attenuated or amplified as the wave passes 

through the medium. In an optically transparent material, such as H20  or D20 ,  Xj 

resonances are absent and we must go on to consider the resonances involving

For x3 the situation is somewhat more complex and the treatment presented here is 

a simplified version of that derived elsewhere [R.W.Terhune and P.D.Maker, 1968]:

C0a = C0'a - i r  f ©a* = ©"a + i r {2.21}

X3 (-®i, Cflj, (Ok, coO =  NLe4 [

2410 (0)4 - COj - OJk - (0!) ( (Oh - COk - coo ( (0C - 0)0

+

(©a*+©j) (©b - © k -©j) ( ©c - ©0

(continued/...)
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+ ____________________ Qabc

(© aV  COj + ©k + 0)i) ( 0)b* + ©k + ©l) ( ©c - ©e) 

+ ^abc

(©a -© j ) ( ©b* +  ©k + ©i) ( ©c* +  ©i) ]

{2 .22}

Where a,b,c are excited states of the medium and

O abc = <g lx la x a  lx Ib xb  lx I c x c  lx |g> 

is the overlap integral between a, b, c and the ground state, g.

The important thing to note is that each denominator is comprised of single and 

multiple frequency differences between the excited states a,b,c and the incident fields ©j,

C0k, ©i. The idea, once more, is that when any of j,k or 1 come into resonance with excited 

state transitions, or when a frequency difference between incident fields comes into 

resonance, and therefore the induced polarization at ©j is maximal.

The problem has now been reduced to determining Oabc and the resonant transition 

frequencies o f the medium. This, however, is still not trivial and it is at this point that one 

normally separates out those terms that have resonances appropriate to the phenomena 

under investigation. We shall look at the three dominant processes encountered during 

continuum generation. They are Stimulated Raman Scattering (SRS), Parametric Four 

Photon Amplification (PFPA) and Self Phase Modulation (SPM).

232 Stimulated Raman Scattering
Spontaneous Raman scattering is the process whereby photons at a wavelength 

shifted from the incident radiation are stimulated by the incident radiation and the zero point 

energy in the medium. The polarization is induced via %3 and the process may be regarded 

as a special case o f the treatment given below, although spontaneous Raman scattering 

always occurs it is found that at high laser and continuum intensities multiphoton processes
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are more important. Stimulated Raman Scattering, where laser photons and real photons in 

the medium induce polarization, can occur both to the red (Stokes) and to the blue (Anti- 

Stokes) o f the incident laser wavelength. Because of the various frequency difference 

terms in {2.22} there are several resonances that may lead to the induced polarization being 

large. The simplest resonance is that involving one photon at the laser frequency co, and 

one at a Stokes shifted frequency © i = © - C0y where C0y is the frequency of a ground state 

vibrational transition. This is a two photon process and in this case {2.22} may be 

rewritten as:

X3 (-®1. -to, to, (0,) = XNR+ xR {2.23}

where,

XR = NLe4 (  Oa + Oa )  r
12h3r 0)a - 0)1 ©a-to Ma-(©-©j) + ir

{2.24}

In Equation {2.23} the non-linear susceptibility tensor has been divided into two 

parts, Xnr which is the sum of all terms in {2.22} which are non-resonant at ©i = © - coa, 

and Xr those terms which are resonant. This approach is the most common one adopted in 

attempting to derive predictions of non-linear scattering intensities. The same treatment 

may also be applied to obtain the form of X3 at the Anti-Stokes frequency, coi = co + G\,

&  H o i , - © ,  © ,-o>i) = Xnr +  Xr {2 .25}

XR = NLe4 (  Oa + Oa )  r

12 h3 r  C0a - COi ©a + © ©a + ( © -  ©j ) -  iT

{2.26}

The primary difference between {2.24} and {2.26} is the sign of the imaginary term in the 

final denominator. At first sight this might seem insignificant, however, if we use these 

formulae for to determine the effect o f  the stimulated scattering we find that {2.23} 

corresponds to an amplification of the Stokes-shifted signal (Stimulated Raman Gain,
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SRG) [A.Owyoung, 1981] whilst {2.24} corresponds to attenuation o f the anti-Stokes 

signal (The Inverse Raman Effect, (TIRE) [W.JJones and B.P Stoicheff, 1964] because 

the induced polarization is directly proportional to X3. Therefore if SRS occurs in addition 

to the generation of the continuum one would expect to see SRG to the red of the laser 

wavelength and TIRE to the blue. This does occur at relatively low laser power and when 

the continuum is not very stable but in the Anti-Stokes region, in addition to TIRE intense 

stimulated Raman scattering is observed. This Anti-Stokes scattering is due not to the 

simple two photon process described above but to a four photon process involving 

different resonances of Equation {2.22}.

The generation o f stimulated Anti-Stokes Raman Scattering involves the 

annihilation of two laser photons and the simultaneous creation of a photon at the Stokes 

and Anti-Stokes wavelength, i.e.

co + co -> (co-coy) + (co + coy) {2.27}

This process is therefore stimulated by the presence o f photons at both Stokes and Anti- 

Stokes wavelengths and the appropriate form of X3 is now given by

x 3 (-(CO + coy), co,cd,-(g) -  CDy)) = xNR + XR {2.28}

XR = NLe4 (  Oa + O , ) (  Oa + O , )  T

12h3T 0)a -C0i C0a + 00 0)a+G) 0)a + CO2 C0a - CQy -  i r

{2.29}

where, once more, for %R at the Stokes shifted wavelength the imaginary term in the 

denominator is positive instead o f negative. Whilst this difference for the two photon 

stimulated Raman led to attenuation at the anti-Stokes wavelength, in the four photon 

process the induced radiation is proportional to the square o f %3 [M.D.Levenson, 1982] 

and therefore gain is produced at both Stokes and anti-Stokes wavelengths. The predicted 

shapes of the two and four photon SRS signals due to a single isolated Lorentzian 

resonance are shown in Figure 2.4.
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The major Raman line of H2O, at ca. 3400 cm-1, comprises three or four closely 

spaced resonances and although these can be measured by spontaneous Raman scattering, 

in SRS only one or two are found to be active [M.J.Colles et al., 1970]. The reason for 

this is that as one vibrational mode begins scattering stimulatedly it creates a coherent 

vibrationally excited population. This coherence within the medium reduces the gain 

experienced at other wavelengths and therefore prevents other modes from resonating.

All of the preceding theoretical results can be used to predict the effect of an intense 

laser beam on the intensity of radiation existing at other wavelengths due to %y  This four 

photon process is generally referred to as Coherent Anti-Stokes Raman Scattering (CARS) 

[J.W.Nibler and G.V.Knighten et al., 1978]. In the experimental arrangement used during 

this Thesis the laser beam is focussed into the continuum cell and there is, effectively, zero 

intensity at all other wavelengths at the entrance face. The generation of intense stimulated 

Raman beams is therefore due, at moderate powers, to the large amplification and 

attenuation o f spontaneously scattered photons and is therefore stochastic in nature. 

[N.Fabricius et al., 1984]. This means, in practice, that the intensities of the Stimulated 

Raman beams are very variable and differ by as much as ±  50% from shot to shot. In a 

system designed to generate a smooth continuum the transfer of energy from the laser beam 

to intense, narrow Raman bands is obviously undesirable. For this reason H2O and D2O 

are well suited to continuumn generation as their stimulated gains are very low due to the
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unusually large widths of the vibrational transitions. The widths of the spontaneous 

Raman signals, 100 to 250cm'1 between 2800 and 3000cm'1 are due to the large variations 

in the environments experienced by different water molecules and therefore in their 

vibrational frequencies. Results obtained elsewhere [M J. Colles et al., 1970] showed that 

these widths could be increased further by the mixing of H2O and D2O and it has been 

found during the course of this Thesis that SRS can be significantly suppressed by the 

careful adjustment of their relative concentrations.

2 3 3  Parametric Four Photon Amplification

Experimentally, with our apparatus and with similar systems, it has been found that 

generation of SRS both Stokes and anti-Stokes shifted from the laser wavelength, is the 

dominant process for input powers up to approximately 1010 W/cm2 .

Above this power density the generation of a spectrally structured continuum begins 

and once this power rises to 1011 W/cm2 a spectrally smooth and stable continuum is 

produced.

A.Penzkofer et al., 1973 investigated whether the continuum generation process 

could be explained in terms of both single frequency resonances and frequency difference 

resonances in x 3 for the process

C0+G)-> (CD+COy) + (CD-COy) {2.30}

In order to obtain estimates for the spectral features to be expected from such a process, the 

continuum generated by a picosecond pulse at 1060nm derived from a mode-locked glass 

laser was measured for a series of input powers, Figure 2.5a.

In order to make the problem of calculating the expected spectral shape tractable %3 

was regarded as being composed of two separate parts:

X3 = X3' + ix3" {2.31}

thus allowing for the fact that is complex and further that:

X3 = X3 NR + X31 + X3R {2.32}
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FREQUENCY V, Ccm'1:

a ) Energy conversion r\ versus v for laser input powers

a) 1011 b) 5x 1010 c) 3x1010 d) 2x1010 W/cm’2

b ) | X  ' and X r " as calculated from the absorption 
spectrum and the spontaneous Raman spectrum 
of water.

II Calculated curve of X ' and the points derived from 
experimental data.

(Source A.Penzkofer et.al. 1973)

F ig u re  2 .5 Experimental Determination Of The Non-linear Susceptibility Of Water



where %3 nr is the non-resonant component of %v  %3l' is resonant with single frequency 

components and %3R is resonant with frequency difference components.

X3 ~ = %3i + &R {2.33}

where, again, %3l" is composed of those terms resonant with single frequency components 

and %3R" with frequency difference resonances.

%3 may now be written as:

X3" = KEOaaa T + {2-34}

(C0a - COi )2 + n

X3' = XNr + £ X3 i"  «o»-Mj) + X3R' {2-35}

r

X3R' and X3R" are known from the previous work mentioned earlier and Oaaa has been 

used rather than OabC in order to simplify further analysis. This simplification means that 

the single frequency dependent part of may be approximated by the absorption 

spectrum of the medium at the idler wavelengths, Figure 2.5b. By combining the two 

parts of %"> X'nr and experimental data at 15,000cm-i it is possible to obtain an 

estimate for the continuum intensity, K and thereby a predicted curve of %' as a function 

of co.

All of these results are shown in Figure 2.5b and plotted on the curve for X are a 

series of data points derived from curve b in Figure 2.5b.

Although, as stated in the text o f the original article, there have been a number of 

approximations in this treatment which limit the expected accuracy of the theoretical curve, 

it can be seen that over a large range of frequencies the fit o f the data is extremely good.

On the basis of these results Penzkofer concluded that the process of continuum 

generation could be fully explained in terms of the fundamental four photon process and 

secondary processes such as (co + CO2) —» CO3 + CO4. There are however several problems 

associated with this mechanism. Firstly parametric processes, i.e. those involving 

stimulated gain at multiple wavelengths, tend to produce highly structured spectra and not
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the broad continuum which is found experimentally. Secondly, one would expect to see a 

dramatic drop in continuum intensity at frequencies higher that 2co because the fundamental 

four photon process cannot generate frequencies higher than this, and finally, the gross 

spectral features obtained are not significantly altered when different laser wavelengths are 

used [W.Lee Smith et al., 1977]. The last of these points deserves further comment as it 

leads on to the other major process believed to be involved in continuum generation. Once 

the laser intensity is large enough such that continuum generation begins, a further increase 

in the laser power causes the spectral features of the continuum to fill in and at powers of 

above 10n W/cm2 the shape does not contain any significant feature other than stable SRS 

and TIRE. This is true for a wide range of laser wavelengths from 1060nm through to 

530nm. This property suggests that there must exist a mechanism which is based on the 

intense peak powers associated with picosecond pulses and not on the wavelength 

dependence of Such a mechanism does exist and is based upon the non-linear 

refractive index induced by x3 which is relatively wavelength independent

23.4 Self Phase Modulation
In a series o f papers during the 1970’s there was strong disagreement over whether 

self-focussing o f the laser beam was necessary or simply coincidental to continuum 

generation [A.Penzkofer, 1974; W.Lee Smith et al., 1977; D.K.Sharma and R.W.Yip, 

1979]. Much of the confusion arose due to laboratories using different laser wavelengths, 

pulse lengths and criteria for establishing whether self-focussing had occurred. The final 

conclusion was that although not a pre-requisite for continuum generation, self-focussing 

almost invariably occurred with pulses of more than 5ps duration indeed, with our 

equipment self-focussing is almost always present Self-focussing may be understood by 

considering the refractive index at the medium being expanded as the induced polarization 

was in equation {2.15}. We may write n, the refractive index, as

n = ni + n2 E + n3 E2 + ... {2 .36}

where, once more, n2 is constrained to be zero by symmetry considerations in an isotropic 

medium. Therefore we find that the refractive index of the medium rises linearly with the 

pulse intensity

n = ni + n3I {2.37}
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Because the intensity of a Gaussian beam profile is highest at the centre, the laser induces a 

'lens' in the medium . The 'lens' is convergent owing to the sign of n3 and causes intense 

self-focussing of the beam. In practice it is found that separate portions of the beam self

focus owing to spatial inhomogeneity to produce multiple filaments which have diameters 

of only a few microns and last for several millimeters by which time sufficient energy has 

been lost for the filament to diverge due to simple diffraction. Within these filaments the 

intensity of the light is much higher than that which would be expected from simple 

Gaussian optics and it is found that the non-linear refractive index is important along the 

length of the pulse as well as across it. This process, known as self-phase modulation 

[N.Bloembergen, 1973] occurs because the central temporal portion of the pulse is retarded 

with respect to the leading and trailing edges. This leads to a 'stretching' of the leading 

wavelengths and a 'compression' of the trailing wavelengths. By this process the pulse is 

spectrally broadened both to the red and blue of the original wavelength and it has been 

shown [R.L.Fork et al., 1983; H.Mashira et al., 1983] that the spectral regions are 

temporally displaced as would be expected from the above description. Self-phase 

modulation is obviously a much simpler concept than PFPA and predicts the generation of 

a smooth featureless continuum as is observed with pulses of less than lOOfs duration.

2 3 5  Limitations of Theory

The two theories for continuum generation outlined above, along with the existence 

of SRS and self-focussing show that the overall process is extremely complex. By 1979 it 

had been established that, depending on pulse length and wavelength, all of these processes 

could occur but that if picosecond pulses were focussed into mono-mode optical fibres 

SPM alone could be studied. At this point research into the mechanisms of continuum 

generation effectively ceased as efforts were concentrated on the study of the relatively well 

defined processes in optical fibres. We can conclude that for the optical pulses used in 

these experiments both SPM and PFPA generate and amplify photons from below 400nm 

to above 800nm and that SRS amplifies, attenuates and disrupts the beam.

It has been found that if pulses of significantly shorter duration are used much of 

the instability associated with continuum generation is removed and this is almost certainly 

due to the reduction in the role of PFPA and SRS owing to the pulses being shorter than T, 

the observed relaxation rate of the medium. Continuum generation is an extremely useful 

tool for creating probe pulses of a duration orders of magnitude shorter than that obtainable
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by any other method, it has enabled the equipment used in this Thesis to achieve a time 

resolution limited solely by the duration o f the primary optical pulse. Sadly, as with the 

theory of SPHG amplifiers the theoretical models for picosecond pulses are so complex 

that precise predictions as to the optimal choice of conditions are not feasible and therefore 

the next section presents 'Golden Rules' o f continuum generation determined by the 

experimental results obtained with this apparatus.

2.4 GOLDEN RULES

The previous two sections, covering the theory of single pass high gain amplifiers 

and the theory of continuum generation, both attempt to show that these two processes are 

so difficult to model mathematically and involve so many approximations that precise 

quantitative predictions as to the optimal conditions for a given experiment are effectively 

impossible. Papers that have discussed the construction of amplifier chains and continuum 

generation cells rely on a relatively small number of general rules in order to optimise the 

system's performance. To act as a general summary and as a guide to the techniques used 

on this apparatus a set of 'Golden Rules' has been compiled and is listed below.

2.4.1 Amplifiers Cells

1) All amplifiers cells must be fast flowing. The pumped volume should be fully 

replaced between each pumping laser pulse.

2) Bubbles created due to the fast flowing requirements of a high gain amplifier 

must be removed in order to prevent large scale variations in output power.

3) In amplifiers designed to give high gain (100-1000) the shape of the pumped 

volume significantly affects the maximum gain achievable, as well as the 

efficiency of amplification.

4) If a high gain amplifier is adjusted to optimally absorb a transverse pumping 

pulse, it is very likely that the ground state absorption within the cell will 

attenuate the unamplified dye laser beam.

5) In order to prevent amplifier cells lasing due to reflections from output faces, 

cells must be tilted to approximately 45° from the vertical. If the aspect ratio 

o f the amplifier is small, lasing across the active volume, normal to the cell 

faces, is possible.

6) In very high gain amplifiers (1,000-10,000) very high ASE, lasing within the
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cell, thermal lensing, refractive index gradients and triplet build-up all combine to 

severely limit and eventually reduce the gain achievable as pumping power is 

increased.

2 42 Amplifier Chains

1) Lasing of individual cells and ASE along the chain act as the major limitations 

of the total gain, the final level of ASE, and the efficiency of the overall 

amplification.

2) Spatial, spectral and non-linear isolation of each cell must be used to maximise 

the system gain and minimise ASE.

3) Isolation mechanisms must minimise on-axis reflections so as to avoid lasing 

of individual cells.

4) Early amplifier cells should be transversely pumped in order to ease construction, 

filter satellite pulses and maximise the single pass gain.

2.43 Continuum Generation

1) Continuum generation is an extremely non linear phenomenon, the efficiency 

of which depends upon the pulse length, power, wavelength, generation 

medium and path length.

2) As the pulse length is reduced, whilst the peak power is constant, the efficiency 

of Stimulated Raman Scattering is reduced-and a more stable continuum is 

produced.

3) As the peak power is increased self-focussing occurs which produces filaments 

that provide the seed continuum. If catastrophic self-focussing of the entire beam 

occurs the continuum is destructively scattered.

4) The generation medium affects the Stimulated Raman Gain and the Infra Red 

absorption spectrum affects the spectral shape of the continuum seed.

5) Path length affects the length of the filaments and the interaction length for the 

Stimulated Raman Scattering. Short cells are prone to destruction due to the high 

electric fields in the glass faces, therefore Quartz faces should be used.

6) Stimulated Raman Scattering can be reduced in H2O by the addition of D2O.

A mixture o f the two liquids generates a smoother, more stable, continuum than 

either alone.
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2.5 MICROCOMPUTER SOFTW ARE DEVELOPMENT I

Flash spectroscopy requires the process of converting photographically recorded 

transmitted continuum intensities into transient absorption data. With the construction of 

the apparatus involved in these experiments we had the opportunity to dramatically improve 

the speed of calculating final spectra and the added ability to manipulate and compare series 

of recorded spectra with relative ease.

The development of the hardware and software used for these tasks has continued 

throughout the course of the investigations and in the following sections we shall look at 

the constraints imposed on the development, by virtue of the detector characteristics and the 

hardware capabilities, and at the operating experiences that have shaped the final form of 

the data collection and analysis program used.

25.1 Data Recording

The relatively laborious nature of determining transient optical density of samples at 

numerous wavelengths means that the process is ideally suited to the use o f a simple 

microcomputer. In order for this to be feasible a method of producing digital values from 

the data is necessary. This apparatus has made use of a vidicon camera for detecting the 

transmitted light intensity in 500 separate channels and the controlling electronics for the 

camera incorporates automatic conversion o f the data to digital, integer values, see Chapter 

Three for more details. These values are output every lOOjis, i.e. 10 000 readings per 

second. At this rate it is necessary to dedicate a microcomputer to reading and storing the 

output and then to convert the data to transient optical density spectra after the data 

collection has been completed. The output from the controller is in the form of 16 bit data, 

14 bits are used for the integer value itself and 2 bits are used to indicate the final channel in 

a frame and therefore to allow the microcomputer to synchronise storage of the data with its 

position on the target For both microcomputers used with the apparatus it was necessary 

to produce custom built electronics to transform the 16 bit data into 2 x 8 bit data with the 

appropriate strobe pulses. There are two basic approaches to reading and storing the data, 

in the first, each data point is read and saved separately in memory. This is relatively 

simple to program, allows for each frame to be examined individually and if for any reason 

the frame is considered unsuitable it may be discarded. The problem with this approach is 

that of the amount of storage required, 10,000 data points must be stored every second, i.e. 

20K o f memory assuming each data point is stored as a 16 bit number.(lK = 1,024 bytes,
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1 byte = 8 bits). The first computer used with the apparatus was a Tuscan Trans-Am, a 

Z80 based computer with a total available memory of 62K, at most 3 seconds of scanning. 

This approach was considered impractical and even when the second computer was 

introduced, a Jarogate Sprite I80286 based computer with 512K of memory, it was still felt 

that an alternative approach was required. The alternative to saving every individual data 

point separately is to integrate the value for each channel as successive frames are scanned. 

This approach limits the extent to which poor frames may be discarded but means that a 

large number of frames may be added together into a single data buffer.

As stated, the data content of the vidicon controller output is a 14 bit integer and 

therefore if we wish to add more than 4 frames together it is necessary to store the data and 

perform the additions as either 24 bit data, which allows for the accumulation of 2,000 

frames or as 32 bit data which allows for 5,000,000 frames.

25.2 Z80 System
During the development o f OMA and PLOT on the Tuscan computer and their 

development to form part of MASSAGE on the Sprite computer (see Section 2.5.3), the 

operating environment o f the user has been an important factor in determining the 

effectiveness of the system. The term 'operating environment' is used here to denote the 

different levels on which an operator may manipulate data files and how those data files are 

logically arranged within the program and the disk storage o f the computer. The various, 

logically distinct, elements that make up a successfuUenvironment' are hard to predict in 

programming and the present system has evolved as a continual series o f improvements 

upon earlier versions.

Before attempting to explain the operating environment used in this system it is 

worth considering some examples of the environments found in other computer systems 

and their relative strengths and weaknesses. In the early years o f computer use, 1940- 

1960, the interface between users, who were generally programmers, and the computer 

consisted o f binary readouts o f the computer memory and simple teletype devices. 

Interacting with the computer, which generally meant programming it, involved the use of 

low-level languages such as machine code and assembly language. In this type of 

environment, use o f  the computer demands an intimate knowledge o f the details o f its 

design and construction but, with enough knowledge and patience, the full power of the 

computer is available to the user. At the opposite end of the spectrum of possible
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environments one finds modem commercial equipment such as steady state absorption 

spectrometers where, although they contain microprocessors as complex as complete 

computers of the 1950s, the operator has available only a small, preset, number of high- 

level commands. This sort of environment is very simple to learn and use because the 

number of available commands to be remembered is small and they are conceptually linked 

to the tasks performed by the machine, e.g. "scan from 600nm to 200nm at a rate of 

lOOnm/minute". The amount of programming implicit in these commands is very large but 

the command is simple because it is appropriate to the task to be performed. The drawback 

to this type of environment is its inflexibility, few systems would allow the command "scan 

from 600nm to 200nm in steps of 20nm recording at each point for 10s" and the process of 

introducing a new high-level command into a program involves a large amount of 

programming. Because of this inflexibility it is important that the designer of the 

environment has envisaged a sufficiently wide range of basic commands for the system to 

be effective in a number of applications. As the computer software written during this 

Thesis developed it became apparent that in a research environment a balance must be 

made between these two extremes of environment. Requiring that all operators be 

conversant with the inner workings o f the computer is unreasonable nowadays owing to 

the sophistication and complexity of modem computers. The continually developing 

requirements o f a research project, however, preclude the writing of single high level task 

orientated command environment owing to its relative inflexibility and the constantly 

changing needs of a research project

In developing the first operating environment on the Tuscan computer we were 

heavily restricted by its limited size and speed. Because of this it was decided that OMA, 

the program to control the scanning pattern, read the data, as well as manipulate the data 

once saved, would have to be written in Z80 Assembly code. This task was undertaken by 

Mr T. A.M. Doust who wrote the complete program in consultation with myself. Because 

of the intricacies associated with modifying large assembly code programmes it was 

decided that the program should provide a general set o f low-level commands for 

manipulating the data buffers and that these commands should be combined by the operator 

to generate the high-level tasks required. However, this approach led to several problems: 

the number of low-level commands was relatively large and therefore new users 

experienced some minor difficulties in using the system effectively. Moreover, because a 

single high-level task involved up to 12 low-level commands it was common for typing
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errors to occur, consequently reducing the efficiency and ease of use. Finally, the use of 

Assembly code meant that a two stage approach was necessary because the complex 

progjamming required for procedures such as taking logarithms of each data point and 

plotting the resultant data on labelled graphs was not considered feasible by either Mr Doust 

or myself. Once the data had been transformed to transient relative intensities within OMA 

it was saved to disk and a second program PLOT was used to convert the data to transient 

optical density and to produce graphs. PLOT was written in the Pascal language [J.Welsh 

and A.Hall, 1986] which provides simple access to fundamental functions and text 

handling.

The environment adopted in OMA can best be understood by imagining the 'core' 

of the program as an extension of a simple pocket calculator with a number of memories 

available for storing data. Each memory can store not just a single number but an array of 

anywhere between 1 and 2000 numbers. Each memory, or data buffer, can therefore hold 

the result o f a scan of the vidicon camera, the spectrum derived from a scan, a spectrum 

previously recorded or loaded from disk or any array generated by the commands available. 

The operator had access to a range of low-level commands, adding, graphing, saving etc., 

which could be used to calculate transient relative intensity data arrays, display them on the 

computer screen and save data to the disk memory. These commands were invoked by a 

two-letter abbreviation of the command followed by numbers corresponding to the buffers 

to be manipulated. Because of the limited memory available with the Tuscan computer the 

number of buffers was restricted to six. A number of important lessons were learnt during 

the use of OMA and when we had the opportunity to upgrade the computer system it was 

decided to write a new data recording and manipulation programme to incorporate OMA’s 

best features and to correct as many of its drawbacks as possible.

OMA's good points may be summarised as follows: the use of Assembly language 

ensured that arithmetic on buffers was very fast; the use of low level commands allowed 

for the flexible construction of task orientated sequences; graphical representation of the 

results on the computer monitor permitted rapid evaluation o f data; new low-level 

commands could be added when necessary without having to re-write the bulk of the 

software.

OMA’s bad points may be summarised as follows: the use of Assembly language 

meant that data had to be stored and manipulated as integers which was inappropriate to the 

calculation o f final spectra. This required a separate translation and manipulation

60



programme written in Pascal; the limited graphics facilities meant that only one buffer could 

be viewed at a time making comparison of data laborious and owing to the limited memory 

space of the computer few spectra could be compared at one time. By using Assembly 

language the addition of new commands, although theoretically simple, was a daunting task 

for those unfamiliar with Z80 Assembler programming; the use of individual commands 

which could not be automatically invoked as a standard sequence was tedious and prone to 

typing errors.

253 I80286 System
The introduction of the Jarogate Sprite computer offered significant improvement in 

the handling of data in a number o f areas. The increased memory available meant that 

many more data buffers could be held in memory at once, thereby allowing a whole series 

of spectra to be compared. An extremely high resolution monitor (1000 x 380 pixels 

graphics screen overlayed with a text screen), meant that multiple spectra could be 

displayed at one time. The processor was powerful enough to allow the data analysis 

software to be written in a high-level programming language, ’C,[Kemigan and Ritchie, 

19? ] and be directly linked to the Assembly language data collection routine. It was 

because of these increases in computing power that we were able to incorporate both OMA 

and PLOT into MASSAGE the new data analysis program and provide an environment 

that allowed for both high level, task orientated, commands and for low-level commands 

which provide the flexibility for development

25.4 Massage Commands

Numerous low-level commands can be performed on an individual or combination 

of memories by a command line input as in OMA. However, unlike OMA, MASSAGE 

will accept a sequence of commands in one line, each command being separated by a 7. 

High-level commands are provided by selection from on-screen menus. Each menu 

displays 10 numbered commands, selected by entering the appropriate single digit number 

from the keyboard In the latest version of MASSAGE there are three menus available, the 

Default, Graphics and Edit menus. In the Graphics and Edit menus the selections execute 

pre-defined high-level functions but these may be re-defined as new command line 

sequences, as all entries in the Default menu must be.

The commands available to the user are given below with their two letter 

abbreviation being shown in upper case. Buffer letters, represented below as A,B and C
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may be in upper or lower case and from A to O.

ARITHMETIC COMMANDS

ADd A ,B ,C

Subtract A ,B ,C

Multiply A ,B ,C

Divide A ,B ,C

ADd A ,N

Subtract A ,N

M ultiply A ,N

Divide A ,N

EXponentiate A

LN(loge) A

INtegrate A

Sine A

The first eight commands provide for the basic buffer to buffer arithmetic operations. The 

syntax of these commands is of the form

'Calculate Buffer A( + - * /  )Buffer B and put the result in Buffer C'

'Calculate Buffer A( + - * /  )N  and put the result in Buffer A'

'Calculate the log of Buffer A and put the result in A'

'Calculate the exponent of Buffer A and put the result in A'

'Calculate the integral of Buffer A and put the result in A'

'Calculate the sine of Buffer A and put the result in A'

FIUNG COMMANDS 

SAve A, 'f i l ename'

LOad A, 'f i l ename'

DEfine A, N

The syntax of these commands is o f the form

save Buffer A in the file called *******.??? Load Buffer A from the file called 

******* 999 Define Buffer A to be an array of N points.

62



The commands allow the saving and loading of buffers to and from both the hard disk 

drives and the floppy discs associated with the microcomputer and for the creation of new 

buffers in memory. 'Filename' was of the form seven letter; name plus a three digit 

extension, this format allowed the filename to specify the chemical system involved the date 

of recording and the number of the experiment that day, 000 to 999. Buffers can be 

defined as an array from 1 to 2048 long and the total number of buffers available is 

effectively limited by the total memory available, which is rarely found to be a problem.

GRAPHICS COMMANDS 

GRaph A

OVerlay A

PLot A

POints 

VEctors

These commands allow a buffer to be graphed i.e. previous data is erased or overlayed in 

which case previous data remains on the screen. Points and Vector cause the spectra to be 

displayed as points or as a continuous line to aid clarity when a number o f spectra are 

compared. Plot allows for spectra to be transferred onto paper using a Roland DG-100 

plotter via a high speed data buffer.

GENERAL COMMANDS 

COmpact 

SPlit 

SHift 

SCan

Define Default 

eXit

DEfault Menu 

GRaphics Menu 

EDit Menu

These general commands provide the following functions; Compact adds the contents of

A

A ,B ,C

A ,N

A ,N

N, 'Text 1'; 'Text 2 ’;
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every other channel in Buffer A to its neighbouring channel in order to leave Buffer A 

containing half as many data points but an increased signal to noise ratio; Split divides the 

contents of one buffer between two others, by choosing suitable buffer lengths for B and C 

any portion of Buffer A may be isolated as a single buffer; Shift moves every data point in 

a buffer to the left or right by N channels, this allows spectra to be shifted in wavelength; 

Scan causes N frames of output from the vidicon camera to be accumulated and then added 

to the contents of Buffer A; Define Default allows for menu selection N of the currently 

selected menu to be defined as a name, Text 1, which is displayed on the menu screen and 

a command-line, Text 2, which is invoked when that menu item is selected. MASSAGE is 

closed down and all data files closed by the command eXit which returns the user to the 

Concurrent CPM operating system. The Default, Graphics and Edit menus are selected by 

the commands DEM, GRM and EDM respectively.

GRAPHICS MENU

GRO Select default menu

GR1 Expand Y

GR2 Compress Y

GR3 Cursor

GR4 Set start channel

GR5 Set end channel

G R 6 Reset start and end

GR7 Y about cursor

G R 8

GR9

Y about 0

The Graphics menu provides a selection o f  high-level tasks appropriate to presentation and 

investigation o f the displayed spectra. GRO changes the selected menu to Default GR1 

doubles the vertical display scale, thereby expanding spectra along the vertical axis, GR2 

reverses this process. GR3 selects the graphics cursor which allows the operator to 

measure the contents of any channel in a buffer and to set the cursor position. GR4 and 

GR5 set the start and end channels to the current cursor position as defined by GR3. All 

spectra are graphed from channel 'start' to channel 'end', which are set to 0 and 'buffer 

size' by default Therefore, normally the whole of a buffer is graphed but GR4 and GR5 

allow for a spectral region to be expanded horizontally. GR6 returns 'start' and 'end' to
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their default values. Spectra are normally displayed with zero along the bottom edge of the 

screen but GR7 allows the value of the contents of the cursor position to be at the bottom of 

the screen and all other data points about that. GR8 returns the vertical offset to 0. GR9 is 

undefined at present and allows for future development

EDIT MENU

EDO : Select default menu

ED I :

ED2 :

ED3 : Cursor

ED4 : Set start channel

ED5 : Set end channel

ED6 : Reset start and end

ED7 : Edit block

ED8 : Edit point

ED9 :

The Edit menu provides the high level tasks appropriate to editing and manipulating data. 

EDI, ED2 and ED9 are at present undefined. ED3, ED4 and ED5 perform a similar task to 

the counterparts in the Graphics menu. ED6 requires the input of a number and then all 

channels from ’start' and 'end' are set to this value. ED7 performs the same task but only 

the current cursor contents is altered All o f the selections in the Graphics and Edit menus 

are commands in their own right, i.e. any one may be involved, with any menu selected, 

by typing its three letter abbreviation, although in practice this is very rarely done. In all 

menus each selection corresponds to a command line. Selection from the menu causes 

these command lines to be invoked as if they were typed from the keyboard.

DEFAULT MENU

When MASSAGE is started the default menu selections are empty, but these may be filled 

by the use o f Define Default either during use or as the programme is first run When 

MASS AGE is run the first thing that happens is a series of commands are read from a text 

file stored on the hard disk called 'Init.mas'. This file can be altered very easily using a 

word processor and is used so that the Default Menu can be tailored to the needs of
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different users. Below is listed the default settings, automatically set by 'Init.mas', used 

during these experiments.

dd 0, 0> EXIT; X:

dd 1 , 1 > Reference scan; sc a,100/su a,A,a/sp a,d,c/di c,d, c/su C,C, C/ad c,C,C/ov c: 

dd 2, 2> Delta O.D.scan ; sc b, 100/su b,B,b/sp b,d, c/di c,d, c/di c,C,c/ov c: 

dd 3, 3> Cursor; gr 3:

dd 4, 4> Set up scan; su a,a,a/sc a,40/su a,A, a/sp a,d,c/di c,d,c/di c,C,c/ov c: 

dd 5, 5> Ref/O.D. switch; su a,a,a/ad c,C,C/su c,c,c: 

dd 6, 6> 

dd 7, 7>

dd 8, 8> Spec Logger; Ln c/di c, 2.303; 

dd 9, 9> Select Graphics menu; GRM:

de a,976/de A,976/ de B,976/de b,976/de c,488/de C,488/de d,88/de e,488/de f,488

The various Default command lines are those appropriate to the tasks regularly 

performed in recording transient absorption spectra. The command lines following the 

definition of the Default menu initialise the standard general purpose buffers used regularly. 

The length of these buffers is not 512 and 1024 because the vidicon camera is programmed 

to scan a slightly smaller number of channels in order to avoid the edges of the camera. 

These commands provide the three levels o f  operating environment offered by MASSAGE.

The program structure of MASSAGE is therefore of a simple command-line driven 

'calculator' with the added feature o f user defined menu selections. An entry typed at the 

keyboard is read into a temporary text buffer in memory and the first character is checked to 

see if  it is a number. If it is a number it is assumed to be a menu selection and the 

appropriate default text string is passed to the command line interpreter. If it is not a 

number then the entire text string is passed instead. The command line interpreter 

systematically reads through the text string it has received and, via a simple Hash code 

algorithm, generates a command number as each valid command is found. This command 

number is used to direct the selection of the appropriate program code segment by a simple 

'c' case statement [B.Kemigan and D.Ritchie, 1978]. Once each command has been 

executed, control is returned to the command-line processor to generate the next command 

number, until the command line is empty at which point the program returns control to the
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user. The above explanation of the program structure of MASSAGE is very brief and 

probably not too enlightening for anyone unfamiliar with high-level programming. The 

important point is that the three basic elements: the command line processor, the Has code 

generator an the command case statement, are all very simple to program. Additionally 

the bulk of the commands offered to the user are also very simple to program. The most 

important lesson learnt in developing the software used during this Thesis has been that 

development continues because the needs of an active research group constantly evolve. 

MASSAGE is able to supply all of the features provided by OMA and PLOT, allows the 

addition of new commands with relative ease, and provides users with the ability to create 

high-level commands that are appropriate to the tasks performed. Owing to the rapid 

developments in the world o f microcomputers MASSAGE could today be rewritten as a 

multitasking, WIMP environment data processor with relative ease. In Chapter Six the 

preceding sentence is explained and proposals for the development path of MASSAGE as a 

transient absorption data collection and analysis program are presented and discussed.

2.6 CONCLUSION

In this Chapter a brief look at the theoretical background o f the experimental 

techniques used in the construction of the apparatus has been presented. It is hoped that 

this has given some indication of the basis on which the equipment has been designed and 

developed. The importance o f the lessons learnt in everyday use cannot be 

overexaggerated although many unexpected results have been explainable in terms of the 

simple models presented here. Amplifier design becomes, primarily, a matter of common 

sense once the dominant physical process of ASE is identified. New designs for amplifier 

systems are still being conceived and tested, see Chapter Six, and although a detailed 

prediction of the overall performance is not possible, SPHG amplifier design will continue 

to improve. Self phase modulation is now considered to be the dominant mechanism in 

sub-picosecond continuum generation from the detailed study of fibre optic compression. 

The theoretical treatment of the other phenomena relating to continuum generation has not 

progressed as far owing to the difficulty o f ensuring reproducible results in such a non

linear phenomenon. The 'Golden Rules' are most relevant to experimental systems very 

close to the one used in this Thesis and would probably need to be altered for a 

significantly different piece o f apparatus. However, they do offer a useful indication of the 

level at which the techniques are most easily understood and used.
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Finally, data accumulation and analysis has probably improved more than any other 

area of flash photolysis over the last 10 years. In Chapter Six a brief look at the future 

prospects in camera and computer technology shows that the possibilities are still changing 

very fast. The report given here is of a system that is already out of date, but the lessons 

learnt in operating environment and computing needs can help to form the basis o f future 

systems.
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CHAPTER 3

3.1 INTRODUCTION

The experimental apparatus that has been developed and used during this thesis is 

made up of many individual components all o f which must be working at near optimum 

performance for the complete system to work effectively. In the following sections a brief 

description is given of each component along with an explanation of the important features 

of its operation.In some sections it has not been possible to discuss fully the details of the 

equipment's performance, in which case references are given. It is hoped that this chapter 

will serve as a useful introduction to the elements of the apparatus and will give an 

indication of the performance necessary from the components for the system as a whole to 

operate. During the course of the experiments reported in Chapters Four and Five the 

apparatus was systematically improved to allow more sensitive detection of transient 

spectra. The final state of the apparatus does not represent the end of such changes and this 

chapter, along with the proposals outlined in Chapter Six, should also be looked at as the 

basis for further improvements.

3.2 ARGON ION LASER

The primary light source o f tunable, picosecond pulses for the apparatus is a 

conventional synchronously pumped dye laser system. A large frame Argon Ion (Ar-ion) 

laser (Coherent model CR10) with a 15 Watt tube is used to synchronously pump a folded 

cavity dye laser (Coherent model CR599). The Ar-ion cavity consists of a 1.4 meter glass 

cylinder, with Brewster angle end windows, that sits in the optical cavity defined by two 

mirrors, M l and M2 in Figure 3.1. M l is an optically flat Broad Band High Reflection 

Dielectric Coated (BBHRDC) mirror and M2 is a concave dielectric mirror with 1% 

transmission at 514.5nm. The glass cylinder contains Argon gas at low pressure and the 

population inversion in the gas is produced by a static electrical discharge between the 

anode and the cathode. A current of 40 Amps, at a voltage of approximately 240 V DC, is 

passed through the gas and the current is held constant by the Ar-ion power supply in order 

to stabilise the laser output power. The laser output is at 514.5nm and is mode-locked at

37.7 MHz by means of an intra-cavity quartz prism. The prism is used, in conjunction
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Figure 3.1 Argon Ion Laser
3.1a Detail o f the optical components o f the laser. 

3.1b The operating parameters of the laser.

3.1c Position of the laser on the optical table.
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with the high reflector mirror of the Ar-ion cavity, to act as a simple wavelength selector, 

Figure 3.2a, and, by altering the angle O, the laser may be tuned to lase at one o f several 

characteristic wavelengths, e.g. 488.0, 501.7, and 514.5nm. Whilst lasing at one of 

these wavelengths many hundreds o f longitudinal modes o f the cavity are in fact lasing, 

owing to the relatively large bandwidth o f  the Ar-ion emission line (Ad  = 5 GHz for the 

514.5nm line). The process of mode locking consists o f forcing these modes to adopt a 

fixed phase relationship with respect to each other in order to generate the shortest Fourier 

transform limited pulse from the lasing modes available. It can be shown [A. Yariv, 

1975], that mode locking will occur if a periodically varying loss or gain exists within the 

laser cavity with a frequency equal to that o f the longitudinal mode spacing. Mathematically
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this is equivalent to the time between loss maxima being equal to the round-trip time for a 

light pulse within the laser cavity. Periodic loss is introduced to the cavity by means o f a 

sine-wave voltage source driving a piezoelectric transducer on the side of the quartz prism. 

The piezoelectric properties of quartz causes acoustic waves to propagate across the prism 

and at certain frequencies the vibrations and their reflection from the opposite side form a 

standing wave across the faces o f the prism, Figure 3.2b. When this occurs the normally 

flat faces of the prism are distorted by the standing wave and they act as a diffraction 

grating, the strength o f which varies sinusoidally with time. Twice during each period 

the grating amplitude is zero and there is minimal loss suffered by a beam of 

light passing through the prism. The transducer is powered by the output of a 

frequency stabilised sine wave generator (Marconi TF2016/2173) amplified by a 40 dB 

Radio Frequency (RF) amplifier (ENI300L) and the frequency is adjusted to produce the 

standing wave across the prism. It is possible to measure that the standing wave has 

formed because the crystal acts very much as a classical driven oscillator, where the natural 

resonant frequency of the prism is that of the standing wave. If such an oscillator is driven 

by a force, at a frequency close to its natural frequency, the oscillator will entrain, i.e. 

oscillate at the driving frequency. Because the oscillator is not at its natural frequency the 

amplitude of oscillation is relatively small and power must be supplied by the driving 

force to maintain entrainment. As the driving force is tuned to match the oscillator's 

natural frequency the amplitude of oscillation increases and the power needed to 

preserve entrainment drops, reaching a minimum at exact resonance. Therefore as the 

frequency of the sine-wave source is adjusted the power output of the RF amplifier is 

monitored. The frequency is set so as to give minimum output power coupled into the 

transducer and the power is then continuously monitored, to ensure good mode locking, by 

a chart recorder. The cavity length of the Ar-ion laser can then be adjusted to give a round 

trip time for a light pulse equivalent to half the period o f the standing wave. By this 

mechanism a pulse within the cavity that passes through the crystal at a time of minimum 

diffracted loss will, after one round trip, again pass through the crystal with minimum loss. 

The cumulative effect of the modulated cavity loss is the production of bandwidth limited 

pulses from the Ar-ion laser. Typical pulse widths are of the order of 90 picoseconds, at 

75 MHz repetition rate and lOnJ per pulse.
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3.3 DYE LASER

The Ar-ion laser is used to pump a Coherent 599 folded cavity dye laser, Figure 

3.3. The output of the Ar-ion laser is coupled, by means of mirror M l, into a 40um thick 

jet of Ethanediol (BDH Analar grade) containing Rhodamine 6-G (Lambda Physik Laser 

Grade Dye). The concentration of Rhodamine 6-G is adjusted so as to give 80% 

absorption of the Ar-ion beam and mirror M l (dielectric coated for 514.5nm 7cm focal 

length) is adjusted giving a minimum spot size in the Ethanediol jet. Mirrors M2 and M3 

(BBHRDC 7cm and 15cm focal length respectively) are then adjusted to produce two 

coincident fluorescence beams which come to a focus approximately 3m from M3. M3 is 

then adjusted to direct the two spots into the delay line which is composed of two optically 

flat, 1 inch diameter, BBHRDC mirrors which are aligned plane-parallel. By the use o f the 

delay line the optical path length o f the dye laser can be made equal to that of the Ar-ion 

laser without the dye laser having to occupy a large area of the table. Having passed 

through the delay line the two spots pass through the Lyot filter and onto the end mirror 

M4, which is a dielectric coated mirror with a transmission of approximately 30% at 

600nm, mounted on a micrometer translation stage. Mirror M4 is then adjusted to reflect 

the two spots exactly back through the dye laser to be refocussed into the pumped volume 

of the dye jet. When the dye laser cavity is adjusted so as to match the round trip time to 

that of the Ar-ion, the modulation o f the dye laser gain, by the arrival of each Ar-ion pulse, 

causes mode locking of the dye laser in a manner similar to that of the Ar-ion laser. The 

factors that influence the precise shape o f the output pulses of the dye laser are both 

numerous and complicated. Many authors have investigated this problem [An extensive 

review is G.Fleming, 1986] but the most important factor is that the large bandwidth 

available with R6G allows for the locking o f far more longitudinal modes than in the Ar-ion 

and consequently the generation o f  much shorter pulses. The dominant pulse shaping 

mechanism in the dye laser stems from the rapidly rising gain experienced by the leading 

edge o f the pulse as it passes through the pumped volume o f the dye jet.

The peak of the dye laser pulse then saturates the gain and the trailing edge of the 

pulse experiences low gain. This mechanism, which amplifies certain parts o f the pulse 

more than others, is complicated by any small mismatch between the dye and Ar-ion laser 

cavities. By using a 3 plate Lyot filter as a tuning element, which limits the bandwidth to

O.lnm, one can routinely generate pulses that give well formed autocorrelation traces with a
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Figure 3.3 Dye Laser.
3.3a Detail o f the optical components of the laser.

M l ........Pump mirror.

M 2.......High reflector.

M 3.......Fold mirror.

M 4....... Output coupler.

3.3b The operating parameters o f  the laser.

3.3c Position o f the laser on the optical table.
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FWHM of 9ps, equivalent to a 6ps Gaussian shaped pulse which is transform limited. The 

output of the dye laser may be tuned from 570 to 620nm although the narrower gain curve 

of the amplifier chain effectively restricts operation to 590 to 610nm. Typical dye laser 

output power, for an input power from the Ar-ion laser of 700mW, is InJ per pulse, i.e. 

75mW.

3.4 Nd:YAG LASER

In order to produce a single pulse of light, with enough energy both to excite a 

sample and produce the continuum to probe it, it is necessary to select and amplify a single 

pulse from the dye laser output. This process of selection and amplification is performed 

by the use of a Q switched Neodymium : Yttrium Aluminium Garnet (Nd:YAG) laser 

(Quantel YG580).

3.4.1 Nd:YAG Laser Components

The Nd:YAG laser consists of both a laser cavity and a single stage of 

amplification, Figure 3.4. Both of the Nd: YAG rods are 8mm in diameter, 10cm in length 

and pumped by a pair o f linear flash lamps (Quantel SFL 411-07) at 10Hz. The optical 

cavity is defined by mirrors M l and M2 and during the build-up o f the population inversion 

the combination o f quarter wave plates (X/4) and the Pockells cell prevent both lasing and 

the transmission o f fluorescence to the amplifier stage. Once the population inversion in 

both rods has reached its maximum, after 180-200jis, the Pockells cell is switched by 

means o f of a 2.5 KV DC potential applied in less than 10ns. The voltage is applied 

across the pockells cell and rotates the polarisation of the fluorescence within the cavity by 

90°. This allows light to circulate within the cavity, i.e. switches the Q of the cavity from 

low to high, and the fluorescence is rapidly amplified to generate a pulse of 6ns duration 

containing 200mJ o f energy at 1060nm. This pulse is output from the cavity by the Gian 

Thompson prism and passes through the amplifier rod, which has a gain o f approximately 

5, to give 900-950mJ in each pulse at 10Hz. These pulses are frequency doubled by a 

type IIKDP frequency doubling crystal to give an output at 530nm of 300mJ. This pulse 

is used to pump the 4 amplifier stages that amplify the output o f the dye laser and, as 

discussed in Chapter Two, in high gain amplifiers the gain follows the pump pulse 

temporal profile almost exactly, i.e. there is little or no integration o f the pump pulse within 

the amplifier. Because the pump pulse lasts for 5ns and the separation between dye laser
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pulses is 13ns, the pump pulse can only provide gain for a single dye laser pulse. In order 

to produce stable amplification it is necessary to synchronise the output pulse o f the 

Nd:YAG laser to the dye laser ensuring that the dye laser pulse passes through each 

amplifier at the time of maximum gain.

3.4.2 Nd:YAG Dye Laser Synchronisation

The circuitry developed to perform the synchronisation was based on the firing 

sequence adopted by the manufacturers o f the Nd:YAG laser and the simple electronic 

modification they used to reduce the repetition rate of the Nd:YAG from 10 to 5 or 2.5Hz. 

The method they used was to allow the flash lamps to fire at a fixed rate of 10Hz, but to 

fire the Pockells cell only on every other, or every fourth, flash. It is necessary to 

maintain the 10Hz repetition rate o f the flash lamps, which is generated by the internal 

triggering system of the Nd:YAG power supply because the heating o f the rods causes 

thermal lensing within the cavity which is compensated for by a preset intra-cavity 

telescope. The degree of thermal lensing is not affected by whether the cavity is Q- 

switched or not but is very sensitive to the repetition rate of the flash lamps. The method 

that we adopted was to continue to allow the regular firing of the flash lamps but to install 

customised circuitry to synchronise the firing of the Pockells Cell to a pulse in the dye laser 

output.

The synchronisation was achieved by disconnecting the Pockells Cell firing line 

from the laser and power supply using this as one of two inputs to the new synchronisation 

circuitry, input B in Figure 3.5. The other input (A) was supplied by a fast photodiode 

monitoring the output pulses of the Ar-ion laser and although these are not synchronous 

with the dye laser pulses they do maintain a fixed phase relationship. The synchronisation 

circuit incorporates both Complimentary Metal Oxides Semiconducter (CMOS) and Emitter 

Coupled Logic (ECL) electronics. The relatively high voltages needed to initiate the firing 

of the Pockells Cell and for low noise susceptibility (15-20 VDC), are supplied by the 

CMOS circuitry and the high speed ECL circuitry provides the sub-nanosecond precision in 

timing. The ECL circuitry acts as a conventional Boolean 'AND' gate on the two inputs 

and therefore, although the synchronisation system receives a steady stream of pulses from 

the Ar-ion laser at 75MHz (A) Figure 3.5b, it only produces a single output pulse, (C) 

triggered by the first Ar-ion pulse after receiving the Pockells Cell firing pulse, (B).
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Figure 3 .5  Nd:YAG Synchronisation Circuit

Figure 3.5
a) Schematic Diagram o f Additional Circuitry for NdrYAG 

Synchronisation.

b) A Train o f pulses at 75M H z derived from photodiode monitoring the

output of the Ar + laser.

B Pockells cell firing from the Nd: YAG laser controller.

C Pockells cell firing pulse synchronised to Ar + pulse, used to 

initiate Q switching o f Nd:YAG cavity.

In order to ensure that the dye laser and Nd:YAG laser pulses arrive at each amplifier 

together a simple delay box, providing 0 —>16ns delay in 0.25ns intervals, is included 

between the photodiode and the synchronisation circuitry. This may then be adjusted to 

give optimal gain of the dye laser pulses and the complete system introduces a delay of at
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most 14ns in the Nd:YAG firing sequence, which is critical only to several microseconds.

During the course o f the experiments it was discovered that because the detection 

apparatus was not scanning synchronously with the firing of the Nd:YAG laser,noise was 

being introduced to the data. The scanning period of the detection system was therefore 

adjusted to match that of the internally triggered Nd:YAG laser, the triggering was changed 

from internal to external and a logical pulse derived from the detector controller was then 

used to initiate the flashlamp firing sequence. This ensured that the Nd:YAG flashlamps 

were fired at the correct rate to prevent thermal lensing as well as being synchronous with 

the detector scan. As the synchronisation of the Nd:YAG pulse to the dye laser remained 

unchanged this ensured that the amplified dye laser pulse arrived at the detector at the same 

place in each scanning pattern.

Overall, the nanosecond delay and the later addition of external triggering have had 

no measurable effect on the power or shape of the Nd:YAG pulse and jitter between the dye 

laser and Nd:YAG, being less than Ins, is unmeasurable.

3.5 AMPLIFIER CHAIN

The design o f the complete amplifier chain has been based upon the findings of 

several research groups [R.L. Fork et al. 1982,1983; A.Migus et al. 1982; T.L.Koch et al. 

1982]. The system uses three transversely pumped amplifiers followed by a single 

longitudinally pumped amplifier. As was discussed in the theoretical section on amplifier 

design, optical isolation of each amplifier is essential in order to minimise Amplified 

Spontaneous Emission (ASE) and several methods have been used in this apparatus.

35.1 Amplifier Optical Layout

The output of the dye laser is coupled into the amplifier chain by a series of 5 

mirrors, Figure 3.6. Initially it is directed back along the line of the Ar-ion and dye lasers, 

by mirrors M l and M2 and onto mirror M3. All three mirrors are optically flat, 1 inch 

diameter, BBHRDC mirrors and the reflection from M3 is directed onto the curved mirrors 

M4 and M5. These two mirrors are both 1 inch diameter BBHRDC but have a radius of 

curvature of 80cm, i.e. a focal length of 40cm. They are separated by 95cm, slightly more 

than the sum of their focal lengths, and therefore are equivalent to a weak lens in the dye 

laser beam. By altering the distance between them it is possible to change the effective 

focal length of the ’lens' and the separation is set so as to optimise the dye laser beam
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diameter in the first two amplifier cells, A 1 and A2. The output from the dye laser, when it 

has reached M4, is approximately 4mm in diameter and the mirror pair are set so that the 

dye laser beam comes to a focus at A1 and has a diameter, at A2, of 3mm. The first 

amplifier is at the focal point of the beam and from a simple calculation it can be shown that 

the beam waist is approximately 0.25mm in diameter and extends over several centimetres. 

The positioning of A1 along the dye laser beam is therefore not critical and, once M5 has 

been adjusted to direct the beam into the saturable absorber assembly, the first two 

amplifiers can be fixed into position.

The use of 5 mirrors to direct the beam into the amplifier chain serves two 

purposes. As detailed in Chapter 2, it is necessary to focus the dye laser beam into the first 

amplifier in order to ensure efficient amplification of the low energy pulses. During 

construction of the amplifier chain we attempted to use conventional lenses to do this but 

found that fluorescence and ASE from A 1 were reflected off the faces of the lenses back 

into the amplifier. Reflection from an uncoated air-glass interface is 4-5% and, assuming 

that only 25% of the reflected light re-enters the amplifier due to the curvature of the lens, 

the amplifier has a 'feed-back' of approximately 1% and therefore as the single pass gain of 

A 1 rises above 100 the amplification o f the reflected light becomes a major source of 

energy loss from the amplifier. Where lens pairs were used, one before and one after A l, 

the amplifier was routinely found to lase and apart from the problem of ASE coupled into 

later amplifiers this feed-back seriously limits the maximum gain achievable. In addition to 

removing the need for conventional lenses the use of several mirrors allows for a large 

optical pathlength, 6m, between A l and the output coupler of the dye laser. The output 

coupler is optically flat, has a reflectance of 70%, and when the output of the dye laser is 

directed into the gain volume o f A 1 it is impossible to avoid the dye laser output coupler 

reflecting fluorescence from A l directly back into the amplifier. Again, this highly efficient 

feed-back of the fluorescence into A l produces an intense beam of ASE and prevents the 

gain of the amplifier rising above a relatively low level. The only solution to this problem 

is to make the optical path between A l and the dye laser large enough such that by the time 

the fluorescence has travelled to the dye laser and back the gain in A l has dropped 

sufficiently. The total path length is 12m, which takes nearly 40ns to travel, by which time 

the amplified dye laser pulse has passed through A l and, as discussed in Chapter Two, the 

gain has dropped to almost zero. Therefore, by using the combination of a long optical 

path length between the dye laser and A l and the use of no on-axis reflective elements the
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Figure 3.6 Amplifier Chain.
Position o f the amplifiers and associated optical elem ents on the 

optical table.
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ASE from A 1 is solely due to the single pass gain experienced by the fluorescence from 

within the gain-pencil of the amplifier.

3 5 2  Amplifiers 1 ,2  &3

As described earlier the first two amplifiers are positioned at the dye laser beam 

waist and before the saturable absorber assembly respectively. Both amplifier cells are 

made from standard 1cm fluorescence flow cells with all four faces optically clear and flat. 

The third cell is an amplifier cell from a commercial excimer pumped dye laser system 

(Lambda Physik FL2002). This was used in preference to a third 1cm cell as it has a 2cm 

path length which allows one to maintain a high aspect ratio despite the amplifier gain 

volume being enlarged to prevent gain saturation and the pulse distortion that this would 

cause.

In order to prevent aggregation o f  the amplifier dyes when dissolved in water, 

which narrows the absorption and fluorescence spectra, increases the rate of internal 

conversion and leads to a higher rate of decomposition of the dye, all dyes were dissolved 

in water with CetylTetraAmmonium Bromide (CTAB), a simple surfactant, at well above 

its critical micelle concentration (BDH CTAB). This ensures that no aggregation occurs 

and absorption and emission spectra obtained for the dye solutions , Figure 2.3, are close 

to those obtained in ethanol and show no evidence of the narrow, red shifted absorption 

peak of the aggregate. The dyes used are sulphaRhodamine B and Rhodamine 101, both 

Lambda Physik laser grade dyes, used unpurified. In order to minimise 

photodegradation of the dye solutions the pumped volume of the dye in each cell should be 

replaced between successive Nd:YAG pulses and therefore it is necessary to rapidly flow 

the dye solutions. This is, in itself, not too difficult but unless precautions are taken 

cavitation within the pumps and turbulent flow into the dye reservoir cause small air 

bubbles to form which are highly stable due to the high surfactant concentration. These 

bubbles are extremely undesirable because they act as efficient scatterers of both the pump 

and amplified beams within the amplifiers. In the later amplifiers this leads to a reduced 

pumping efficiency, but in the first amplifier where the amplified beam has a diameter of 

only 0.25mm the effect o f the scattering is very large and erratic, leading to large scale 

fluctuations in output power. In order to eliminate this problem two steps were taken. 

Firstly, in each dye cell flow system, after the pump and before the flow cell there is a 

micro-pore filter (Balston disposable filter unit, Grade b) designed for filtering air bubbles
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in hospital dialysis units, Figure 3.7. These filters trap any small bubbles caused by 

cavitation within the pump and force them to redissolve into the solution. They also

conveniently filter out the products o f photochemically induced damage to the dye. 

Secondly, a modified reservoir design minimises turbulence and allows bubbles to separate 

out without being reintroduced to the flow cell.

These two precautions ensure that whenever bubbles are formed, by cavitation or 

during the introduction of new dye solution for example, they are rapidly removed from the 

system. Due to the more rapid depletion o f the dye in the fourth amplifier a stoppered side 

neck was added to the reservoir removing even this source o f bubbles from the amplifier 

requiring new dye most often.

The optical arrangement used to pump the three transverse amplifier cells is shown 

in Figure 3.8. For each cell a beam splitter deflects a portion of the Nd:YAG beam into the 

amplifier. For A1 5%, for A2 10% and for A3 25%. In the first two amplifiers the pump 

beam is then focussed into the amplifier by means o f a cylindrical lens, focal length (fl) 

5cm, which is adjusted to give a ‘gain pencil' with the same height as the dye laser beam
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diameter. In the third amplifier cell the pump beam is not focussed down but is defocussed 

along the length o f the amplifier by a divergent cylindrical lens, fl = -5cm.

Am plifiers 1.2.&3

in Fiow

F igure 3 .8________________________________ Transverse Pumping

The operating parameters for the three transversely pumped amplifier cells are shown in 

table 3.1 SulphaRhodamine B is used in A1 because it fluoresces to the red of Rhodamine 

101, Figure 2.3, and this means that ASE from A l, coupled into the subsequent 

amplifiers, is poorly amplified.

Table 3.1

Stage Cell Length Dye C oncentration Beam Diameter Gain

1 1cm SRB 5 x 1(H moles l*1 0.25 mm 1000

2 1cm R101 1 x lfr4 moles l'1 3mm 80

3 2cm R101 1 x 10"4 moles H 4mm 10

4 12cm R101 2 x 10*5 moles l*1 8mm 3 .5
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The values given in Table 3.1 for the dye concentration are only approximate because the 

concentrations are continually adjusted, as dye is lost due to photodegradation, giving 

maximum gain from the amplifier chain. In the three transversely pumped amplifiers the 

optimal concentration is determined by a balance of two factors. If the dye concentration is 

low the pump beam will be absorbed gradually as it crosses the cell. This leads to a gain 

volume, interrogated by the amplified beam close to the pump entrance face, that extends 

deep into the amplifier cell. This ensures that the gain remains nearly constant across the 

amplified beam . However, as the pump beam extends deep into the amplifier this means 

that a large fraction o f the pump beam is absorbed by dye molecules outside the 

interrogated 'gain pencil'. As the dye concentration is increased the penetration depth of 

the pump beam is reduced, the gain within the active volume is increased and therefore the 

efficiency of the amplifier increases. However, the gain within the active volume becomes 

asymmetric, highest at the pump input face, decreasing with penetration depth. The 

optimum concentration is achieved by a subjective assessment o f the maximum acceptable 

distortion of the beam profile. In practice the cumulative effect of this distortion is not great 

owing to two features of the amplifier chain design. Firstly, the pumping of the third 

amplifier is from the opposite side to that in the first two, thereby compensating for the 

asymmetry caused by A1 and A2. In the normal operation of the amplifier chain there is 

very little asymmetry in the output beam from the third amplifier and any residual distortion 

of the wavefront is removed by the use o f longitudinal pumping in the fourth amplifier. It 

has been found that due to the pump and amplified beam being co-linear in the fourth 

amplifier, the output is always circular and an approximate ’top-hat' in intensity, mirroring 

the shape and intensity profile of the pump beam.

In order to prevent lasing within individual amplifier cells the use o f on-axis 

focussing elements has been avoided and it is necessary to tilt each amplifier cell to prevent 

reflection of the fluorescence from the dye laser input and output faces. A1 and A2 are 

tilted to approximately 45° and A3 to approximately 25°.

Once the generation o f ASE from the individual cells has been minimised it is then 

necessary to minimise the coupling o f ASE from one amplifier to the next to ensure 

efficient amplification o f the dye laser pulse in later amplifier stages. The simplest and 

most effective method has been found to be to physically separate the amplifiers, using the 

low divergence of the dye laser beam to discriminate against the relatively divergent cone of 

single pass ASE. To this end the four amplifiers occupy an optical path length of 3.5
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metres around the table. In order to maximise the spatial discrimination between the dye 

laser beam and the ASE, the input and output of each cell is apertured by simple variable 

irises which are adjusted to match the diameter of the dye laser beam. In addition to 

preventing off axis fluorescence being coupled between amplifiers the irises also ease the 

complexity of aligning the amplified beam to the active volumes within each cell.

3 5 3  Saturable Absorber Jet

In addition to the physical separation o f the amplifiers there is a saturable absorber 

assembly situated after the first two amplifiers. This is used to suppress the low intensity 

light signals which accompany the amplified dye laser pulses. The output from A2, every 

tenth of a second, is a combination of the train of unamplified dye laser pulses, the single 

6ps amplified pulse and a 6ns pulse of ASE. The saturable absorber assembly is made 

from two 1cm diameter BBHRDC mirrors from a Coherent dye laser system, a Coherent 

dye jet assembly and a Coherent dye laser pump. The minors have a focal length o f 3.5cm 

and the 20pm thick jet of Ethane Diol is positioned at the beam waist. Malachite Green 

(BDH Technical Grade) is dissolved in the jet to give a small signal optical density of 

approximately 1.5 at 600nm.

Malachite Green has an extremely high extinction coefficient for the transition, ca. 

104, but little or no absorption from Sj-Sn at 600nm. Due to internal conversion the 

lifetime of S! is only 2.5ps [G.Fleming, 1986] and together these properties mean that a 

short, < 10ps, intense pulse of light can excite a large proportion of the dye molecules and 

thereby bleach the ground state absoiption. In effect this acts as an optical shutter which is 

dependent upon pulse intensity and which closes within 5ps of the pulse ending. The 

amplified dye laser pulse is short and intense, 6ps and 80pJ, the unamplified dye laser 

pulses are short but are approximately 150,000 times less intense than the amplified pulse 

and the ASE, although containing a similar amount of energy as the amplified dye laser 

pulse, is 6ns long and therefore is both relatively long and of relatively low intensity. 

Experimentally, it has been found that if  the jet is placed at the focal point o f the first 

saturable absorbed mirror, in excess o f 90% o f the amplified pulse is transmitted whereas 

the unamplified and ASE pulses are attenuated by in excess o f 90%. During the 

construction of the amplifier chain the saturable absorber assembly was placed between A1 

and A2 but it was found that the amplified pulse energy was too low to achieve such 

efficient discrimination.
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The second mirror of the saturable absorber assembly is positioned so as to correct 

for the focussing by the first and the mirror pair again act as a weak lens to allow gradual 

divergence of the amplified beam through A3 and A4. This divergence means that, 

although the energy of the pulse increases by a factor of 30, the intensity rises by only a 

factor o f 8 thereby avoiding the saturation o f the relatively low gain in the last two 

amplifiers. By the time the amplified beam has passed through A3 and A4 the beam 

diameter has doubled from 4 to 8mm.

35.4 Amplifier 4

The fourth amplifier stage is a specially designed and built longitudinally pumped 

cell, Figure 3.9. The two end pieces are made of machined aluminium which are mounted 

at each end o f a 2cm diameter glass pipe. The end pieces are held onto the glass tube by 

three threaded rods held at each end by wing nuts. This arrangement allows the end pieces 

to be pulled together to seal the aluminium glass joints with rubber 0-rings. The length of 

the cell may then be altered by varying the length of the glass pipe. From considerations of 

the beam diameter, amplifier gain and aspect ratio, the overall amplifier length was set at 

12cm. The cell is sealed by two 2mm thick, uncoated glass flats attached to the faces of the 

end pieces which are machined to an angle such that the light passing through the cell 

undergoes reflections at the air-glass interface at close to Brewster's angle, thereby 

minimising losses. The fourth cell is longitudinally pumped so as to improve the amplified 

beam shape and maximise the efficiency o f the amplifier, see Chapter Two. Gains of 

between 3 and 5, depending on the dye laser wavelength, are routinely achieved and it 

should be noted that this means that 70 to 80% of the energy in the final pulse is derived 

from this amplifier.

Because the cell is longitudinally pumped the concentration of the dye solution is 

more critical than in the earlier amplifiers. As with the first three amplifiers the dye solution 

is continuously flowed. However, owing to the large volume of the fourth amplifier it is 

not possible to completely replace its contents between each Nd:YAG laser pulse. This, 

and the large amount of energy stored in the amplifier during each pulse, means that the dye 

solution is rapidly degraded, and it has been found experimentally that the solution requires 

additional dye approximately once a week. The precise concentration of dye is, again, set 

by judgement of the beam quality and o f the continuum generated.
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The final output from the amplifier chain is a pulse that has increased in length by 

less than 50%, to approximately 9ps, and has increased in energy by a factor of 2 million, 

from InJ to 2mJ. The beam cross section is no longer that of a TEMoo mode but closer to a 

'top hat' with approximately even intensity across an 0.8cm disc.

3.6 CONTINUUM AND DELAY ARM

Following passage through the four stages of amplification the dye laser beam must 

be split into two beams, one to act as the pump beam at the sample cell and one to produce 

the continuum required as a probe beam. In order to provide the time scale measurement of 

the apparatus it is necessary to introduce a time delay between these two pulses. This is 

achieved by allowing one of the beams to travel a fixed path to the sample cell whilst the 

other beam travels along a path o f variable length, Figure 3.10.

3.6.1 Delay Arm

The amplified beam from A4 is passed across the table and split at a wedged, and 

anti-reflection coated 2 inch diameter beam splitter. The majority, 90%, of the beam 

continues across to the continuum generation cell. The reflected beam is passed down a 

variable delay line consisting of a 3 metre translation stage bolted to the optical table, with a 

mounting plate driven by a stepper motor. An aluminium mirror is attached to the 

mounting plate to reflect the pump beam back along the delay line to the beam splitter.
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A change in path length of one metre introduces a time shift of approximately three 

nanoseconds between the two beams and by passing the pulse up and down a 3 metre 

translation stage it is possible to introduce up to 20ns delay between the fixed and variable 

arms. In practice the extreme ends of the translation stage are not usable and it is necessary 

to be able to allow the probe pulse to arrive at the sample cell before the pump, effectively a 

negative delay, in order to ensure that the chemical system under investigation is fully 

relaxed before each pump pulse. Overall these considerations limit the time measurements 

from - Ins to +15ns.

In many systems reported in the literature the continuum generation beam is allowed 

to follow the variable path but owing to the extremely sensitive nature of the continuum 

generation process it was decided to allow the continuum generation beam to follow the 

fixed path and the pump beam the variable path. This does, however, introduce a separate 

problem owing to the divergence of the pump beam. The divergence of the beam is small, 

approximately 10-3 radians, but over a path length of 5 metres this leads to a 50% increase 

in the pump beam diameter. For systems studied over a time delay of one nanosecond this 

is relatively unimportant but where delays of up to 15ns have been introduced it has been 

necessary to correct the recorded spectra for the change in pumping intensity.

Having passed back along the length of the delay line the pump pulse passes 

through the 90% beam splitter and continues on to a second beam splitter of similar design. 

It is on this second beam splitter that the pump pulse is combined with the continuum beam 

generated in the continuum cell.

3.62 Continuum Generation Arm

The continuum is generated in the fixed length arm of the system. Following the 

First beam splitter the beam is steered up the table, parallel to the translation stage, onto a 

curved BBHRDC mirror, M2, Figure 3.10. This mirror reflects the beam almost directly 

back and focusses it into the continuum generation cell. As discussed in Chapter Two, the 

optimal choice of focal length, continuum cell length and continuum generation medium are 

very hard to predict and the eventual choices are the result o f much trial and error.

The focal length o f the mirror is chosen in order to achieve a balance between 

several effects. The shorter the focal length the smaller the beam waist achieved in the cell. 

However, if the beam waist is too small catastrophic self-focussing occurs and this results 

in poor continuum generation. If the focal length is too long a good continuum is generated

89



Figure 3.10 Continuum and Delay Arms.
Position o f the continuum generation and pump pulse optical delay 

arms on the optical table.
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but it is not possible to pass the beam through both faces of the cell without one of the faces 

being damaged by the large electric field of the pulse.

The length of the cell is determined by a similar balance of effects, if too long the 

production of stimulated Raman scattering is favoured and this degrades the quality of the 

continuum generated. If the cell is too short it is again not possible to avoid damaging one 

of its faces with the amplified beam. For both the mirror focal length and the continuum 

cell length, what constitutes 'too short' and 'too long' are a function of pulse duration, 

wavelength and energy. For the operating characteristics of the present system the final 

choices were a curved BBHRDC mirror with a focal length of 30cm and a 2.5cm path 

length quartz cell. The problem of damage is minimised by the use of a quartz, rather than 

glass, cell as it has been found to be far more robust. Despite achieving a workable balance 

of both focal and cell lengths damage to the cell still occurs and the faces must be regularly 

checked as damage causes scattering of the amplified beam at the entrance face and of the 

continuum at the output face.

The choice o f continuum generating medium is again dependent upon the pulse 

duration and wavelength. For continuum generation from a pulse o f light in the visible 

region of the spectrum it has been found that H2O and D2O are near optimal choices. 

During the course of these experiments we found that a mixture of the two, approximately 

90% H2O : 10% D2O, produces a smoother, more stable, continuum than either liquid on 

its own by reducing the stimulated Raman cross section within the cell. The final ratio was 

adjusted so as to minimise the strengths of the stimulated Raman lines as measured by the 

vidicon camera. It should be noted that the amount o f D2O required when using the 

continuum to the red of the dye laser was found to be significantly higher than when 

working to the blue. The difference is small but the result was consistently found although 

no simple explanation was ever found for this phenomenon.

Following the continuum cell there is a single lens to recollimate the beam and a 

series of spectral filters to select the desired wavelength region. Three types of spectral 

Filters were used, dialectric cut off filters, glass filters and coloured plastic sheets. Two 

different dielectric filters were used, one for transmitting light to the blue of the dye laser 

and one for light to the red (Balzers Cyan and Red, respectively). These were used to 

ensure that the residual dye laser beam in the continuum, approximately 60% of the original 

energy, was prevented from bleaching the subsequent spectral shaping filters. The spectral 

shaping was achieved by a combination of Schott glass filters and ICI coloured plastic
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sheets. The final transmitted continuum intensity was invariably in excess of that required 

and neutral density filters were added between the dielectric and the spectral shaping filters 

to produce a working level. A continuously variable neutral density ring was then placed 

after all of these filters allowing fine adjustment of the continuum intensity. The 

combination of these elements could be altered to give a spectrally flat continuum on the 

vidicon except in cases where the probed sample contained extremely intense absorption 

lines.

3.7 SAMPLE CELL

To perform the measurement of transient absorption spectra it is necessary to pump 

and then probe the same volume within the sample. As with the pumping of the amplifier 

cells this can be performed in two ways either by transverse or longitudinal pumping. 

Transverse pumping minimises the amount of pump light entering the detector but requires 

a very large pump energy as the two beams do not overlap for most of the sample. 

Additionally, with pulses as short as lOps the time resolution o f the system would be 

seriously degraded by this arrangement owing to the different time delay between the pump 

and probe beams at the front and back faces of the cell. Longitudinal pumping has the 

benefit that the pumped and probed volumes can be made nearly identical thereby 

maximising the transient signal obtained and there is no reduction in time resolution other 

than that caused by the refractive index of the sample varying with wavelength. This 

configuration however leads to the pump beam entering the detector along with the 

transmitted probe but by the use o f spectral cut-off filters after the sample cell, similar to 

those used after the continuum generation cell, the intensity of the pump beam can be 

reduced sufficiently. In practice it has been found that only the colinear configuration can 

be used, since, in order to yield a large enough transient signal to be measurable with the 

current pump power and detector resolution, it is necessary to focus the pump beam into 

the sample cell.

3.7.1 Single beam operation

In single beam operation the continuum and pump beams are combined on the beam 

splitter (uncoated 5° wedged) BS1, figure 3.11. The transmitted pump (ca. 90%) and the 

reflected continuum (ca.10%) are focussed into the sample cell by a 1.5 inch uncoated lens, 

focal length 30cm.
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Sam ple C ell.

Position o f the sample stage on the optical table.

D etail o f the optical com ponents o f the dual beam sample 

arrangements.
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This leads to the problem o f determining the optimal position of the sample cell with 

respect to the focal point of the lens. Where the pump and probe beams are combined, on 

BS1, the two beams have diameters of 1 and 0.3cm, respectively. However, as mentioned 

in section 3 .6.1 ., the pump beam is slightly divergent and therefore although the two 

beams are colinear they do not focus at the same point in space. This means that around the 

focal point o f the pump beam the probe beam is significantly larger, although before and 

after this region the probe is wholly within the pump. If the sample cell is positioned about 

the focal point of the pump beam this gives the maximum pumping intensity but the probe 

beam passes through regions of the sample that have not been pumped. A second problem 

is caused by the peak power of the pump beam. The energy contained in each pump pulse 

is approximately O.lmJ, which although not large in terms of conventional flash photolysis 

is contained within a pulse of lOps duration. This pulse is focussed to a minimum beam 

waist of 0 .1mm and the peak power density is therefore of the order of 1011 W/cm2. This 

power is capable of producing self-focussing and breakdown within the sample cell when 

using certain solvents. Whilst we have never observed continuum generation from this 

beam we have seen Stokes shifted stimulated Raman lines in extreme cases. Self-focussing 

and filamentation also restrict the pump beam to a small portion of the sample, again 

leading to the probe beam interrogating unpumped regions of the sample and distorting the 

data. In order to ensure that the probe is always within the pumped volume, the 

arrangement shown in Figure 3.11 was adopted. Not only does this reduce the chances of 

self-focussing and breakdown but in samples with relatively high optical densities at the 

pump wavelength, >0.5, the reduction in pump power as the pulse passes through the cell 

is offset by the reduction in the beam diameter. The transmitted continuum is recollimated 

by a second lens and the beam is reflected by M l (BS2 in the dual beam system) through 

spectral filters, a cylindrical lens and onto the entrance of the spectrograph.

3.72 Dual Beam

When the apparatus was developed to include a reference arm the continuum 

transmitted by BS1, Figure 3.11, was reflected by an aluminium mirror, M2, into a cell 

identical to the one in the sample arm. A portion of the pump beam is also reflected into the 

reference arm and although it is only 10% o f the pump beam in the sample arm it is 

necessary to avoid any significant excitation o f the reference sample. This is achieved by 

passing both beams unfocussed through the reference cell. The optical density measured
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by the probe pulse is independent o f its intensity whereas the excited state concentration 

within the probed volume is less than 1% of that in the sample cell. The transmitted 

continuum then passes through a pair of lenses and onto a second aluminium mirror, M3, 

which directs the continuum through BS2 and it continues parallel with the reflected sample 

continuum pulse, but 5mm above it. This ensures that both beams are coupled into the 

spectrograph but are imaged one above the other on the vidicon camera.

3.8 DETECTOR

The detection apparatus in the system is comprised of an Applied Photophysics

0.25 metre Fast Grating Spectrometer, and a Princeton Applied Research (PAR) vidicon 

camera, which together provide a digitised output of the spectral intensity of the continuum 

beam, Figure 3.12.

3.8.1 Vidicon Camera

The vidicon camera used is an Intensified Target (SIT) vidicon tube (Model 1254 - 

S20). The control and data collection from the vidicon is performed by two components, a 

PAR vidicon controller (model 1216) and a microcomputer, where the vidicon controller 

acts as an interface between the vidicon camera and the microcomputer. The controller 

accepts digital instructions from the microcomputer which define the operating conditions 

of the vidicon and it converts the analogue output of the vidicon camera into digital form to 

be read by the microcomputer. The camera has a 12.5.x 12.5mm active area comprised of 

512 x 512 pixels, each of which can be read to give a measure of the accumulated light 

intensity. Each pixel is a single silicon photodiode which is reversed biased and has a 

depletion region corresponding to a net charge stored on the diode. Absorbed photons 

generate electron-hole pairs which diffuse through the depletion region and reduce the 

charge on the diode. The amount o f charge neutralised is proportional to the number of 

photons absorbed, and therefore to the integrated light intensity. When a scanning electron 

beam is focussed onto the diode surface it restores the neutralised charge and by measuring 

the charging current of the electron beam the integrated light signal can be determined. 

Reading of all 262144 pixels individually is impractical as each analogue signal would need 

to be converted to digital output The vidicon controller can be programmed to perform a 

regular scan pattern where the signal from successive pixels may be summed before a 

single analogue to digital (A to D) conversion takes place. As the reading of an individual
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pixel can take place in a far shorter time than the A to D conversion there is a significant 

saving in the time for reading of a full frame. The scanning pattern for the electron beam 

and the pixels that are to be integrated, is programmed into the 1216 controller and there arc 

three conceptually different scanning patterns as defined in the controller. These are one, 

two and three dimensional patterns.

In a one dimensional pattern the electron beam moves from the top of the active area 

to the bottom along a single channel of pixels before each A to D conversion. As each 

channel is read the beam moves systematically across the area from left to right, yielding up 

to 512 integrated channels. In practice only up to 500 channels are available and in order 

to avoid edge effects in these experiments it was decided not to integrate all 512 pixels in a 

channel but to define a starting pixel, Y0, of 50 and a channel height, Y, of 400. In a 

similar fashion a starting channel, X0, of 10 and a track width, X, of 500 are also defined 

to give a track within the active area.

In a two dimensional scanning pattern it is possible to define a series o f tracks 

above each other within the active area which are scanned sequentially, i.e. each track is 

scanned fully from left to right before the next is begun.

In a three dimensional scanning pattern one has complete freedom to define tracks 

of differing size anywhere on the vidicon surface which are again scanned sequentially. 

Because of the relatively simple nature of our requirements we have never needed to use the 

three dimensional scanning pattern. During the development of the equipment we 

progressed from a simple one dimensional pattern to a two dimensional pattern as the 

sample holder was changed from single beam to dual beam.

Apart from the obvious advantage of a direct digital output of the light intensity 

across the target the vidicon is a very sensitive detector, needing only 10-100  photons per 

count [M.J.Milano et. al., 1974]. It also has a large dynamic range with the single channel 

output remaining linear in the range 0.5 - 50 counts per pixel per frame [G.W. Leisegang 

and P.D.Smith, 1981 and 1982]. The major limiting factor on low signals is the dark 

current noise due to thermal generation o f electron hole pairs in the detector. For large 

signals the limiting factors are the finite charge stored on each pixel which limits the total 

signal that may be integrated and, if  many pixels are summed to give a single channel, the 

finite dynamic range of the 14 bit A to D converter. The spectral response of the vidicon 

camera is relatively flat in the region 400-650nm but then falls rapidly as one moves into 

the red, by 800nm the response is as low as 1000 photons per count and this is too low for
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us to be able to resolve transient signals. Below 400nm the response also drops 

dramatically, not due to any inherent loss of sensitivity but due to the entrance window of 

the silicon intensifier being made of glass. The integrated signal for each channel of the 

vidicon camera's scan pattern is output, after A to D conversion, by the vidicon controller 

on a 25 bit parallel port, of which 14 bits form the channel signal and 2 bits the last channel 

and external event flags, the others being held at the logic voltage levels or left 

unconnected.

Whilst the number of channels per frame varies depending on the scan pattern the 

channel time, i.e. the time taken to scan a single channel and the time between each output 

on the parallel port, is fixed at one o f 5 values, 40,60, 80,100 or 120|is. In practice only 

values of 80 or 100 are used. This is because for the two fastest scan rates only a small 

percentage o f the stored charge can be read during each frame. This means that it takes 

many frames to read out the charge stored from each shot and even though the frame time 

is reduced by a fast scan rate, the combined effect is to lengthen the time taken to read the 

total charge in a channel. Each diode, although separate, is not perfectly isolated from its 

neighbours so there is cross-talk due to the diffusion of the stored charge between adjacent 

channels. This cross-talk between channels causes blurring of the signal and leads to a 

reduction in the spectral resolution of the detector. At slow scan rates although the charge 

in each channel is very efficiently read the time delay between the start and end of a single 

frame scan becomes great enough for the loss in resolution to rise again. During the early 

stages of the experimental work channel times of both 80 and lOOps were used with 500 

channels per frame and this meant that for a single track scanning pattern each frame took 

400 or 500ms.

3.82 Vidicon Camera - Nd:YAG Synchronisation

After the introduction of the reference arm and the implementation of a dual track 

scanning pattern it was realised that noise was being introduced to the data owing to the fact 

that the scanning o f the vidicon was not synchronous with the firing o f the Nd:YAG laser, 

see Chapter 4. When the vidicon camera is scanning asynchronously with the illumination 

the sudden increase in signal on illumination o f the target leads to discontinuous steps in the 

measured signal from channel to channel. Because of the charge leakage from and between 

pixels this stepped increase is not constant throughout the frame scan and this leads to 

'spikes' in the recorded spectrum. These spikes occur in different channels as the relative
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phase of the vidicon and Nd:YAG changes and it was only with scanning patterns of ca. 

1000 channels per frame and lOOps per channel that their existence was noted. The 

vidicon controller can be programmed to output an electrical signal synchronous with each 

frame and this was used, along with a simple modification of the Nd:YAG flash lamp firing 

sequence to ensure that the continuum illuminated the vidicon camera during the period 

between each track being scanned by the electron beam. The stepped increase in signal 

occurs between the last and first channels being scanned and although charge leakage still 

occurs it can be shown that this does not lead to distortion of transient absorption spectra. 

In the final arrangement the vidicon camera was programmed to scan two tracks, each 500 

channels wide and 150 pixels high, with a channel time of lOOps. This gave a frame time 

of slightly longer than 100ms but was equal to the period between successive shots of the 

Nd: YAG laser when operated on internal trigger.

The choice of grating for the spectrograph was made in order to provide as large a 

spectral range across the camera without reducing significantly the spectral resolution of the 

vidicon camera due to channel cross-talk. The final arrangement, with a 600 lines per 

millimetre ruled grating, yields a spectral range across 500 channels o f 150nm with a 

resolution of 3nm.

3.9 MICROCOMPUTER

The final element o f the apparatus consists of the microcomputer that controls the 

scanning pattern of the vidicon camera, stores the-data that is output by the vidicon 

controller and performs all the calculations required to produce optical density difference 

spectra. During the course of these experiments two computers were used. The first was a 

Tuscan Trans-Am which contained a Zilog Z80,3 MHz processor, 64K (IK = 1024 x 8 

bits) of memory and a memory mapped screen. Data from the main memory could be 

saved to either of two 5.25 inch, 300K, floppy disk drives each of which could hold up to 

64 separate spectra. The second computer used was a Jarogate Sprite which contained an 

Intel 80286,6 MHz processor with an 80287 mathematics coprocessor. The computer 

contained 512K of main memory plus 256K of secondary memory controlled by a Zilog 

Z80 4 MHz processor which acts an intelligent disk buffer or cache. Permanent storage 

comprises a 5.25 inch, 800K, floppy disk capable of holding up to 200 separate spectra, 

and an internal 20M (1M = 1024K) hard disk drive. The hard disk drive is partitioned as 

two logical 10M drives, one being used to hold programmes the other to store up to 2500
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Figure 3.13 Transient Absorption Spectroscope.
Layout o f the optical com ponents, w hich form the com plete  

apparatus, on the optical table.
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separate spectra. The importance of being able to analyse data directly by computer and the 

differences in the computing power available with the two machines is dealt with in more 

detail in Chapter 2. In terms of routine use the Jarogate Sprite computer has allowed the 

development of such a powerful data collection and analysis system that spectra may now 

be accumulated and displayed in real time and signals averaged until the desired signal to 

noise level is achieved.

3.10 CONCLUSION

Figure 3.13 shows the overall layout of the dozen or so separate elements which 

make up the transient absorption spectroscope. As noted in the introduction to this section 

each element must operate at close to its optimum performance for the system to function. 

The major problem associated with operating the equipment is to identify the cause of 

unsatisfactory overall performance when it occurs. Inevitably, ease of identification is 

primarily a result o f experience, a knowledge o f recent performance and recent 

adjustments. To say that successful operation o f the equipment is an 'art' rather than a 

'science' is simplistic but it is true that there is no substitute for hands-on experience.

101



CHAPTER 4

4.1 INTRODUCTION

In Chapters Two and Three, the theory and experimental apparatus used in the 

design and construction of the transient absorption spectroscope have been detailed In this 

Chapter, the techniques of recording and interpreting such spectra are discussed with 

reference to a series of spectra of molecules involved in model photosynthetic systems. In 

section 4.2 a summary of the techniques used is given and in section 4.3 the results 

obtained during the study of metalloporphyrins are used to establish both the operating 

performance of the equipment and the transient spectra of isolated porphyrinjn section 4.3 

a tri-molecular system, comprising Carotenoid and Quinone molecules covalently linked to 

a free base porphyrin, is studied as part of a series of experiments designed to find 

evidence for long lived, efficient, intra molecular charge separation.

4.2 DA TA  COLLECTION A N D  INTERPRETATION

As with any complex experimental technique the most important, and often most 

difficult, task is interpreting the final results in terms of spectroscopic properties of the 

experimental sample. With the transient absorption spectra measured in these experiments 

this task is made more difficult by various sources of spurious signals. It is the aim of this 

section to discuss and then list the most important sources of such 'noise* and to identify 

how we have attempted to minimise or remove their effects. (For the purposes of this 

Chapter the term 'noise' will be taken to mean any signal in the data not associated with the 

true transient absorption of the samples.)

In order to identify the sources o f noise it is first necessary to explain the method by 

which signals from the vidicon camera, giving light intensity as a function of wavelength, 

are converted into transient optical density spectra. To produce transient optical density 

spectra it is not strictly necessary to know the ground state absorption spectrum of the 

sample, although as will be explained later, this can provide invaluable information for 

interpretation of spectra. To calculate transient absoiption spectra one only needs to 

measure the transmitted light intensity, with and without prior excitation of the sample by 

the pump pulse. From Beer's Law the transmitted continuum intensity in each case can, 

assuming only a single excited state species, be written as ...
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IU(X) —  lo(^) exp(-c08o(X)L) {4.1}

IP(X) = I0(X) exp(-(c0-ci)Eo(X)L - ciei(X)L) {4.2}

where,

IU(X) — 

IP(X) =

W  =

C0

Cl

£o(X) =

£i(X) = 

L

Transmitted, unpumped, continuum/ [ Einsteins nr2 s*1].

Transmitted, pumped, continuum/JEinsteins m-2 s*1].

Incident continuum intensity at wavelength, X/[ Einsteins m-2 s*1].

Total sample concentration/ [ moles dm-3 ].

Excited state concentration/[moles dm-3].

2.303 x extinction coefficient o f the ground state species at wavelength 

X/[0.1m2 m ole*1 ].

2.303 x extinction coefficient of the excited state species at wavelength 

^/[O.lm2 mole-1].

Length of absorption cell /[cm].

By taking the ratio of IU(X) and Ip(X),

IU(X) / Ip(X) = exp(-c0£o(W / exp(-(c0-ci)eo(X)l - ciei(X)l) {4.3}

= exp(-Co£o(X)l + (c0-ci)e0(X)l + c i e ^ l ) {4.4}

= exp(-ci80(X)l + CiE^X)!) {4.5}

and the natural logarithm of the result,

Ln( IU(X) / IP(X)) = -cie0(X)l + C ie ^ l  {4.6}

= -CiCeoCXj-e^X)) {4.7}

It is clear that a spectrum can be derived from the data, which is proportional to the 

transient concentration, Ci and has a spectral shape given by the difference between the 

excited and ground state extinction coefficients ((£<, (X) -  £[(X)). If one assumes a mixture 

of excited state species exists, Equation {4.7} becomes ...
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Ln( Iu(X)/Ip(X)) = ■ ( 2  Cn) £q(X)1 + Cj £i(X)l + C2 £2(X)1 + C3£3(X,)1 {4.8}

and it is this quantity, as a function of wavelength and time, which is measured in transient 

absorption spectroscopy. Several points about this quantity should be noted; firstly the 

steady-state absorption of the ground state sample is automatically 'subtracted' by the 

process of dividing Iu(X)/Ip(X), giving a near zero signal for a very weakly pumped sample. 

The signal obtained is independent of the spectral shape of the incident continuum pulse, 

assuming that it is the same during the recording of both IU(X) and Ip(X). The ground state 

absorption spectrum appears as a bleach, i.e. negative signals are commonly recorded at 

wavelengths corresponding to ground state absorption maxima. The strength of the signal 

measured is proportional to the total excited state population and therefore, assuming 

relatively small fraction of molecules are excited and a relatively simple kinetic scheme for 

the creation of further excited states, the signal is proportional to the pumping intensity, in 

Chapter Five a situation where this does not hold is discussed. Lastly, it is not possible, 

by this method, to measure directly extinction coefficients o f an excited state species 

independent o f the ground state absorption, except in spectral regions where the ground 

state extinction coefficient is negligible. Several techniques exist for calculating 

approximate values for ei (X). From a knowledge of Ci and e$ (X) it is possible to calculate

e^X) although accurate values for Ci are extremely difficult to obtain in practice. The most 

common method of deriving approximate excited state spectra is to 'add in' small amounts 

of the ground state spectrum until the transient spectrum no longer contains spectral 

features obviously associated with the ground state bleach This subjective method, 

although imperfect, is very useful but data is usually presented unmodified and can truly be 

regarded as the transient absorption spectrum which includes the fact that the ground state 

concentration has been reduced. Finally, the extinction coefficient of the ground state 

species is positive at all visible wavelengths, corresponding to stimulated absorption of 

photons from the continuum beam. Excited state species can however, undergo both 

stimulated absorption and stimulated emission. Relaxed triplet species only undergo 

stimulated absorption to higher triplet states, owing to the forbidden spin change necessary 

in the direct transition to singlet states. Singlet excited state species can relax directly to the 

ground state by stimulated emission and, in Chapter Five, evidence for the existence of 

excited state species which possess negative extinction coefficients is presented and 

discussed.
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In order to derive the spectrum defined in Equation {4.8} it is necessary, therefore, 

to measure the transmitted continuum intensity. The signal measured by the detector, 

however includes terms in addition to IU(X) or Ip(X) due to the dark current of the vidicon 

camera and scattered light

During the measurement of the spectra reported in this Chapter, and the first set of 

results in Chapter Five, the sample and detection components of the apparatus constituted a 

single beam spectroscope, as shown in Figure 3.11.

The experimental procedure consisted of four basic steps:

4A) With both the pump and probe beams blocked, the vidicon Unpumped Dark 

Current (UDC) is measured by averaging N frames of the vidicon output.

4B) With the probe beam blocked, the vidicon Pumped Dark Current (PDC) is 

measured for N frames.

4C) With the pump beam blocked the Unpumped Transmitted Continuum (UTC) 

is measured for N frames.

4D) With no beam blocked the Pumped Transmitted Continuum (PTC) is measured 

for N frames.

Under ideal conditions UDC = PDC, but depending on the spectral region under 

investigation and the choice of spectral filters, it was often found that measurable quantities 

of scattered transmitted pump light were included in PDC. In addition to pump pulse 

scattering within the spectrometer there is also the possibility of fluorescence, stimulated 

Raman scattering and even continuum generation from the sample cell being present in both 

PDC and PTC. By measuring PDC as well as UDC it is possible to monitor the size of 

such signals and ensure that they do not cause distortion of the calculated spectra.

Once these signals have been obtained it is relatively simple to calculate the transient 

absorption spectra as follows:

Iu (X) = UTC - UDC 

Ip(X) = PTC -PD C

{4.9}

{4.10}

and from Equation {4.8} we can obtain:
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{4.11}Ln UTC. - UPC = -E Cn 8o(X) + 81 S i  (X) + e 2 E^X) +... 

PTC - PDC

Leaving aside the problems associated with calculating these results, which relate 

purely to the computer used and are discussed in Chapter Two, we can now proceed to 

study how various sources of noise are transferred through to transient absorption spectra. 

In order to do this we shall reverse the problem and identify four fundamental types of 

noise found in the final optical density data:

1 ) Channel noise.

2) Channel correlated noise.

3) Offset.

4) Continuum/sample correlated noise.

There are no clear cut boundaries between these types of noise, but it has been 

found useful to rationalise any source of signal by virtue of which type of noise it produces 

in the final data.

42.1 Channel noise

This is defined as channel to channel deviations from the true signal with no 

correlation between the noise in successive channels.

This type of noise is produced by the Poisson statistics associated with the electron- 

hole pair generation and diffusion within the diodes of the vidicon. If the continuum is of 

average intensity, as measured by the vidicon, and is relatively flat this has been found to 

introduce very small levels of channel noise, < O.OOIAO.D for spectra calculated from the 

average of 1000 frames. However, the level of noise rises rapidly if  the continuum 

intensity falls to a level similar to the dark current The dark current is caused by the 

thermal generation o f electron-hole pairs in the diodes and is therefore o f fixed magnitude, 

ca. two counts per pixel per frame. If the continuum intensity is such that it generates the 

same signal as the dark current, in a given channel, then when the dark current is subtracted 

it more than doubles the level o f the channel noise. The spectra in Figures 4.8 and 4.9. 

show a marked increase in channel noise around the absorption maximum of the porphyrin
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ground states. The high porphyrin concentrations used allowed large transient absorption 

signals to be generated but caused the continuum signal to fall to close the dark current 

signal at these wavelengths.

There is a second source o f channel noise which was not identified until after the 

detection method had been modified to dual beam operation and the frame time of the 

vidicon camera increased to approximately 100ms. In this situation the point, during a 

frame scan, at which the vidicon camera is illuminated, changes relatively slowly. On 

illumination, the signal stored in each channel undergoes a sudden increase. Therefore the 

signal measured in adjacent channels before and after illumination may show a rise as large 

as 50% despite the fact that the illumination of these channels is likely to be nearly equal. If 

the charge in each channel were held efficiently this would be unimportant because the 

increased signal would be measured in the subsequent frame and the total signal for each 

channel would be accurately determined. However, the signal in each channel decays by 

electron-hole pair recombination over the course of several seconds and, more importantly, 

there is channel to channel leakage of charge. This leakage blurs the the sharp change in 

charge left across adjacent channels and therefore by the time the signal in the last channel 

is measured, it has fallen significantly owing to diffusion into surrounding channels. 

Because of this process a sharp 'spike' is formed in the data and since the vidicon and the 

Nd:YAG laser are asynchronous, successive spikes move through the spectrum. The 

averaging out o f these spikes over 1000 frames is not very efficient. If the effect o f these 

spikes is calculated by working through Equations {4.3} to {4.5}, it is found that they 

produce noise o f fixed magnitude, independent of continuum or transient signal intensity, 

except in regions of very low transmitted continuum intensity where, again, the size of the 

noise is exaggerated by the subtraction o f the vidicon current. Whilst the vidicon and 

Nd:YAG remained asynchronous this was the major source o f channel noise, ca.

0.01AO.D. in 1000 frames. Synchronisation removed it as a source of noise entirely in the 

later spectra reported in Chapter Five.

4 2 2  Channel Correlated Noise

This is defined as deviations from the true signal, correlated over 5-20 channels and 

is seen as 'waves' across the spectra.

Fluctuations in the continuum shape on a scale of a few nanometers will lead to 

inaccurate values for the ratio IU(X)/IP(X) and therefore will appear as transient absorption
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signals in the data on the scale of the wavelength resolution of the detector. The continuum 

generated in H20 /D 20  mixture possesses structure both spatially and spectrally. The beam 

of white light is generated in the form of concentric rings of colour which are broken up 

and blurred by the filamentary breakdown within the cell and stimulated Raman generation 

causes increased instability at fixed points in the spectra. It is extremely important to 

ensure that the probe beam is efficiently coupled into the spectrograph as any clipping of 

the beam by the entrance slit will tend to exaggerate shot to shot variances due to its spatial 

inhomogeneity. Spectral structure o f the continuum is primarily a function o f the 

generating pulse peak power and duration. While experiments were performed without the 

vidicon camera synchronised to the Nd:YAG laser this was not a major source of noise but 

once the channel noise had been significantly reduced channel correlated noise became the 

major limiting factor in signal resolution, as can be seen in the later results reported in 

Chapter Five.

4 2 3  Offset

This is defined as a constant deviation from the true signal, independent of channel. 

Perhaps the most disconcerting o f all sources of noise is spectrum offset, where an entire 

spectrum with seemingly good signal to noise is offset by a constant Optical Density from 

previous results. This effect is primarily due to shot to shot variation and long term drift in 

the overall continuum intensity. When the apparatus is operated as a single beam 

spectroscope the pumped and unpumped continua are recorded sequentially, not 

simultaneously and variations cannot be averaged out completely. The shot to shot 

variations are caused by the complexity of the continuum generating process, see Chapter 

Two, and shot to shot variation of 10% is the best practicably obtained result. It should 

additionally be realised that the nature o f the instability, whether due to SRS primarily at 

one wavelength or wavelength independent due to breakdown in the continuum cell, is of 

great importance. Long term drift in continuum intensity of a few percent per minute is not 

noticeable to the eye but still produces a significant offset in the data. For single beam 

operation this long term drift is the prime source of offset and the most common causes are 

drift in the Argon-ion/dye or Nd:YAG laser outputs, gradual misalignment of the amplifier 

chain, degradation o f the amplifier dye solutions and burning of the input and output faces 

of the continuum cell.

Long term drift can be reduced by repeated checking o f the laser and amplifier
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performance and by an appropriate choice o f the order in which spectra arc 

recorded.Because the dark current is relatively stable it is possible to conduct experiments 

by performing steps 4A) and 4B) measuring UDC and PDC, once each, commonly for a 

value of N = 500, and then 4C) and 4D) repeatedly until the desired signal to noise has 

been achieved. Initial experiments were conducted with the order

A,B, C,D,C,D,C,D,C,D... 

which was modified to

A,B, C,D,D,C,C,D,D,C...

and average pumped and unpumped signals used to calculate spectra. This second 

procedure does not fully correct for long term drift but is the most practicable solution in 

single beam operation.

In dual beam operation, drift and shot to shot variations are automatically 

compensated for by the simultaneous measurement of the pumped and unpumped signals. 

Despite these procedures offset still, erratically, occurs. The precise cause is unclear, 

possibly being due to instabilities in the vidicon controller electronics or the magnetic 

stirring bars, present in both sample and reference cells, occasionally blocking the probe 

beam. As offset noise occurs relatively rarely it is possible, by repeated measurement of 

spectra, to identify those in which it is present.

42.4 ContinuumJSample Correlated Noise.

This is defined as devl ations from the true signal correlated with spectral features 

of the continuum or sample. Despite the careful use o f filters to improve the shape of the 

continuum it invariably contains maxima and minima. These are commonly associated with 

SRS and the ground state absorption spectrum of the sample. In theoiy if  they are stable 

these features should not affect the transient spectra of the sample, but it is possible, by the 

subtraction of an incorrect dark current, to transfer these features through to the final data. 

If the measured UDC is incorrect by a constant count D, the signal is given by using 

Equation {4.11} and {4.5} ...
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Ln U T C -U D C -D  
PTC-PDC

= Ln U T C -U PC  + 
PTC-PDC

Ln 1 -  ------12-----  {4.12}
UTC-UDC

~ Ln UTC -UPC. -  D/Iu(X)
PTC-PDC

{4.13}

This is the correct transient signal plus a signal inversely proportional to the 

transmitted continuum shape. Early in the research it was found that the dark current signal 

of the vidicon camera rose by 50% in the first 6 hours after being turned on. This is due to 

the vidicon target heating up as it is continually scanned by the electron beam and, in 

situations where the continuum intensity is low, one risks not only excessive channel noise 

but the addition of continuum correlated noise. This problem was alleviated by the regular 

measurement of the dark current signal and by the simple expedient of leaving the vidicon 

camera permanently on during the week. Sample degradation is another source of 

continuum correlated noise and it has long been realised that destruction of the sample, or 

permanent product generation, are a source o f distortion in transient absorption 

measurements [ G.Porter and M.West, 1973]. The regular monitoring of UTC and PTC 

help to minimise their effects but there is no substitute for routine measurement of the 

sample ground state absorption spectrum before and after a da^s experiments.

The reason that this type of noise is of such importance is that it produces spectral 

features that are correlated with the ground state absorption features of the sample. As 

discussed in Chapter One, the detection o f transient features correlated with the ground 

state absorption spectrum is almost always the first test of a sample and once high 

resolution data is required it is the precise shape of these spectral features that is of interest

In practice the best procedure for establishing the level of all four types o f noise has 

been found to be to record spectra at negative time delays, i.e. with the probe pulse 

preceding the pump pulse through the sample. This is a simple test for long-lived 

products, as well as for sample degradation, and it provides a simple and relatively 

objective measure of the precision which can be ascribed to different portions o f a 

spectrum.

Having established the nature of the various types of noise associated with the 

transient picosecond spectra recorded with this apparatus we can proceed to look at the 

early results obtained when studying a series of tetra phenyIporphyrins.
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4.3. PORPHYRINS

As the construction of the apparatus approached completion, it became necessary to 

test its performance in recording actual spectra. A review of the literature, however, did 

not yield any simple chemical systems that had been extensively studied, on a picosecond 

time scale, which we felt could act as a standard test of the equipment's performance. We 

therefore chose to use a series of free-base and metalated tetra phenylporphyrins which had 

been characterised in the laboratory on a nanosecond to millisecond time scale by Dr A. 

Harriman and co-workers [A.Harriman, 1978, 1981a, 1981b; A.Harriman and R.J.Hosie, 

1981]. In addition to having been studied on a nanosecond timescale the porphyrins 

provided an appropriate starting point for the research because of their involvement in both 

natural and artificial photosynthetic systems [A.Harriman, 1984]. Much of the research 

conducted by Dr.Harriman and other research groups on the triplet states of various 

metalloporphyrins had been conducted with a view to the efficient storage of solar energy. 

As this research moves into the picosecond domain, knowledge o f the singlet state 

absorption spectra of these compounds is important if  the precise steps involved in the 

natural photochemical storage of energy are to be understood. Similar porphyrins had been 

studied both theoretically and experimentally on a picosecond time scale in other 

laboratories and had been shown to exhibit a relatively simple kinetic scheme as shown in 

Figure 4.1 [N.Serpone et al., 1982]. Excitation from the ground state (So) to vibrationally 

excited levels of the first singlet excited state (Si) relaxes rapidly, on a femtosecond time 

scale, to produce a thermally equilibrated population within Si. Molecules in this state then 

relax via two pathways, direct transition to So accompanied by fluorescence and 

intersystem crossing to vibrationally excited levels of the lowest triplet state (Ti) which 

again is thermally equilibrated on a femtosecond time scale. The triplet state then decays to 

So on a microsecond to millisecond timescale dependent upon oxygen concentration due to 

triplet quenching. Despite the fact that in all the experiments reported here the samples 

were air equilibrated, on the picosecond timescale of our apparatus the Triplet states of the 

porphyrins studied are effectively stable, whilst relaxing totally to the ground state between 

each pump pulse.
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Typical kinetic rates for excited state tetraphenyl porphyrins 
and simple metaloporphyrins.

Vibrational relaxation times < 1 ps.

Phosphorescence lifetime > 100 ps.

Intersystem crossing rate 1/
'5 ns

Natural radiative lifetime 15-20 ns.

Quantum yield of triplet 0.70

Internal
conversion
&
Vibrational
Relaxation
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43.1 Tetra PhenylPorphyrin

Initial experiments were conducted on the non-metalated free base Tetra phenyl 

porphyrin (H2TPP), Figure 4.2a. Samples were obtained from Dr.Harriman which had 

been synthesised and purified by him and which had been shown, by single photon 

counting [D.V.O'Connor and D.Phillips, 1984] , to exhibit a simple, single exponential, 

fluorescence decay with a lifetime of 13.5 +/- 0.5 ns. All the porphyrin samples studied in 

this section and section 4.3.2 were obtained from Dr.Harriman and studied by single 

photon counting by Mr.J.P.Ide. In all cases the fluorescence decays could be fitted to a 

single exponential decay, indicating both simple decay kinetics of the singlet state and high 

purity of the samples. Wherever fluorescence decay lifetimes of the porphyrins are quoted 

they have been obtained in this way by Mr.Ide.

The sample of H2TPP was dissolved in toluene (BDH Spectroscopic Grade) and 

the concentration adjusted so as to give an optical density at 510nm of 1.0, in the 1mm 

flow cell, Figure 4.2b. The dye laser output was tuned to 595nm and the spectrometer set 

to monitor the region 425nm to 565nm. In this position the intense Soret transition at 

410nm is on the extreme blue edge of the spectrum. To the red of the spectrum is the 

origin of the So - Si transition giving rise to the porphyrin Q bands. The degeneracy of the 

So - Si transitions are lifted by the molecules asymmetry and thus gives rise to the 

absorption bands at 650,590,545 and 510nm. It is the band at 590nm which is excited 

by the pump pulse. Spectra were recorded by the accumulation o f 1000 individual frames 

at pump-probe pulse delays of between 20ps and 12ns for steps 4A and 46, steps 4C and 

4D being repeated four times. From Figure 4.3 it can be seen that at 20ps the bleach of the 

ground state absorption band at 510nm was approximately 0.3AO.D, indicating that 

approximately 30% of ground state molecules had been excited. In the blue region of the 

spectrum the 20ps spectrum shows a maximum absorption at 437nm and in the 12ns 

spectrum the maximum absorption has moved to 440nm and this later spectrum is in good 

agreement with transient absorption spectra of the triplet porphyrin recorded elsewhere 

[A.Harriman, 1985]. It was relatively disappointing to find that the shape and extinction 

coefficient of the S\ - Sn transitions were so similar to the Ti - Tn transitions and it is for 

this reason that only the two extreme time delay spectra have been reproduced
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F ig u re  4 .2

A )

B )

F ree  B ase T etra  P h en ylP orp h yrin .

Basic ring structure o f the porphyrin.

Ground state absorption spectrum o f  H2TPP. The spectrum  

shows the four main Q band absorption peaks in the region 500 to 

650nm and the red edge o f the soret band absorption at 400nm.





Figure 4.3 Transient Absorption Spectra of H 2TPP.
The transient absorption spectra at t = 20ps and t = 12ns are shown. 

The differences between these two spectra, although slight, are 

significant and may be ascribed to the decay of the singlet state to the 

triplet.



AO.D.

Figure 4.3 Transient Absorption Spectra of H 2TPP



43.2 Zn, Ge, Al Tetra Phenyl Porphyrin

Previous transient absorption experiments had shown that the difference between 

porphyrin-singlet and triplet absorption spectra was greater when the two hydrogen atoms 

at the centre of the free base porphyrin were replaced by a transition metal ion 

[T.Kobayashi et al., 1978]. Dr.Harriman provided us with samples, prepared and purified 

by methods outlined elsewhere, o f Zn, Ge and Al Tetra phenylporphyrin [A.Harriman, 

1980 and 1981].

Samples of each metalloporphyrin were prepared in Toluene and the concentration 

of each solution adjusted to yield an optical density of 1.0 at the peak of the absorption 

band at ca. 550nm in a 1mm flow cell, Figure 4.4. The laser wavelength was tuned to the 

peak of the Q band at ca. 595nm, and transient spectra recorded in the spectral region 435 - 

575nm at times from -33ps to 10ns for each sample with the same procedure as adopted foi 

H2TPP.

The transient spectra for all three metalloporphyrins, Figure 4.5, show behaviour in 

agreement with the simple kinetic scheme previously described. At early times the spectra 

for each porphyrin show an absorption peak at about 445nm and two major regions of 

bleach. These two negative peaks are due to the bleaching of the ground state absorption 

peaks, the Soret below 430nm and Q band at ca. 555nm. The absorption peak at early 

times may therefore be assigned to the Si - Sn absorption spectrum as with the metal free 

H2TPP. As time progresses the absorption peak maximum moves to the red as the 

molecules relax to the triplet state via intersystem crossing. The fluorescence lifetime of 

each sample was measured to be:

Z incTPP 2.8±0.2ns

Germanium TPP 5.0±0.2ns

Aluminium TPP 6.0±0.2ns

The singlet lifetimes measured by using the transient absorption spectra are consistent with 

the fluorescence lifetimes although the relatively small number of time delays measured 

means that the precision of kinetic data derived from the transient absorption results is very 

much less than that from singlet-photon counting. From the magnitudes of the excited state 

absorption bands and ground state bleach it can be seen that the extinction coefficient of the 

excited singlet and triplet state absorption features are of the same order as the porphyrin Q
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Figure 4.4 Ground State Absorption Spectra of Zn,Ge and A1TPP.



510 550
Wavelength/[nm]

Each absorption spectrum was recorded with a 
sample in which the concentration was adjusted 
to give an Optical Density of 1.0 at the maximum 
of the 550nm band in a 1 mm cell.

550
Wavelength l  [nm]

Figure 4.4 Ground State Absorption Spectra of Zn, Ge and Al TPP



Figure 4.5a Transient Absorption Spectra of ZnTPP.
a) ZnTPP spectra are shown for t = 20ps, t = 500ps, 

t = Ins, t = 4ns, and t = 10ns.



a)

AO.D.

Figure 4.5a Transient Absorption Spectra of ZnTPP



Figure 4.5b 
b)

Transient Absorption Spectra of GeTPP.
GeTPP spectra are shown for t = 20ps, t = 2ns, 

t = 4ns and t = 8ns.



vo
Figure 4.5b Transient Absorption Spectra of GeTPP



Figure 4.5c Transient Absorption Spectra of A1TPP.
c) A1TPP spectra are shown for t = 20ps, t = Ins, 

t = 2ns and t =7ns.



too

C)

a o .d .

Figure 4.5c Transient Absorption Spectra of AITPP



band, at ca. 555nm, i.e. 2 x 104 1 mol-1 cm-1.

A final point worth noting from the spectra is the magnitude of the channel 

noise observed at the Q band bleach. The ZnTPP spectra show considerably less noise 

and this was due to improved spectral shaping of the continuum in the red which prevented 

ground state absorption reducing the transmitted continuum to a level close to that of the 

vidicon dark current

4 3 3  Conclusion

The results presented in this section show that although differences of lifetime and 

extinction coefficient do exist, the transient spectra o f the three metalated derivatives of 

KyrPP were broadly similar to the spectra of the parent molecule. The main ground state 

Q band absorption at 555nm does not overlap greatly with the excited state absorption 

bands and the extinction coefficients of all three bands are very similar. These properties 

meant that the excited state porphyrin concentrations could be monitored as a function of 

time delay, although a quantitative measurement of singlet, as opposed to triplet, excited 

state concentrations would be of significantly lower precision. The spectra of the triplet 

state are consistent with those recorded by microsecond flash photolysis [A. Harriman 

1986] and the excited singlet state spectra are in good agreement with results subsequently 

obtained in other laboratories [M.Waselewski, 1984].

4.4. BIOMIMETIC TRIAD
The preliminary results obtained with the porphyrins had clearly demonstrated that 

the equipment was operating well. It was necessary at this point to decide whether to 

concentrate on improving these results or to use these results to investigate photochemical 

systems of current interest which had not been studied by this type of apparatus. Because 

of the relative scarcity o f equipment comparable to ours in the world it was decided that it 

would be most useful if  it were used to complement the results obtained in a currently 

active research project This approach would ensure that the results obtained could be 

judged in the light of results obtained elsewhere and that the equipment would be used in 

the most profitable way for both ourselves and other research groups. Towards the end of 

the investigation of the transient absorption spectra of simple metalated porphyrins our 

research group was joined by Dr Devens Gust, from the Department of Chemistry at
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Arizona State University. He, and several co-authors, had reported the synthesis of several 

porphyrin based trimeric compounds designed to undergo efficient long-lived, photo- 

driven charge separation.

These synthesised molecules consist of a tetra arylporphyrin covalently linked to 

both a carotenoid and a quinone, to form a molecular Triad, Figure 4.6. Previous 

nanosecond transient absorption experiments [T.A.Moore, et al., 1984] had been 

conducted in the region 800-1100nm and had provided evidence for the creation of the 

carotenoid cation radical within the duration o f the pump pulse, 10ns at 600nm. This 

evidence consisted of a broad, 800-1050nm, absorption band that decayed with a lifetime 

of approximately 170ns that was seen only for the quinone and not the hydroquinone form 

of the Triad. Pulse radiolysis experiments had also been used to confirm this assignment 

of the 950nm absorption band and it had been found that saturation of the solution with 

tetra-n-butyl ammonium tetrafluoroborate (TBATB) increased the quantum yield of 

carotenoid cation radical by a factor of 6, from 0.04 to 0.25, increased the transient 

absorption lifetime to 2.5ps and blue shifted the absorption peak to 940nm. Picosecond 

transient absorption kinetics at 950nm, following excitation at 532nm by a 27ps pulse, had 

shown that the absorption increase was delayed with respect to the excitation pulse and 

exhibited a grow in with a lifetime o f approximately lOOps. Similar measurements at 

600nm showed a rise in transient absorption coincident with the pump pulse, followed by a 

decay with a lifetime close to that of the grow in at 950nm.These results led to the 

following interpretation of the reaction sequence of the carotenoid -  porphyrin -  quinone 

(C -  P -  Q) Triad. Initial excitation of the porphyrin at 600nm produces the first excited 

singlet state o f the porphyrin, C -  P* -  Q, this ignores any direct excitation o f the 

carotenoid at 532nm. This is followed by two reaction steps, firstly charge transfer

between the porphyrin and the quinone to yield C -  P+‘-  Q"\ and then charge transfer

between the carotenoid and the porphyrin cation to yield C+*- P - Q"\ These two steps are 

completed within 150ps of excitation with a quantum yield of 0.04 in CH2CI2 and 0.25 in 

CH2C I2 saturated with TBAT. The reduction of the porphyrin singlet lifetime from ca.

10ns to ca. lOOps, the dependence upon TBAT of the yield of C+* but not the rate o f

grow in of the C+* signal, were all used to argue that the reaction C -  P* -  Q <--> C -

p+*_ q -  is very rapid and reversible and that the reaction C -  P+‘-  Q"‘ > C+’“ P -  Q~*
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competes with the simple back reaction. The addition of TBAT stabilises C -  P+*~ Q"’ so

as to reduce the back reaction rate and/or stabilises C+*~ P -  Q~* to increase the C -  P+*-

Q'* > C+#-  P - Q“* charge transfer yield. The transient absorption kinetic data at 600nm

was unable to resolve the grow in and decay of P+* as distinct from P* and evidence from 

the removal of the carotenoid ground state, (absorption maxima at 450 and 480nm), was

not available to corroborate the apparent concurrence of the depletion of P+* and the grow

in of C+\  It therefore appeared appropriate to investigate this system with our apparatus 

which, whilst unable to monitor the behaviour at 950nm, would provide improved time 

resolution and continuous spectra in the visible region containing the spectral features of P,

P*, P+* and C.

4.4.1 Preliminary Triad Results

Samples of the Triad were prepared as species (III), Figure 4.6, in Arizona by Dr. 

Gust and transported in a concentrated, frozen, Dichloromethane (CH2CI2 BDH  

Spectroscopic Grade) solution to the Royal Institution. Samples were then ’worked up’ by 

Dr. Gust, via (II), to yield the quinone (I). The method of synthesis o f the Triad has been 

detailed elsewhere [A.L.Moore, et al., 1980; G.Dirks, et al., 1980] and all the experiments 

were conducted on Triad (I) dissolved in TBAT saturated CH2CI2 with an optical density in 

the carotenoid region, 440-540nm, of ca. 0.75, Figure 4.7. This led to an optical density 

of 0.1 at 595nm where the samples were excited with 0.1 mJ per pulse over an average 

diameter of 1mm in a 1cm cell. The spectra were recorded over the region 425-565nm and 

initial results showed very large transient signals, ca. 0.3 AO.D. Unfortunately we found 

the signals to be extremely variable from run to run and from steady state spectra it soon 

became apparent that extensive damage was occurring to the sample during each run. The 

increasing levels of ground state bleach and product absorption were introducing varying 

distortions to the spectra recorded at different times, i.e. sample correlated noise. In 

addition it was discovered that there was significant transient signal at negative times, i.e. 

when the probe pulse preceded the pump through the sample. Transient signals were 

evident at - Ins, this was the limit o f the negative time delay we could introduce, and despite 

a great deal of discussion there was no mechanism whereby we could explain such a 

dramatic lengthening of either the pump or probe pulses.
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Figure 4 .7  Biomimetic Triad Ground State Absorption Spectrum

4.42 The Role o f CH 2CI2

In order to check the integrity of the equipment, transient spectra o f ZnTPP in 

Ethanol solution, were performed and yielded results entirely consistent with the results 

reported in section 4.3.2. We were forced to look to the Triad sample for possible 

explanations for the two major problems we faced; rapid sample destruction (20% loss in 

half an hour of experiments) and transient spectra at negative times. It was at this point that 

we learnt more about CH2CI2 as a solvent BDH Analar and Aristar grade CH2C I2 have 

Ethanol added, 0.1% w/v, so as to prevent the degradation of any solute by the solvent 

The degradation is caused by the slow production of Chlorine radicals and HC1 by the 

photolysis o f CH2CI2.

hv

CH2C12 C r + CH2C r

Cl* + CH jClj -> HC1 + C' HC12
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The Ethanol is used as a sacrificial scavenger of these chemicals and in everyday

use there is very little damage to solutes. However Spectroscopic Grade CH2C I2 has no 

Ethanol added because of its absorption in the infra red region of the spectrum. It therefore 

seemed possible that the breakdown of CH2CI2 could cause permanent damage to the 

Triad.

To test this hypothesis we conducted a series of comparative tests on ZnTPP 

dissolved in Ethanol and CH2C I2 . Samples were made up in each solvent to give an 

optical density o f 0.5 in a cm cell in the Q band at 595nm where the samples were excited. 

Both samples were examined under two different pumping intensities and two different 

time delays. Initially both samples were studied under conditions of maximum pumping 

intensity, i.e. the focus of the pump beam within the cell. This produced peak powers of 

the order of 1010 W cm'2 and where photolytic breakdown of the solvent occurred. This 

breakdown could be easily detected by eye due to the enhanced scattering of the pump 

beam within the sample cell. Spectra were then recorded at +30ps and -30ps to check for 

negative time transients. The results are shown in figure 4.8 and it can be seen that in 

Ethanolic solution, (A), the results were as found in Toluene but that in CH2CI2, (B),there 

is a large additional absorption at 445nm. These experiments were then repeated with the 

pump power reduced by 50% so as to prevent breakdown in the sample cells. These 

results are shown in Figure 4.9. It can be seen that for the Ethanolic solution, (A), the 

signal was reduced by approximately 20% with no significant alteration in its shape. The 

CH2C I2 solution on the other hand has almost completely lost the absorption peak at 

445nm, although there was evidence in the -30ps spectrum for approximately 15% 

remaining. In the CH2CI2 solution the magnitude of the transient absorption spectrum due 

to the singlet porphyrin had actually increased by approximately 50%.

These results can be rationalised on the following basis, firstly the dialectric 

breakdown in Ethanol under high pumping intensity was not as catastrophic as in CH2CI2 

and yielded no long lived transients which would be apparent at negative time delays. 

Although the reduction in pump power exceeded the reduction in measured transient signal 

this can be explained by two factors: the loss of pump beam at high intensity due to optical 

scattering and the filamentation. In CH2CI2 the catastrophic breakdown is almost certainly 

accompanied by filamentation and the restriction of the pump energy to a few small areas o f  

the cell. In this situation the pump and probe beam overlap is poor and the average 

pumping intensity in the probed region is significantly reduced. This explains why when
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Figure 4.8 
A)

ZnTPP in Ethanol vs CH 2Cl2:High Power.
ZnTPP in Ethanol at t = -30ps and +30ps with optical breakdown 
within the sample.

B) ZnTPP in CH2Cl2 at t =-30ps and +30ps with optical breakdown 
within the sample.
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Figure 4.9 
A)

ZnTPP in Ethanol vs CH 2C12:Low Power.
ZnTPP in Ethanol at t = -30ps and +30ps with no optical 
breakdown within the sample.

B) ZnTPP in CH2Cl2 at t =-30ps and +30ps with no optical 
breakdown within the sample.

Note change in vertical scale from Figure 4.8.
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the pump intensity was reduced by 50% and filamentation no longer occurred, the signal 

was found to rise.

Following discussions with Dr. Harriman and Dr. Gust the intense absorption peak 

at 445nm was identified as being due to either the porphyrin anion or cation. For ZnTPP

the lifetimes o f the two species are both very long. ZnTPP"' in air equilibrated solution 

having a lifetime of several milliseconds, ZnTPP+’ having a lifetime of several seconds. 

[P.Neta and A.Harriman, 1984; A.Harriman, 1984] Further investigations o f the 

chemistry of CH2CI2 led to its use in pulse radiolysis where its ability to generate powerful 

reducing and oxidising agents is well known. The relevant reaction schemes have been 

studied elsewhere [M. Amber and P.Neta, 1965] and for our purposes we were prepared to 

accept that under conditions of high excitation self-focussing and filamentation occurs and 

this leads to photolysis of the solvent. This process provides simple pathways to the 

production of both the porphyrin radical cation and permanent products by reaction with

both Cl* and C‘HC12. The porphyrin radical cation has such a long lifetime that appreciable 

quantities could survive between laser shots and produce the signals observed at negative 

time delays.

It should be noted that this type o f effect could only be observed due to the 

relatively high repetition rate o f the Nd:YAG laser. Previous transient absorption 

experiments with the Triad used a single shot Nd:glass laser and, with several minutes 

between shots, had breakdown occurred, there would have been no residual porphyrin 

cation to be detected at negative times only its grow-in subsequent to each excitation pulse.

4.43 Triad Results

In the light o f the information gained about the photolysis of CH2CI2 the transient 

spectra o f the Triad were re-recorded with a significant reduction in the pump pulse 

intensity and the addition of a magnetic follower in the sample cell. The energy per pulse 

was maintained but the sample cell was moved so that the pumped area was increased from 

1mm to 2-3mm diameter in the 1cm cell. Under these conditions no optical breakdown of 

the solvent was observed and steady state absorption spectra showed little or no change 

before and after experiments. The spectra obtained are shown in Figure 4.10 and the most 

important point to note about these results is the time scale. The major transient absorption 

changes occurred on a timescale o f l-8ns not the lOOps timescale observed at 600nm and
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Figure 4.10 Transient Absorption Spectra of the Molecular Triad.
Spectra are shown for t = 500ps, t = 2ns, t = 4ns and t = 8ns.
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Figure 4.10 Transient Absorption Spectra ot the Molecular Triad



950nm. At early times, 0-500ps the spectrum resembled that o f a simple porphyrin, with 

bleaches at the Soret (<430nm)and Q band wavelengths (515 and 555nm), and an 

absorption peak with a maximum at around 450nm. At later times, 2 - 8ns, there is no 

evidence for the formation of the porphyrin triplet, indeed the bleach of the ground state 

absorption bands largely disappears indicating that the decay of the singlet rapidly leads to 

its relaxation to the ground state. Instead of the red shifted triplet porphyrin absorption we 

observed the grow-in of two bleaches at 450nm and 480nm and an intense absorption band 

at 545nm. These results appeared at odds with those previously obtained in other 

laboratories under the same experimental conditions. This apparent disagreement was 

resolved when the results o f a series o f experiments on a closely related Diad were 

examined [A.L.Moore, et al., 1982].

Wavelength (nm)

(Source A.L.Moore et.al. 1982)

Figure 4.11 Transient Absorption Spectra
of the Molecular Diad

In these experiments a porphyrin-carotenoid Diad had been synthesised and the energy 

transfer kinetics of the system studied. Transient absorption spectra were generated from 

nanosecond spectrokinetic data, Figure 4.11 , and it can be seen that the spectral and kinetic
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results are in very good agreement with those obtained on our apparatus with the Triad. 

The Diad results had shown that the carotenoid molecule was an extremely efficient 

quencher of the porphyrin Triplet state, rapidly leading in the carotenoid triplet and the 

porphyrin ground state. The 450nm and 480nm bleaches correspond to the ground state 

carotenoid absorption bands, Figure 4.7 [G.Dirks, et al., 1980]. The absorption band at 

555nm is that of the carotenoid triplet state. The system is demonstrating the process of 

photoprotection which is believed to occur in natural photosynthetic systems where 

carotenoid molecules quench triplet chlorophyll and thereby prevents the generation of 

singlet oxygen. This assignment o f the peaks is possible with great confidence owing to 

the marked similarity o f kinetics and spectral features found in our data and the Diad 

experiments.

The earlier spectrokinetic results obtained with the Triad at 600nm had been used to 

determine the kinetics of the absorption change due to the various porphyrin states. The 

relative extinction coefficients o f these states at 600nm was not known and when the 

results showed a biphasic decay, one part was attributed to the quinone and one to the 

hydroquinone form of the Triad,[T.A.Moore, et al., 1984]. It can be seen from Figures

4.7 and 4 .11  that the carotenoid ground and triplet states absorb very little at 600nm and 

therefore the importance of the hydroquinone might have been underestimated.

It was clear therefore that a significant proportion of the Triads were acting as 

Diads, i.e. with the quinone molecule somehow uninvolved. It was not clear however 

whether the quinone was inoperative due to its having detached from the Triad or because it 

had been reduced to the hydroquinone, Triad (II). In the course of our experimentation we 

did not fully appreciate that the results we had obtained could be consistent with those 

obtained previously. The strong evidence for the formation of carotenoid triplet not being 

consistent with the conclusions drawn from the earlier results. During our experiments we 

felt that the nanosecond transients were indicating that our sample was chemically different 

from that previously used. We therefore repeated the nanosecond timescale experiments 

using mild oxidants (e.g. Pb02) to ensure that all o f the hydroquinone molecules would be 

converted to quinone. Despite detailed discussions with Drs.Gust and Harriman together 

with several attempts to re-oxidise the quinone molecule we were unable to alter the nature 

of the signal obtained. This series of experiments exhausted our supply of the Triad and 

resulted in an inability to significantly reduce the triplet carotenoid signal in order that the 

picosecond timescale could be investigated.
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4.4.4 Conclusion

The results obtained during the study of the biomimetic Triad are a good example of 

the 'real life' process whereby transient spectra are recorded and interpreted. Initial results 

showed that sample degradation was occurring. The cause o f sample degradation was 

established by control experiments with ZnTPP, a molecule which had been characterised 

with this equipment, and the experimental conditions of the Triad investigation were 

appropriately improved. The Triad results finally obtained form an excellent series of 

transient spectra with high signal to noise attested to by the near isosbestic point at 520nm. 

Because of the low level of transient absorption at 600nm associated with the species that 

we have identified it is possibly that earlier experiments were conducted on samples in the 

same chemical state. The fact that yields of up to 25% for C+ have been measured might 

imply that the quantum yield in intact Triads is significantly higher.

The generation of radicals within CH2CI2 .and the subsequent destruction of the 

sample, are an effective reminder o f the intense peak powers associated with picosecond 

pump pulses. In nanosecond flash photolysis peak powers are reduced by a factor of 

approximately 1000 for the same pulse energy and it is therefore possibly to excite 90% 

and more of a sample without worrying about such non-linear effects. In picosecond flash 

photolysis this is no longer the case, even in a relatively stable solvent Self-focussing and 

filamentation will rapidly distort experimental results and therefore the maximum transient 

absorption signal obtainable with this type of equipment will always be lower than is 

achievable on a longer timescale.

4.5 CONCLUSION
This Chapter has reported on a series o f experiments during which the equipment 

evolved from an untried research project into a powerful tool for determining the behaviour 

of photochemical systems. The interpretation of spectra requires practice, there is a great 

deal of information in each spectrum and additionally in a series of spectra. The results 

presented here have been judged on the criteria discussed in section 4.2 and they can all act 

as good examples o f the sorts of noise which have been identified.

The investigation of the Triad relied heavily upon the experiments which had been 

conducted previously in our laboratory and abroad. Our knowledge of porphyrin transient 

spectra helped us to identify the nature of the reactions occurring when the results appeared 

to be at odds with those obtained elsewhere. However, once Dr. Gust returned to the
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United States it became clear that our limited knowledge of the Triad systems meant that we 

could no longer ensure the chemical integrity of the sample. We felt that this depth of 

knowledge was a vital part of any successful research project and that the departure of Dr. 

Gust significantly reduced our ability to effectively study such a delicate chemical system. 

We were therefore fortunate to be joined by Dr.Linda Giorgi. who was experienced in 

preparing and characterising natural photosynthetic systems and we resolved to end our 

investigations of the artificial photosynthetic systems in favour of studying such samples.
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CHAPTERS

5.1 INTRODUCTION
As detailed in Chapter One, the recent advances in the study of photosynthetic 

bacterial reaction centres, both in transient absorption spectra and crystallographic 

structure, have greatly improved our understanding of natural photosynthetic systems. We 

were interested in obtaining transient absorption spectra of the higher plant reaction centres, 

in order to gain similar information concerning the nature of the chemical species present 

and the timescale over which primary charge separation occurs. The experiments were 

conducted on Photosystem One (PS1) reaction centres. The structure of the PS1 reaction 

centre, its known constituents and its associated protein components are shown in Figure

5.1.

5.2 THE PS1 COMPLEX
PS 1 is one o f the five major pigment protein complexes within the thylakoid 

membrane of green plant chloroplasts. From freeze fracture studies it has been established 

that the native PS1 complex has a diameter o f about 10.6nm [J.E.Mullet et al., 1980] and 

the molecular weight o f the whole complex is thought to be in excess of 800kDa 

[R.G.Hiller and D.J.Goodchild, 1981]. For plants grown under normal lighting 

conditions, as were all the starting materials for the samples used in these experiments, the 

PS1 complex contains 150-200 chlorophyll molecules [B.Anderson, 1980] and it has been 

found that there is no difference between PS1 reaction centres prepared from a wide range 

of different higher plants [LL.Thomber, 1975]. Each complex contains a reaction centre 

which has a molecular weight of approximately 60kDa. Closely associated with this are at 

least five further polypeptides. The precise function of these polypeptides is not fully 

understood but it is clear that they are essential to the natural activity of PS1 and it is 

believed that they contain some o f the electron acceptors and some of the antenna 

chlorophyll molecules. Together, the reaction centre and associated polypeptides form the 

reaction centre core o f the photosystem with a combined weight o f approximately 120kDa, 

see Figure 5.1 The reaction centre is served by a light harvesting antenna protein 

containing 100-150 chlorophyll molecules which can be separated into two components. 

By treating natural complexes with suitable detergents [R.Malkin et al., 1984] it is possible
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F ig u re  5 .1 S tru cture and C om ponents o f  P h otoS ystem  O ne (PS1).

PS1 lies within the Thylakoid membrane and serves to oxidise 

Plastocyanin (PC) and reduce Ferredoxin (Fd) follow ing  

photoexcitation. The Light Harvesting Complexes (L H C -la and 

LH C-lb) absorb radiation and transfer the energy to the reaction 

centre special pair P700. Charge separation and electrontransfer 

then occur involving A0, A j, A 2 and the iron sulphur centres 

(Fe-S) A and B, see text for details.
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to isolate an outer antenna system containing 50-100 chlorophylls, called the Light 

Harvesting Complex - lb (LHC-lb). LHC-lb has a chlorophyll-a (chl-a) to chlorophyll-b 

(chl-b) ratio of approximately 3.5:1 and a molecular weight of 20kDa. It has a maximal 

absorption, in the Q-bands of the chlorophylls, at 667nm and fluoresces at low temperature 

(77K) at 730nm. A second antenna protein, LHC-la, containing 50 chl-a molecules and 

no chl-b molecules, can also be removed. LHC-la and LHC-lb essentially form the 

external light harvesting antenna chlorophylls. The remaining 40 chlorophyll molecules 

which are all chl-a molecules, act as an inner light harvesting array for the photodriven 

charge separation.

During the course of the experiments described below PS1 complexes obtained by 

two different preparations were used. PS 1 complexes were prepared initially with LHC- 

lb removed but with LHC-la and the inner array of 40 chl-a molecules intact Later 

experiments were conducted on PS1 complexes in which both LHC-lb and the LHC-la 

had been removed, leaving only the inner chl-a array. From these figures one might expect 

that a simple shorthand notation for these complexes would be PS 1-90 and PS 1-40, 

respectively. In fact the shorthand adopted during these experiments was PS1-100 and 

PS 1-50 and this should be taken as an indication of the precision ascribable to the above 

figures for the make up of the PS1 complex.

52.1 A Photodriven Plastocyanin-Ferredoxin Oxidoreductase

The overall function of the natural PS1 complex is to act as a photodriven 

plastocyanin-ferredoxin oxidoreductase. That is to say, photodriven charge separation 

within the PS1 complex leaves an oxidised primary electron donor which reacts with the 

plastocyanin pool on the inside of the thylakoid membrane, and a reduced electron acceptor 

which reacts with ferredoxin on the outside o f the thylakoid membrane. The internal 

structure o f the reaction centre is not perfectly understood but the following sequence of 

molecules is believed to be present:

40 chl-a —-  P 700----Ao —-  A i ------A2 ------P430

where P700 is believed to be a chl-a special pair [L.L.Shipman et al., 1976], analogous to 

the bacterial chlorophyll special pair discussed in Chapter One. No crystallographic 

evidence exists to support this assignment, however, and it has been suggested that P700
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might be a monomeric chlorinated derivative of chl-a [M.R.Wasielewski et al., 1981]. Ao 

is believed to be a chl-a monomer [J.Bonnerjea and M.C.W.Evans, 1982], Ai a quinone 

species [P.Setif et al., 1984] and A2 is an iron-sulphur centre similar to the two iron- 

sulphur centres which make up the final electron acceptor P430 [R.Malkin, 1982]. 

Picosecond, nanosecond and microsecond flash photolysis experiments have established 

that, following excitation of the antenna chlorophylls, in either LHC-la or LHC-lb, the 

energy is rapidly transferred to the P700 which undergoes photo-oxidation to P700+ within 

30ps [M.D.Il'lina et al., 1984]. The transfer of the electron from Ai to A2 occurs with a 

lifetime of 200ps [V.A.Shuvalov et al., 1979] and that from A2 to P430 occurs with a 

lifetime of 170ns [R.Malkin, 1982]. In both PS 1-100 and PS 1-50 the back reaction, i.e. 

the oxidation of P430- and reduction of P700+, occurs with a lifetime of 45ms.

5 2 2  Experimental Aims

The aim of this series of experiments was to attempt to follow the transfer o f energy 

from the antenna chlorophyll molecules to P700. Additionally, it was possible that Ao 

would produce a significant transient absorption signal such that its chemical nature could 

be determined more clearly. Any improvement in the knowledge of the rates of energy and 

electron transfer within PS1 would prove very useful to an understanding o f the 

mechanism of highly efficient charge separation within reaction centres. A measurement of 

the ground state absorption maximum of Aq would help comparisons between the PS1 

reaction centre structure and the more thoroughly characterised bacterial reaction centre 

systems.

By studying PS1 reaction centres under different redox conditions, with P700 

chemically oxidised or chemically reduced in the dark, it was hoped to distinguish between 

transient absorption signals due to the antenna system and those due to the photo-oxidation 

of P700.

5.3 PS1-100
The initial series o f experiments were performed on PS1 reaction centre complexes 

which had been prepared so as to remove only the LHC-lb. This meant that the reaction 

centre contained approximately 100 chlorophyll molecules and therefore the maximum 

bleach o f the P700 ground state that could be expected was of the order of 2% of the PS1- 

100 chlorophyll absorption peak at 675nm, see Figure 5.2. Samples were prepared with
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Figure 5.2 PS1-100 Ground State Absorption Spectrum

an optical density o f 1.4 at 675nm in a 1cm c e ll . We might therefore expect to see P700 

signals as large as 0.03AO.D., but in fact steady-state measurements performed at Imperial 

College showed that the maximum P700 signal obtainable was only 0.02AO.D.

53.1 Experimental Conditions

The samples were prepared by Dr.L.Giorgi, with the assistance of Professor

J.Barber's research group at Imperial College, from pea chloroplasts according to methods 

described elsewhere [J.E.Mullet et al., 1980]. In all the experiments the reaction centres 

were suspended in a medium containing lOOmM sucrose, 5mM NaCl, lOmM M gC l2 and 

lOmM phosphate buffer, pH 7.4, at a chlorophyll concentration of 25|iM. Ferricyanide 

(ImM ) was added to chemically oxidise, and ascorbate (4mM) plus 2,6- 

dichlorophenolindophenol (0.3mM) was added to chemically reduce, P700 in the dark.

The experimental apparatus constituted a single beam spectrograph with the vidicon 

camera scanning just a single track of 500 channels over the spectral region 645nm to 

785nm. The computer used was the Tuscan Trans-Am and the data was collected as
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Figure 5.3a Transient Absorption Spectra of PS1-100.
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Figure 5.3b Transient Absorption Spectra of PS1-100.
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described in Chapter Four. Pump pulse energies were approximately lOOpJ per pulse at 

600nm. These pulses were focussed to give a spot size of approximately 2mm in diameter 

within the cell. All of the transient absorption spectra reproduced in this section are the 

average of 1600 spectra . To check for photodegradation of the samples, ground state 

absorption spectra were regularly performed before and after experimental runs. At no time 

was there any evidence of sample degradation due to irradiation from either transient or 

ground state absorption spectroscopy. The samples were stirred continuously by a 

magnetic follower in order to ensure relaxation of the irradiated volume between laser 

shots. Excitation at 600nm excited the vibrational levels of the chl-a Q bands.

5 3 2  Experimental Results and Discussion

The experimental results shown in Figure 5.3 show a series of results obtained with 

pump-probe pulse delays o f -lOps to 3ns. At each time delay two spectra are plotted, the 

dashed line is for P700 chemically oxidised in the dark and the solid line is for P700 

chemically reduced in the dark. Two major spectral features are immediately apparent, one 

bleach at 680nm and another at 700nm. The first is significantly larger, reaching

0.08AO.D. immediately after excitation; the second is somewhat masked by the 680nm 

bleach at early times but at later times gives a bleach of 0.02AO.D. The size of the 680nm 

bleach is unaffected by the redox state of P700 and occurs slightly to the red of the ground 

state absorption maximum of the antenna chlorophyll molecules. It can therefore be 

attributed to the excitation of antenna system chlorophylls. The 700nm bleach does not 

occur when P700 is chemically oxidised in the dark and can therefore be attributed to the 

photo-oxidation of P700.

A kinetic plot of the absorption change at 680nm, Figure 5.4a, shows the decay of 

the bleach to be clearly bi-phasic for both chemically oxidised and chemically reduced 

samples. Detailed analysis o f these few results is not very accurate but the short non* 

monoexponential component has a lifetime of approximately 50ps whereas the long 

component may be a single exponential decay with a lifetime of between 1 and 2ns. The 

kinetic plot of the absorption change at 700nm, Figure 5.4b, shows an initial decay of the 

bleach, in both chemically oxidised and reduced samples, with a lifetime o f approximately 

150ps. Any difference in the kinetics of the chemically oxidised and chemically reduced 

samples is not measurable at 680nm, whilst at 700nm, a plot of the differences between the 

two spectra (reduced-oxidised) shows a small contribution o f the 150ps decay component
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and an effectively constant bleach o f 0.02AO.D.

In order to interpret the results presented in Figures 5.3 and 5.4 it is necessary to 

estimate the number of photons absorbed by each antenna system. This can be done in a 

number of ways, two of which will be considered here. One method is to use the initial 

size of the bleach at 680 nm and a second method is to use P700 yield.

The initial size of the bleach at 680nm as a fraction of the ground state absorption 

maximum was considered first. Although this method may seem straightforward the 

calculation is, in fact, complicated by the occurrence of stimulated emission. The earlier 

experiments on model photosynthetic systems had been performed in the region 435- 

575nm and any emission from the sample was to the red of this region. In the PS1 

experiments described here we were monitoring in a spectral region where fluorescence 

from the sample would occur. Fluorescence does not effect these results however, for two 

reasons. Firstly, the optical layout o f the sample cell means that only the probe beam is 

efficiently coupled into the spectrograph, compared to less than 1% of fluorescence. 

Secondly, the measurement of a pumped background signal which is subtracted from the 

pumped continuum signal, ensures that any fluorescence does not affect the final calculated 

spectra. Despite this, emission can and does occur in a way that affects the transient 

absorption spectra and this is because the probe pulse measures the stimulated transition 

cross section of the sample.

For ground state molecules the only stimulated transitions that may occur are
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stimulated absorptions. For lowest energy triplet state molecules,this remains true because 

triplet-triplet and not triplet-singlet transitions are allowed by spin conservation rules. For 

molecules in the first excited singlet state this is no longer the case: stimulated absorption 

transitions occur from Si to Sn , but .additionally, stimulated emission from Si to So will 

also occur. It is therefore not possible to measure the absorption spectrum of an excited 

singlet state molecule without the presence of the ’emission* spectrum in the data. This 

’emission’ spectrum is not equal to the fluorescence spectrum but is weighted by a factor 

proportional to A.3 (since it is a stimulated rather than spontaneous process). Over the 

wavelength range of our experiments this is not a large correction and it is possible, in 

theory, to calculate the contribution from the fluorescence spectrum of the sample. 

However, intact PS1 samples have fluorescence quantum yields near zero and fluorescence 

from residual free chlorophyll, left by the preparation technique, is all that can be accurately 

measured on a standard fluorescence spectrophotometer. An estimate of the intact PS I 

fluorescence spectrum can be obtained if it is assumed that relaxation of the excited singlet 

state does not significantly alter the transition cross sections from Si to So. It would then 

be expected that the fluorescence and stimulated emission spectra o f the antenna 

chlorophylls resemble a mirror image of the ground state absorption spectrum. This is 

indeed the case for chlorophyll in free solution and the very small Stokes shift of 

fluorescence, less than 5nm, confirms that the ground state absorption spectrum, reversed 

in wavelength and shifted to the red by a few nanometers represents a good approximation 

of the stimulated emission spectrum. The problem is that we do not know the appropriate 

Stokes shift for antenna chlorophylls and estimating the Stokes shift by measurement of the 

width of the transient bleach in comparison with the width of the ground state peak is of 

very low accuracy. In order to obtain some estimate for the fractional excitation of the 

antenna chlorophylls, the very approximate assumption that the stimulated emission peak 

is of the same size as the ground state absorption peak and that the Stokes shift is zero can 

be made. This leads to the conclusion that at t = 50ps the true ground state bleach is only

0.05AO.D. and that the fractional antenna excitation is therefore approximately (0.05/j 4) 

=0.03, meaning that on average 3% of the antenna chlorophylls are excited. There are 100 

chlorophylls in PS 1-100 and therefore we would conclude that there are an average of 3 

excitations per antenna system.

The second method for estimating the proportion of excited antenna chlorophylls 

which are excited is to calculate the fraction of P700 molecules which receive excitation and
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to assume a simple Poisson distribution of excitation between antenna systems. If we 

assume that the probability of an antenna system absorbing n photons, P(n), is given by

P(n) = e'M M° 
n!

{5.1}

where M is the mean number of excitations within the antenna, then it can be shown that 

the fraction of antenna systems absorbing one or more photons is given by

Assuming that an antenna system which absorbs one or more photons will lead to the 

excitation o f its associated P700, then a knowledge o f the fraction of P700 molecules 

excited will give us P(> 1) and allow us to calculate M. The P700 bleach was 

approximately 0.015AO.D. which corresponds to about 75% o f the possible maximum as 

determined by steady-state absorption. From this value the average number of excitations, 

M, given by Equation {5.2} is approximately 1.4. From Equation {5.1} it can be shown 

that approximately 25% of antenna systems are not excited, 35% absorb one photon and 

40% absorb 2 or more photons.

It is quite clear that the two, very approximate, methods used here for estimating the 

degree of antenna excitation, disagree by a factor of two. This apparent disagreement can 

be rationalised, if the fate of multiple excitations is considered. Energy migration within 

antenna systems is extremely rapid and exciton-exciton interaction and annihilation will 

occur if more than one photon is absorbed by an individual antenna system. Exciton- 

exciton annihilation can be of the form singlet-singlet, singlet-triplet, or triplet-triplet 

[A.J.Campillo et al, 1976; D.Manser, 1976; N.E.Geacintov et al., 1977], In the antenna 

system it is most likely that singlet-singlet annihilation occurs and this can lead to the 

formation of both singlet and triplet species depending on the relative spin orientation of the 

original exciton pair. Annihilation which quenches only one exciton but leaves the other 

will not affect the final P700 yield. Annihilation which quenches both excitons, either to 

the ground state or leaving one in the triplet state, will prevent subsequent excitation of

oo

{5.2}
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P700. Determining the extent o f bi-excitonic quenching to the ground state is not simple, 

however it is possible to detect the presence of triplet chlorophyll.

Triplet chlorophyll is normally a very long-lived species but, in the antenna system, 

the presence of carotenoid molecules ensures that it is efficiently quenched, c.f. the results 

obtained with the biomimetic Triad in Chapter Four. If triplet state molecules were being 

formed, one would expect the antenna bleach to shift to the blue as the additional bleach 

due to the Stokes-shifted stimulated emission from the singlet state disappeared. A slight 

shift is observed in the 680nm signal at later times, (see Figure 5.3 ), and it was decided 

that the long-lived, l -2ns component o f the decay could be attributed to triplet state 

chlorophyll molecules in the antenna. This interpretation was supported by some tentative 

results which indicated that the size of the long-lived 'triplet' component was not linearly 

dependent upon pumping power but rose steeply once a majority of P700 molecules were 

being excited. The rapid, non-exponential, initial decay rate is therefore possibly due to the 

initial exciton-exciton annihilation occurring within the antenna systems. This rapid 

quenching of multiple excitations provides an explanation for the difference between the 

two estimates for the percentage o f excited chlorophylls. We have considered the fate of 

bi-excitonic interactions and seen that certain quenching mechanisms can remove both from 

the antenna, therefore, calculating the degree of antenna excitation from the P700 yield is 

prone to underestimating the number of multiple excitations. Neither antenna bleach nor 

P700 yield methods provide highly accurate measurements of the true degree o f antenna 

excitation but it is clear that multiple excitations are occurring and that this leads to bi- 

excitonic, and higher order exciton-exciton interactions. Whilst all of these processes are 

of significant interest to photochemists they were not the intended topic o f research for this 

Thesis. Furthermore, they are not the processes of prime interest in natural photosynthesis 

where excitation levels are many orders o f magnitude lower than those used here and 

exciton-exciton interactions are exceedingly rare. Our principle aim, on discovering their 

involvement in the results, was to eliminate their existence in future experiments.

5 3 3  Conclusions

The results presented here on PS 1-100 complexes were the first conducted with the 

apparatus set to probe to the red o f the pump pulse. It is evident that fluorescence from the 

sample is not a significant problem, the -lOps spectrum showing very little noise other than 

at about 785nm due to the first Stokes shifted Raman line of water, from the continuum
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cell. The added feature of stimulated emission was discovered during these experiments 

and it is clearly a mechanism whereby the 'bleach' due to a singlet state may be 

distinguished from that of a triplet The behaviour of just such a stimulated emission band 

has been used in recent bacterial reaction centre studies where the decay of the excited 

special pair, P*, to form P+, has been followed [M.Becker et al., 1986], In this particular 

case a large Stokes shift in the P* emission has made it possible for the P* emission to be 

monitored separately from the ground state bleach.

The results presented here indicate that there is significant overpumping of the 

antenna systems and this leads to a number o f complex decay processes. The extent of 

multiple excitation also means that it is not possible to accurately monitor the grow in of the 

P700 bleach. The aim of subsequent experimentation was to repeat these studies under the 

following improved conditions.

(a) Lower excitation.
Pump pulse power should be reduced so that multiple excitation does not distort the 

decay of the antenna bleach due to energy transfer to P700.

(b) Higher Signal Sensitivity,
Although the results show reasonable signal to noise, it is apparent that channel 

correlated noise is present, as well as offset If detailed comparisons are to be made 

between chemically oxidised and chemically reduced samples this channel 

correlated noise and offset would have to be lowered significantly.

(c) Earlier Times,
These results have shown that after 200ps the energy transfer from antenna to P700 

is essentially complete. If reduced pumping intensity stops the production o f triplet 

state chlorophylls then we may concentrate on the energy transfer process in the 

first 400ps.

(d) Faster Data Acquisition,
Each spectrum recorded for the PS 1-100 samples was the result of accumulating 

data from over 3,000 laser shots. Because of the limited capabilities of the Tuscan 

computer, final spectra were only obtained at the end of each day's experiments. 

This was found to be extremely inconvenient and the opportunity to reduce this
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delay was provided by the introduction of the new Sprite computer.

(e) Samples with lower antenna chlorophyll content.
Advances in preparative techniques in Professor Barber’s laboratory at Imperial 

College meant that intact PS1 reaction centre samples could be produced with both 

LHC-lb and LHC-la removed. This meant that antenna systems o f only 40-50 

chlorophylls could be used, immediately doubling the P700 signal for the same 

overall chlorophyll concentration.

5.4 PS 1-50

PS1 reaction centre complexes with 50 antenna chlorophyll per P700 were prepared 

by Dr.Giorgi at Imperial College. Despite the reduction in antenna size the absorption 

spectrum of the sample was not significantly different from that o f PS 1-100, see Figure

5.2. To facilitate making detailed comparisons between the transient absorption bleach and 

the ground state absoiption spectrum, the latter was also measured on the transient 

absorption apparatus. This was done by recording the transmitted continuum intensity of 

the sample and then diluting the solution by a factor of approximately two. By recording 

the transmitted continuum intensity of the diluted sample and taking the ratio of the two 

results we obtained a ground state absorption spectrum, see Figure 5.5, that could be 

directly compared to the transient spectra.

In order to improve experimental conditions as outlined in the last section, the 

introduction o f the Sprite computer was combined with a modification o f the apparatus 

which allowed simultaneous measurement of pumped and unpumped samples. This meant 

that instabilities in the continuum slope and intensity were accurately removed by the 

analysis procedure and that recording time was halved. For the detailed arrangement of the 

optical layout see Chapter Three.

The experimental procedure adopted for the dual beam system involved the 

measurement of the pumped and unpumped continua in a single experiment, each beam 

being imaged onto a separate track on the vidicon camera. Unfortunately it was found that 

differences in the optical components in the two arms o f the spectrograph produced 

negative time spectra that were not flat but included broad features due to the different 

optical losses in each path. Therefore, before each experiment a calibration spectrum had to
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Figure 5.5 Ground State Absorption Spectrum of PS1-50.
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be recorded in order to compensate for this effect Whilst this increased the time needed 

for each experiment it was more than compensated by the time saved in recording pumped 

and unpumped signals simultaneously. The vidicon dark current and the transmitted 

continuum intensities were recorded without pumping and were manipulated as for 

ordinary spectra, see Chapter Four. The resulting 'reference spectrum' was saved in a 

temporary buffer and the transmitted continuum intensities were then measured with 

pumping and manipulated in the same manner. Before converting the pumped relative 

intensity data to transient absorption spectra, the transient spectrum was divided by the 

reference spectrum thereby removing the distortion due to different optical paths. Because 

of the improvements in processing speed, computer graphics facilities and data 

manipulation available with MASSAGE (see Chapter Two), it was possible to monitor the 

transient absorption spectrum as it was being accumulated. We adopted the procedure of 

recording the backgrounds and reference spectrum for several hundred laser shots, the 

transient absorption spectra were then recorded in batches of 200 laser shots, the spectra 

being calculated and displayed between each batch. This procedure allowed us to check the 

improvement in signal to noise ratio as the experiment progressed and to determine the 

number of laser shots required to produce spectra of sufficient quality. Once the desired 

signal to noise level was achieved all experiments were then performed with the same 

number of shots. The results presented here for PS 1-50 are the average o f 2400 laser 

shots.

5.4.1 Experimental Conditions

The PS 1-50 samples were prepared from pea chloroplasts according to methods 

described elsewhere [R.S.Alberte and J.P.Thomber, 1978]. The samples were suspended 

in a medium containing 50mM Tris/HCl, pH8.0, at a chlorophyll concentration o f 25|iM, 

giving an optical density of 1.4, in a 1cm cell, at the absorption maximum (673nm). 

Ferricyanide (ImM) was added to chemically oxidise and ascorbate (4mM) plus 2,6- 

dichlorophenolindophenol (0.3mM) was added to chemically reduce P700 in the dark. As 

in the PS 1-100 experiments all samples were regularly checked by ground state absorption 

spectra for degradation. Despite no evidence of this, in either ground state or transient 

absorption spectra, both sample and reference cells were continuously stirred in order to 

ensure relaxation between laser shots.

The spectral region covered by the vidicon camera was from 625nm to 765nm.
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This is slightly bluer than in the PS 1-100 experiments since we wanted to monitor the 

absorption changes to the blue o f the antenna chlorophyll bleach rather than to the red 

where the previous results had shown little transient absorption. The excitation wavelength 

was the same as for the PS 1-100 samples, 600nm, with a time resolution of 15ps, as 

determined by the rise time of the bleach of malachite green in ethanol solution. This was 

found to be a simple method of judging the temporal resolution for the apparatus, 15ps 

being the 10% to 90% rise time for the bleach and although not of great accuracy, it was 

considered sufficient for a system designed to monitor spectral changes rather than precise 

lifetimes.

5.42 Experimental Results and Discussion

The results obtained from -6.5ps to 270ps are shown in Figure 5.6. Although the 

-6.5ps spectrum is not completely flat this is due to the leading edge of the pump pulse 

overlapping with the probe pulse and not to any long term product formation. Spectra 

recorded at earlier times were found to be featureless but were not recorded to the same 

signal to noise as those reproduced here. The spectra for PS 1-50, at later times, resemble 

those for PS 1-100 but the main bleach, which is associated with the antenna chlorophyll 

molecules, is now centred at 690nm and is of a significantly different shape, having a 

sharper fall in the red than the blue, unlike PS 1-100 which was relatively symmetrical. As 

with the PS 1-100 results, spectra for both chemically oxidised and chemically reduced 

P700 are plotted together and once more it is seen that there is very little difference between 

the antenna chlorophyll signal in either sample. The P700 bleach can be clearly seen after 

20ps but it is not easy to tell from these simple plots whether there is a measurable ’grow 

in’ before this. By 270ps it is clear that the P700 signal has reached a value of 

approximately 0.02 AO.D.and that there is still some residual antenna chlorophyll triplet 

bleach at 680nm. The size of the triplet chlorophyll signal in these experiments, at 270ps, 

is less than 0.01 AO.D. in comparison to 0.025AO.D. in the PS 1-100 results, indicating a 

significant reduction in the multiple excitation of the antenna systems.

The pump power used for these experiments was set by a number of checks for 

overpumping. Firstly, it was found that as the pump power was increased, thereby 

increasing the initial antenna chlorophyll bleach to above 0.1 AO.D., the rise and fall of the 

antenna signal began to follow the temporal profile of the pump pulse, indicating an 

extremely fast relaxation process within the antenna. If the initial antenna signal was below
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Figure 5.6a Transient Absorption spectrum of PS1-50.





Figure 5.6b Transient Absorption spectrum of PS1-50.
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Figure 5.6c Transient Absorption spectrum of PS1-50.
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Figure 5.6d Transient Absorption spectrum of PS1-50.
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Figure 5.6e Transient Absorption spectrum of PS1-50.
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Figure 5.6f Transient Absorption spectrum of PS1-50.
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Figure 5.6g Transient Absorption spectrum of PS1-50.
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O.IAO.D. this rapid decay was not observed and for the results presented here we used a 

pump intensity such that the initial antenna signal was less than 0.04AO.D. Assuming that 

half o f this apparent antenna bleach is due to stimulated emission, this suggests that 

(0.02/j 4 = 0.014) = 1.4% of the antenna chlorophylls have been excited, i.e. 0.7 

excitations per PS 1-50 antenna system. The second check for overpumping was obtained 

from the extent o f the P700 signal. The maximum P700 signal that could be obtained by 

steady-state absorption measurements or under conditions of extreme overpumping, was 

approximately 0.04AO.D. For the results presented here the final P700 signal is only 

0.02AO.D. indicating excitation o f approximately 50% of the reaction centres. By an 

analysis of the Poisson statistics of the antenna excitation, similar to that conducted for the 

PS 1-100 results, from Equation {5.2} it can be shown that under conditions resulting in 

half the P700 being excited the mean antenna excitation, M, is 0.7. From Equation {5.1} it 

can be shown that 50% of the antenna systems are not excited, 35% absorb a single photon 

and only 15% absorb more than one photon. It is clear that by reducing the degree of 

excitation the disagreement between these two methods o f estimating the proportion of 

excited antenna chlorophylls has been removed. Because of these checks on the excitation 

conditions we believe that the spectra obtained for these PS 1-50 samples are not 

significantly distorted by features due to multiple excitation of the antenna systems.

The shape o f the antenna bleach has already been mentioned and it is very useful to 

compare it to the ground state absorption spectrum recorded with the transient absorption 

apparatus, Figure 5.5. It is immediately apparent that the antenna bleach is significantly to 

the red of the ground state absorption maximum although it should be noted that the 

vertical scale appropriate to each spectrum is very different, the ground state absorption 

being 1.40.D., the antenna bleach being 0.04O.D. One possible explanation for the red 

shift of the bleach is that the stimulated emission spectrum of the antenna system is very 

much further to the red of the ground state absorption than that found for chlorophyll in 

free solution. This is possible because the protein complex within which the antenna 

chlorophyll molecules are held might stabilise the excited state and thereby induce an 

increased Stokes shift. The problem with this explanation is that in order to account for 

the shape of the antenna bleach it is necessary to assume that the stimulated emission 

transition cross-section is several times larger than the absorption transition cross-section, 

especially if the contribution to the bleach from the triplets is taken into account. Although 

this is not impossible, it is felt that the simpler and more likely explanation is that there exist
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a number of core antenna chlorophyll molecules which absorb, and emit, to the red of the 

bulk of the antenna chlorophylls. These core chlorophylls would tend to trap excitation 

from the antenna system and might be physically close to the P700 molecule thereby 

facilitating the antenna to P700 energy transfer. This is supported by the evidence of

previous antenna energy transfer studies in the photosynthetic bacterial antenna system of

porphyridium cruentum [G.Porter (1978a); G.Porter et al., (1978b)] which showed four 

spectrally distinct layers of pigment through which excitation passed. Although there is no 

simple progression in the absorption maxima of the LHC-2, LHC-lb, LHC-la and PS 1-50 

antenna systems it is apparent that the ground state absorption maximum o f P700 is 

significantly to the red o f the PS 1-50 antenna chlorophylls. The probability that there exist 

core antenna molecules, intermediate between the bulk antenna and P700, would be 

expected to be quite high and these results appear to provide confirmatory evidence.

A kinetic analysis of the decay of the antenna bleach indicates a lifetime of 

approximately 15ps, Figure 5.7. There is no great precision attributed to this figure 

because there are so few results and it has been obtained by assuming a short single 

exponential decay and it is clear that a small long decay component is present. It is 

probably that this corresponds to the l-2ns decay of the residual triplet antenna. From the 

preceding considerations o f overpumping and possible relaxation within the antenna 

system, this figure should be taken as an indication o f the net rate o f antenna quenching. 

Of more interest is the grow in of the P700 signal and the differences between the spectra
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of chemically oxidised and chemically reduced samples.

In order to check for any time delay between the excitation of the antenna 

chlorophylls and the grow in o f the P700 signal, as well as to see if any transient signal 

from Ao was present, the difference between the reduced and oxidised spectra was 

calculated at each time delay and these are shown in Figure 5. 8. If we first consider the 

spectra from 6.5ps to 270ps, it is clear that there is a significant delay between the antenna 

chlorophyll maximum bleach at Ops, (Figure 5.6), and the subsequent growth of the P7O0 

bleach (Figure 5.8). Despite the much higher level of noise in the difference spectra, it can 

be seen that the P700 signal rises to approximately 50% of its final value after 

approximately 20ps, indicating a l/e time o f about 15ps, in broad agreement with the decay 

of the antenna.

The behaviour of these difference spectra in the region of the antenna bleach is more 

complex. The first point to note, however, is that there is no signal equivalent to the 

antenna chlorophyll bleach. This signal would be seen if the antenna bleach shape was the 

same for both chemically oxidised and chemically reduced samples but simply decayed at 

different rates owing to the different quenching properties o f P700+ and P700. The main 

conclusion is therefore that, to a first approximation, the decay of the antenna excitation is 

unaffected by the redox state of P700. This conclusion is somewhat surprising and will be 

discussed further in the next section. There are two clear differences between the reduced 

and oxidised spectra in the antenna region, mainly in the spectral region between the 

ground state absorption maximum and the P700 signal. Firstly, there is an apparent small 

bleach which can be seen in the 6.5, 13 and 270ps spectra at approximately 685nm. The 

size of this 'signal' is very close to that of the noise level in these spectra and it is not at all 

certain that the bleach is due to the same molecule in all three spectra. The peak in the 

270ps spectrum in commonly measured in steady-state absorption spectra and ascribed to 

P700, however, in these experiments, the relative magnitude of the two peaks is not 

found to be constant. The 685nm bleach at earlier times could be indicative of a transient 

chemical species existing for up to 15ps. The obvious temptation is to assume that this 

bleach is due to Ao or to differences in the core antenna behaviour due to the proximity of 

P700 in the neutral (i.e. reduced) or oxidised state.

A second difference between the oxidised and reduced spectra, far greater in 

magnitude than the 685nm signal, is observed at Ops. As yet no conclusive explanation 

for it has been found, although several possible explanations do exist. It could be a form
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Figure 5.8a Transient Absorption Difference Spectra of PS1-100.





Figure 5.8b Transient Absorption Difference Spectra of PS1-100.





Figure 5.8c Transient Absorption Difference Spectra of PS1-100.





Figure 5.8d Transient Absorption Difference Spectra of PS1-50

of coherent coupling between the pump and probe beams [G.R.Fleming, 1986] since the 

two pulses are overlapped within the sample. This does not explain the rapid change of the 

difference signal from positive to negative at 695nm which is more reminiscent of a 

differential signal, i.e. the differential of the ground state absorption spectrum with respect 

to wavelength. This sort o f signal could be obtained by subtracting the ground state 

absorption from itself, but first shifting the negative signal slightly to the red. This effect 

could be caused by core antenna molecules in the chemically reduced samples initially being 

located next to P700 whereas in the chemically oxidised samples they are next to P70O+. 

This situation would then change as the P700 was photo-oxidised, thereby leading to a 

decay o f this 'shift' spectrum. This explanation does not explain why the 'shift' signal 

disappears so quickly, there being no indication of it at 6.5ps. It therefore seems that a 

process prior to P700 photo-oxidation must be invoked to explain i t  The one remaining 

explanation is overpumping and/or relaxation within the antenna. It has been suggested 

already that the antenna bleach shape is not consistent with homogeneous excitation of the 

antenna molecules and it would therefore not be surprising to find that the shape varied at
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early times. The main problem with this explanation is that there is no simple reason why 

one should expect to see such differences between the reduced and oxidised spectra. All 

three of these explanations are not entirely satisfactory and it is possible that the spectrum is 

the result of a combination of effects. It does however serve as an indication of how 

detailed an interpretation can be made of the results at longer delays.

5.43 Conclusions

The two sets of results presented in this Chapter are complementary in a number of 

respects. The PSMOO results formed the basis of the investigation and provided 

necessary information as to the level of pumping required and the possible methods of 

monitoring overpumping. The general conclusion is that the final P700 signal is the best 

indication of the pumping conditions, although it underestimates excitation at very high 

levels and that 50% excitation of the reaction centre is the upper limit for obtaining spectra 

relatively unaffected by exciton-exciton processes within the antenna. Having said this 

there is no doubt that lower levels of pumping would always be preferred, as this would 

remove the residual triplet signal at 680nm and the relaxation process producing it, 

presumably during the pump pulse itself.

The PS 1-100 spectra allowed us to confirm the behaviour of the samples at long 

times and to identify the spectral features of immediate interest The PS 1-50 spectra are a 

significant advance on the PS 1-100 spectra, mainly as a result of the improved signal to 

noise levels, the reduced antenna signal and the shorter time delays studied. As is common 

with an experimental series such as this, the results provide at least as many questions as 

answers and the PS 1-50 results should be regarded as preliminary to experiments on PS1- 

50 at lower excitation powers with pulse widths o f below lps, and to experiments on intact 

PS1 reaction centres with some further proportion of the antenna system removed.

The positive conclusions that may be derived from these experiments are detailed

below:

1 . There are three principal transient bleaches associated with the picosecond excited

state absorption spectra o f the PS1 reaction centres and their associated antenna 

system:

(a) At 700nm (± lnm) there is a narrow, lOnm Full Width, Half Height 

(FWHH), bleach corresponding to the ground state absorption spectrum of
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P700. A smaller bleach at 685nm (± lnm) may also be associated with the 

P700 signal although its small size relative to the noise of the spectra make 

this identification provisional.

(b) At 690nm there is a broad (30nm FWHH) asymmetrical absorption band 

indicative of the excitation of the antenna system.The bleach is maximal at 

695nm and significantly to the red o f the ground state absorption of the 

antenna, maximum at 675nm (30nm FWHH). Whilst it is possible that this 

observed red shift in the transient bleach is only due to the stimulated 

emission spectrum of the excited state chlorophylls, it is considered more 

likely that apart from the stimulated emission, there is also a contribution 

from relaxation within an inhomogeneously broadened antenna ground 

state absorption, indicative of core antenna sites.

(c) At 675nm there is a small residual bleach at long times(> 250ps) which is 

very similar to the ground state absorption spectrum of the antenna. This is 

assumed to be indicative o f triplet state chlorophyll molecules remaining 

within the antenna system.

2. The lifetimes and relative magnitudes of the three transient bleaches discussed 

in point 1 are dependent upon the pumping intensity used. Under conditions of 

high pumping intensity, the 695nm signal shows a biphasic decay and the yield of 

triplet chlorophyll is high, decaying with a lifetime of between 1 and 2ns. Under 

conditions of low pumping intensity, the yield of triplet is significantly reduced in 

proportion to the 695nm and 700nm signals and it is found that the lifetime of both 

the 695nm antenna signal and the grow in of the P700 signal are between 15 and 

20ps.

3. The determination of the extent to which the antenna systems are being multiply 

excited is best performed by measuring the resultant P700 bleach. The estimate 

obtained from the antenna bleach magnitude involves several assumptions and its 

agreement with the P700 bleach estimate at low excitation is felt to be slightly 

fortuitous. A 50% P700 bleach appears to give very little distortion in the 

observed spectra from 6.5ps onwards, although evidence for transients within the 

pump does exist Ideally experiments should be conducted with as low a pump 

power as possible but this leads to a reduction in signal and therefore in the
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precision o f the details which may be observed

4. Although there are major spectral differences between the antenna bleach of 

chemically reduced and chemically oxidised samples during the pump pulse and 

some indication of smaller features not associated with the P700 bleach up to 20ps 

after the pump, the decay o f the antenna excitation is, to a first approximation, 

unaffected by the redox state of P700.

These are the main conclusions which can be drawn from the PS 1-100 and PS 1-50 results. 

They may be used to guide further experimentation and aid the interpretation of the spectral 

features observed. The secondary features observed suggest a number of areas of research 

which should be concentrated upon.

1. The 'differential shift' spectrum observed in the difference between oxidised and 

reduced spectra at Ops, the apparent existence of core antenna species and the 

closeness o f the observed antenna decay, 15-20ps, to the temporal resolution of 

the apparatus lOps, mean that an improvement in the time resolution o f the 

equipment would allow significant improvement of the results obtained. Also, it 

would then be possible to monitor energy transfer within the antenna which must 

be occurring on a timescale of a few picoseconds or less, and which would be 

expected to appear as a movement of the antenna bleach maximum towards the 

red.

2. If the antenna to P700 energy transfer rate is confirmed to be 15-20ps, and to be 

independent of the redox state of P700, then the question of the mechanism of 

energy transfer should be investigated. It is clear that the efficiency of energy 

transfer from the antenna to P700 is extremely high, approximately 1.4% of 

antenna chlorophylls are initially excited (i.e. 0.7 per P700) and this leads to 

approximately 50% of the P700 molecules being excited when P700 is chemically 

reduced. The rate o f decay o f the antenna excitation is , to a first approximation, 

independent of whether P700 or P700+ exists within the reaction centre. A simple 

Forster energy dipole-dipole transfer mechanism[T.F6rster 1959], which predicts 

that the rate of energy transfer is dependent upon the spectral overlap of the donoi
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emission and acceptor absorption spectra, does not seem  compatible with this data.

3. Generally, a reduction in the antenna size would allow experiments to be 

conducted on the absorption features at present hidden underneath the antenna 

chlorophyll bleach. It is not possible to differentiate between processes occurring 

physically within the antenna and those within the reaction centre involving 

molecules which absorb in the region 670nm to 690nm. By studying PS1 

samples with lower antenna sizes it would be possible to identify the origin of 

these signals and possibly confirm the transient bleach of Ao.

4. The relative slowness in the energy transfer from the antenna to P700 means that it 

is very difficult to observe any signal from P700*, which is expected to have a 

lifetime o f a few picoseconds, prior to the formation o f P700+.In order to measure 

the rate of primary charge separation it will be necessary to combine better time 

resolution with PS1 particles with no antenna system at all. This would allow 

direct excitation of P700, without any complications due to possible reverse 

energy transfer to the core antenna, and by following the decay o f the P700 

stimulated emission peak, the lifetime of P700* could be determined.

Overall the results obtained with PS 1 reaction centres suggest that we are in a similar 

position as bacterial reaction centre studies were several years ago. It is clear that a 

sequence of energy and electron transfer reactions is occurring, initially on a picosecond 

and possibly sub picosecond timescale. The results presented here allow us to fill in 

several of the detailed figures missing from our model of the reaction centre sequence and 

kinetics, and future experiments on PS 1-50 samples will serve hopefully to confirm these 

results. Improvements in experimental techniques would now make it possible to repeat 

these experiments with a time resolution o f lOOfs and with signal to noise ratios improved 

by a factor of 10 (see Chapter Six), however, the results would still have to be interpreted 

on the basis of an incomplete model of the reaction centre structure. Once reaction centres 

free of antenna molecules can be prepared and crystallographic measurements provide a 

physical picture of the reaction centre constituents, transient absorption spectra will be able 

to contribute valuable information as to the mechanisms of natural photosynthesis, but as 

yet they have left us with as many questions as answers.
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CHAPTER 6

6.1 INTRODUCTION

In this, the final Chapter of this Thesis, it is intended to summarise the major results 

reported in the previous chapters and to place them in the context of results subsequently 

obtained elsewhere and the possible avenues of research to be explored in the future. This 

Chapter is therefore divided into the four major areas that have evolved during the research,

i.e. experimental apparatus, data accumulation and interpretation, artificial photosynthesis 

and natural photosynthesis. In each of these areas there has been, and will continue to be, 

constant progress in the areas and quality o f research that may be performed. It is hoped 

that some of the experience gained during the study for this Thesis may be translated into 

advice for the direction in which research could now proceed. Many of the suggestions 

that are made are a consequence o f results obtained in other laboratories and some as a 

consequence of the results presented in this Thesis, but all of the suggestions are made in 

the light of the overall experience gained during the study for this Thesis. This experience 

of equipment, theory, results and techniques is extremely difficult to pass onto the other 

workers in the field but it is hoped that the choice of points made and the validity, or not, of 

the arguments used, will help to indicate what I have come to regard as the most important 

elements of modem picosecond transient absorption spectroscopy.

6.2 EXPERIMENTAL APPARATUS

The complete experimental apparatus, detailed in Chapter Three, and used to record 

all of the transient absorption results presented in this Thesis, was designed and developed 

along conventional flash photolysis lines [G.Porter, 1950]. We have successfully 

incorporated a number of modem techniques into the system in order to improve the overall 

performance. Despite this the equipment should regarded as a part o f the research 

programme. Due to continuing improvements it remains an experimental system today. 

The most important developments which were incorporated during this Thesis were the 

amplification of the picosecond dye laser output to generate both pump and probe beams 

and the use of the vidicon camera and microcomputer to record the spectra. A significant 

proportion of the research time was spent on the equipment, as opposed to with it, but it is 

clear from the results presented in Chapters Four and Five that the equipment can now
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produce spectra with noise as low as 0.001 AO.D. and that this level of sensitivity has been 

demonstrated both to the red and to the blue of the pump wavelength. Throughout the 

optical spectrum categories o f spurious signal have been identified and from an 

understanding of the sources of this 'noise' the apparatus has been steadily developed. The 

transient absorption spectra of PS 1-50, presented in Chapter Five, are a good indication of 

the best results now obtainable with the apparatus. It is clearly now a proven piece of 

equipment and this level o f performance would allow many years of fruitful research. A 

system could now be constructed as a simple copy o f this apparatus with a high probability 

of operational success. There have, however, been a number of lessons learnt with the 

equipment and a number o f developments in laser, optical and computer technologies, 

which together suggest lines of development for the future.

6.2.1 The Future

There have been significant improvements in most of the areas of the experimental 

apparatus and we will look at some of these by reviewing how they affect the four major 

sections of the apparatus; the primary optical pulse, the amplifier chain, continuum 

generation and data accumulation and analysis. Because the advances in computer 

technologies have been so great the last o f these categories will be dealt with under a 

separate section.

The three major properties of the primary optical pulse are its duration, energy and 

wavelength, although the ease of generation is an important consideration.

The pulse durations routinely available from Argon ion pumped dye lasers, either 

as colliding pulse mode-locked (CPM) lasers [R.L.Fork, et al., 1981] or hybridly mode- 

locked lasers [J.C.Diels et al., 1986; J.P.Ryan, et al., 1978] are now in the region of 50- 

500fs with pulse energies from 0.1-InJ. Both types of lasers are effectively untunable but 

give an output wavelength around 690nm, fixed by the operating parameters of the laser. 

Commercial continuous wave (CW) mode-locked Nd'.YAG lasers are now available 

which can be used to synchronously-pump a dye laser. [G.Mourou and T.Sizer, 1982; 

JJM.Clemens, et al., 1983]. The dye laser can be operated either in a conventionally or 

hybridly mode-locked configuration and, as with Ar+ pumping, recent results suggest that 

dispersion compensated cavities will in the future make femtosecond pulse generation 

relatively routine [M.D.Dawson, et al., 1986]. One effect of using a CW mode-locked 

Nd:YAG laser is that the residual 1060nm pulse train, which has not been frequency
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doubled, can be used to 'seed' a regenerative amplifier to produce the pump pulse for the 

amplifier chain [K.J.Choi and M.R.Topp, 1980, 1981]. In the current apparatus a Q- 

switched Nd:YAG laser is used to produce 7ns pulses which are frequency doubled to 

532nm in order to pump the amplifier chain. A number of regenerative amplifiers have 

now been demonstrated and the advantages of 70ps pulses, by amplifying a mode-locked 

pulse, established [T.Sizer et al., 1983; I.N.Duling et al., 1985]. Firstly, frequency 

doubling is more efficient owing to the higher peak powers, secondly, amplifier efficiency 

is improved owing to the better temporal overlap between the pump and amplified pulses 

and thirdly, the pump pulse automatically has a fixed time relationship to the dye laser 

pulse. These advantages mean that the power of the Nd:YAG laser can be reduced and that 

high speed synchronisation electronics is unnecessary. Unfortunately commercial 

regenerative amplifiers are not currently available and they must be custom built

Alternate amplifier pump sources, using conventional synchronisation, remain Q- 

switched Nd:YAG lasers which are now more reliable and offer repetition rates up to 

50Hz. This increase in repetition can be an advantage, beyond the simple increase in 

experiment rate, because of the increased ease of system alignment above 10Hz. The 

copper vapour laser is also now commercially available operating at over 1000Hz and 

whilst this might seem attractive the problems o f power dissipation, sample relaxation and 

synchronisation suggest that this laser is more suitable for gains in the region o f a few 

thousand and not hundreds of thousands [D.B.McDonald and C.D.Jonah, 1984]. In 

terms o f amplifier chain design the main problem for future systems will be optical 

dispersion [R.L.Fork et al., 1982b]. The relatively long optical path through the amplifiers 

causes significant dispersion o f sub-picosecond pulses and a number o f novel amplifier 

designs have been suggested to reduce the effects [O.Seddiki et al., 1986]. The problem 

is probably more easily solved by the use o f negative dispersion elements [E.B.Treacy, 

1969]. These generally comprise two or more diffraction gratings or prisms which 

together introduce anomalous, or negative, optical dispersion into the beam. This can be 

used to compensate for the normal dispersion due to all o f the optical elements of the 

apparatus and should probably be incorporated in future systems irrespective of amplifier 

design.

A major influence on future amplifier design will probably be the reduction in the 

total gain required. This is mainly due to the increased overall sensitivity available owing 

to the shorter pulses and how these affect the quality of continuum generation. The
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continuum generated by sub-picosecond pulses has been found to be more stable and less 

effected by optical breakdown than that used in this Thesis. This means that lower 

amplified pulse energies are required and many systems are now able to generate continua 

in a thin (0.1 mm) jet of ethylene glycol. The improved stability means that even with a 

single beam spectroscope arrangement of the apparatus signal sensitivity can be raised by at 

least 10 allowing detection of smaller transient populations. Each of these factors means 

that the pulse energy requirements of the apparatus have been reduced and it would now be 

possible to build a transient absorption spectroscope giving lOOfs time resolution and 

signal resolution as low as 10-4 AO.D. with amplified pulse energies as low as lOOpJ.

One problem encountered with relatively low repetition rate (<10 Hz) apparatus is 

in determining the true time resolution of the system. It is possible to use rapid scanning 

auto-correlation of the dye laser output [K.L.Sala et al., 1980; D.B.McDonald et al., 

1981], however the lower repetition rate of the amplified beam this is less convenient and 

does not give information about the true pump-probe cross-correlation. This cross

correlation can be measured [R.L.Fork et al., 1982] but in everyday use the most 

appropriate combination of techniques is rapid scanning auto-correlation of the dye laser 

output and the measurement of the transient absorption of a chemical standard. Chemical 

standards are obviously not ideal as they will always be the subject of research themselves. 

In practice however, the use of Zn-TPP to check the performance of the equipment during 

this Thesis was invaluable and it seems reasonable that this will continue to be the case. If 

the repetition rate of the NdrYAG amplifier pump laser were to be increased to ca. 100Hz 

this would make amplified pulse/continuum auto and cross correlations more practical but it 

would probably only be in systems using 1000Hz Cu-vapour laser pumps that real time 

monitoring of these signals would be possible.

The sample chamber and spectrograph sections of the apparatus have not seen any 

radical changes in design other than single and dual beam operation. In retrospect the 

change to dual beam operation did not yield the long term improvement in signal to noise 

that was hoped for. The level of channel noise was significantly reduced during the change 

to dual beam operation but this was probably mainly due to the synchronisation of the 

Nd:YAG laser and the vidicon camera. From results obtained in other laboratories it would 

now appear that the stability of the continuum produced by sub-picosecond pulses is such 

that measurement of the continuum intensity can be performed once for a subsequent series 

of experiments. Vidicon cameras are still available but if  single track scanning patterns are
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going to be used then their flexible scan facilities are somewhat wasted. The use of diode 

arrays is therefore probably worthwhile nowadays owing to their faster readout, better 

wavelength sensitivity range and price. Alternatively the new charged couple device (CCD) 

cameras offer excellent sensitivity to low light levels, although this is not commonly 

required in transient absorption spectroscopy, very low noise levels and a good spectral 

range. Assuming that the continuum is relatively stable and that the continuum spectral 

intensity can be shaped so that the transmitted continuum intensity does not vary greatly 

across the detector, neither the sensitivity nor the dynamic range of the detector is of very 

great importance. If signal averaging is to provide high resolution spectra, <l(HAO.D., it 

is most important that the detector has very low thermal noise and both diode arrays and 

CCDs provide this characteristic.

6.3 DATA ACQUISITION AND ANALYSIS
The computers used during this Thesis have both represented a significant advance 

in the quality of results which can be obtained with this type of apparatus. The first 

computer used, the Trans-Am, although used as a development system as we discovered 

both what the computer was capable of and what we required, provided easy access to data 

in both graphical and numerical form. The process o f acquiring the data was not 

particularly difficult with either computer although the sacrifice of averaging multiple 

frames was unavoidable. The Sprite computer has been much more powerful mainly 

owing to its improved ease of use and the incorporation of all the software from the Trans* 

Am into MASSAGE on the Sprite. In MASSAGE we have developed a powerful tool for 

examining and analysing data which relate to transient spectra. It was not intended to do 

more but it has been found that the environment of examining data in a flexible graphical 

form with access to a range of analysis commands is quite generally applicable. The range 

of commands required for the analysis of single photon counting data might be different but 

they could undoubtedly be incorporated into MASSAGE relatively easily. In this Thesis 

none of the program code of MASSAGE has been reproduced because so much of its detail 

is dependent upon the computer and language used. Instead it has been attempted to stress 

the basic simplicity of the program structure and code required. The changes 

which occur in the acquisition and analysis of data in future will be governed largely by 

technological advance but it is hoped that the lessons learnt during this Thesis about the 

importance of the operating environment of software will not be forgotten.
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63.1 The Future

Once the experimental results have been recorded and translated into digital signals 

the greatest scope for change arises. The changes occurring in microcomputer technology 

have, and will, significantly alter the nature of transient absorption spectroscopy. Since 

MASSAGE was introduced, graphics and memory capabilities have improved 

significantly, while the raw computing power has altered little. In the near future truly 

parallel multi-tasking computers based on processors such as the Inmos Transputer T414 

and T800 will be available and modem versions of MASSAGE would be able to scan and 

store data, whilst analysing or graphically representing existing, or the accumulating data. 

The quality of modem high resolution graphics terminals (1400 x 1000 points, 64000 

colours) will mean that spectra can be compared on screen with a resolution sufficient to 

compare with hard copy, thus speeding visual data analysis. In terms of computer analysis 

it is clear that the current apparatus has not been used as a precise kinetic measurement 

device. This will probably remain true, transient absorption spectroscopy, as opposed to 

kinetic spectrophotometry, records 500 wavelength data points in each spectrum and yet it 

is unlikely to provide more than 8 or 16 time resolved results. It is quite possible to use 

this sort of apparatus to record monochromatic, time-resolved decays by monochromating 

the continuum and using a photomultiplier or photodiode to monitor the transmitted 

continuum. The relatively low repetition rate of the current apparatus means that sequential 

scanning of time delays is a laborious process and we have invested more effort in trying to 

maximise the quality of the results at each time delay. A computer analysis technique 

which has recently become available, called Global Analysis, will undoubtedly become 

increasingly important in the near future [J.R.Knutson, et al., 1983]. In this method of 

determining the number and lifetimes o f the decay components present in a sample, 

relatively low quality kinetic data is improved by recognising that the kinetics, at all 

wavelengths, are the same but with varying pre-exponential factors. It might not be 

immediately apparent but, in multi-exponential data analysis, it rapidly becomes difficult to 

obtain precise lifetime values as the number of components rise. If, however, a series of 

spectra have been obtained and different lifetimes are the major decay components at 

different wavelengths then by curve fitting the decay, at each wavelength, dramatically 

improved kinetic results can be obtained. For each decay component assumed by the curve 

fitting model, the program will derive a transient spectrum. These spectra would be more 

useful than the precise lifetimes obtained as one would be able to recognise the various
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chemical components present in the sample far more easily. The near future of the 

computing power associated with transient absorption spectroscopy is therefore a mixture 

of simple increases in power as I80386,180387 combination computers with advance disk 

storage and graphics facilities become available and the introduction of fully multiprocessor 

computers incorporating chips such as the T414. The natural progression of MASSAGE is 

towards a multi-tasking environment where all accumulation and analysis facilities are 

available at one time. This development o f the software could occur on any future 

computer although the inherent multitasking nature of multiprocessor computers makes 

them the obvious choice.

6.4 MODEL PHOTOSYNTHESIS
Synthetic chemical systems designed to mimic the various stages of photosynthesis 

can provide valuable information as to how the overall process of natural photosynthesis 

occurs. The results presented in Chapter Four do not constitute a complete or completed 

research project into the Biomimetic Triad developed by Dr.D.Gust et al. The preliminary 

porphyrin results, which were vital to the characterisation of the equipment, naturally led 

on to the investigation of the Triad molecule. A significant amount o f research had been 

previously conducted on the Triad and related molecules in other laboratories and there was 

therefore a strong pressure for our results to ’agree' with the existing results. The initial 

results obtained with optical breakdown occurring within the CH2Cl2 serve as a powerful 

reminder that one should never assume that changing the timescale or solvent for an 

experiment will not radically alter the science involved. Picosecond transient absorption 

spectroscopy involves pump powers 1000 times more intense than nanosecond 

spectroscopy yielding the same size of signals. The initial confusion caused by these 

results seriously shook our confidence in our understanding o f the apparatus. Once the 

optical breakdown had been avoided the apparent disagreement between our results and 

those obtained elsewhere was not easy to reconcile and the final interpretation of the 

results, presented in Chapter Four, was only arrived at after the experiments had been 

completed.

As stated at the beginning o f this section the experiments conducted on the Triad do 

not constitute a complete series. The results obtained in other laboratories on this and other 

molecules have proved vital for an understanding of our results. The results presented in 

Chapter Four are complementary to previous results and although it is not immediately clear 

if the results obtained by us are entirely consistent with those obtained elsewhere, it does
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appear possible that the choice of wavelengths used in earlier experiments could well have 

prevented the detection of the triplet-triplet quenching.

The most important results of our investigation of the Triad have been the lessons it 

provided which could be applied to future research. The importance of having a laboratory 

'standard' or standards which can be used to check that the equipment is operating as 

expected, cannot be over emphasized. The term standard is a dangerous one in that it 

could be seen to imply that the chemical system has a known decay rate or theoretically 

calculated transient spectrum. A laboratory standard is simply a chemical system which is 

known to produce the same results, day in, day out For our research ZnTPP provided 

such a standard and it was not only during the Triad research that we had call to check the 

operation of the apparatus with ZnTPP. The transient absorption spectra of porphyrins, 

which had been looked at before the Triad, also proved useful in that a knowledge of the 

singlet-triplet progression in metalated and free base porphyrin helped in the assignment of 

the bands observed in the Triad. It might appear obvious that a knowledge of the 

components o f a complex system is vital but in systems as complex as the natural 

photosynthetic reaction centre it is not simple to know what components can be 

satisfactorily isolated. With these systems the pivotal role of the porphyrin singles it out as 

the most important element in photosynthesis, while the carotenoid must also be taken into 

account as related compounds undoubtedly provide light harvesting and photoprotection in 

natural systems. The final two lessons to be learnt from the Triad investigations were ones 

of experimental technique. Firstly, the importance o f wavelength-resolved as opposed to 

time-resolved data and secondly, the importance of experience of characterising a complex 

sample. High quality time-resolved data tends to be analysed as one or two exponential 

decay components and this tends to invoke detailed discussion of the precise lifetimes 

obtained. Wavelength resolution may stimulate discussion about chemical species 

associated with each decay but the results obtained elsewhere with the Triad show how 

single wavelength determination of transient absorption is as limited as a single time delay 

transient absorption spectrum. It is very hard to know the optimum wavelength, or time 

delay. Whilst transient absorption spectroscopy can, at present, provide only limited 

kinetic precision it does provide a complete picture o f the changing chemical system. The 

importance of the ability to guarantee your sample integrity cannot be over stated If one is 

obtaining unexpected results there are basically four possible explanations: the apparatus is 

working incorrectly; the operator is working incorrectly; the sample is working incorrectly;
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or the results are truly unexpected. The first two faults are most easily tested for by the use 

of a laboratory standard as explained above. The integrity of the sample is more difficult to 

establish and it seems that there is no substitute for experience o f handling and preparing 

samples and interpreting data such as steady-state absorption and emission spectra. The 

last explanation is the ultimate aim of research.

6.4.1 The Future

There has been little or no subsequent work on the Triad published since our 

investigation. Thus it has not been possible to confirm or deny our interpretation of our 

results. From private communications with Dr. Gust it appears that the apparent need to 

use CH2C12 saturated with Tetra-n-Butyl ammonium tetrafluoroborate (TMABT) severely 

limited the prospects of the Triad being useful. Research into photosynthesis seems to 

have diverged between the natural photosynthetic research and heterogeneous energy 

transfer and charge transfer systems.

Heterogeneous catalysis involving platinum and semiconductor colloids has 

attempted to prevent the charge separation back reaction by stabilising the charge on 

colloidal particles. Platinum, dispersed on the colloid, can then use the stored charge to 

drive the catalytic cleavage of water. This system is not without its own problems but it 

seems to be the current way forward in artificial photosynthesis.

6.5 NATURAL PHOTOSYNTHESIS
The investigation into the transient absorption spectra of the natural photosynthetic 

PhotoSystem One reaction centres was both original and successful. By combining all of 

the results and experience gained in the previous sections we were able to prepare intact 

reaction centres in an either chemically reduced or oxidised state and with either 50 or 100 

antenna chlorophylls per reaction centre. These forms o f the PS1 samples were well 

characterised and we could perform experiments in the near certain knowledge that we were 

investigating a system as close to its natural state as possible. In order to improve the 

sensitivity o f the apparatus a number of modifications were made after the preliminary 

results were obtained with PS 1-100. The optimisation o f the equipment for the 

investigation of PS 1-50 meant that the final spectra were comparable to any transient 

absorption spectra published with equipment of a similar time-resolution and PS 1-50 

results undoubtedly represent the most advanced picosecond transient absorption spectra of
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green plant photosystems published to date. Whilst the results establish approximate 

figures for energy transfer and charge separation kinetics the numbers obtained are very 

close to the resolution of the apparatus. Of greater use, perhaps, is the identification of the 

spectral features observed and this can provide a reference for future investigations.

Since the PS 1-50 results were obtained a report o f a similar series of experiments 

appeared in press [A.M.Nuijs et al., 1986]. The pump pulse for these experiments was a 

frequency-doubled, mode-locked Nd:YAG laser which gave 30ps pulse durations. The 

paper provides results on multiple excitation effects and the decay of the antenna bleach. 

Whilst the multiple excitation results are in broad agreement with ours the paper reports an 

antenna lifetime of 30ps. We do not consider this to be in strong disagreement with our 

results owing to the fact that 30ps (as well as 15-20ps) is well below the time temporal 

sensitivity of their apparatus. Additionally, no evidence is given for the primary absorbing 

species within the antenna, 532nm does not correspond to a strong chlorophyll absorption 

and the paper does not discuss the role of the carotenoid absorption at this wavelength. If 

there is a significant amount of light harvesting being performed by the carotenoid then we 

have no figures for the energy transfer rate to the antenna.

Work has continued, however, in the associated fields of PS2 and the bacterial 

reaction centre. The model of the bacterial reaction centre given in Chapter One has been 

strengthened by subsequent experiments. In the field o f green plant photosynthesis much 

effort has been concentrated on PhotoSystem Two in the last twelve months. It was 

reported last year that the PS2 reaction centre could be isolated intact, with no antenna 

system [O.Nanba and K.Satoh, 1987]. Despite the announcement and intense international 

effort no significant experimental results have appeared. Sadly, it appears that although the 

reaction centre may, initially, be intact it is very susceptible to damage [L.B.Giorgi, 1987]. 

Despite the problems that have been encountered so far it is likely that efforts will continue 

in this area until similar claims for ’naked' PS1 reaction centres are made.

65.1 The Future

The immediate future for the investigation of natural photosynthesis is unclear. For 

the apparatus used during this Thesis I feel that it should be concentrating on improving the 

data already obtained. Section 6.2 details a number of ways in which the time resolution 

and data quality can be improved. When these improvements have been achieved I feel that 

PS500 and PS 1-50 should both be re-examined to provide better kinetic and spectral data
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for antenna quenching and possible relaxation. The PS2 reaction centre does not appear to 

be as stable as hoped and that spectral overlap of its components means that it remains a 

difficult system to study.

6.6 CONCLUSION
In final conclusion it should be emphasized that this Thesis reports the successful 

construction and use of a picosecond transient absorption spectroscope. The use of excited 

state absorption spectra to identify photochemically important species and then to follow 

their concentration has been made for both singlet and triplet species. It is clear that this 

Thesis straddles the disciplines of Physics, Chemistry, Biology and Engineering and it is 

probably apparent that it has been written by a Physicist. In the two chapters dealing at 

length with experimental results the results presented are a small fraction of those recorded. 

Each experiment was performed numerous times so that spectral features and temporal 

characteristics could be determined. The results obtained were new, with the Triad and 

PS 1 results remaining unequalled, and may be used to judge the potential value of the 

apparatus.

As detailed in the preceding sections of this Chapter significant advances have been 

achieved in several areas of experimental technique and investigation, and these guarantee a 

fruitful future for picosecond flash photolysis. This Thesis is the first to be produced from 

research conducted with this equipment and it is intended that future researchers will benefit 

from this report. It is hoped that the steady development of both the apparatus and the 

body of knowledge concerning photosynthetic systems will continue and the expertise of 

the whole research group will be profitably used.

There are innumerable areas in which transient absorption spectroscopy has, is and 

will be used. This Thesis has reported the results of a series of experiments on both natural 

and artificial photosynthetic systems. Whilst it would be difficult to judge the relative 

merits o f all systems under study by flash photolysis I think that, within the field of 

photochemistry, the understanding of natural photosynthesis remains the single most 

important area of research to be studied.
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