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APSTRACT 

Two 11ovcl experiments have been designed to determine 

spectroscopic parameters and distinguish radiationless energy 

transfer mect1anisms using the properties of mode-locked 

lasers. A unique experiment to determine fine and hyperfine 

energy level splittings was designed using the quantum beat 

fluorescence technique with synchronous excitation by a 

mode-locked laser. An intermolecular energy transfer process 

was employed in an experiment which was designed to 

evaluate the energy rates for internal conversion and 

vibrational relaxation in the picosecond domain. 

Towards the implementation of the designed experiments 

a mode-locked c.w. dye laser was designed and constructed. 

The operational characteristics of the laser were determined 

and the laser's ability to perform the designed experiments 

was evaluated. The laser, as designed, required further 

modification to perform the spectroscopic experiment; 

however, the laser was able t? perform the energy transfer 

experiment and gave indications that vibrational relaxation 

is a much faster process tl1an internal conversion, even when 

both processes occur in the picosecond time domain. 
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CHAPTER 1 

Intro cucti o n 

A. De v e lo pm e nts in Short Ti me Interva l 

Exp eri me nt a tion 

Scientific research has taken great stri de s with 

the d ev e lo pe rn ent of instru ments which extend our vision 

into unex p lored regions about which we coulc only 

theori ze. Rese a rch into the domain of the very small in 

size ha s ju mp ed forward with the developement of X-ray 

d evices an d electron microsco pes. Spectrosco py took a 

leap for wa r d in th e develope ment of very narrow bandw i d t~ 

with the develo pe me nt of th e hi gh s pectral density an d 

na rro w ban dwi d th li g ht source called the laser. 

With the develo pe ment of mo d e~locking of lasers 

in 1 9 64 (1) t h e frontier of very fast event measurement s 

has be e n opened . S.L. Sh a piro refere d to the mo d ~ locked 

c. w. dye l a ser as a "su per measuring tool" in his book 

( 2) on p icos e cond techniques and a pplications. Prior to 

this develo pement the measure ment of very fast e vents 

wa s e s sent iall y li mit ed by t he h i gh fr equen c y cutof f of 

semiconductors a nd stra y capacit a nc e s in electronic 

cir c u i tr y . Q-s witch e d l a sers will o per a te in t h e 

na no seco nd d omain but are li mit ed by t h e laser cavity 

-1-
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round trip tine. ~ith the advent of mode-locked organic 

dye lasers, pulses as short as three hun~red fernto8econds 

have been used in experiments studying very fnst processes 

(3). Processes with characteristic times as small as one 

picosecond can be studied directly and even faster events 

can be studied after deconvolution of the effect of the 

pulse width from the signal being studied. 

B. Scope Of This Thesis 

The scope of this report is to detail the 

developement of an experimental study in a heuristic 

form, from its conception, through the instrument 

developement stage and ending with data acquisition. 

This study is not intended to be a theoretical study of 

either the experimental apparatus or the processes which 

are proposed to study. The theoretical discussions which 

are included are intended to shed light on decisions 

made in the design of the experiments. 

c. Outline Of The Following Chapters 

Chapter two includes the description of two 

types of experiments which offer the opportunity to 

determine new information in a unique way. Through 

examination of the processes involved the practicality 

of the experiment is considered and the demands on the 
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experimental apparatus are evaluated. 

The purpose of chapter three is to give back~round 

information about mode-locking, which is required for 

the design of the light source and provide c.n explanation 

of the design options which were chosen. 

Chapter four deals with the develoflllent of the 

experimental apparatus. The problems incurred during the 

developement of the equipment are incluced as well as a 

discussion of outstanding problems of the system. 

The fifth chapter covers the characterization 

of the laser systems discussed in chapters three and 

four. This chapter also includes a discussion of 

diagnostic equipment which would have been useful for 

a more definite characterization of the system. 

Chapter six is a collection of preliminary 

results which are included as proof of the system's 

operational ability and a discussion of the project as 

a whole. 



CHl\PT8R 2 

Backround for proposed experiments 

A. Time Correlated Fluorescence 

a. Precursor Information 

In the pursuit of determining fine and hyperfine 

energy splittings of states in isolated atoms and 

molecules, new techniques are being ernployecl to measure 

previously unmeasureable energy separation. The 

determination of the fine splitting of the nD levels of 

sodium {n=4,5,~, ••• ) is an example of a study which has 

taken stepwise advances with the application of new 

techniques. 

The determination of fine splitting intervals 

of the nD levels of sodiun prior to the developenent of 

the laser was acconplished by interferometry (4) as in 

t h e v/0 r k o f K • F • J\1 e i s s n e r e t. a 1 • { 5 ) • I n t e r v a l s we r e 
to 

determined for n equalA three to six with an accuracy 

of plus or minus fifty megahertz. 

With the develo2ement of the tunable, high 

spectral density light sources (lasers) it became 

possible to produce a detectable signal from two photon 

absorption {6). Through the use of counter propagating 

beans it is possible to greatly reduce the doppler width 

of the transition being studied (7-10) and by this 

-LI-
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t e c hni q ue t he p r e ci s ion o f the f in e s tructure i n tervals 

for n e q ua ls f o ur to s ix were re det e rmine d with an 

incre a se in a ccur a c y hy up to a factor of thirteen, to 

p lus or mi n us thr e e mega hertz. 

Th e next dev e lo pe me nt in t he stud y of th e nD 

st a tes was the application of qu a ntum beat s pectrosco p ic 

tec h ni q ue s. C. Fa bre, S . Haroche a nd their coworkers 

employed a q uantum beating phenomenum to measure the 

fine structur e intervals for n e q uals nine to sixteen. 

The accuracy of their determinations vari ed from one an d 

one ha lf me g ahertz to five hun d re d kilohertz. Further 

stud ies of the states with n e q uals seven an d ei g ht were. 

preclud ed by the bandwidth of the d etection a pparatus. 

Quantu m beat laser spectroscopy has also been 

sucessfully a pp lied to other atoms an d molecules (11-13) 

to determin e z e e man s plitting s an d hyperfine structure 

s plitting s. 

To descri b e the princi p l e s of q uantum beat 

s pectroscopy a three level system a s de p icted in fi g ure 

2 .1 shall be us e d but it shoul d be ke p t in min d that 

the descri pti o n is ex pann ab l e to systems with mor e th a n 

three l e v e l s . 

If th e e n e r g y interval E23 between states two 

a nd t h re e i s withi n th e the ba ndw i d t h o f the de vice use d 

to e xci te th em an d tr a n s ition s from stat e s two an d three 

a r e bot h a llowed , e xcitation of t h is syste m will c a us e 
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the system to be in an excited state which is a coherent 

superposition of states two and three. During the decay 

to the ground state the fluorescent intensity will decay 

exponentially, modulated by the frequency E 23/n. 

Mathematically the fluorescent intensity has the for~ 

I ( t) = I 0 ex p [ -.A t ] [ 1-Ac o s ( E 2 3 t /n ) ] ( 2. 1) 

and appears as in figure 2.2. The convolution theorem 

(14) indicates that by taking the fourier transform of 

the fluorescent intensity a function is produced which 

is the convolution of a lorentzian function, of width 

1, and delta functions loacted at frequencies of zero 

and plus and minus E23 /h. Therefore by recording the 

fluorescent intensity as a function of time it is, in 

principle, possible to determine the energy E23 • The 

above approach is well illustrated in the work of Paisner 

and Ha roche {11) • 

Prior to the developement of laser techniques 

and high speed electronics, quantum beat experiments 

were being performed by researchers such as Corney and 

Series (15), and Dodd et.al. (l!i) using resonance lamps 

and electro-optic modulators. They noticed that the 

modulation of the fluorescence of a cadmium sample went 

through a maximum while the modulation frequency of the 
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exciting light was changed. If it is assumed that the 

quantum beating phenomenom is occuring, as we would 

expect, the fluorescent signal from their sample should 

be the convolution of the input intensity with the 

fluorescence signal from a single pulse excitation, or 

in mathematical form 

I ( t ) = J F ( T ) I ( t -T ) dT (2.?) 

where F(t) is the fluorescent responce function 

I(t) is the exciting light intensity 

The exciting light intensity can be approximated by a 

modulation function of the form 

I(t)=I(O){l-Asin(wit)} (2.3). 

The observed results of this experiment are most easily 

understood by considering the fluorescence intensity in 

the frequency domain. Transforming the temporal intensity 

into the frequency domain produces an intensity which 

is the product of two functions, one being Lorentzian 

functions at v equals 0, w and -wand the other being 

delta functions at v equals 0, WI anG -wi· It is clear 

that e~s w equals WI the modulation of the signal at w 

will be at its maximum. These experiments were limited 
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by the inability of the modulator to function at 

frequencies above 4~2 KHz. and maintain a modulation 

depth of at least one percent. 

b. Experimental Proposal 

It was proposed to construct a device to perform 

energy interval_ determinations.The technique used was a 

modification o~ the quantum beat technique employed by 

Series and Dodd. The modification was to replace the 

exciting light, which they modulated by five percent, 

by a pulsed laser whose greater intensity and modulation 

would increase the experiment's signal to noise ratio. 

The description of a pulsed laser as a modulated 

light source is slightly misleading in that the laser 

source corresponds to an overmodulated system, that is, 

it cannot be represented by the input modulation function 

in equation (2.3). If however the pulse width is small 

conpared to the pulse period, equation (2.2) can be 

rewriten by approximating the input intensity as a comb 

function which simplifies the integral to a summation 

of the form 

I (t; •) =IoL (exp(- t..(t-i•)) [l-1\cos ( w(t-i•))]). (/.L!) 
; ' 

In order to produce a pulse repetition rate 
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which is fast enough to extend the quantum beat 

experiments usin0 single pulse techniques (11-13, 17, 18), 

it is necessary to have pulse separations which are 

comparable to the round trip time 2L/C of typical laser 

cavities or about five nanoseconds. 

Assuming a pulsed laser with the above 

characteristics could be built or bought, computer 

nodeling of the experiment was performed. The ripple on 

the fluorescent intensity signal given in equation 2.2 

was calculated for a nu~ber of values of A , A, w and 

tau. Plots of the ripple and intensity as a function of 

tau were generated to investigate the factors affecting 

the narrowness of the peak in the signal's ripple. The 

model function was modified to include two beat 

frequencies and the beat frequency separation was varied 

to investigate the resolving power of this hypothetical 

experiment. Typical results of the experimental 

simulation are given in figure (2.3). The vertical lines 

in the intensity versus pulse period plot represent the 

maximum and minimum in the fluorescent intensity for a 

given pulse period tau. The ripple was calculated by 

dividing the difference between the maximum and minimum 

signal by the average signal. 

from the computer modeling it was determined 

that peaks disappeared when the lifetime of the states 

approach the beat period. In such cases the natural line 
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wi d th of the lines woul d overla p and r e nde r the lines 

inherently inseperable because of the i mmu ta b ility of 

the natural linewi dth . While t he resolving po we r of the 

experinent is, as would be expected, depen den t upon t he 

lifetime of the states being stud ied , even in a c ase of 

an unusually short lifetine of fifty nanoseconds, peaks 

separated by four percent of their frequency were easily 

resolved . 

B. Stimulate and Probe Technique of Lifeti me 

Determi"nation 

(Ground State Recovery) 

a. Precursor Information 

The nomenclature for describing the energy levels 

in large molecules involves dividing the states of the 

molecule into manifolds according to the potentials with 

which they are related and to the multiplicity of the 

st a tes. This is a natural conseq uence of the separation 

of the systems eigenfunctions into nuclear and electronic 

factors which is refer.re:l to as the Born Oppenheimer 

approximation. The lowest manifold is ysually refer 

to as the ground state and is denoted by a su bscript 0. 

All oth e r rnanifol ~ s are given a subscri p t which re p resents 

an ordering of man ifolds in increasing energy with the 

same multiplicity. For inst a nce, a manifold of singlet 

states with only one other singlet manifold between it 



-13-

an d the g roun d state is called the secono singlet 

manifol d and is abreviated s 2 • S imilarly, the lowest 

tri p let manifold is denoted T1 • A pictorial representation 

of this no me nclature is included in figure 2.4. 

Decay me chanisms can . be cl a ssified by a number 

of their characteristics. A pictorial summary of these 

classifications is also given in figure 2.4. The most 

obvi ous characteristics of a decay are its lifetime and 

whether it emits li ght as part of its decay. Long lived 

decay s a re refere d to as phosphorescence and correspond 

on the microscopic scale to nonallowed transitions 

between states of differing multiplicity, i.e. 

tri ple t-singlet transitions. Phosphorescent decays 

usually have lifetimes of lE-4 seconds or longer. Shorter 

lived decays are referred to as fluorescent and have 

lifetimes of t he order of l E- 8 seconds. The microscopic 

interpretation of fluorescence is that it is generated 

by illowed transitions between states of the same 

mult i pli city , i.e. singlet-single t transitions. Both of 

the above types of mechanisms involve the e mission of 

electromagnetic ra d iation and are hence referredto as 

r ad iative relaxations. 

Anotlte r class of decay mechanisms are those 

whic h do not involve electromagnetic radiation and are 

called ra d iationless p rocesses. This group can be further 

subdivided into groups depend ing on the manifolds between 
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which the relaxation occurs. Decay mechanisms which 

cause a change of energy level within a single manifold 

of states are called vibrational relaxation. Transitions 

which occur between manifolds of differing multiplicity 

are refered to as intersystem crossing. Internal 

conversion is when the molecule moves fron one manifold 

to another without changing its multiplicity. 

A number of d~cay me6hanisms are possible through 

interaction with neighbouring molecules and are referred 

to as intermolecular energy transfer. Of particular 

interest to this work is the dipole-dipole energy 

transfer mechanism. The molecule which loses energy is 

called the donor and the molecule which gains energy is 

refered to as the acceptor. The energy transfer reaction 

can be represented as 

* * D·+A--D+A 

where 

A and D are the acceptor and donor in any state 

* * A and D are the same molecules in states of higher 

energy than A and D 

The energy level diagram for this process is given in 

figure 2.5. The energy is coupled between the molecules 

by the electromagnetic field but does not involve the 

emission of a photon. The range of this interaction can 
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be of the order of tens of nanometers. This process was 

first observed by Carie and Franck in 1927 in a mixture 

of rn~rcury and thalliun vapours (19). Review papers of 

this process have been wr'i ten by nur:1erous workers ( 20-2 2) 

including Forster (23) and, most recently, Kel1og (2~). 

In the study of nonradiative decay processes it 

is useful to examine very fast processes, in order to 

reduce the complicating effects of comp~ting processes 

which are slower. Such studies have been attempted for 

a nunber of multi-benzene ring molecules (25-30) where 

the nonradiative dec~y is dominent, occurs in the 

picosecond domain and is hypothesized to be caused by a 

torsional effect on the benzene rings. B€cause motion 

of the rings is involved, one would expect to see some 

effect of the environment in which the molecule exists, 

most probably through the solvent's viscosity. Experiments 

have been performed on a number of these molecules whose 

structural representation is given in figure 2.~. 

Theoretical studies of the three ring tri-phenyl-methane 

dyes have been carried out by Forster (31) who predicted 

a lifetir:1e with a viscosity dependence varying like n~3 

• The lifetimes of these dyes fall in a range from 

subpicosecond up to about 100 picoseconds in very viscose 

solvents. As a consequence, the experiments are very 

difficult and the interpretation of the results are not 
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as clear cut as might be hoped for . The fact that, given 

the time scalei on which these events proceed, it is not 

clear what processes should be dominant among those 

which occur in large polyatomic molecules was pointed 

out by Madge (27) in a paper on the tri-phenyl-methane 

dye crystal violet. 

The group of Ippen et.al ., wit h a resolution of 

. 05 ps ., observed the ~ecovery of the g roun d state 

absorption of malachite green in a number of solvents 

(32). They decided the functional form of the the decay 
-

they observed could best be described by a biexponential 

decay . They attributed this biexponential recovery to a 

fa s t i n t e rna 1 con v e r s i on ( S r•S 0 ) f o 11 owed by a s 1 o \·J e r 

relaxation ba ck to a thermal d istri bution in the ground 

state. In a further study of tri-phenyl-methane dyes 

( 3 3) S c h n e ide r an c1 ',\] i r t h used the ( S 2- S 1 ) a b so r p t ion as 

a monitor of the S po pula tion. By observing the slower 

of the two lifetimes observed by Ippen, t hey inferre d the 

internal conversion process must be slower than the 

vibrational relaxation. Schne i der and Wirth did not 

appear to include in their interpretation any contribution 

to their observed signal from (S 2~s 0 ) transitions of 

molecules which we re still isoenergeti c with s1 states 

after internal conversion. 

More recently, a letter was writen by Hirsch 

(34) in which he r eported his observations of biexponentia1 
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time ~ependance of the luminance of malachite gr~en. 

This experiment should produce knowledge of the s 1 

population, however only the slower time constant which 

he observed corresponds to those times observed by others 

and he suggests no models by which to explain his data. 

Even if the interpretation of the experiments 

leaves room for doubt, the recognition that the 

interpretation of Ippen could be checked if some way was 

devised to monitor the s 1 population was correct. 

~echanisms using contact interactions are limited 

by diffusion, which in high viscosity solvents is very 

slow. As a result of this intersystem crossing rate 

enhancement techniques such as the heavy atom solvent 

method are too slow to be effective. What is required 

is some interaction which is fairly long range. One such 

mechanism is dipole-dipole intermolecular energy transfer. 

The rate constant for dipole-dipole intermolecular 

energy transfer (35) is given by the expression 

where 

T = mean lifetime of the donor 

n = quantum yield of the donor without transfer 

K2= an orientation factor 

(=.~G6 for random orientation) 
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n = the refractive index of the medium 

N = Avagadro's number 

fD(v}=fluorescence spectral distribution 

in units of light quanta and 

normalized to unity 

E:A (v}=molar clecadic extinction coefficient 

v = frequency in units of inverse centimeters 

The recovery of the system has the function 

form: 

f(t)=exp{-t/T-2y(t/T)~} 

where Y = C/Co 

and 3 
Co= 3000/2n~ NR0

3 

The theory on which this relation is based 

assumes that the acceptor donor separation remains 

constant over the duration of the interaction. The 

application of the theory of dipole-dipole interactions 

will require an evaluation of the motion of molecules 

due to diffusion over the duration of the interaction 

to ensure that the approximations used in the theory 

have been fulfilled. 

Exr?rinentally, the application of this theory 
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to e xp lain phenomenon of very short d uration has been 

sucessful in stud ies of rhodamine ~ C. anrl malachite green 

by Rehn ( 36 ) anc'l Porter (37) with tine resolutions of 

20 ps. and 10 ps. respectively. This energy exchange 

process has a lso been stud ied as a technique to increase 

the excitation efficiency in optical pumping of dye 

lasers (3R- 4l). 

b. Experimental Proposal 

It was p roposed to construct an instrument which 

is capable of determining lifetimes in the tens of 

picosecond s range. It was further proposed that the 

device be used in an experiment utilizing intermolecular 

energy transfer as a means of labeling the Sl manifold 

po p ulation in Malachite Green. 

The proposed acceptor molecules are members of 

the carbocynine dye family which were chosen because of 

the\r high molar absorption coefficient, typically 2.5 E5 

/ M.cm., and the fact that their absorption band could 

be matched to the fluorescence s pectrum of Malachite 

Green. 

Ry restricting th e lo\ver lil'lit of the lifetir1es 

for which t he system is designed, the de vice's light 

source can operate with pulse wi d ths great e r than those 

att a ined by rese a rchers whose aim is to Ilro duce short 

pulses. This allo>Vs the use of t h e e q uip,ent without 
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the more expensive diagnostic (1evices used hy researchers 

who work at the extremes of the capabilities of 

mode-locked dye laser equipernent. 

A computer simulation of the experiment was 

performed assuming 0aussian laser pulses and exponential 

recovery of the ground state population. The results of 

the simulation indicated that the effects of non-zero 

pulse width are less than five percent for pulse widths 

less than one fourth of the lifetime. 

Over the period for which this experiment's 

feasibility was considered, the value of R was determined 

with three levels of approximation. The first approximation 

was that the frequency, over the fluorescence and 

absorption profiles is constant, as suggested by Forster 

(23), and the fluorescence and absorption functions can 

be represented by Gaussian functions of appropriate 

height and width. In this approximation the integral in 

equation (2.5a) can be evaluated analytically. As a 

second approximation absorption spectra for malachite 

green and DTDCB were recorded on a Cary 14 spectrophotometer 

and the mirror symetry of absorption and fluorescence, 

as noted in the related tri-phenyl-methane dye crystal 

violet (29), was used to approximate the fluorescence 

spectrum of malachite green. In this case the integral 

ltas to be evaluated numerically and hence the frequency 

need not be considered a constant over the ran0e of the 
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integrand. In a third approximation a fluorineter using 

a half neter Jarr~ll Ash monochrometer and the ~ElGQF, 

S-20 respo~? photomultiplier was used to record the 

fluorescent spectrum of malachite green. Since the 

fluorescence iE in the red part of the spectrum, where 

the fluorineter's efficiency varies rapidly, an Electro 
, 

Optics Associates calibrated light source was used to 

compensate for the changing efficiency of the device. 

Evaluation of ~by all three levels of approximation 

gave values of approximately three nanometers, which 

implies that the concentration required to reduce the 

' 
lifetime by fifty percent is about lE-2 M. 

For the purpose of producing a conservative 

estimate of the distance traveled by the molecule, by 

diffusion over the duration of the decay, a one nanosecond 

duration and a solvent viscosity of fifteen Poise were 

assumed. The average distance traveled under these 

conditions was approximately .03 nanometers which is 

less thanR 0 by a factor of one hundred and hence the 

restriction of the applicability of Forster's energy 

transfer theory to interactions in high viscosity 

solvents and involving characteristic times of a 

nanosecond or shorter is fulfilled. 



CIJAPTER 3 

Desi gn Con s i derations for t he Li gh t Source 

A. Require ~ents fo r Pro posed Experiments 

The p ro po se d experi ments r eq uire a pulsed li gh t 

source whose re pe tition rate can be varie d and is in the 

250 megahertz r a nge . The pulse wi d th must be small 

compared to t he d uration of th e events they a re used to 

measu re which may extend to th e tens of picoseconds 

range. It is i mpo rt an t th a t the li g ht source be tun ab le 

such that it is not necess a ry to depe nd on c ha nce 

coinci d ence of tr a nsition a nd li gh t frequencies. 

The org a nic dye laser would fulfill the 

require ments for tuna b ility an d also for an intense 

li 9 ht source. Frequencies of hundreds of megahe rtz are 

in the r a nge of laser c avity n ode separations an d pulses 

of width 10 p icosecond s and shorter will require a 

substantial portion of the available gain p rofile of a 

dye las e r. Th ese cond ition s o f ba nc;w i d th li mited oper a tion 

of a l ase r descr ibe a cond ition c a lled mo d e-locked 

o pe r a tion. 

B. Metho d s of Mode-Locking 

A l ase r is a positive feedback optical frequency 

oscillator. The f r ea uen ci es for whi c h t he feedback is I . • 
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positive are determined by the laser cavity resonance 

modes with slight shifts due to the gain medium in the 

cavity. These frequencies have the form 

vi = wi + <i i 

where wi = iC/2L 

c = the speed of light 

L = the optical length 

cavity 

di = effects of the gain 

(gain pulling) 

( 3 .1) 

of the laser 

medium 

The frequencies at which the laser will oscillate are 

determined by the feedback and the ability of the gain 

medium to compensate for cavity losses. 

Ordinarily a laser will oscillate on a number 

of modes of the cavity. Under most circumstances the 

oscillation of each mode will be independant of the 

other oscillating modes and the phase relationships 

between the oscillating modes are rando~ized by the 

di's. If a nonlinear medium is added to the cavity a 

large number of new resonant frequencies will be created 

from the sums of odd numbers of modes of the laser 

without the nonlinear material. These frequencies will 

differ from the cavity fundamental modes, iC/2L, by sums 

and differences of odd numbers of the di's. The relatively 

large density of modes in the vicinity of the frequencies 
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wi allows interactions to decrease the di's to zero, 

leaving an evenly spaced set of cavity modes with fixed 

phase relationships because the oi's are not present. 

Calculation of the intensity in this case gives 

interference terns which are time dependent with 

frequencies which are harmonics of C/2*L and which do 

not cancel on average. 

In practical systems the phase relationships are 

appropriate for pulse production of periodicity 2*L/C. 

The pulse width in any system is limited by the bandwidth 

of the device used to produce them. In this system the 

pulse width is limited by the bandwidth of the laser's 

gain. 

Uncerstanding mace-locking on an experimental 

level requires an understanding of the temporal behavior 

of the processes which occur in a mode-locked laser. 

Explanations of node-locking in the tine domain ~o not 

lend themselves to the same degree of abstraction as 

frequency domain explanations and therefore are 

appropriate to only specific systems. There are currently 

two popular dye laser mode-locking scllemes in common 

usage. They are refered to as passive, saturable 

absorption mode-locking and synchronous pump mode-locking. 

The synchronous pumping scheme (4~, 43) produces 

a periodic r.odulation in the laser's gain by pumping the 

dy~ with a laser which is itself mode-locke~. If the dye 
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laser's cavity is ma tche d , to a h i gh oeg ree of accuracy 

( 44 ), to the leng th o f the pump laser by an integral 

ratio such that g ain only occurs at times approximately 

when the mode-locked dye laser pulse is in the laser 

medium the dye laser pu lse will be amplified . Energy 

arriving at the amp lifier at other times will experience 

only lossP.s, hence only a sin)le pulse will oscillate 

in the cavity. In synchronous pumping the nonlinear 

mixing is between the ga in and the cavity modes . This 

techni q ue allows the user to mode -loc k a dye laser by 

mo de-locking a laser in which the process is easier to 

accomplish. 

Passive mode -locking by saturable a bsorption is 

accomplished by including in the laser cavity, a material 

which will absorb low intensity li g ht pulses more than 

high intensity light pulses. Given infinite temporal 

resolution, the exanin~tion of a dye laser's output 

would reveal t he output to be a collection of randomly 

spaced pulses with a ran dom distribution of intensities 

(~5, 46) . The pu lse wi~ths would he approximately the 

inverse of the laser's oscillating ban dw irlth. To produce 

mode -loc k ing by passive saturable absorption a ma terial 

which has a limited ab ility to absorb li gh t is inclu ded 

inside the l ase r cavity . The transfer function for a 

saturable absorber appears as in figure 3.1. At low 

intensitie s the abs or be r res pon d s as a Beer law material 
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IJo:l; 
I 

Input Intensity 

Figure 3.1 

Transfer Function of 
a Saturable Absorber 
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and attenuates the input intensity by a constant factor; 

however, as the input intensity increases, the output 

intensity as~wtically approaches the input intensity 

minus a constant which is the limiting energy which can 

be absorbed by the absorbing material. As the collection 

of pulses, discussed earlier, circulates in the laser 

cavity, those pulses of low intensity will t1ave a larger 

fraction of their energy absorbeo than does an intense 

pulse, as illustrated in figure 3.1. After sucessive 

passes through the absorber the laser's energy will be 

concentrated in a single pulse. 

In a real mode-locked dye laser system, the 

previous description has to be made somewhat more 

complicated to include effects due to the finite recovery 

time of the saturable absorber. This recovery time will 

allow low intensity pulses to be unattenuated by the 

absorber if they follow closely behind an intense pulse. 

Fortuitously, because of the high stimulated emission 

cross section of laser dyes (47) , the gain of the 

amplifier in a dye laser can be swept out by the leading, 

intense pulse and hence the trailing pulses will not be 

amplified by the same amount as the intense pulse. This 

also leads to the compresion of the laser's energy into 

a single pulse. 

Further discussions of laser mode-locking in 

general (47) and details of mode-locking of dye lasers 
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specifically (LIS) are available in a number of review 

articles. 

c. Options and Their Merits 

A number of optical pumping sources are available 

for dye laser operation. Nitrogen lasers operating at 

337.1 nm. wi~h pulse lengths from five to fifteen 

nanoseconds can provide intense pulses in the megawatt 

range . Flashlamp pumping of dye lasers produces less 

intense pulses than nitrogen laser pumping does ; however , 

their longer duration of approximately one microsecond 

allows their energy per · pulse to be much higher than 

with ~ther pump sources . To produce contihuous operation 

of the dye laser an argon ion laser is com~orily used 

because of its high c . w. powe r. 

R~ports of ~ode - locking of dye lasers pumped by 

these three techniq ues have appeared in the scientific 

l i t era t u r e ( 4 8- 5 0) • In the context of t hi s report ~ all 

three methods have advantages and disadvantages for 

their applicati~n to this project . 

The nitrogen laser pumped system has the advantage 

that experience gained using pulsed nitrogen laser 

systems prior to this work could he employed and most 

of the parts of such a system were already present in 

the laboratory . The flashlamp pumped system has economy 

as its main advantage in that flashlamps are much less 
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ex pe nsiv e t lta n nitroge n or a r g on ion laser s . Us i ng a 

c. w. dy e l a ser has t h e ad vantage o f pulse to pul se 

re p ro d uc ib ilit y of pulse wi d th and int e nsity. 

Th e d is ad v a ntag es involved with t h e us e of a 

nitrog en l a ser pump e d system a re a l a ck of p ulse to 

pulse re p ro d uca b ility, restriction to s hort cavities 

bec a use of of the s hort d ur a tio n for wh ic h ga in is 

a vailabl e a nd incomp letely est ab lished mode-loc k ing . The 

long er p ump ing ti mes associ a ted with flashla mp pump ing 

allows the use of long er c a vities; ho wever , the intensity 

of the mode -loc ke d pulses v a ries ra p i d ly an d pulse 

me a sure ment tec hni q ue s are re quire d . The use o f t h e 

arg on ion laser p ump scheme has the d isad va ntag e that 

the au~hor had no e x perienc e with such systems; ho wever, 

the scientific liter a ture i mp li e s th a t mo de - locking is 

as s i np l e a s a dd ing dy e until mod e - locking occurs (51). 

Th e s ync h ronous p umping t e chni q ue has the 

a dv a ntage of hi ghe r inten s ity out put c ue to the abse nce 

of the abs o r ber an d , in t h e c a s e of having t wo se pa r a t e 

dye cells , six g l a ss surfaces . To i mp lement a s ync - p ump e d 

system re q uir e s ri g i d control of t he dye las e r cavity 

l e ng t h to within ten microns a nd a v e ry expensive 

aco us to-o p tic l oss mod ul a tor a nd it s associated r ad io 

fr eq ue nc y d riv e r . 

Th e ad va nt ag es of passiv e mo d e - loc k ing ar e the 

ab ility to p rovi de continuous v a ri a tion of t h e cavity 
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length and the sinplicity of the design if a mixed 

amplifier/ absorber is used. 

It was decided to construct a passively 

wade-locked, argon ion laser pumped dye laser system. 

More over it was decided to attempt passive mode-lockec 

operation using the composite amplifier/ absorber dye 

technique which had been previously employed by Ippen 

(51) and Scavennec (52) with slightly different laser 

configurations and more lately by Diels (53) in a laser 

configuration using a Spectra Physics model 375 dye 

laser as was used in this work. As an alternate plan, a 

separated dye scheme was considered which used an 

absorber dye cell in which one surface was the output 

mirror as suggested by a theoretical analysis by Bradley 

(54) and as employed sucessfully by a number of 

researchers (55, 5G) including Peterson in the first 

c.w. dye laser (57). 



CHl\PTER L1 

ExperiDental Apparatus 

Spectrometers, \Jhether those usec'l for clz:ssical 

spectroscopy or laser spectroscopy, can be divided into 

four conceptual parts. These parts will be denoted as 

the light source, the sanple, the detection and recording 

apparatus and, connecting the previous parts, the beam 

manipulating optics. 

The requireoents for the light source has been 

detailed in the previous chapter. 

The sample preparation procedure and sample 

cell requires the purification and containment of high 

temperature, corrosive, gaseous sar.ples and temperature 

controled, dissolved sanples in high viscosity solvents. 

The detection and recording apparatus must he 

able to support very fast measurement of the l~ser 

intensity for diagnostics of the light source. The 
able 

detectors should be~to produce signals under conditions 

of very low light levels, such as low intensity 

fluorescence, or very low signal to noise. Detector 

responses will be primarily 2t or near the laser 

wavelength; however, extended red respon'e is necessary 

for measurement of the DOTCI fluoresc~nce profile. 

The only significant, non-trivial requirement 
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fer the bea~ steering optics is to be able to focus 

large diameter, off axis beams with a minimu~ of spherical 

abenmtions and pointing error. 

A. Detectors 

Over the course of this research a number of 

light detectors were required. Since al~ost all of these 

devices had to ~e constructed from components, a 

description of the detectors will follow. Electrical and 

working diagrams are included in appendix A. 

a. Photofiodes 

Two ad~itional .types of photodiodes were used 

and they were huilt into a number of different circuits 

depending on the application. The photodiodes were 

Hewlett-Packard 4220 diodes and United Detector Technology 

PIN-5D diooes. The H-P 4220 devices were used in both 

fast and slow detectors while the PIN-5D diodes were 

used only in slow devices as is dictated by their large 

active area. 

The two fast detectors which were built were H-P 

4220 diodes mounted in a capacitance matched housing 

(58). The devices were constructed to drive a 50 ohm 

input impedance oscilloscope using Gener~l Radio CRR74 

connectors. The current li~iting resistor was reduced 

to 1 kilo~m and the detector was generally run with one 

hundred to one hundred thirty volts bias voltage. Both 
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detectors were tested using a ten picosecond rise ti~e 

diode laser and both had rise ti~es of approxi~ately 150 

ps. One of the diodes was also tested to ensure that the 

reduction of the li~iting resistor to 1. Kilohm did not 

reduce the speed of the devices. 

The H-P ~2?0 diode was also built into a device 

in which high speed was unnecessary. Electrically this 

device is a photoconductive arrangement used to drive a 

unit gain voltage follower. The amplifier used was an 

eight pin dual inline package (DIP) form of the 7~1 

operational a~plifier powered by a plus and minus 9. 

volt battery power supply. A 14 pin DIP socket was used 

to mount all the components in order to provide a 

compact, easily maintained light detecting assembly. 

Since this device was constructed to provide a reference 

signal to a lock-in amplifier it was not necessary to 

inclu~e an offset control for the 741 op amp. 

Two light detectors were constructed using PIN-5D 

photodiodes. Roth devices operated in a photoconductive 

mode and were used to drive voltage followers. In order 

to use these devices with a log ratio amplifier it was 

necessary to include offset controls on the voltage 

followers and one device had variahle gain to allow 

rough matching of signal strengths by electronic means. 

741 oper~tional amplifiers were used for the voltage 

followers. One of the devices had a gain of 1 and the 
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other had a gain of 3,10,100 or 1onn as selected with a 

rotary switch. Both of these detectors were equipe~ with 

offset correction circuitry. 

b. Photomultipliers 

During this research three different 

photomultipliers were used. They were RCA 1P2R, E~I 

9635QA and EMI 981608 tubes. 

The 9635QA was used with a PAR model 1R2 

commercial housing and dynode chain consisting of a 13 

times 100 Kilohm voltage divider with a 150 volt zener 

diode used to stabilize the cathode-first dynode potential 

difference. This device was used for detecting slowly 

varying light levels and hence its slow response was not 

a limiting problem. 

The 1P2~ tube was built into a non-commercial 

housing (see appendix A) and dynode chain consisting of 

a 10 times 100 Kilohm voltage divider with the last 

three resistors in the divider each connected in parallel 

with a .01 uf. capacitor to maintain the linearity of 

the tube's gain under pulsed load conditions. This 

device, although it has lower gain than the 9~35QA, 

which was used in the initial stages of this work, has 

a faster response and for this reason was used for those 

applications which called for reasonably fast detection 

but involved signals smaller than could be detected with 
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a ph otod io c e. 

The EMI 98l~OR photomultiplier was mo unte d in a 

PAR model 182 housin~ which was mod ifi ed to accept t he 

long er tube. Th e dyn ode chain was a 1~ ti ne s 1 00 Kilohm 

voltage d ivi d er with the last three dy no des capacitively 

decoupled as wa s described for th e 1 P28 . This decoupling 

was includ e d in or de r that the ce vic e coul d be use d in 

unrelate d studies using fast pulsing light sources an0. 

was not necessary in these stud i e s. This tu be was used 

to d etect low level light si g nals that were beyond the 

range of S-5 an d Bialkali photocatho des but not beyond 

the 9816QB's S- 20 res ponse. 

The housings mentioned were either modified or 

s pecifically designed to be attached to a heat pipe oven 

designed for one of the experiments using this system. 

c. Other d etection 

In addition to the non-co mme rcial d evic e s used , 

a Coherent Radiation model 212 r ad iome ter was use d . This 

device covers the ran g e of powers from 1 nw. to 300 rnw. 

using a solar cell. The r esponse of this de tector is 

quit e slow a nd as suc h was only usef ul to de tect average 

powe rs. It was t he onl y cali b r a te d dete ctor use d for 

this re po rt. 



-40-

B. The Light Source 

a. The rump laser 

A crude estinate based on guesses of conversion 

efficiencies indicated that the pump laser would need 

to have of the order of watts of output power. By buying 

a ten watt laser which was upgradeable to fifteen watts 

it was hopee that the experiments would have sufficient 

light intensities to be practical. In order to increase 

the versatility of the ion laser it was decided to buy 

an extended cavity version of the laser so that it would 

be useful in intra-cavity experiments and, with the 

addition of an etalon, in experiments calling for single 

mode output. The pump laser decided on was a Spectra-Physics 

Model 170 Argon Ion Laser. 

The Model 170 laser required one major maintenance 

procedure which a factory trained technician's experience 

was necessary to prescribe. Experience would have 

precluded the need for the service call. The manifestations 

of the problem were a gradual deterioration of the 

laser's output power of about 75% over a one day period. 

Adjustment of the rear mirror caused the output to rise 

sharply followed by deterioration of the intensity with 

a time constant of less than one second. Alignment of 

the laser at low power followed by increasing the plasna 

current caused the laser power to increase to a point 

where considerable transverse mode structure appeared 
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and the output power dropped. This condition stabilized 

and the output power continued to increase until ~axi~um 

plasma current was reached. These symptoms are 

characteristic of dirty optics; however, conventional 

cleaning techniques were ineffective. Cleaning procedures 

used on the Brewster's angle windows were application 

of the solvents acetone,iso-propanol and methanol, a 

lens cleaning solution sold by Kodak, a common laboratory 

detergent named Alcanox and a ten percent solution of 

hydrofluoric acid. The mild abrasives jeweler's rouge 

and tin oxide were also employed. With repeated cleaning 

of the brewster's angle windows the laser's output power 

increased to its previous level and the other symptoms 

disappeared. The most effective cleaning procedure was 

found to be the use of an Alcanox and tin oxide mixture 

followed by distilled water to remove the Alcanox, 

followed by reagent grade acetone to remove the water. 

All solutions were applied on lens paper held in a 

hemostat. The application of the detergent, abrasive 

mixture was accompanied by vigorous rubbing of the window 

with a force of one to three Newtons. 

b. The dye laser 

It was decided to employ commercial systems for 

the dye laser, wherever possible. This was the first 

c.w. dye laser used in this research group and in order 
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to linit the numher of sources of error it was de ci ded 

to buy the expertise associated with dye laser nechanical 

design . Tward this Pnd a Spectra-Physics ~ o~e l 375 Jet 

Strean ryye Laser was purchased . The laser cavity is 

basically an astigmatically compensated folded cavity 

as described by H. Kogelnik (59) and d rawn schematically 

in figure ~ .1. 

The folding · and end mirror, M2 and M3 , were 

coated with a mu ltilayer d ielectric to provide high 

reflectivity over the gain p ro file of the dye for which 

they were designed· , namely r hodam in e 6G . Mirror M4 was 

coated for high reflectance of the argon ion laser 

wavelengths . Etalon El was a wedged interfere nce f ilter 

which causes the device~ transmission maximum to be a 

function of the position of the optical axis al o ng the 

wedge. This allowed t he angle of the etalon to be fixed 

at Brewster ' s an g le for minimum losses while tuning i s 

' 
accomplished by tr ans lating the wedge with respect to 

the optical axis . Etalon E2* is an optional . 11 mm . 

soli d etalon 0hich could be usee to narrow the laser's 

line widt h from . Snm . to . 05 nm •• Tuning this etalon was 

accompl i shed by tilting the etalon ' s ttolder with respect 

to the optical axis . ~ irror ~ l was the output reflector 

for which broad band d ielectric 1nirrors with reflectivities 

of 88% , 95% , and 98% were used . In thi~ configuration 

there were a minirnum nu mbe r of adjustnents necessary . 
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Fine tuning of the pump beam positioning in the jet 

stream caul~ be accomplisherl easily in preparation for 

the replacenent of the output mirror with a more complex 

device. 

An alternate output asseDbly was constructed to 

allow the use of separate amplifier and absorber dye 

solutions. The working drawings for the lens positioning 

device and the eye cell output coupler are included in 

appendix B. The use of two lenses allowed the laser 

cavity tc have a smaller beam waist in the dye cell than 

was possible with a single lens. The two lens system 

also had the advantage that a wide range of beam diameters 

at the waist could be provided by adjusting the inter-lens 

spacing. 

The output assembly was mounted on one of two 

platforms, depending on whether changing the cavity 

length was important. One platform was an air bearing 

translation stage (see appendix B) which allowed smooth 

translation over a one meter range. The other platform 

was held securely to the optical table by two one and 

one half inch steel rods. 

c. Design problems and modifications 

A nunber of modifications were made to the laser 

system to overcome problems which were not forseen 
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because they represent design flaws in commercial 

products. The majority of these problems are associated 

with the model 170 ion laser as would he expected because 

of its higher level of co~plexity than the other 

components. 

The Dodel 170 laser, when orerating ideally, 

will start after a fifteen second delay period during 

which the cathode warms up. The only way to start the 

laser if the initial starting procedure fails is to turn 

the laser off, allow it to cool ~nd reinitiate the 

starting procedure. The argon ion laser used in this 

research developed the inability to start with the first 

starting sequance and eventually would only start after 

five or six attempts to initiate lasing. In order to 

decrease the wear on the cathode from repeated heating 

and cooling, a manual override was built into the laser 

exciter. The start pulse was generatec1 by firing a 

silicon controled rectifier whose gate was connected to 

a thernal time delay relay. Ry adding a normally closed 

switch in series with the anocle of the SCR, starting 

pulses could be manually initiated without turning off 

the laser. The procedure is to open the switch at the 

SCR's anode, allow enough time to charge the capacitor 

i n the c i r c u i t and c 1 o s e the s vJi t c h vJ h i c h \'/ i 11 s h o r t 

circuit the capacitor through the SCR and thus initiate 

a start pulse. The charging of the capacitor precedes 
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with a time constant of 8hout one second a nd therefore 

the switch should he held o pen for about five seconds. 

Another p roblen is associate<'l vJith the pressure 

sensing circuitry in the argon laser. The laser has a 

built in pressure monitoring circuit which only allows 

repressurization of the laser tube v;hen the pressure 

falls below some threshold value. This circuit functioned 

erratically and only while the arc d ischarge was running. 

Since introduction of fresh argon into the tu be W8S most 

often acco mp anied by termination of the arc d ischarge , 

even when the fill threshold circuitry did work, the 

rest a rt p roce d ure had to be performed a number of tines 

to pressurize the laser to an approprate l~vel. This 

problem was circumvented by installing a n6rmally open 

switch in parallel with the switch contacts in relay 

KlOl on the fill threshold circuit board . Closure of 

this switc h simulated the action of the fill threshold 

circuitry under low p ressure conditions , which allowed 

pressurization of the tube unde r any condition as long 

as the laser powe r supply was on. 

Whe n a low wate r p re ssu re con d ition occured, 

replacing the system's wa ter filter would solve the 

p ro blem for a pe r iod of months . However at one ti~e the 

wa ter p ressure becane a problem which was inter~ittent 

and did not go away with replacement of the wa ter filter. 

It was de ter~ined that the p ro b lem c aused by a decrease 



in the laboratory's water pressure by about thirty 

percent for approximately one second. It was decided to 

reduce the threshold of the water pressure interlock on 

the assumption that an ongoing low pressure condition 

would cause the water temperature interlock to protect 

the system and a drastic decrease in the water pressure 

would still be covered by the water pressure interlock. 

To further limit the possibility of damage due to a 

prolonged low pressure condition, a pressure gauge was 

installed at the power supply's water input to allow 

manual inspection of the condition of the water supply. 

It was never necessary to turn the laser off manually 

because of water pressure problems. The fact that this 

problem did not exist for the first three years of the 

laser's operation seems to indicate a decrease in the 

average water pressure supplied to the laboratory. figure 

4.2 is a schematic diagram of the dye circulation 

system. The components below and to the left of the 

dashed lin~ are standard Spectra Physics model 37~ dye 

circulator parts supplied ~ith the dye laser. the other 

components were added to promote rno~e-locked operation 

for the reasons stated in the remainder of this section. 

An unforseen problem associated with the dye 

laser was the inability to mode-lock the laser if the 

amplifier dye solution temperature rose above twenty six 

degrees celsius. The elevated temrerature probably 
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terminated mo~e-locking through a decrease in the 

viscosity of the ethylene glycol solvent which causes 

degradation of the optical quality of the jet stream 

(60, Gl). The dye circulator has built in water cooling 

and in an attempt to i~prove its efficiency the water 

supply line \vas sera t a ~ed from the 2 rgon laser water 

supply. ~hen that proved insufficient a water jacket was 

constructed using quarter inch copper tubing inside a 

forty centimeter long piece of half inch copper tubing 

with water flowing between the tubes. The water jacket 

was capable of lowering the dye solution's temperature 

below fifteen degrees celsius where lasing was again 

stopped, presumably because of an increase in viscosity 

causing low jet stream velocity. With the addition of a 

metering valve the water flow could be adjusted to 

maintain a ~ye temperature of approximately room 

temperature. 

The Spectra-Physics model 375 dye laser was 

found to be very sensitive to vibrations and distUrbances 

in its jet stream. for this reason e~forts were made to 

decouple vibrations from the dye circulator to the dye 

laser and to remove air bubbles in the amplifier dye 

solution. The ~ye solution return line was arranged such 

that the dye return tube was not continuous. This 

prevented the vibration of the circulator motor from 

being transiT'itted up the return line to the laser. To 
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prevent surface wave effects on the jet stream, the 

point at which the jet stream strikes the dye catcher 

was extended from approximately ten centimeters to thirty 

centir:eters from the active volume of the amplifier. The 

angle of incidence of the jet stream with the dye catcher 

was kept as close to glancing as possible. 

A single device was constructed to perfor~ both 

acoustic filtering and the removal of air bubbles from 

the dye solution. A schematic diagram of this device is 

that portion of figure ~.2 labled as a shock cushion. 

The acoustic filtering was accomplished using an air 

pressure head which allowed small variations in the 

circulator pump rate to be absorbed by compression of 

the a·i r. Air bubble remova 1 \Jas accompli shed by prov id i nCJ 

a horizontal tube in which the dye solution flows 

downward. Air bubbles flowed upwar~ relative to the 

solution under the influence of gravity. By making the 

horizontal cross sectional area as large as possible the 

dye flow velocity was minimized, allowing the maximum 

number of air bubbles to have an upward velocity relative 

to the device. These bubbles rose to the top of the 

device and were removed from the dye flow. The two 

functions discussed above are incorporated into the same 

device b¥ allowing t~e top of the column to be pressurized 

r,.;ith air Hhen the system is started. 

The introduction of the filter-bubble remover 
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causes the pressure at the jet stream to slowly increase 

or decrease when the system was started or stopped. At 

low pressures tl1e jet stream sputtered dye which was 

wasteful of dye and increased the risk of droplets of 

dye striking the mirror surfaces. To avoid this problem 

a bypass valve was installed around the filtering device 

to allow maintenance of high pressure for as long as 

possible. 

d. Outstanding Problems 

Tl1ere are still a number of outstanding problems 

for which experience in using the system has indicated 

possible solutions. 

The evaluation of the laser tube pressure is 

still a major problem at this time. The pressure is 

determined by measuring the potential difference from 

the cathode to the anode while the plasma current is at 

its maximum rated current. Unfortunately,even when the 

laser was new, connection of the system's panel meter 

to the pressure sensing circuitry caused transient 

signals in the circuitry to be produced. These transients 

were capable of terminating the arc discharge whicl1 was 

required for determination of tlte pressure. An additional 

panel meter permenently connected to the pressure sensor 

would eliminate the nee~ to generate transients to 
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measure the pressure. Protective circuitry would have 

to be included to prevent damage to the meter from the 

start pulse transient and the initial high voltage 

supplied by the start boost circuitry. Another way to 

avoid this problem may be to monitor one of the catenode 

discharges. This scheme has the advantage that the 

catenode discharges can be generated even when an arc 

discharge cannot. This would allow pressure readings 

when the arc discharge will not run, whicl1 are not 

possible in the current configuration. By comparing the 

catenode voltages with the pressure readings from tl1e 

time a tube is new it may be possible to calibrate the 

catenode voltage in terms of the tube pressure. Care 

should be taken to evaluate the effects of the main 

plasma current on the catenode discharge since it 

introduces electrons or ions into the catenode discharge 

regions. A measurement of the catenode discharge potential 

with no main discharge current can be made by disconecting 

the start pulse circuitry as described earlier in this 

chapter. 

There exists an outstanding problem of a 3r,o Hz. 

ripple of approximately five percent on the argon laser's 

output. The ripple is phase locked to the line voltage 

and has been attrihuted to some problem in the full wave 

three phase hridge rectifier used in the high current 

power supply in tl1e laser exciter. The ripple exists 



throughout the exciter , most notably on the low voltage 

power supFlY which supplies all the control circuitry. 

Attempts were made to eli~inate the rip ple by r ~ placing 

the full WAve b ri dge involved however this had no eftect . 

The f{ltering in the low voltage power supply was 

increased in an attempt to at least eliminate the ripple 

in the control circuitry. The filter capacitors were 

increased from 100 uf. to 2 , 000 uf. but had no effect 

on the ripple. It may be interesting to note that the 

higher capacitance is actually the value given for the 

circuit in the schematic diag ra ms . S ince the problem has 

remained insoluble to da te even with the airl of factory 

trainee technicians, it was decided to attempt to 

circumvent the manifestions of the problem rather than 

seek a iolution . 

c. The Time Correlated Fluorescence Spectrometer 

a . Sa mple Cell Considerations 

The decision to use so~ium as a sample required 

consideration of the sample cell's construction. Because 

sodium has a melting point of approximately one hundred 

deg rees Celsius it is necessary for the Se mple cell to 

be heated to at least that value to have any significant 
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vapour pressure. !;hen using a heated cell which has to 

have windows, a problem of condensation of the sample 

on the windows usually occurs. Because the windows are 

exposed, they are the most difficult part of the cell 

to insulate and hence will be tl1e coldest part of the 

cell. Experi~entation is possible with a simple heated 

tube; however, it is necessary to frequently heat the 

windows to reevaporate the sample which has condensed 

on the windows. Added complications arise when working 

with sodium in that the windows are attacked by sodium 

and will eventually become opaque. Achieving temperature 

stability in this system is a major problem, especially 

when the windows are frequently being reheated. 

There is a heated cell which has an indefinite 

life without heating the windows called a heat pipe 

oven. The operational mechanism was originally used to 

function as an efficient means to transfer heat (62); 

however, it has a number of properties which make it 

useful in sample cell design (~3). The operative processes 

involved in the heat pipe oven are a cycle of evaporation., 

diffusion, condensation and capillary action. The sample 

cell is a tuhe which is lined witt1 a fine mesh and is 

heated at the center and cooled at the ends where the 

windows are located. The sample is initially placed in 

the center of the cell which is then sealed and evacuated 

to re~ove as much as possible of any vo~~ile inpurities 
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in t he c e l l . The c e ll i s t he n fi l l e~ with a n in e rt gas 

to ' app ro x i ma tel y t h e p ressure of t he samp l e a t wh ich t h e 

e xpe ri me nt s a r e to be run. ~h en t he oven i s he a t e d t he 

s.aDp le i s e v aporated a n d p roce ed s unc:er t he in f lu e nc e 

o f d if fu si o n to t he cooler . re g io n s of t h e ce l l whe re i t 

con d ~ n s e s o n the mesh . The li q ui d wil l tr a vel t h rou g h 

t h e mes h by ca p il la ry a ction to the .center of the cell 

wh e re it is re e vaporated an d t h e p rocess st a rts over 

a g ain. Th e out wa r d f low o f metal a to ms functions as a 

d.i f fusi o n pump, f orcing t h e " in ~rt huffer ga s out of t he 

c e nter of the cell a nd hence the center o f t he ce l l will 

be p ure s ample v apour at app roxi mately the s am e pressure 

as the buffer g as. Un der these cori ~ itions, c ha ng es in 

the powe r su pplied to the heater c a uses change s in t he 

volume of t he s amp le reg ion rat he r t h an c hahg es in t h e 

s ample t emper a ture. Esti ma t e s of t he temper a ture re q uire d 

to st a rt he a t p i pe actio n can be foun d in r e ferences 

su ch a s t he boo k e dite d by A. N. Nesmei a nov ( 6~ ). 

Two he a t p i pe ovens wer e con s truct ed wi th t he 

secon d ov e ns d e s i g n t a king into a ccount t hat wh ic h wa s 

l ia rn ed fro m cons truction of t he first ov e n. The wor k ing 

d r aw ing s for the secon d h ea t p i pe ov en a r e includ e d in 

a ppen d i x C. Th e c e nt e r of the oven wa s he a t ed hy a 1 44 

wa tt hea ting t ape d riv e n by a v a ri ab le tr a nsfor me r. 

Ch ro ~ el Alum e l t he r moc o up le s wer e i nst a lled und er t he 

hea ting t are to allo w mo n itoring o f t he c e ll t e mper a tur e . 



The hea te d part of the ce ll wa s insulated with a s bes to s 

tape. Insi d e t he oven t h r e e l aye rs of sixty mesh stainless 

steel scr ee n we r e use d to a llow trans port of the li q ui d 

s amp le and a 12 mm . strip of . 005 inch thic k pho s ph or 

b ronze was use d to hold t he screen in the si d e arm 

against the cell wall to ensure ma xi mum free aperture 

for detection of fluorescence . The windows were water 

cooled an d to p r event li gh t . fro m the laser being scattered 

by t he windows an d d eteGted with the fluoresc e nce, a 

pair of aluminum ro d s with a q uarter inch hole t h roug h 

their centers we re inserted into the oven to function 

as apertures . Care was t aken to ensure that all gas flow 

passages were not o bs tructe d in or de r to allow rapid 

evacuation of th e c ell an d p rovi d e pa ths for equalizati on 

of the p ressur e in t he cell when the system is running. 

The sa mp le cell was connected to a large vessel which 

was designee to re d uce t h e effects of heating the c e ll 

on the cell p ressure, an d to a llow small chang es of the 

cell pressure to be mad e with only limited chance of 

p lating t h e s a~ple on the wind ows. The second oven built 

included mounting devices for the oven itself an d 

provisions f or mounting a photomulti plier housing to 

the side arm . 

b . Electronic ~etection Apparatus 

F i g ure 4 . 3 is a schematic ~ ia g ram of t he 
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., 
expe~imental apparatus userl fo r this experiment. The 

out put from the photo~iorle (PD) was used to tri gg er a 

Phil i ps PM 3410/3 419A/ 3~ 19P sam p ling oscilloscope whose 

vertical in put was taken f r om a 1P28 photomultiplier 

(P t-1 T). The oscilloscop e \·Ja s use d with the X d eflection 

e i t h e r ex t e r n a 11 y con t r ol~ d ·o r m a n u a 11 y con t r cille d by a 

potentiometer ad justment. By controling the X (time) 

axis it was possible to sa mp le the fl~o rescence intensity 

at set time d elays with res pect to the laser excitation 

p ulses. 

The conditions un d er w~ich this experiment was 

run lead to weak fluorescence sign a ls, therefore for a 

set X deflec~ion the Y output 6f t he oscilloscope was a 

series of pulses wit h an ave rage rate p ro port ional to 

the fluorescence intensity. By vary ing the X deflection 

of the d isplay t he shape of the fluorescence intensity 

was evaluated . A Gene r al Radio 1191 count er was used to 

measure the p ulse rates. 

The detec ti on apparatus was originally int ended 

for much more intense signals wh ic h wou~d h a ve allowed 

the use of a co mp uter data gathe ring sys t em . The X 

d e f 1 e c t ion of the o s c i 11 o scope ~·las con t r OIJ.e d ex tern a 11 y 

by a d i g ital to an a log ue converter while a n an a logue to 

d i g ital conv e rter measured the Y out put for a given X 

deflection. An also rit hm to take c1 ata· in t his · fas h ion 

was writt en a nd encoded on a PDP-11 system c a lled a 
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M I N~-1 1 with an RT- 11 operating sys t eM . Testing of the 

program indi c a ted that if a n appropri~te in pu t coul d be· 

found , it could he automatically be r ec or ded . The 

comp uter syst em involved coul d have be en used in low 

fluor e sc e nce con d itions b ut woul d ha ve involved buying 

or bu il d ing a frequency to voltage converter. 

D. The Lifeti me Deter r.!i n a ti on l\pp-aratus 

a . Opt ic Al Arrangement 

The lifeti me me asuring tec hnique employe d was 

to saturate a tr a nsition with a laser pulse and observe, 

with a de l ayed secon d p uls e , how the absor p tion recovers. 

This was accompl i shed by the o p tical apparatus dep icted 

in figure 4 .4. The bea n s p l itte r use d was an uncoated 

one inc h d ia me ter by one half inc h th ic k o p tic a l flat 

positioned a t forty five deg r ees to the beam wh ich 

produced t h ree beams Hith intensity r a tio s of 1:1:1 0 . 

The device, c onstructed of the translation stages and 

refl e ctor, is a Mi chelson interferometer which p ro d uc es 

t wo pa r a ll el but not co l i near beams . A short focal length 

came r a lens was us ed for L1 he c a use the short focal length 

p ro d uced a small focusec s pot a nd c ame r a lenses a re 

desi g n ed to avo i d spher ic a l aberm ions which 'doul d deform 

the focused spot . A c ame r a lens was also c hose n to enable 
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the expa nd ing p r obe beam to he r efoc use d to a spot at 

t he spatial filter. The lens pos ition was c ho sen s uc h 

t ha t an i mage of exc ited dye vol um e a t the pinhole wa s 

th e sane size as t he p inhole. ~ irrors M1 and ~2 wer e not 

r e q u i r ed h u t \ ·J e r e i n c l u d e c to e a s e a 1 i g n me n t o f the 

device. 

b . Sample Cel l Preparation 

In a n effort to optimize the lifeti me wh ic h wa s 

to be measu re d with r espect to t he me asurin g apparatus, 

t he s ample dye was c issolved in a h i gh viscosity 

solvent,namely glycerin. To avoid t he ther ma l Schtierin 

ef fe cts seen by other workers (3 3 ) a flo wing dy e syste m 

\vas use (1 . 

The us e of g lycerin a s a solvent cre a te d 

a ir bubbles in the samp l e solution. The tec h nique-s used 

to solve this p roblem for the amplifier dye are not 

appl ic able bec ause th e t wo order of magnitude increase . 

in the ~olve nt visco s ity ren de rs t he ai r bubb l e~g r a vity 

induced velocity relative to t he eye effectivel y 

ze ro. Pr epa ring the sample by p l a cing it in .a n evacuated 

be ll j ar for a d ay de cre ased the prob lem; however, whe n 

t he s amp le was circulate~ using gea r pumps any air 

bubbles tr appe d in the system we re f in e ly subd ivi d e d by 

the pump and r emained in the system fro m then on. A 

nonagitating circul a ting s ys tem wa s devi sed which not 
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only allowed circulation without generating small bubbles 

but also allowed the sample to be pumped on by a vacuum 

pump when circul~tion was not required. l schematic 

diagram of the circulating system is included in figure 

4.5 along with its operating conditions. 

Th~ sample solutions were prepared by adding 

solv.ent to the dye and raixing using the stirring function 

of a Precision Scientific constant temperature controller. 

Magnetic stirring devices were found to be ineffective 

in that they mixed only the volume which was swept out 

by the stirring bar. A propeller or fan'type stirring 

device was found to be most effective. The dyes were 

generally found to require one to two d~ys to dissolve 
I 
( 

to the point that crystals were not visible in a 

microscope. Heating· the solutions reduced the time 

requi reel to dissolve the dyes; however, at elevated 

temperatures dye degradation was observed when using 

DOTCI. 

c. Flectronic Detection Apparatus 

The probe beam intensity was converted into a 

voltage by the adjustable gain photodiode assembly. A 

frequency reference of the saturating beam's chopping 

frequency was created, by a helium-neon laser which was 

chopped and detected by a slow HP 4220 photodiode 

assembly when 1ight choppers without internal reference 
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signals were used. Light chopping frequencies up to one 

kilohertz were used in an attempt to overcome the 

instability of the laser's output which ha~ large 

frequencies up to ah~ut 200 hertz. 

It was intended that a PAR lockin amplifier be 

used to detect the variation in the signal which was 

synchronous with the reference frequency. It was found 

that residual air bubbles in the sa~ple solution cause 

either decreases in the signal by deflecting the probe 

beam or jncreases in the signal intensity due to scatter 

of the saturating beam into the probe beam. These changes 

in signal were sufficiently large to overload the lock-in 

amplifier and prevent further measurements for a few 

time constants of the amplifier while the system 

recovered. To reduce this problem an input filter was 

constructed with a capacitor, for A.C. coupling, followed 

by a symetric voltage clamp and a limitirng resistor. 

Germanium diodes were used in the voltage clamp which 

implies that voltages greater than 200 millivolts or 

less than -200 millivolts will be dis~ipated in 'the 

limiting resistor. This prevented overlpading of the 

. . 
lock-mand only a short tir1e was required for the system 

to recover from a bubble. 

For a given probe beam delay the pen on a strip 

chart recorder was lowered to recor~ several seconds of 

the c:etected si<Jnal before the pen was raised ancl the 



probe beam delay was manually changed. This process was 

repeated such that the detected signal was recorded over 

the full range of allowed delays. Generally Measurements 

were made every 4.23 picoseconds of probe bea~ delay 

which coresponded to .025 inches of displacement of a 

translation stage in the ~ichelson interferometer. 



CH~PTER 5 

Laser Setup anrl Characterization 

A. Laser Setup 

a. Mixed Amplifier Absorber nye Scheme 

In this chapter the operation of the laser systent 

shall be discussed for all confi0urations used. Although 

the first configuration described was unsucessful at 

producing mode-locked operation it shall be included for 

the sake of completeness because it did play an important 

role in the design of the final laser system. 

Amplifier/ absorber dye solutions were created 

by mixin0 two solutions of known concentration of 

absorber and amplifier dyes. The dye solution containing 

a high concentration of the absorber had an amplifier 

dye concentration which was equal to that in the second 

dye solution, which had no absorber dye in it initially. 

Tltis procedure allowed the amplifier dye concentration 

to be kept constant while mixing the two solutions. The 

absorber dye concentration increased from zero to a 

value determined by the total amount of the concentrated 

absorber solution which could he added to tl1e amplifier 

dye solution. 

Using the procedure described above, a number 

of amplifier dye concentrations were used in the laser 

-0~-
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c a vity with t h e s t~nda r d optics su pplied hy t he 

man uf a cturer. No mode-loc king was observe d un de r these 

con d itions. The output mirror was chang e d from a n AR% 

refl ecting optic to a 95 % and lat e r a 98% reflecting 

mirror • . This wa s done on the ass ump tion that by decr eas ing 

t he ratio of t he cavity's linear losses (not intensity 

depen de nt) . to its no nl in ea r losses t he contrast ratio 

be t ween int e nse and weak p ulses will incre a se more 

ra pid l y wit h each pas s t h rough the cavity. The dye re ixing 

p roc edu re was re pea te d using the 95% and 98% output 

cou plers in the laser c a vity and also failed to Jro du ce 

mode-loc k ing . It wa s l a ter de termined that the a -p re a ch 

of increas1ng the c a vity's Q was correct in that another 

g rou p ( 53 ), using a Spectra-Physics Mode l 375 d y l ase r, 

foun d that they coul d only p ro d uc e mode -loc k ing y this 

sc heme if th ey us ed t he highest possible reflect nces 

for the output refl ector and even with th a t refl ctor 

it wa s ne c es s a ry to move t he mirror tr ans v e rs e t the 

o pt ical axis until they found a reg ion of anomal usly 

h i gh r efl ectivit y befo re mode - lock ing would occu • 

b . Se pa rat ed Amp lifier and Absor be r Dye che me 

The f ir s t s te p in p ro d ucing mode - locking using 

s epa rat e dye cell s i s to o ptimi ze the positionin of t he 

pump lase r beam a t t he , jet str eam . This c an be r adily 

done by running t he dye la se r with an out pu t mir or 



rather th a n the d ye cell/ output mirror as serb ly and 

opti mizing the dy e laser's output power. 

The f ollowing ste p s will re qu ire an aper ure in 

the laser cavity to function as a screen for vie ~ ing the 

affects of the lens c.sserr;bly. The hole for the o ,tical 

axis should be sufficiently large that it d oes n t 

interce p t any laser li g ht in the heam. The apert re in 

this work was mounted with ~ ouble si d ed tape to he 

out p ut plate of the model 375 dye laser structur • This 

mounting position produced a screen to output mi ror 

distance of not less than 15 em. 

W~en the aperture is in place the output mirror 
. 

should be replaced with the dye cell/ output mir or 

asse mb ly, an d the assembly alig~ed by establishi g lasing 

Without any addition a l focussing optics in the c vity • 
• 

It should now be possible to install the lens 

assembly into the cavity and p roduce a s}A)llletrica image 

on the screen by positioning the assembly by han • If a 

s:zmne:rical image cannot be produced the out p ut m rror 

asse mb ly can be rbtated a bout its horizontal a xi to 

give a s~trical imag e. If l a r ge rotations a re eq uired 

to r rorluce a s~&rical imag e then the height of the 

lens a ssembly s houln be adjusted. li ' ith sor:~e prac ic e it 

-is possible to tr a nslate the lens asse mb ly along the 

O(J ticul cxis wh ile ma intaining the s)lililletric a l im ge on 

th e s creen. As t he lens assembly is tr a nslated b t wee n 
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the ex tr emes of its travel t he i rna 1 e on t he sere n will 

de crease in size until it ~ is appears rture 

and then incre ase in size again . If this longitu inal 

translatiorr is repeat ed a number of ti mes t h e le s 

asse mb l y will p ro bab ly, at the point where the i age 

size is a minimum , be at a r oint ·appro p riate for laser 

action a nd a flash of laser light will occur. It was 

usual ly possible to stop tr a nslating the lens e s nd have 

las e r action rer sist. By iteratively adjusting t 1e 

trarislation stag e under the lens assembly and th t wo 

rotations of the output cou p ler it should i hle 

to produce mode -loc king . There are thre~ general classes 

of measu re ments which can be used to monitor the 

developement of mode-locking. 

The most straight forward technique of m nitoring 

the d evelopernent of mode-locking is to use fast etection 

of the las e r intensity and monito r the pulse its lf. In 

this work a sampling oscilloscope with a 3 00 ps . riseti me 

was use d a nd t herefore the d escri p tion shall be it h 

respect to that type of detection . If the oscill scope 

is not ~d juste d to trigge r on the s i gna l, increa es in 

t he fuzzin es s of the d is p lay will accompany i mp r ve mcnt s 

in th e mo de -loc k ing of the l~ser. If the oscillo co p e 

is tri gge ring on the si g nal the display will con ist of 

a periodic waveform whose period is the laser ca ities 

roun d tri p ti me divided by some integer. ~s mo d e locking 
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improve s the integ r a l num b er of perio d s p er cavity roun d 

tri p time will d ecr~ase to one c r am four o r fiv • When 

t h ere we re only one or two p uls e s p e r round tri . time 

it wa s r ossible to a djust the lase r cavity such 

d i scontinuous chan0e in the shar p ness occured. is 

c h ange is illustrated hy the . oscillog r aphs in fi J ure 5.1 

which sho ws mo d e - locked pulses ~ etected using a Phili p s 

sa mp ling oscilloscope whose output was displaye d on a 

Tektronix o~cillosco pe and recorded with an asci loscope 

c a mera . Fisure 5 . la shows a p a rtially mode - locke output 

whereas figure 5.lb is of an output whtch , to .th a b ility 

of the detection a p pa r atus , is fully mode -loc ked Fiaure 

5 . lc is a photogra p h of the detection of mode lo ked 

pulses which dete rior ated into p artial mo d e -loc k "ng 

while the p icture was being t a ken . Th i s b i modal pe r ati on 

has ~ een o~server by oth ers using rnude-l ocked c. dye 

lasers us i ng the same dyes (65). Note t he decrea e i n 

the pea k an d average int e nsities as it 

later. 

ntione d 

A secon d class of me asu r ement whic h disp ays 

e ffects wt1ic h have bee n correlated to mo d e -l ocki g is 

measure ment of the a vera g e intensity on a ti me s ale of 

one n icroseco nd . As the laser ap p roac h es _mo d e - lo ked 

o p eration t he intensity wi ll increase and there ~ - ill be 

~ nois e co mponent with a p e rio d of a p rroxinately one 

micros e cond a n d a ma g nitud e oE app r oxi mately 3n % of the 
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Oscillographs o f Two Mo de s o f Ope r a tion 
of th e Mo de-Loc ked La se r 

a . Lon g Pulse Ope r a tion 

b . Short Pulse Ope r at ion 

c. Oscillog ra ph ~ad e During 
a Cha nge of Or erating Mode s 
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signal. ~hen complete ~ode-locking occurs there is a 

discontinuous increase in the intensity of about 15% an~ 

the noise decreases in nagnitude to 5% of the signal and 

has a characteristic ti~e of about 5 microseconds. The 

stepping of the average intensity occurs at the same 

time as the output pulses convert from partial to 

complete mode-locking. When it is not possible to monitor 

the laser's intensity with a high speed detector, 

monitoring the average intensity can give a fair idea 

of the operationcl status of the laser. 

Mo~e-locked lasers have a larger oscillating 

bandwidtl1 than the same lasers in a non-mode-locked 

condition. This leads to a third type of measurement by 

which the laser's status can be monitored. By passing a 

beam of diverging laser light through a Fabry-Perot 

etalon and onto a screen a pattern made up of a number 

of concentric rings will appear, given an appropriate 

choice of etalon. The width of the rings will be 

determined by the finesse and free spectral range of the 

etalon and the bandwidth of the laser. Given an 

appropriate choice of etalon parameters the width of the 

etalon fringes will be pro~ortional to the laser's 

bandwidth. ~hen r1o~e locking occurs an increase in the 

laser's oscillating bandwidth should cause the etalon 

fringes to becone thicker. In this work a one mm. air 

spaced etalon with a finesse of 4~ was used. This choice 
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of etalon pa ra meters pro ~ uccs a free spectr a l range of 

150 gigahertz and an instrumental ba ndw i d th of about 

3.25 g i gahe rtz. The laser' s bandwi d th is much large r 

than t he etalon's instrument a l banrlwidth ~ n d therefore 

\v i 11 be t h e rl o n i n a n t , f a c t o r d e t e r m i n i n g t h e , r i n 0 w i c1 t h • 

The free spectral range of the etalon is g reater than 

the 1 a s e r h a n cl w i d t h w h i c h i m p 1 i e s t h a~t ad j a c en t r i n g s 

will not overlap. The ring patterns cibserved in this 

work chang~d froM Having a finesse of ten to a finesse 

of three, as shown in figure 5.2. The ch ange in ring 
. 

pattern occure d simultaneously with . the changes in the 

average intensity and the narrowing of the laser pulses. 

Short of using a ·fast real time ir~ age processing system, 

I ' 

this feature of mode - locked lasers is not as useful as 

the previp~sly described techn~qcres; however, it is a 

more di rect evidence of mode-locking than the information 

gained from ~on itoring the average intensity. 

B • ...Cha racteriza"tion of the Laser 

' This laser system was test ~d un de r conditions 

of varying dye concentrations of amplifier dyes (Rho dam ine 

GG , Rhodamine s , binary mixtures of the Rhodamines SC 

and B and b inary mixtures of Rhodamine B and Fluor escein 

Disodium Salts) and absorber dyes (DODCI and binary 

mixtures of noncr and Malachite Green). ~11 dyes used 
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Figure 5 . 2 

Etal on Ring s Pro d uced r,Ji th Dye Laser 
Ou t p ut 

a . Laser i n ~o n-~ode-Loc ked Cond iti on 

b. Laser in Mo de -Locked Condition 
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in the laser \Jere laser grnde except for the Malachite 

Green which was purified hefore use. The dye laser's 

cavity lenqth w~s varied 2nd adjustments were made to 

the output lens system such that the beam waist in the 

absorber was varied. 

Measurement of the laser ligh t's wavelength was 

performed usin~ a 1.5 meter Bausch and Lomb spectrograph 

which was calibrated using neon and iron emission lines 

produced by a hollow cathode discha r ge lamp. Evaluation 

of the spectrogram was accomplished with a traveling 

microscope digitizer an d a computer p ro g ram which d i d a 

rigorous weighted least squares calculation of arbi trar y 

order and calculated the standard deviation of the 

wavelenght in a rigorous way . The standard deviat ions 

calculated using this p rogram were app roxi mately .01 

nm •• In the interest of speeding up the c alib 'ration 

p roc eedure, visual comparisons of the laser's wavelength 

to the calibration spectra were made using the 1.5 meter 

Bausch and Lomb spectrograph and a 35 mm. SLn camera 

equiped with ex tende r rings. In the spectral region in 

which the laser operated, the density of calibration 

lines allowerl accu r acies of approximately . 2 nm . with a 

worst possible e rr or of 1 nm. where calibration lines 

have their maximum separation. 

For both single dye solutions userl as amplifying 

media a rlye concentration of lE-3 mola r in et~lene 
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glycol was faun~ to be opti~um in ter~s of ease of 

mode-locking. Rinary amplifier dye concentrations were 

found not to allow mode-locking. The wavelength region 

overwhich node-locking would occur was not dependent on 

the amplifier dye concentration but could he shifted to 

longer wavelengths hy increasing the concentration of 

the saturable absorher dye. It was found that saturable 

absorber dye concentrations in the range of 4E-~ rvt. to 

lE-4 M. were effective at mode-locking the dye laser. 

Addition of Malachite Green, which is reputed to enhance 

mode-locked operation above threshold (6G), was found 

to inhibit mode-locking at all concentrations up to and 

including that suggested by Ippen (67). It is possible 

that the reason mode-locked operation was not promoted 

by the extra absorber is that the cavity's linear losses 

were so ~igh that the inclusion of additional losses 

prevented oscillation. the assumption that the losses 

in this cavity were higher than the losses in cavities 

used by other workers can be substantiated by the fact 

that the four watt pump laser threshold is significantly 

higher than the thresholds of less than one watt common 

in most node-locked c.w. dye laser cavities (SG, ~8). 

The mocl"e-locked laser pulse was initially 

observed using a Philips sampling oscilloscope which had 

a rise time of three hundred picoseconds and was the 

limiting factor in the detection apparatus. Once operation 
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of the laser had been optimized it was possible to use 

a Tektronix R770~/7Tll/7Sll/S2 sarnplin0 oscilloscope 

which has ~ faster response but has more inherent noise 

in its detector and a higher triggering threshold. The 

" detection apparatus using the Tektronix oscillosco~e was 

limited by the photodiode risetime of approximately 150 

ps. Witt1 this apparatus pulse substructure was observed. 

An example of an oscilloscope trace of a pulse is given 

in figure 5.3. The two peaks in each pulse are sepArated 

by approximately 350 ps. which corresponds to light 

traveling 10.5 em. in air. The ~ulse substructure was 

indeperld nt of the laser's alignment, the choice of 

detectors~the position of the detector and the length 

and. type of wire used to connect the detector to the 

oscilloscope. It was noted that the optical path from 

the jet stream to the end mirror and back to the jet 

stream was 10 ern. It was suggested by Ippen (fi7) that 

"double pulsing" would be a problem in a laser with a 

configuratio~ like the one used in this work, ~ opposed 

to those configurations with centrally located amplifier 
;' . ~ 

dy~ cells. A possible explanation for this composite 

pulse structure involves the recovery of the gain and 

absorption in the laser. The first pulse sweeps out the 

gain in the amplifier and proceeds to the end mirror and 

back to the amplifier. Before the first pulse passes 

through the amplifier a second pulse sweeps out that 
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Fi g ure 5.3 

Oscillograph of Mo d e-locked Laser 
Pulses 

a . Aver0 g e Intensity 

h . Pulse intensit y 
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ga in whi c h has r ecove r e~ After t he f ir s t pulse. Hence 

the f irst pulse is not ampl ifi ed on its secane pa ss 

through the amplifie r. It is clear that re peating t his 

ar g ument one would conclude th a t the J ase r's output 

s hould be a large pu ls e f ollowed by a string of less 

intense pulses. The saturable ahsorber however, will 

discriminate aga inst puls e s that foll ow the l a r ge p ulse 

at ti mes wh ich are lon g compa red to the absor ber~ 

recov e ry ti me of · about 3 00 picoseconds. Hence only one 

trailing p uls e is · seen. 

For t he sho rtest possi bl e cavity length of 

approximately SO ern. mode-loc ked operation was p ro d uced 

between 5 68 . nm. and 578. nm •• Dilution of the DODCI 

caused t he r eg ion over which mode-locking occurred t o 

s h ift to longe r wa vel e ng ths while ma intaining roug h ly 

t he s ame extent (7 .5 nm.) . 

Extending the leng th of the laser cavity shifted 

t he mode-locking reg ion to longer wavelengths to the 

extent that it was poss ible to mo de-loc k t he laser at 

wa velerigth s up to ~20 nm . when t he c av ity was leng then ed 

to 100 em. The c a vit y length wa s c ha nged over sma ll 

d ist ances wh il e in mode - locked ope r a tion during which 

t he fre q ~ency of oscillation d i d not ch 2nge by mo r e than 

a small pa rt of it s bandw i d th , as de t e r mi ned by mon itoring 

t he bandwid th with a n etalon , an d th e mode -loc ked 

cdndition d i d not ter mina te in any way inco ns i ste nt with 
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operation vlbile not moving. A sur1r.1ary of the \lavelengths 

for which.rno~e-locking was possible is given in figure 

5.<1 along vJith other l~oc7e-lockec1 c.~V. eye laser systems. 

Changing the amplifier dye concentration did not 

have a noticeable effect on the r2nge of mode-locking. 

The aMplifier dye was changed. to rhodamine B and 

mode-locking required the removal of the diverging lens, 

L2. The mode-locked rhodamine R/DCCCI laser produced 

mode-locked pulses at wavelengths between 599 and ~09 

nrn. with a GO .. em. laser cavity .length. Conposite amplifier 

dye solutions using rhodamine GC and rhodamine B as well 

as Rhoc:arnine Band Flucresc:len Disodiun Salts were used 

in an unsucessful attempt to produce mode-locking between 

the mode-locking regions of the separate amplifiers. 

'I'hroughout these measurements the pulse width 

of the mode-locked pulses remained below the detection 

limited pulse width of the detection appaiatus used. 

Pulse width determinations were attempted using 

dimethyl-POPOP in benzene as a nediun for two photon 

fluorescence. The laser's intensity was insufficent to 

produce detectable fluorescence. A lower limit for the 

[::mlse width \·/as established by assur.1ins the pulses \~'ere 

ban c \d d t h 1 i m i t e d • T h i s as~ u r:1 p t i on i n p 1 i e s the r e 1 a t i on 

~t = .441/Av • Using the interferoneter data mentioned 

in section S.A.h the bandwidth was estinated as 1.7 
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Figure 5.4 

Rhodamine 6G 
-

C W Mode-Locking Wavelengths 

Letouzey (68) 

,----...... , Bradley (71) 

Ippen (65) 

0 Kuizenga ( 70) 

0 Dienes (69) 

6 0 
Wavelength [nm.] 

6 0 
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\1 ave nun hers an cl hence the 1 o "'' e r 1 i m i t for the 1 as e r 

pulses was 8.5 picosecon~s. 

The average intensity of the mo~e-locked rhodamine 

GG/DODCI laser output was approximately two milliwatts 

and varied by only t\.renty five percent regardless of the 

wavelength or cavity length. ~hen rhodamine B was used 

as the amplifier ~ye the mode-locked laser had an average 

intensity which varied from 2.5 milliwatts to 5. 

milliwatts with alignment of the laser. Assuming the 

output is a pair of bandwidth limited pulses, these 

average powers correspond to peak powers of the order 

of one watt. 

The independence of the average power from the 

cavity length may indicate a possible explanat'ion of 
• 

the operating wavelength's depenc~nce on the cavity 

length. For longer cavity lengths the energy per pulse 

must be higher such that the average power remains 

constant. This would lead to an increase in the production 

of the photoisomer of DODCI which is involved in 

node-locking the laser (79)·. The· increased concentration 

of the photoisomcr, which has its absorption red shifted 

with respect to the normal isomer, may be leading to a 

shift of the operating point to longer wavelengths. 



CH.I\P'I'ER "; 

Results of ~pplication Experi~ents 

A. Preli~inary results of Time Correlated 

Fluorescence Studies 

Studies were attempted using sodium climer because 

it provided a large nu~ber of excited states for which 

laser excitation was possible and it has hyperfine 

structure due to its nuclear spin of 3/2. 

The sodium used was standard laboratory reagent 

grade sodium stored in a liquid parafi"in bath as suppliec'l 

by the BDH Chemical Company. For tbe preliminary 

experiments an intense emission at approximately 580nm. 

was excited. 

Analogue detection of the intensity of the 

fluorescence was found to be impractical with the 

apparatus used because of low signal levels. ~hen the 

sampling oscilloscope was used in the "normal" 

(non-smoothed) mode the display was a collection of 

pulses of essentially the same magnitude, indicating 

that the signal was primarily compose~ of single photon 

events. Using the GR-1191 counter to detect the rate at 

which the sampling oscilloscope detectec'l a signal, an 

average pulse frequency of the order of a hundred pulses 

per second was measured using a ten second gate to make 
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the measure~ent. Tl!e sample cell was cooled to roo~ 

temperature and the count r~te draped to of the order 

of one pulse per secane, indicating th2t laser scatter 

from surfaces in t!1e sample cell were not a significant 

factor in the ~etected signal. With the sample cell at 

its operating temperature and the laser excitation 

blocked count r2tes of about the sane as those for a 

cold sample cell were detected, indicating that the 

photomultiplier's dark current was probably responsible 

for the small backround measurement. 

An example of the type of results produced hy 

the experimental apparatus describe~ here are given in 

table G.l. Since the possible, trivial explainations 

of the observed signal have been eliminated, we may 

ascribe the modulation of the signal to modulation of 

the fluorescence intensity. It should be noted that a 

ripple in the fluorescence signal would he expected even 

if no quantum beat modulation occured. The magnitude of 

the inherent modulation in this experiment depends on 

the length of the exponential decay compared to the 

pulse period of the exciting light. Clearly, if the 

fluorescence lifetime is sl1ort with respect to the pulse 

period, there will be a significant decrease in the 

fluorescence between excitation pulses which will appear 

as a ripple in the detected signal. Conversely, if the 

lifetime is long with respect to the pulse period, little 



Table 6.1 

Typical Output of the 

Quantum Beat Experiment. 

Approximate 
Cavity Length 

(em.) 

68 . 

69 . 

Intensities (in counts) Ripple 

Average r··1 aximum Minimum 

122.8.±_3.0 155.0.:t.4.8 9ll-.3.:t_1.2 .49+.05 

126.3.±.3-3 148.5.:t_5.6 106.9.±_0.9 -33.±..05 

Experiment terminated when mode-locking 
stopped. 

Time required fo r 
These meas urements 

3 min ~ 

2 min. 

I 

I 
OJ 
\Jl 
I 
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change in the fluorescence intensity ~ill occur between 

the excitation rulses and the ripple in the signal will 

be small. In the mathematical modelins of this experinent 

the inherent ripple expected, for even the short lifetime 

of 100 ns., was less than five percent at the pulse 

period used. For these reasons the existence of a quantum 

beat signal can be inferred and the beat frequency can 

be said to be in the 200 MHz. region. The exact value 

of the level splittings responsible for the beats will 

require further experimentation to evaluate. 

The continuation of this experiment was not 

practical at the time the data was taken because the 

determination of the intensity, for a given delay with 

respect to the excitation, required approximately one 

minute of reliable laser operation. Even a crude 

measurement of the intensity's ripple requires measurements 

at at least two time delays. A minimal sampling of the 

ripple versus cavity length relation required a duration 

over which reliable operation of the laser was improbable. 

Recovery of mode-locked operation involved adjustment 

of the laser cavity and as a consequence of that, a loss 

of knowledge as to whether the laser wavelength was 

appropriate for exciting the states of interest. 

Reiniti~tion of this experiment will require a 

number of improvements of the apparatus including 

improvements in intensity, stability and calibration. 
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Increasing the laser system's output power would 

allow the data acquisition rate to be increased, possibly 

to the point where the ex~eriment could he performed in 

a time for which reliable operation can be assured. The 

most straight forward solution to this rroblem is the 

construction of a dye laser amplifier (71) or redesign 

of the laser cavity as suggested by Johnston (72); 

however, it may also be useful to consider the possibility 

of lowering the cavity losses by using quality laser 

optics instead of surplus industrial optics. 

It may be possible to increase the duration of 

stable operation such that an experiment can be cor.plctec 

before adjustments are.required to the laser cavity. 

Improvements to the acoustic filtering and the bubble 

removal would seem to be reasonable starting points for 

increasing the laser's stahility. 

Continuation of this experiment would require 

the assignment of the spectra in order to correctly 

determine the quantum numbers associated with the 

specific transitions which are studied. This is a 

difficult but not impossible task which is made much 

easier if the spectra is displayed with its ordinate 

being a linear function of wavelength or frequency, such 

that patterns can be recognized. This would require, at 

least, computer processing of the spectra to linearize 

the effects of the type of tuning used in the laser and 



to fetect and eliminate the effects of mode hopping. 

B. Results of Lifetime Determination Experiments 

The ~alachite green used in this experiment was 

obtained as a biological stain from BDH Ch~rnicals 

Limited. Thin layer chromatography (commonly refered to 

as TLC) ~~s used to examine the dye and the dyestock was 

found to contain an impurity which was removed when the 

dye crystals were washed in ethyl acetate. 

The DOTCI was obtained as laser gra~e dye from 

the Exciton Chemical Company and the DTDCE was obtained 

from the Pierce Chemical Company. TLC of these carbocyanine 

dyes indicated that no impurity was present. 

Lifetimes of the ~manifold were measured and 

variations due to differences in temperature were 

compensate~ for by calculating a correction factor which 

adjusted the lifetimes to that which would be expected 

at twenty celsius. By employing the viscosity versus 

temperature data for glycerin, tabulated in the CRC 

Handbook of Physics and Chemistry, and assur:1ing the 

lifetime has a viscosity dependence of the viscosity to 

the two thirds power, as predicted hy the Forster mo~el 

(31) and observed by Ippen (37), Yu (?~) and others, it 

is possihle to predict the lifetime which ~auld be 

measured at some terperature if the lifetime is known 

at some other temperature. 
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An ex~mple of the type of ~ata produced hy this 

apparatus is given in figure 6.1. It should he noted 

that the time axis of the chart recorder's output 

represents the passage of tine during the experiment and 

does not have a one to one relationship with the delay 

time between the arrival of light pulses at the sample. 

The method by which this data was 2cquired was previously 

described in subsection 4:D:c. 

The results of the processing of a number of 

experimental runs are summarized in table 6.2. Clearly 

the duration of the depleted absorption was decreased 

with the addition of acceptor molecules into the sample. 

The decrease of the lifetimes was approximately that 

which was expected from the calculation of the rate 

constant using the theoretical considerations discussed 

earlier. The association of this decrease with 

dipole-dipole energy transfer is therefore not excluded, 

but is only one of a number of possible explanation 

of the observed affect. It is possible, even if 

improbable, that both DOTCI and DTDCB both have very 

short (an~ approximately equal) lifetimes which were the 

actual source of the lifetimes which were measured. This 

expla_nation is considered improbable in that it requires 

the lifetimes of both of the acceptor dyes to be 

anomalously short in comparison to the lifetimes of 

others of the related carbo-cyanine dyes which have 
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Table 6;2 

Lifetime Measurements 

(in picoseconds) 

-4 averages 
,..- _5 )( 1Q _M '- - - - I - - - - - - - -

Malachite Green 1 58:!:3) 
I 61 :!:3 59 :!:2 
I 62 !7 
I 57:!:2 

----------1--------

+ I 43:!:2 
Malachite Green 1 45 :!:2 ) 

163M. DTDCB I 48 :!:2 45 :!:1 

I 45 :!:1 _________ J _______ _ 

Malachite Green : 
+ I 43:!:2 43 :!:2 

10-3M. DOTCI 
----- ----- _,_-- - - ·-----
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lifetimes in the nanoseco:~c doma in (73). 'A lifetime 

experinent, using the apparatus de scribed in this work, 

with a sanple consisting of acceptor molecul es without 

any rlonor nolecules woulf indicate definitively if the 

lifeti mes o bse rv ed were d irect acceptor lifetine 

ohservations . Further confor ma tion of the p rocesses 

involved can be accomplished hy further lifetime 

determiriations ~sing different accertor concentr a tions. 

For sna ] 1 values of t h e factory. (=C/C 0 ) the lifetime 

is a quadratic function of C and a number of lifetimes 

recor ded for d iffering concentrations of the acceptor 

will al l ow the concentration dependence to be compared 

with that predicted by theoretical considerations. 

The current interpretation of the change in 

lifetimes as be ing in duced by dipole-dipole energy 

exchange lea d s to the conclusion that the population of 

the S manifold of Ma lachite Green is persistent throughout 

the recovery of the ground state abso rption . This 

ind icates that the intern a l conversion rate must be 

slower than the vibrational relaxation rate , as was 

suggested hy Schneider, ~ irth and Dorr. It also indicates 

that the low quantum yield data which 1ecvJ I ppe n and 

Shank to assume that t he Easte r rAte was the int e rnal 

convers ion r a te was misleading . 

The appa ratus used in t h is experiment was 

functional up to the ti ne when this researc h ~as 
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discontinued due to failure of the argon ion laser's 

plasma tube. There are, however, a number of improvements 

which woulrl be worth consideration if this type of 

experiment were to be reinitiated. 

The precision with which the tranmission was 

determined could be greatly increased if the fluctuations 

in the detected signal, caused by sources other than 

sample absorption, could be reduced. The major sources 

of spurious fluctuations were minute air bubbles in the 

sanple dye and the fluctuations of the mode-lockef 

laser's output power, which is probably caused by 

variation of the jet stream's geometry. 

An increase in the output power of the laser 

system wo~ld easa the restriction on the spot size to 

which the two beams have to be focused. Larger focussed 

spots in the Semple dye cell would decrease the effects 

of the air bubbles in the sample because their size 

relative to th~ spot size would ~ecrease. The larger 

spot size would also promote beam alignment in the sample 

cell, which was a trial anrl error process at the time 

of the last system failure. 

Automation of the translation stages used in the 

interferometer would allow automatic data collection to 

greater accuracy because conver~ence criteria could he 

used to control the dwell time of each delay. 

When this work was discontinued it had been 



deternined th~t ~cceptor absorption ~y the ?E-3 ~. COTCI 

was not going to prevent the reasure~ent of a lifeti~e 

i . ~ as c1c 2E-3 !>4. DTDCB. 

Further exploitation of the apparatus built for 

this thesis can he suggested hy the review-s of ultra 

fast processes (2, 7A-77) and articles such as that by 

Greene (78). 

C. Discussion and Conclusions 

This study was undertaken with the primary 

objective being to develope an apparatus capable of 

producing and enploxing light pulses with pulse widths 

in the picosecond donain, for spectroscopic and energy 

transfer process studies. This objective has been 

sucessfully acomplished. This concluding chapter briefly 

highlights the results of this work. 

The first steps into a new field of research 

have been completed.The problems associated with starting 

up a new apparatus have been solved. Those aspects of 

the research in which practical i~provernents could he 

made were isolated and possible corrective actions were 

considerer.. 

The c.w. mode-locked dye laser system which was 

rlesigned and constructed for this work pcrforme~ 
\ 

t-

satisfactor?-JY i.n an energy transfer process experiment 
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and gave in d ications tha t, wit h improvements in th e 

laser'~ stab i lity aB~ - outrut power, it woul d function 

sat i sfactorily fo r ~ uantum bea t spectroscopic expe ri ments . 

The p ro blens wh ic h r est rict the use of the lase r in 

quan tun beat expe ri ments were not ascri bed to mechan isms 

wh ic h are i ~he r e nt in t he system an d woul d render t hen 

in soluble • Techni q ues have bee n suggested wh ic h woul d 

serve as a starting point fo r invest i ga tions to ove rc one 

t he difficult i es . 

At t h e time of this writing the l a ser syste~ 

was ino pera tive due to c a t ast ro ph ic f ai lur e of t he ar g on 

ion laser. The h igh cost of r e c ov e ring th e system is a 

c ha r ac teristic of th e finances associated with t h i s t ype 

of rese arch . 

Th e laser spectrometer d escribed in this work 

is a reasonable p roj ec t to r e initi a t e if a conc e rt ed 

effort is made to e nt e r the field of short interva l 

experimentation, with a ll the fin a nces a nd a lloca tion 

of manpowe r it requires. If at least one pe r son with 

experience in deal ing with some of the p r oblems outlined 

in the p r ev i ous chapters i s associated witl1 su c h a 

project it i s possibl e t hat th e system could be made to 

function as a n eff ic ient , c ompetitive tool in t he f i el~ 

o f sho rt int e rv a l expe rimentat ion . 
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Appenoix ~. 

Drawings An~ Sche~atics For Detectors 

a. The Photomul~iplier Housing 
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Comments 

This housin~ was desiJned with concern for the 

light tightness of the clevice. This design turned out 

to be nore expensive than necessary in that the large 

number of li9ht trops added machining operations which 

increased the cost. The same light tight effect could 

have been accomplished by using a metal cylinder with 

light tight caps and a ~ide port, with provisions for 

mounting, welded to the cylinder. 
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b . The Detectors 
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--

--
V; 9volts 
RL;1Mfl. 

Ro lchosen to give the required 
R1 ) gain, subject to Ro ·R 1 (<in~ut 

impedance which is driven 

Pb Photodiode (PIN-50 or H-P4220) 
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Appen~ix P. 

Drawings And Schematics For Laser System 

a. The Translation Stase 

'• 
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Comments 

In practjce the u~able length of the translation 

stage was less than a neter.The air hearjngs had a 

tendency to create vibr?tions unless the translation 

stage was used with ~eights attached to load down the 

bearings. The steel rods tended to rust over a period 

of months, requiring cleaning with steel wool. For a 

second generation translation stage a number of useful 

modifications could be made. 

Py shortening the translation stage to 75 ern., 

replacing the three quarter inch roes with one inch ro~s 

and eliminating the central support, the stage would be 

easier to use. In this new configuration it would be 

possible to replace the air saddle bearings with air 

bushings which would eliminate the vibration problem. 

It would be advisable to replace the steel rods with 

stainless steel because of the corrosive atmosphere in 

the laboratory. 
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b . The Le n s ~ount i n g De vic e 
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Comments 

The lens mount table was found to be difficult 

to use in that precise adjustment of the lens holder was 

difficult, due to friction between the table and the 

lens holder and due to the coarseness of the adjustment 

screw controling longitudinal motion. It was found that 

the table could he replaced with a commercial translation 

control 
stage \·Jhich gave betterl\over the longitudinal translation. 
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c. The Dye Cell I Output Reflector 
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Comments 

The Dye cell I Output Reflector was constructed 

with all its fabr ic ated parts made fro m b r ass. The choice 

of mate rial was made solely on t h e basis of ease of 

r:1achining . It was later de termine d the another factor 

shoul d have been t aken into account . Khe n two bear ing 

surfaces are of similar hardness t hey wi ll tend to ga ll 

at t he same rate. As a conseque nce of this rough~ni ng 

of t he bea ring surf2ces the rlevice will ten d to sei.,te 

or at least become d ifficult to operate . v•'hen mate ri als 

of dissimillar hardness are used only the softer ma teri ol 

will ga ll and t he re will r ema in one smooth surface which 

\Jill ma intain smooth operation . 
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d. The Electrical Schematics for 

the Mo0el 270 Exciter 
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Comments 

The schematic on the previous page includes a 

so~noid (JlOOl) and a reference to switch SlOG. These 

devices can be ignored as they were not included with 

the laser. The schematic for the light control circuitry 

does not describe the circuitry in the light control 

section of the exciter and can only be used as an 

indication of the design philosophy used in the light 

control circuits. 

The fill threshold circuitry can be defaulted 

by shorting pin 18 to pin 20 of the Fill Control circuit 

board. The start sequence can be initiated after tube 

warmup by installing a switch on the electrical control 

circuit board to open the circuit above CR213 to allow 

capacitor C209 to charge before the switch is closed 

again. 
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Appen cl i x C . 

The Hea t P i pe Ov en 
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l'.ppen c i x D . 

Raw Da t a f r om Li fet i me Expe ri me n ts 

Date : Abso r ber [ A] T Li fet i me s (ps .) 

( f\1 .) ( c. ) a s meas ur ed cor rected 
to 2 0 . c . 

15 - 0CT-7 9 none 2 1. 0 51) .+ 3 . 5 8 .±.3 . -
1 5 - 0CT- 79 no ne 2 1. 0 59 . +3 . (j 1 •±.._ 3 . 
1 5 - 0CT- 79 n o n e 2 1. 0 50 . +7. (i2 .+ 7 . 
23 - 0CT-7 9 n one 2 1. 0 55 . ± 2 . 5 7 -~ 2 . 
27 - JA !'-!- 80 DTDCB 1 E- 3 1 P . 2 4 7.+ 2 . 45 .±.2 . 
1 0 - FF. B- fSO DTDC e lE- 3 1 8 . 5 45 .+2 . 4 3 ·+ 2 . 
1 0 - FEB- 80 DTDCB l E- 3 1 8 . 2 50 .+7. . 4 8 .+2 . 

9 - JViAR- 80 DTDCB 1 E- 3 1 8 . 2 4 7. +1. 4 5 -±). 
9 - Ml>H- 80 DOTC I lE - 3 18 .1 46 .±2 . 4 3 ·±. 3 . 

Al l l i fe ti mes we r e meas ur ed u s ing a Ma l a c h it e 

Gr een c oncentrat i on of 5E- 4 M. wi th g l yce rin u sed as t he 

solvent . 



-132-

** References ** 

1. L.F.. Par,Jrove, H.L. Fork anc~ M.P.. Pollack 
Applied Physics Letters 5 (1904) L'l 

2. S.L. Shapiro (ecitor) 
Topics in Applied Physics 
Liaht Pulses. 
Springer-Verla<J 

Y.l8 Ultrashort 

3. E.P. Ippen, C.V. Shank and R.L. ~oerner 
Chemical Physics Letters lll1 (1977) 20 

4. K.~. Meissner 
The Journal of the Optical Society of America 
31 (19111) 1;05 

5. K.~. Meissner, L.G. Mundie and P. Stelson 
Physical Review 74 (1948) 932 
Ph y s i c a l Rev i e \·1 7 5 ( 1 9 4 S ) E 9 1 

~. D. Pritchard, J. Apt and T.W. Ducas 
Physical Revie~r~ Letters 32 (1971') G41 

7. 

8. 

0 
-' . 

10. 

11. 

T.W. Hansch, K.C. Harvey, G. Meisel 
and A.L. Schawlow 
Optics Communications 11 (1974) 50 

M.D. Levenson and M.M. Salour 
Physics Letters 48A (1974) 331 

F. Riraben, B. Cagnac and G. Grynberg 
Physics Letters 48A (1971]) t,'j9 

F. Biraben, B. Cagnac and c. Grynherg 
Physical Review Letters 32 (1974) 643 

s. Ilaroche, J .A. Paisner and A.L. Schawlow 
Physical Review Letters 30 (1974) 91!8 

12. ~. Gornik, D. Kaiser, K. Lange and H.H. Schulz 
Optics Communications S (1972) 327 

13. R. ~allenstein, J.A. Paisner and A.L. Schawlow 
Physical Review Letters 32 (1?71!) 1333 



- 1 33 -

1 <1 . G . l--. r fken 
Ma t hema ti ca l Me t h o ds fo r Phys icist s 
s e c o n rl e c.l i t i o n 
Ac adem ic P r ess , 1 9 7 0 

1 5 . A. Corn e y a n d G . W. Se ri e s 
Pro ce e d ings of t h e Phy s ic a l Soci e t y 
R3 (1 904 ) /.1.3 

1 ~ . J . N. Do dd , ~ . N . Fox , G . W. S e ri e s a n d 
1'1 • .1 . Ta y lo r 
Pr o c eed ing s of the Phy sic a l Society 
7 4 (1 959 ) 7 89 

1 7 . c . Fab r e , ~ . Gro s s a n d S . Haroc h e 
Optics Co mm unic a tions 1 3 (1 9 75 ) 3 9 3 

l R. S . Ha roc he , M. Gross a nd M. P . S i lv e r ~ a n 
Ph y s ic a l Revi eH Letters 33 (1 9 7 4 ) 1 00 3 

1 9 . Ca rio a n d F r anc k 
z . Physi k 1 7 ( 1 9 23 ) 20 2 

20 . R. L i v i ng ston 
Th e Journa l of Physical Che mist r y ~ 1 ( 195 7) 850 

21 . J . Lavor e l 
Th e Journ a l of Physic a l C h e ~ istry 6 1 (1957) 8~ 4 

2 2 . G . W. Ro b i nson an d R . P . F r osch 
Th e J o urnal o f Ch em i c a l Ph ys i cs 3 8 ( 1 9() 3) ll P7 

23 . Th . forst e r 
Di s cussi o ns o f the Fa r ada y Soc i ety 2 7 (1 9 59 ) 7 

24 . R. E . Kello0g 
Th e Journ a l of Lumin e scenc e l , 7 ( 197 0 ) 43 5 

25 . C . J . ~a str a n0 elo a n d H . ~ . Offen 
Che Mical Phys ics Letter s 4 G ( 9 17 7 ) 588 

2 () . h' . Yu , f . PeJ.l eg rin o , f'l! . Gr a nt a n d R . n . Al fa no 
Th e Jo u r na l o f Ch e Mic a l Phys ic s 5 7 (1 9 77) 1 7 G6 

2 7 . D. ~ag~e a n d ~ . ~ . ~ inds o r 

CheM ic a l Phys ic s Let t e rs 211 (1 9 7 -1 ) l L'4 

2 8 . n . A. Cr eme r s an ~ M. W. Wind sor 
Chem i c a l Phys i c s Le tter s 7 1 ( 1 980 ) 27 



"')("\ .- .. ..,; . 

30. 

31. 

-134-

G.N. Lewis, T.T. Magel and n. Lipkin 
The Journal of the American Chemical Society 
'1-1 (1()112) l77LI 

J.M. Grzybowski, S.E. Sugamori, D.F. ~illiams 
an c1 R • ~.,_- • Y i p 
Cher.ical Physics Letters 55 (1S'79) 45.-; 

Th. Forster and G. Hoffman 
Z. Physik Chern. NF 75 (1971) 53 

3?. E.P. Ippen, c.v. Shank and A. P.ergman 
Chenical Physics Letters 38 (lS7fi) 387 

33. P. ~irth, s. Schneider and f. Dorr 
Optics Conr:~unications 20 ( 1977) 155 

3~. ~.D. Hirsch and H. Mahr 
C he I:t i c a 1 Ph y s i c s Lett e r s 5 r, ( 1 9 7 9 ) 2 9 9 

35. G. Porter and C.J. Tredwell 
Chemical Physics Letters 5'S (1978) 278 

3G. D. Rehm and K.B. Eisenthal 
Chemical Physics Letters 9 (1971) 387 

37. G. Porter and C.J. Treowell 
Chemical Physics Letters 56 (l97P-) 278 

38. S.A. Ahmed, J.S. Gergely and D. Infante 
The Journal of Chemical Physics ljl (1974) 1584 

39. S. Speiser and R. Katraro 
ortics Communications 27 ( J 97C) 237 

110. c. Lin and A. Dienes 
The Journal of ~pplied Physics 44 (1973) 5050 

41. C.E. ~oeller, C.M. Verber and A.H. Adelman 
Applied Physics Letters 18 (1971) 278 

/,2. C.K. Chan 
Spectra-Physics Laser Technical Bulletin 
No. 8 February 1978 

43. C.K. Chan and s.o. Sari 
Arpliec Physics Letters ?5 (1971!) 403 

• 



-135-

~4. A. Scavennec 
Optics Cor:tnunications 17 ( 197G) 14 

45. D.J. Bradley 
The Journal of Physical Chemistry 
fl/. (1978) 2250 

tS. D.J. Prad1ey an~ G.H.C. New 
Proceedings of the IEEE G2 (1<J7t;) 313 

t,7. P.',';'. Smith 
Proceedings of the IEEE 58 (1970) 1342 

48. R.J. von Gutfeld 
Applied Physics Letters 18 (1971) 481 

IS. D.J. Eradley and F. O'Neill 
Opto-Electronics 1 ( 1059) 69 

50. F. O'Neill 
Optics Communications r,, ( 1972) Y30 

51. c.v. Shank and E.P. Ippen 
Applied Physics Letters 24 (197-1) 373 

52. A. Scavennec and N.S. Nahman 
IEEE Journal of Quantun Electronics 
QE-10 (197lJ) 95 

53. J.-c. Diels, F. Van Stryland and G. Benedict 
Optics ComPlunications 25 (1978) 93 

54. D.J. Bradley, G.H.C. New and S.J. Caughey 
Optics Cornnunications 2 (1970) 41 

55. F.G. ~rthurs, D.J. Rradley, P.N. Puntambekar, 
I.S. Ruddock and T.J. Glynn 

5(-). F. O'Neill 
Optics Communications l'j (1972) 31';0 

57. O.G. Peterson, S.A. Tuccio and B.B. Snavely 
Applied Physics Letters 17 (1970) 2115 



- 13" -

58 . G. H. McC a ll 
The Rev i ew of Sci e ntif ic Instruments 
-13 (1 9 72) 8G 5 

59 . H . ~ . Ko9e lnik, f . P . I ppe n, ~ . Di ene s 
and C. V . Shank 
IE EE Journal o f Qua ntu n El e ctr onics 
QE- f. (1 S72) 72 t 

5 0. P . K. ru nge and R. Rose n be r g 
I EE E Journal of Quan tum Elect r on ic s 
QE- 2 (1 972 ) S'lC 

61. 0 . Tesc hke , J . ~ . ~h i nne ry an d A. Dienes 
I EF.E Journ a l of Quant um Electron ic s 
Q F.-1 2 ( 1 ~ 7 () 513 

~2 . G. M. Grover , T . P . Cott e r an d C . F . Eric kson 
The Journal of App li ed Physics 35 (1 9f~ ) 1990 

6 3. C.R. Vidal a nc J. Coo pe r 
The Journ a l of ll.pplied Phys ics LlO (F 6 9 ) 337 0 

n4 . A. N. Nesme i a nov (editor) 
Va pour Pressure of the Ele me nt s 
p p .l28 
Elsevier, New Yor k 

11 5. E. P . I ppe n, C.V. Shank a nd A. Dienes 
.l'..pp1icc1 Physics Letters 21 (1 072 ) 3~8 

66 . E. P . I ppen and C.V. Shank 
Appl i ed Physics Letters 27 (1 9 75) 420 

G7. E. P . I ppen 
pr ivate co~munications 

~8 . J.P. Le touz ey and S . O. Sar i 
Ap plied Physics Le tt e rs 23 (1 9 7 3 ) 311 

G9 . A. Di enes , E. P . I ppe n and c.v. Sha n k 
Ar;p1i ec1 Phys ics Le tt e rs 1 9 (1 971 ) 25 8 

7 0 . D. J . Kui zenga 
A p p 1 i e c: P by s i c s L e t t e r s 1 9 ( 1 S' 7 l ) 2 6 C: 



-137-

71. P.S. Adrian, E.G. Arthurs, D.J. Bradley 
A.G. Roddie and J.R. Taylor 
Optics Comr:-~unications 12 (1974) 14(' 

72. w.n. Johnston and P.~. Runge 
IEEE journal of Quantum Electronics 
QF.-2 (1072) 724 

73. C.J. Tredwell and C.M. Keary 
Chemical Physics 43 (1970) 307 

74. P.~. Rentzepis 
Science 1G9 ( 1970) 239 

75. W. Kaiser and A. Lauhereau 
Pure and Applied Chemistry V:50 
PF'. 12 31-l 2 3 8 
Pergaman Press Ltd., 1978 

76. K.B. Eisenthal 
Accounts of Chemical Research 8 (1975) 118 

77. E.P. Ippen and c.v. Shank 
Physics Today May (1978) ~1 

78. B.I. Green, R.M. Hochstrasser and R.E. ~eisman 
The Journal of Chemical Physics 70 (1979) 1247 

79. E.G. Arthurs, D.J. Bradley and A.G. Roddie 
Optics Cor1munications 8 (1973) 118 
Chemical Physics Letters 22 (1973) 230 



- l3G -

5 8 • G • H • r,, c C a 11 
The Rev i ew of S c i e ntif i c I n s tr um e n t s 
-13 (1 9 7 2) 85 5 

59 . H . ~ . Koge lni k , E . P . I ppe n , A. Di ene s 
and c .v . Shank 
IEEE J o u r na l of Qua ntu m El e ctr o nic s 
QE- f. (1 S72 ) 72l 

50 . P . K . ru n ge an d R . Rose n b er g 
I EEE Jo u rn a l of Qu an t um El e c t ronic s 
QE- 2 (1 972 ) 9 1 0 

6 1 . 0 . Tesc hke , J . R . ~h i nne r y an d A. Die nes 
I EF.E Jo u rn a l of Quant u m El e ctron ic s 
QF.-1 2 ( 1 ~ 7 (; ) 5 1 3 

G2 . G . M. Gr o v e r , T . P . Co tt e r a n d G . F . Eric k so n 
Th e Journ a l o f App li e d P h ysics 3 5 (1 9~~ ) 1 9 9 0 

6 3 . C . R. V i da l a n c J . Coo pe r 
Th e Journ a l o f App lied Phy sics 40 ( 1 969 ) 337 0 

nl! . A. N. Nes rne i a nov (e d itor) 
Vapo u r P r e s s ure of t h e El eme nts 
p p . l2 8 
El sevi e r , New Yo r k 

0 5 . E . P . I ppe n , C . V . Sha n k a n d A . Dien e s 
.ZI.ppli ed Ph ys ics Le tt e rs 21 (1 9 7 2 ) 31l8 

66 . E . P . I ppe n a n d C . V . Shank 
App l i ed Ph y sics Le t t e r s 27 ( 1 9 7 5 ) 480 

G7 . E. P . I ppe n 
p r i v a te co ~m uni c a tions 

~8 . J . P . Le to u z ey and S . O. S a ri 
App lied P h ys ic s Le tt e r s 2 3 ( 1 9 7 3 ) 311 

G9 . A. Di e n es , E . P . I ppen a n d c .v . Sha n k 
App li ed Ph ys ic s Le tt e r s 1 9 (1 9 71 ) 258 

7 0 . D. J . Kui zenga 
A p p 1 i e c1 P b y s i c s L e t t e r s 1 9 ( 1 S' 7 1 ) 2 6 C 



-137-

71. P.S. Adrian, E.G. Arthurs, D.J. Bradley 
A.G. Roddie and J.R. Taylor 
Optics Comnunications 12 (1074) 140 

72. w.n. Johnston and P.~. Runge 
IEEE journal of Quantum Electronics 
QF.-P ( 1072) 724 

73. C.J. Tredwell and C.M. Keary 
Chemical Physics 43 (197°) 307 

74. P.~. Rentzepis 
Science lGS ( 1970) 239 

75. w. Kaiser and A. Lauhereau 
Pure and Applied Chemistry V:SO 
PF'• 1231-1238 
Persa~an Press Ltd., 1978 

76. K.B. Eisenthal 
Accounts of Chemical Research 8 (1975) 118 

77. E.P. Ippen and C.V. Shank 
Physics To c1 a y f•1 a y ( 19 7 8 ) 41 

72. 8.I. Green, R.N. Hochstrasser and R.E. ~eisman 
The Journal of Chemical Physics 70 (1979) 1247 

79. E.G. Arthurs, D.J. Bradley and A.G. Roddie 
Optics Communications 8 ( 1973) 118 
Chemical Physics Letters 22 (1973) 230 


	Paape_David_A_1981_04_master0001
	Paape_David_A_1981_04_master0002
	Paape_David_A_1981_04_master0003
	Paape_David_A_1981_04_master0004
	Paape_David_A_1981_04_master0005
	Paape_David_A_1981_04_master0006
	Paape_David_A_1981_04_master0007
	Paape_David_A_1981_04_master0008
	Paape_David_A_1981_04_master0009
	Paape_David_A_1981_04_master0010
	Paape_David_A_1981_04_master0011
	Paape_David_A_1981_04_master0012
	Paape_David_A_1981_04_master0013
	Paape_David_A_1981_04_master0014
	Paape_David_A_1981_04_master0015
	Paape_David_A_1981_04_master0016
	Paape_David_A_1981_04_master0017
	Paape_David_A_1981_04_master0018
	Paape_David_A_1981_04_master0019
	Paape_David_A_1981_04_master0020
	Paape_David_A_1981_04_master0021
	Paape_David_A_1981_04_master0022
	Paape_David_A_1981_04_master0023
	Paape_David_A_1981_04_master0024
	Paape_David_A_1981_04_master0025
	Paape_David_A_1981_04_master0026
	Paape_David_A_1981_04_master0027
	Paape_David_A_1981_04_master0028
	Paape_David_A_1981_04_master0029
	Paape_David_A_1981_04_master0030
	Paape_David_A_1981_04_master0031
	Paape_David_A_1981_04_master0032
	Paape_David_A_1981_04_master0033
	Paape_David_A_1981_04_master0034
	Paape_David_A_1981_04_master0035
	Paape_David_A_1981_04_master0036
	Paape_David_A_1981_04_master0037
	Paape_David_A_1981_04_master0038
	Paape_David_A_1981_04_master0039
	Paape_David_A_1981_04_master0040
	Paape_David_A_1981_04_master0041
	Paape_David_A_1981_04_master0042
	Paape_David_A_1981_04_master0043
	Paape_David_A_1981_04_master0044
	Paape_David_A_1981_04_master0045
	Paape_David_A_1981_04_master0046
	Paape_David_A_1981_04_master0047
	Paape_David_A_1981_04_master0048
	Paape_David_A_1981_04_master0049
	Paape_David_A_1981_04_master0050
	Paape_David_A_1981_04_master0051
	Paape_David_A_1981_04_master0052
	Paape_David_A_1981_04_master0053
	Paape_David_A_1981_04_master0054
	Paape_David_A_1981_04_master0055
	Paape_David_A_1981_04_master0056
	Paape_David_A_1981_04_master0057
	Paape_David_A_1981_04_master0058
	Paape_David_A_1981_04_master0059
	Paape_David_A_1981_04_master0060
	Paape_David_A_1981_04_master0061
	Paape_David_A_1981_04_master0062
	Paape_David_A_1981_04_master0063
	Paape_David_A_1981_04_master0064
	Paape_David_A_1981_04_master0065
	Paape_David_A_1981_04_master0066
	Paape_David_A_1981_04_master0067
	Paape_David_A_1981_04_master0068
	Paape_David_A_1981_04_master0069
	Paape_David_A_1981_04_master0070
	Paape_David_A_1981_04_master0071
	Paape_David_A_1981_04_master0072
	Paape_David_A_1981_04_master0073
	Paape_David_A_1981_04_master0074
	Paape_David_A_1981_04_master0075
	Paape_David_A_1981_04_master0076
	Paape_David_A_1981_04_master0077
	Paape_David_A_1981_04_master0078
	Paape_David_A_1981_04_master0079
	Paape_David_A_1981_04_master0080
	Paape_David_A_1981_04_master0081
	Paape_David_A_1981_04_master0082
	Paape_David_A_1981_04_master0083
	Paape_David_A_1981_04_master0084
	Paape_David_A_1981_04_master0085
	Paape_David_A_1981_04_master0086
	Paape_David_A_1981_04_master0087
	Paape_David_A_1981_04_master0088
	Paape_David_A_1981_04_master0089
	Paape_David_A_1981_04_master0090
	Paape_David_A_1981_04_master0091
	Paape_David_A_1981_04_master0092
	Paape_David_A_1981_04_master0093
	Paape_David_A_1981_04_master0094
	Paape_David_A_1981_04_master0095
	Paape_David_A_1981_04_master0096
	Paape_David_A_1981_04_master0097
	Paape_David_A_1981_04_master0098
	Paape_David_A_1981_04_master0099
	Paape_David_A_1981_04_master0100
	Paape_David_A_1981_04_master0101
	Paape_David_A_1981_04_master0102
	Paape_David_A_1981_04_master0103
	Paape_David_A_1981_04_master0104
	Paape_David_A_1981_04_master0105
	Paape_David_A_1981_04_master0106
	Paape_David_A_1981_04_master0107
	Paape_David_A_1981_04_master0108
	Paape_David_A_1981_04_master0109
	Paape_David_A_1981_04_master0110
	Paape_David_A_1981_04_master0111
	Paape_David_A_1981_04_master0112
	Paape_David_A_1981_04_master0113
	Paape_David_A_1981_04_master0114
	Paape_David_A_1981_04_master0115
	Paape_David_A_1981_04_master0116
	Paape_David_A_1981_04_master0117
	Paape_David_A_1981_04_master0118
	Paape_David_A_1981_04_master0119
	Paape_David_A_1981_04_master0120
	Paape_David_A_1981_04_master0121
	Paape_David_A_1981_04_master0122
	Paape_David_A_1981_04_master0123
	Paape_David_A_1981_04_master0124
	Paape_David_A_1981_04_master0125
	Paape_David_A_1981_04_master0126
	Paape_David_A_1981_04_master0127
	Paape_David_A_1981_04_master0128
	Paape_David_A_1981_04_master0129
	Paape_David_A_1981_04_master0130
	Paape_David_A_1981_04_master0131
	Paape_David_A_1981_04_master0132
	Paape_David_A_1981_04_master0133
	Paape_David_A_1981_04_master0134
	Paape_David_A_1981_04_master0135
	Paape_David_A_1981_04_master0136
	Paape_David_A_1981_04_master0137
	Paape_David_A_1981_04_master0138
	Paape_David_A_1981_04_master0139
	Paape_David_A_1981_04_master0140
	Paape_David_A_1981_04_master0141
	Paape_David_A_1981_04_master0142
	Paape_David_A_1981_04_master0143
	Paape_David_A_1981_04_master0144
	Paape_David_A_1981_04_master0145
	Paape_David_A_1981_04_master0146
	Paape_David_A_1981_04_master0147
	Paape_David_A_1981_04_master0148
	Paape_David_A_1981_04_master0149
	Paape_David_A_1981_04_master0150

