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Preface

The Air Force Avionics Laboratory at Wright-Patterson AFB, Ohio has
conducted and sponsored extensive research into the lasing properties of
Kiton Red S. One of the important conclusicas of this research was that
a multiplier effect was causing a logarithmic decay in pulse energy that
was sssociated with a linear rate of KRS degradatiom.

At this point it seemed advisable to try to explain the phenomena
with a theoretical analysis. My thesis modeled the KRS laser and derived
a method of predicting what effect several degradation mechanisms could
have on its performance. My next step was to try tc obtain the necessary
information from the wealth of data recorded by the previous studies to
test the model and thea use it to éxplain the multiplier effect. Unfor-
tunately, the specific data required to arrive at conclusive results was
not available, through no lack of thoroughness on my predecessors' part.
Most of the requirements for the analysis were not readily foreseeable,
and are included in my recommendations for further research.

I would like to express my appreciation to Capt. David Hardin for
his assistance in designing the computer programs, to Dr. Robert
Schwerzel of the Battelle Laboratories in Columbus for his help in
determining values for the model parameters, to my thesis typist Jill
Rueger whose expertise and consideration were invaluable, and to my
thesis advisor, Dr. Ernest Dorko, who blended the proper amounts of

assistance and supervision into an enjoyable project.

i1




e

Contents

Preface o+ ¢ o o o 4 o o o o 5 o o 85 8 8 8 & = »

Liat Of Figures L] L] L] * L] L] L] L] L] L] - L] * L] - L]

Liﬂt Of Tables s 8 e 8 & & 8 & F 2 8 & & 8 8

Notation . . ¢ & ¢ o o o ¢« ¢« o« s s o s s s &

Abatract .« o o v o s ¢ o« s 2 s 2 o8 s o4 s o .

II

II1.

I1I.

Iv.

V.

Introduction . . . ¢« ¢ ¢« ¢ o s o o o o

Background . . . . s s s s 4 e s s e
Objective...........-..
Asaumptions . . 4 4 ¢ ¢ b s e 0 ob e
Approach and Presentation ., .. . . .

Mechanica of the Dye Laser . . « + « « &

Structure and Energy Levela of Dyea .
Molecular Deexcitation . . . . . « «
Radiative Transitions . . . . . . .

Nonradiative Transitions . . . . . .

Quantum Efficiency of Fluorescence

Competitive Absorption Procesaea . . . .

Quenching + + ¢ o« o s + o o o o o o &
Degradation Effects . . +« « o 4 + +
Pulaed Dye Lasers . . . « « o ¢ s o« &

Rate Equation Analysis . . . + « ¢« « + &
Dye Lager Model . . . . . +« &« s+ ¢ o« &

Rate Equations . . . . « & .
Steady-State Solutfons . . . . . . . .

-
-
*
-
*

Analysis of the Kiton Red 5 Laser . . . .

Calculation of Pulse Fnergy . . . . .
Experimental Data . . . . « « & + +
Parameter Valuea . . . « « + 4 & « & &
Trial Variables . . . . . . ¢ 8 s e
Pump Absorption Factor I . . . . .
Pump Efficiency n". . + « « o « 4 &
Abaorption Coefficient a0 . . . . .
Singlet Quenching by Reaction Products

Diacusaion . ¢« ¢« o+ o ¢ o o o s o o« s & &

i14

Page
i1

vii

viii

DD~ B o~ NN - [ n'

el ol el
Py Xy

(=]
e |

L
L ]

28




Contents

vI. Conclusions and Recommendations . . « + v & &« - & & &

Conclusions . . « s s o« o s s &+ s s s & s o o s &
{ Recommendations . . « ¢ ¢« « o ¢ o o o o o & o & &

Bibliography . . « &« ¢« ¢ ¢ o o s s s o 5 5 o s s s o s  »
Appendix A: Seven-Level Laser Rate Equations . . . . . . .

c M

‘ Appendix B: Derivation of T ahd T e v s s s s s e s s

Appendix C: Derivation of Values forII, n*, anda . . . .
|
1

Pump Absorption Factor I . . . . . . . . .
Punp Efficlencies nandn”. . . . . « « . .
i Absorption Coefficient @ . . . . « + + « &

Appendix D: Computer Programs for Computing Pulse Energies
Data Input (Program 1) . « v o o o o o & &
Program 1 . ¢ ¢« 4+ ¢ ¢ o o o o o o s o o s &

Program 2 . . . . ¢ « s o o « o s % & + &«

{ Appendix E: Dye Degradation and Pulse Decay Data . . . . .

N Appendix F: Estimation of W e e e e e e e e e e e e
T max

Ay

| g

Page



10
11
12
13
14
15
16
17
18

19
A-1

B-1

E-2

E-3

List of Figures

Xanthene Dye Structures . . . « « «
Molecular Energy Levels . . . .
Fluorescence and Phosphorescence
Relaxation Mechanisms . . . « . .
Excited Singlet State Absorption .
Triplet Absorption . . . « .« « « &«
Four-Level Laser Schematic . . . .

Absorption and Fluorescence Spectra

Excitation and Relaxation Paths in Laser Dyes .

Rate Equation Model . . . . . . . .

Pulse Energies due to Dye Concentration Reduction

Dye Concentration Versus Shot Number (Visible Spectra)

Pulse Energies due to Pump Absorption . . . .

Trial 1, Shot 0 Visible Absorption Spectrum . . .

Trial 1, Shot 3000 Visible Absorption Spectrum
Pulse Energies due to Lasing Radiation Absorption

Pulse Energies due to Combined Effects

LI

Pulse Energies due to Singlet Quenching by the Reaction

Product . « v« « ¢« « « & «
Comparison of Results . . . .
Seven-Level Laser Model .

Laser Cavity Diagram . . . .

Dye Concentration Versus Shot Number for Trial 1

Laser Energy Versus Shot Number for Trial 1 .

Dye Concentration Versus Shot Number for Trial 2

L

4 & 4 & & a4 8 & 2 .

4 ¢ & 4 8 ¥ 4 & 2 s 2 2

= & 4 ¢ & & & & & 9

o
k=
~N o W 4

10
12
12
14
16
_18
20
37
38
39
40
41
43
44

45
LY
57
60
81
82
83




""’W;.’H'i'- - T ot T L " R B T P S

List of Figures (continued)

Figure Page
E-4 Laser Energy Versus Shot Number for Trial 2 . . . . . . . 84
E-5 Dye Concentration Versus Shot Number for Trial 3 . .. . &5

E-6 Laser Energy Versus Shot Number for Trial 3 . . ... . . 86

s —_




Table

II

III

C-I

C-I1

C-III

C-1IvV

C-v

gt - -

List of Tables

Experimentﬂl Datad « &« & « « « o o 4 6 ¢ o &
Independent Parameter Values . . « « «+ « &
Dependent Parameter Values . « + « ¢ ¢« ¢

Dye Concentration Corrections . « « + + + &

Competitive Pump Absorption Correctiors . . .
Abscrption Coefficients: I/In at shot 3000 =

Absorption Coefficients: I/Io at shot 3CNQ =

Variable Values for Plots in Figure 17 . .

Page
32

3

34
69
70
2t
72
73




P ——

-

S it A —

Notation

ith singlet energy level

ith triplet energy level

ith energy level

ith level population density

Tl triplet level population density

ith energy level population density (normalized)

spontaneous radiatlon and radiationless transition ratea combined

cavity photon population

si*so internsl converaion rate
Sl*Tl intersystem crossing rate
T1+So intersystem crossing rate

singlet quenching rate constant
triplet quenching rate constant
rate constant for singlet quenching by the reaction product

rate constant for triplet quenching by the reaction product

concentration of singlet quencher
concentration of triplet quencher

concentration of the reaction product = Crp

fluorescence lifetime
radiative fluorescence lifztime

nonradiative fluorescence lifetime

phosphorescence lifetime




Notation (continued)

radiative phoaphorescence lifetime

nonradiative phosphorescence lifetime

cavity photon lifetime

photon cavity lifetime due to

absorption coefficient at the

quantum pump efficiency

frontal mirror transmission only

lasing wavelength

modified quantum pump efficiency

pump absorption factor

quantum efficiency of fluorescence

wavelength of a lasing photon
frequency of lasing photon
frequency of pump photon
laser gain coefficient

molar extinction coefficient

molar extinction coefficient at the pump wavelengtn

molar extinction coefficient at the lasing wavelength of the dye

molar extinction coefficient of the reaction product at the

lasing wzvelength

ratio of the S +Sl extinction
extinction coe?ficient at the

ratio of the SO+SI extinction
extinction coefficient at the

pump absorption cross section

pump absorption cross section

coefficient to the Sl-"S2
lasing wavelength

coefficient to the T1+T2
lasing wavelength

for the dye

for the reaction product

number of pump photons absorbed per second by the medium

number of pump photons transmitted per second in the initial

beam
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Notation (continued)

threshold population for lasing
threshold pump power
power output of a lager

pumping function

peak value of the Gaussian pumping pulse
hclf-width at half-height of the pumping pulse

length of the dye solution traversed by a photon during a
single pass through the laser cavity

distance between mirrors in the laser cavity

index of refraction of the dye solution

reflectivity of the frontal cavity mirror

reflectivity of the rear cavity mirror

concentration of the dye

concentration of the reaction product = QS(RP)

=
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Abstract

The deminant excitation and relaxation mechanisms found in dye
molecules are discussed and are then incorporated into a model for the
xanthene dye laser. Rate equations for this model are presented which
include terms that account for excited state singlet absorption and
triplet abscrption. The system of rate equations are solved using the

~eady-state approximation to derive equations for the threshold pump
and output power of the laser.

The output power and threshold pump power aquations are modified to
include variables that allow the following effects of dye degradation to
be examined: dye concentration r.duction, reaction product absorption of
pump radiation, reaction product absorption of lasing radiation, and
singlet quenching by the reaction products, Theoretical values based on
available experimental data are derived for these variables. A computer
program is used to integrate the output power of the laser over the dura-
tion of a flashlamp pulse to compute the pulse energy.

The computer program presented is designed to determine how the
output energy of the laser decreases over the course of repeated pulsing
as the specific degradation effects increase with the increase in the
reaction product. 7The results obtained from the theoretical analysis are
compared to experimental data that describe a logarithmic decay of output
energy associated with a linear decay in the dye concentration {the
multiplier effect), Of those mechanisms examined, the absorption of
lasing radiation appears to be the most effective factor that could con-
tribute to the multiplieyr effect; however, it cannot account for the

magnitude of the multiplier effect without considering additional

xi




mechanisms operating simultaneously. Further experimentation is recom-

mended to obtain specific data fo: conclusive identification of the

responsible mechanism.
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I. Introduction

Background

Dye lasers are being clesely examined by the Air Force for use on
aircraft as sources for optical radar and other electro-optical systems.

The laser wust operate in the 630-670 nanometer {nm) region up to three

hours without servicing. The xanthene dye Kiton Red § (KRS) is currently

under investigation to determine if it is capable of meeting these
standards.

The complex structure and size of laser dyes make them susceptible
to photochemical dissociation into reaction products. The degradation
and performance of KRS under both continuous wave (CW) and flashlamp
pumping has been extensively investigated (Refs 15, 16, 20, 25). The
photodissociation process has been shown to be a function of the wave-
length of the irradiance. The precise mecha~ism appcars to be extremely
complex due to the formation of transient reaction products. The exact
nature of the transient and final reaction products has not yet been
determined (Ref 33). Two important conclusions have been reached con-
cerning KRS: the number of dye molecules lost through degradation
increascs at a constant rate with the number of pulscs, and an unidenti-
fied multiplier effect is operating that produces a large decrease in
the pulse energy for a small increase in the amount of dye degradation

{Ref 25).

Objective

The objective of this study is to perform a theoretical analysis of

the KRS laser system to explain the multiplier effect. The interactions

examined as possible causes are limited to absorption of the lasing
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radiation by a reaction product, absorption of the pump radiition, and

singlet quenching by a reaction product.

Assumptions

The data on the degradation rate and the pulse energy decay presented
by Rabins et al. (Ref 25) are assumed to be correct. The most reliable
method of measuring the amount of degradation has been under contention
to some extent; the method used by Rabins based on the infrared (IR)

spectra of the dye solution appears to be the most accurate technique.

Approsch and Presentation

The primary mechanisms involved with the structure and chemistry of
laser dyes are described in Section II. The energy levels of the dye
molecule and associated excitation and relaxation pathways are discussed:
these incluvde fluorescence and phosphorescence, thermalization, internal
conversion, intersystem c¢rossing, singlet and triplet quenching, and
triplet and excited state singlet absorption. The degradation effects
that the study is going to examine are then presented, and the section
concludes with a brief description of several important characterigtics
of pulsed dye lasers.

In Section III, a model is proposed to represent the dye lsser and
rate equations appropriste to this model are developed. Using the steady-
state approximation the rste equstions are used to obtain equations |
expressing the threshold pump power and the output power of the laser.

These equations sre specifically applied to the KRS dye laser in
Section IV. The pulse energy is obtained by integrating the output power

over the durstion of the flashlamp pulse by computer. Values for the

required parameters are selected and variables are then introduced to
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provide a means of evaluating the reaction product effecta. The section
ends by presenting the results obtained from the computer anslysis.

Several cspects of these results are briefly discussed in Section

V. Conclugions and recommendations are given in Section VI.
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II. Mechanics of the Dye Laser

The complex structure of organic laser dyes presents many facets
to consider in understanding the lasing process. The numerous mecha-
nisms involved and their interplay have hampered precise characteriza-
tion of the dyes and have led to conflicting data in the literature.
This section presents the structure and basic molecular mechanics of
xanthene dyes to provide a background for the development of a workable

model applicable to xanthene dye lasers.

Structure and Energy Levels of Dyes

Organic dyes are large, complex molecules that contain conjugated
double bonds (Ref 31:7). These molecules can be appruximated by a core
and an electron cloud. The core consists of U-bonding electrons that
are well localized and do not participate in optical-wavelength transi-
tions; the m-orbital electrons are delocalized over most of the molecule
(Ref 40:31). This extended conjugated bond provides strong absorption
in the visible region of the spectrum due to electronic transitions from
the highest-filled bonding molecular orbital to the lowest antibonding
molecular orbital (m+n*) (Refs 9:184, 31:144). The familylof xanthene
dyes that includes KRS and the rhodsmine compounds consist of the parent
xanthene compound (Figure 1) with a 9-carbon substituent that provides
the variations in characteristics of the individual dyes. (Ref 9:182).
The structures of KRS, Rhodamine B, and Rhodamine 6G are also shown in
Figure 1 (Ref 13:3885). These compounds have the T-electron cloud
extending over the nitrogen atoms (Ref 25:5). This T-electron cloud

can be considered as a one-dimensional particle inm a box to quantum-




‘ parent xanthene KRS Rhodamine 6G Rhodamine B
compound

Figure 1

Xanthene Dye Structures

mechanically determine approximate energy level eigenvalues for elec-

—=
[ S N

tron orbitals (Refs 31:18, 40:31). The energy level diagram of a

'i typical dye molecule is shown in Figure 2, Aa the conjugated bonds
become longer in the larger molecules, the separation between energy
levela becomea smaller both in this free electron model and experi-
mentally. Therefore the molecules with longer delocalized T bonds

will abaorb at lower spectral energies (Ref 9:184, 40:31).

Due to the large size of the dye molecules and their structural
complexity, many closely-spaced vibronic tranaitions, represented aa

the fine lines within the electronic levels, are possible with each

electronic transition. In addition, every vibrational sublevel is
further divided by rotational sublevels (not depicted) which are

extremely broadened due to frequent collisions with solvent molecules

- AT i s M i




b
E
7
52
| -______q‘___h______-___" T,
intersystem

J 51 crossing

¢ ! 5o

Figure 2

Molecular Energy Levels

(Ref 31:19). The resultant density of these possible transitional

b levels provides broad quasi-continuous absorption and fluorescence

L bands; the latter band gives KRS a tunability from 589 om to 642 nm

P (Ref 11:270).

The singlet multiplicity states shown on the left in Figure 2
represent the energy eigenstates that a molecule can attain when an
electron transitions to.a m* orbital and has maintained the spin
orientation required in the ground state due to the Paull exclusion
principle. Once the electron has départed the ground state, it may
change its spin orientation (spin~-flip) and occupy one of the triplet

energy levels depicted on the right in Figure 2, Each singlet level

has a corresponding triplet level that i1s of slightly lower energy.
The triplet levels are primarily populated by nonradiative relaxation
from thelr corresponding singlet levels as depicted. This process is

known as intersystem crossing. Direct singlet to triplet absorption

E ; L P . ..
. ati ..
.4 P e el g n g =it — R p— gJ ~ - e .. B -
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transitions do occur but at a rate segeral orders of magnitude slower
than intersystem crossing and are therefore negligible. Intersystem
crossing can be induced by internal perturbations as well as by
external perturpations and the rate varies with the different dyes
and as a function of the dye solvent and other parameters (Refa 9,

17, 19, 31:29).

Molecular deexcitation

Once a molecule reaches an excited state it has several paths
through which it can return to ground state. These can generally be
grouped into radiative and nonradiative transitions,

Radjative Transitions. The radiative transitions are fluores-

cence and phosphorescence, illustrated in Figure 3. A fluoreacent
transition ia one that occurs between states of the same nmultiplicity;
phosphorescent transitions occur between states of different multi-
plicity and therefore require a spin-flip (Ref 5:308). These terms

are used to describe the Sl+S0 and T1+S0 transitions respectively in

‘\nJL fluorescence alnltlzf’,

J///,/' phosphorescence
s %

Figure 3

Fluorescence and Phosphorescence
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the laser dyes. The former transition is usually the lasing transi-

tion (Refs 31:29, 37:4726). The rates of these transitions are expressed
as the inverse of their lifetimes. The values found in the literature
for the fluorescence lifetime Tp and phosphorescence lifetime Tp include

nonradiative contributions to relaxation:

1 + 1

1

1. (2.1)
e TR} FONR)

1 1 1

P TP(R) TP(NR)

The subacripts (R) and (NR) refer to radiative and nonradiative life-
timea. The lifetimes Tp and Tp therefore give the overall lifetimes of
the Sl and T1 states due to all relaxation proceases (31:30). Fluores-
cence lifetimea are generally on the order of nanoseconds, while'phos-
phorescence lifetimes uaually vary from microseconds to seconda (Refs
31:30, 35:651). For a given compound, however, theae values can change
as the assoclated nonradiative relaxation rates are altered by external

parametera.

Nonradiative Transitions. In addition to radiative relaxationm,

excited molecules can relax by several nonradiative processes: by
thermal equilibration within the vibronic levels of an electronic state,
by internal conversion back to the S0 level, or by intersystem crossing.
when an electronic level becomes significantly populated, thermalization
establishes a dynamic equilibrium that reaults in a Boltzmann diatribu-
tion among the continum of vibrational and rotational states (Ref 35:650).

These diatributions are achieved in both the excited and gronnd state

electronic levela and occur on a picosecond time scale (Ref 40:32).
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Internal conversion takes place between electronic levels of the
same mult. plicity. Little is actually understood about the phenomena
although rates for Si+sl and 51+SO internal conversion have been experi-

mentally determined for various dyes. 52+51 converaion ia usually
extremely fast, taking place in less than 10-11 sec, (Refs 29:962,

31:29). This is the dominant mechanism in depopulation of 52 and higher-
level states. Internal conversion between S1 and So competes with lasing.
This rate has been found to range over several orders of magnitude (Ref
31:29). Figure & compares these relaxation processes and gives rates

and lifetimes representative of xanthene dyes.

Several nonradiative processes are functions of the aolvent and
other solute molecules. These environmental effects include fluores-
cence quenching by charge transfer interactions and aggregation of dye
molecules. Aggregation does not occur in organic solvents auch ;a
ethanol (Ref 31:159) and charge transfer interactions do not become a

factor until the dye concentration exceeds 10-3 M (Ref 13:3892) so that

neither will be applicable to thia analysis.

Qg;ntum Efficiency of Fluorescence. At this point it is worthwhile
to define the quantum efficiency of fluorescence ¢. This 1s a measure
of the probability that a dye molecule will emit a photon in fluorea-
cence upon absorption of a photon. This can be expressed as the ratilo
of radiative and nonradiative tranaition lifetimes (Ref 31:30):

T
¢ =

or T, = ¢t

= Yem (2.3)

TF(R)

Using the relaxation routes discussed, the formula for ¢ would be

"W T T TR Bl AL a e Bl . i s bl LR - 'nrw-—w-wm sl o - Lo “.-_\'- i ,,,_,_,_..,F
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T
¢ F(R) (2.4)

—t k.. +
FTR) 10 kslso

kSl'l‘l = 51+T1 intersystem crossing rate

k
Slso Sl+So internal conversion rate

The quantity in the denominator is simply the inverse of the fluores-

cence lifetime Tp 88 previously defined.

Competitive Absorption Processes

Two additional absorption mechanisms hsve been observed in dye

lasers that detract from the lasing efficiency. Theue are categorized

as excited singlet state absorption (ESSA) and triplet absorption. ESSA
. occurs when Sl molecules sbsorb the pump or lasing photons snd trsnsition
to higher singlet statesa. They then relsx bsck to the S1 level primarily
by internal cc -version (Figure 5). The photons that were absorbed sre

lost 2o the lasing process, although the fast relaxation time of internal

g ——— -

conversion maintains the population of the sl level bssically undis-

turbed. ESSA hss been showu to be a significant consideration in most

dyes, to the point of quenching the lasing under certain conditions (Refs

29, 30, 42).

‘[--—-v-b'-— —————

Triplet absorption is depicted in Figure 6. This is essentially

the same as ESSA but with the sbsorptions tsking place in the triplet

] .
j manifold. This will only be a factor when lssing parameters allow the

T, populstion to build up significantly, such as during long-pulse
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Excited Singlet State Absorption Triplet Absorption

pumping and CW operation. In these cases, triplet absorption has

also demonstrated the capability to quench lasing (Refa 17, 19).

Quenching

The Tl population can be controlled with triplet quenching. This
mechanism promctes nonradiative relaxation of the Tl level to ground
state So, increasing the '1‘1-*30 intersystem crossing rate and therefore
decreasing Tp» Many triplet quenchera auch as molecular oxygen (02)
also quench the S:l level. In many situations the triplet quenching
by 02 more than offsets its singlet quenching effecta, but other com-
pounds have been found that selectively quench the triplet manifold

without the detrimentzl singlet state quenching. Cyclooctatetraene

has been demounstrated to be an efficient triplet quencher for Rhodamine

12
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6G (Ref 31:59). The rate of quenching is usually expreaaed per unit con-

centration of the quenching agent by the constants k.. and kQS (H.lsec_l).

qQT

Degradation Effects

The dyes that lase in the long-wavelength range from about 550 nm
into the infrared region are characterized by long conjugated chains
that are particularly susceptible to photodecomposition from the pumping
aource. Most of the xanthene dyes have demonstrated definite photode-
composition which becomes a particularly serious problem under flashlamp
excitation (Refs 8, 15, 16, 25, 33, 34). The precise nature of the
reaction products of KRS have not yet been identified, and no specific
mechanism has been shown to be the cause of the assoclated laser output
deter’oration (Ref 33). Two likely mechanisms responsible for the loas
of output power as decomposition increases are absorption of the pump
energy and absorption of fluorescence by the reaction products (Refs 12,
18). A third possibility suggested by the latest results of a atudy in
progress (Ref 33) is that the photodegrsdation effectively increases
intersystem crossing to the triplet manifold.

The absorption coefficient & gives the amount of absorption at s
particular wavelength that will occur per centimeter traveled by the
photon beam in a specific medium. If the reaction products were
absorbing lasing photons the absorption coefficient of the dye at the
Iasing wavelength would progressively increase as the dye deteriorated.
The lasing efficiency would in turn decrease as more lasing photons
were lost through absorption while scillating in the cavity.

If the pump photons were being absorbed by the reaction products

the pump efficiency n would decrease. The pump efficienCy is defined

13
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1 here as follows:

theoretical threshold pump power
actual pump power required to reach threshold

. ne- (2.5)

The threshold pump power is the power required from the pump to overcome

cavity losses and initiste lasing. Pump efficiency cnnsiders losses due

N to pump absorption by impurities in the medium, in addition to losses due
F to broad-spectrum pumping in which some of the pump photons csnnot be
absorbed due to improper wavelengths and other losses thst prevent the
total energy expended by the pump from being absorbed by the dye. A
decrease in n would cause a corresponding increase in the actual thres-

hold pump power.

Pulsed Dye Lasers

A simplified schematic for the dye lasing mechanism is shown in
' Figure 7. The El level population is commonly considered negligible
due to thermalization in the ground stste electronic level. The ther-

malization rate is approximately lolzsec-l; the rspidity of this

A 3

pump lasing
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wm
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e
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Figure 7

Four-Level Lsser Schematic
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relaxation is due to an ethanol-dye collisional cross-section on the

order of 10-14

cmz. The lasing transition places the molecule into a
state that is unpopulated and the molecule then relaxes to the ground
level immediately so that a population inversion is effectively estab-

lighed whenever any molecules are in the §, level, This ia a distinct

1
advantage over systems in which the lasing transition ends in a signi-
ficantly populated level, and allows laaing to commence with very low
threshold pump powers (Ref 41:155). This feature, combined with quantum
fluorescence efficiencies greater than 0.7 for the xanthene dyes, gives
flashlamp-pumped xanthene dye lasers efficiencies generslly from 0.1 to
1 percent; a CW laaer pumped by another argon-ion laser has produced
light-to-light efficiencies as high as 30 percent (Ref 21:3786).

The population at level 2 can transition to any of the many vibra-
tional-rotational levels within the S0 state, The broad fluorescence
spectrum provides the capability to selectively laae over a wide range
of frequencies. One of the most common methods of tuning dye lasers
consists of replacing one of the cavity mirrors with a diffraction
grating that can be rotated to reflect only the desired wavelength back
through the cavity and preclude the remaining w.velengths from oacil-
lating. The singlet-state abscorption and fluorescence spectra of
Rhodamine 6G in ethanol are reproduced in Figure 8 (Ref 43:188). These
spectra are fairly representative of organic dyes. Since the peak of
the emission spectrum is at a longer wavelength than the peak of the
absorption spectrum, dye lasers can be tuned to lase in & strong emis-
sion region away from strong competitive absorption. The separation

between the peaks of the absorption and fluorescence spectra 1s known

15
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Singlet-state absorption and fluorescence spectra of rthedamine -
GG obtained from measurements with a 10~ molar ethanol solution of the dye.

Figure 8

Absorption and Fluorescence Spectra

aa the Stokes Shift. The overlap of the spectra determines the high-
frequency limit of lasing. Some amount of self-absorption will usually

be present at the lasing wavelength and will affect the values of Tp

and ¢ observed (Ref 13).
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IT1I. Rate Equation Analysis

The absorption, emission, and relaxation processes that were

J presented in the preceeding section are illustrated in Figure 9 for

the first two singlet and triplet levels of an organic dye. The dia-

L o ——

gram demonstrates the interdependence of the various molecular energy

level populations during lasing. The derivation of rate equations for

] thia gystem provides a standard method of analysis that cousiders in
detail the transient and dynamical behavior of the energy level and
cavity photon populations. The literature has examples of many rate

] equation analyses of dye lasers that are essentially the same in con-

( cept yet use different mathematical techniques to describe lasing

(Refs 1-4, 17, 21, 27, 37, 38). The essential mathematics involved in

the development of the rate equations presented in this seciion parallel

|t the approach presented by Siegman (Ref 36:411-431). The equations

3 necessarily incorporate more concepts than those considered in the

E basic moedel used in this reference. These additional factors were

]
; handled with methods consistent with the literature, if available, or
f

in the manner judged most suitable by the author. The results are
intended for applicaliou tu xaulhene dye laser systems and therefore
assumptions applicable only to specific dyes such as KRS are withheld
in this section; assumptions limited to xanthene dyes are usod only

when great simplification results.

Dye Laser Model

The mechanisms summarized in Figure 9 appear to have the most

probable impact con dye laser performance; the relative importance of

17
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Figure 9

Excitation and Relaxation Paths in Laser Dyes
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each depends on the chemistry of the particular dye that is being oxa-

mined. For the great majority of dyes the upper level internal con-
version rates are extremely fast, on the order of lolzaec-l, ao the S2
and T2 populations should remain minimal and interactions from these
and higher levels will be considered negligible (Ref 29:963). The
Tz»sl intersystem crossing rate would also be negligible in compariaon
to the T2+T1 internal conversion rate. The rate equations are developed
around single mode operation of a laser that is homogeneously broadened
(Ref 35:650). The cavity photon population (n) is assumed to be spa-
tially uniform (Ref 40:37A). Schlieren effects are not addressed.

To initially focus on the most likely effects of reaction product
formation a simplified four-level model that takes into account both
excited singlet state absorption and triplet absorption is used (Figure
10). By making the assumption that the 82, T2, and upper-level S1 and
So populations are immediately depleted by internal conversion anl ther-
malization and are therefore negligible, these levels may be explicitly
left out of the equations. It should be noted that although these popu-
lations are not addressed by the rate equations, terms that considér ESSA
and triplet absorption of fluorescence photons can be introduced inte
the cavity photon population equation. By handling the absorption in
this manner the absorbed photons are lost to the photon population yet
the E2 and E3 populations remain unaffected. Several recent publications
(Refs 1-4) include the T2 and upper-level Sl levels to allow a more
detailed examination based on a six-level system (the 82 level remains

deleted). Appendix A presents an equation set based on this six-level

model that also includes ESSA. These equations would enable a more
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refined analysis, particularly in conjunction with non-stationary

computer solutions.

Rate Equations

The rate equation for the cavity photen population ia

dn Nzn N2 Nzn NTn n
€ T 3 I T8t B (3.1)
F(R) F(R}) S F(R) T F(R) c

where
N2 = E2 energy level population density
NT = E3 energy level population density
TF(R) = radiative fluorescence lifetime
" cavity photon lifetimé
ST = ratio of the SO*S1 extinction coefficient to the T1+T2
extinction coefficient at the lasing wavelength
GS = ratio of the SO-"S1 extinction coefficient to the Sl+82
extinction coefficient at the lasing wavelength
The first two terms on the right in Eq (3.1) account for stimulated and
spontaneous emissions from level 2; the apontaneous emisaion occura at
the same rate as stimulated emlssion when Lhe phivton population ia set
equal to 1 (Ref 36:416). The third and fourth terms acccunt for ESSA
and triplet absorption losses respectively. These terms were adapted
from a triplet absorption expression in Keller's presentation (Ref
17:411). The ratios Nzn/TF(R) and NTn/TF(R) give absorption rates
aasuming the Einstein B coefficients for the Si+S and T,+T, transi-
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tions are equal to the Einstein B coefficient for the SO-+S1 transition.

The § factors in the denominators adjust the rates to account for the




Eq (3.1) can be combined:

actual differences in the B coefficients.

state sbsorption by the laser medium at the lasing wavelength.

The final terr reflects losses

associated with cavity parameters such ss mirror transmission and ground

The

absorption coefficient of the dye solution at the lasing wsvelength will
increase with dye degradation if the reaction products absorb fluores-

cence photonsa; this incresse will decrease Tee The first two terms in

.,._...-
L}

K
. 517s

K
5150

the particular method of pumping.

The remaining rate equation is for N_:

N N.n N.n n
5T - g — - (3-2)
F(R) S'F(R) T 'F{R) c
The rate equation for “2 is
dN, N,
—= = W(t)y - (o+l) - N, (k +k + k..Qc) (3.3)
dt TF(R) 2 SlTl 5150 Qs™Ss
'i where
o
i W(t) = pumping function

N = quantum pumping efficiency

81+T1 intersystem crossing rste constant
Sl+-S0 internal conversion rate constant

kQS = gsinglet quenching rate constant
Qs = concentrstion of singlet quencher

The pumping function can be varied to describe the characteristics of

Linear and Gaussian models have

? commonly been used for flashlamp pumping (Refs &, 17, 21, 29, 37).

T
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dN N,

T T
— = N, (k + k. oQe) - T - N_( +k..Q) (3.4)
T A A e ‘“rlso ar

where
tP(R) = radiative phosphorescence lifetime

kT = T +S. intersystem crosaing rate constant
150 170

kQT = triplet quenching rate constant

QT = concentration of triplet quencher
Here it is assumed that singlet quenching increases intersystem crossing
to the triplat manifold (Ref 31:58), augmenting the NT population; the
possibility also exists that it returns the moleculea directly to the
ground state (Ref 17:412). Pumping directly to the triplet manifold is
neglected.

A rste equation for ND is not requircd as this population's only
interaction on lasing in the model has been represented by W(t). As long
s the ko molecules are repleniched during actusl lasing under pulsed
excitation, . generalized W(t) function can successfully be used to
describe the pulse of pump photons generated and NZ will follow the
pumping rste in both the actual laser and the model. If the NO mole-
cules are significantly depleted during the lasing due to entrspment in
the triplet manifold then the reduced pump photon absorption by NO will
not be reflected adequately by these equations and a closed-population
system of rate equations that include NU should be used (aeé Appendix
A). This requirement is not anticipated for the xanthene dyes due to

their high fluorescence efficiencies which indicate small triplet build-

up rstes. Triplet quenching and short flashlamp pulae duration alao

minimize triplet populations.
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Steady-State Solutiona
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The complete set of rate equations is then
N N.n N n o
%% T 2 (n1) - 3 12 i tT T, (3.2)
F(R) S 'F(R) T F(R) c
sz N
— = W(t)h - (ntl) - N, (k + k..Q) (3.3)
de TF(R) slT ksls0 Qs's
NT
—-N(k Q.) - —— -N( + k ) (3.4)
@& " N2t kes%s e kr So o

In most cases of interest a steady-state approximation to the rate

equations simplifies their spplication and yields resulta compsrable to

the more demanding numerical methods of solution (Ref 17). This adiabstic

approximation has been shown to favorably compare with numericsl solutiona

of the rate equations for both CW operation snd flsshlamp pumping with

pulses as short as one nsnosecond (Ref 29:963). The flsshlamp pulse

duration was 500 nanoseconds in Rabins' experiment; the steady-stste

approximation should therefore yield useful results.

equations are

The resulting

N2 N.n N n n
(n+l) = + +— (3.5)
TF(R) SsTF(R) 6TTF(R) T¢
(t) M2 ( (
w(t)n = (D) + N, (k +k +%_Q) 3.6)
TF(R) $1T1 $15% &'
. )
N.(k +k Q)= + N_( + k. Q 3.7)
25T, T st T T T "rlso QT T
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Equations (3.6) and (3.7) csn be aimplified by grouping their reapective

radiationless rate constants into one rate constant:

k, = k +k + k. 0
2 51:1 5150 Qs7s

=k + k. Q
kgt $;T,  Qs'S

kp = krlso + korQr

Equatious {3.6) and (3.7) then become

N
Witn = ;—3 —(mtl) + Nzkz
¥ (R)

Ny

2 (R)

Rokgr =

+ Npke

(3.8)

(3.9)

(3.10)

(3.11)

(3.12)

Recalling Eqs (2.1) and (2.2), Eqs (3.11) and (3.12) can alternately be

expressed ss

Njn 1
W = 2=+ 0,
F(R) F
1
Noker NT(;;)

Replscing T in Eq (3.13) by oTF(R)' we can write

K 3
W(t)n = '{;‘(-R-)'(M?)

25
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(3.13)

(3.14)

(3.15)
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Solving Eq (3.5) for n, we get

i Nz
n= TN = (3.16)
) R R
i i £ 1 c
i The above-threshold conditicn occurs when the denominator approaches
2 [}
. gero; this gives the above-~threshold population for NZ (N2 TH):
g »
: N 1 5
T F{R S
3 N - - + - (3-17)
]
F
N, saturates at this value so that above threshold N, = N (Ref 36:
2 2 2,TH

' 424).

Solving Eq (3.12) for NT and substituting this value into Eq (3.17) we

§ cbtain
!
X N e —E(®) $s8p UepTp py*D) (3.18)
a 2,TH Tc Gsér(kTrP(R)+1) - GT(kTTP(R)+1) - kSTGSTP(R)
.
ig Assuming kTTP(R) »> 1, Eq (3.18) can be simplified:
) 8.8 1
E N, = E® s°1'T (3.19)
oy 2 Tg | OgOqky = Spky  kerOs
L Above threshold, n >> 1 so that Eq (3,15) can be approximated by
N2, Tr(R)
9N = 220 (0) or = H(ORFCL (3.20)
F(R) 2,TH

The output power of the laser (Plaser) can now be expressed as




- —— (3.21)

where
h = Planck's conatant (6.626 x 10-34 joule-gec)
VL = frequency of the 1ssing photon
TM = cavity photon lifetime due to mirror transmission only

The threshold pumping rate WP is defined by the follerwing equation:

»TH

(3.22)

This equation is based on one developed by Siegman (Ref 36:424) with the
addition, for the present analysis, of n to account for possible loaa in
pump efficiency due to reaction product absorption. Aa N2,TH ia an
implicit function of a due to its dependence on Tc, wP,TH will increaae

with elther pump or lasing absorption by the reaction products.
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IV. Analysis of the Kiton Red S5 Laser

The rate equations presented in Section I1I now provide a means to
examine KRS under flashlamp pumping and to attempt explanation of the
multiplier effect observed by Rabins et al. (Ref 25). To the maximum
extent possible this analysis will employ data directly from their exper-
iments to reproduce their conditions and then try to obtain similar

results analytically.

Calculation of Pulse Energy

Eq (3.21) expresses the power ocutput of a laser as a function of the

cavity photon population:

nth

Plaser & ™

(3.21)

The assumption that kTTP(R)
ky g 2 10° sec™?
1“0

sec . Both of these conditions are very probable (Ref 32)
although no specific data for leso and TP(R) were discovered in the

=4
>> 1 is valid for TP(R) > 10 sec and

literature for KRS or the other xanthene dyes. Allowing this assumpticn,
we can combine Eqs (3.19) and (3.20) to arrive at the following expres-

gsion for P :
laser

. _ B WeInTg 1 Sg8qky — Spkp ~ kepbs
laser T 88 ke
M sot

(4.1)

The expressions for T, and T, are dependent upon the laser cavity

c M
geometry and are derived in Appendix B:
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Tc - T L(nD ) [0. + 3T In (R]_Rz)] (4.2)

™| BT 2§(nD D 1“(?%;) (4.3)
where
¢ = gspeed of light in vacuum
L = length of dye medium traversed by a photon during a single
pass through the laser cavity
£ = distance between mirrors in the laser cavity
o, = index of rufraction of the dye solution
o = absorption coefficient of the dye solution at the lasing wave-
length
R1 = reflectivity ;f the frontal cavity mirror
Rz = reflectivity of the rear cavity mirror
As the dye degrades, fewer dye molecules are available to absorb the
pump photons and lase. The term I is introduced to account for this
reduction in dye concentration and its resultant decrease in output power.
The derivation of values for II is given in Appendix C. Substituting Eq

{4.3) into (4.1) and including I in the equation we arrive at

Thy, cW(tInt 8.6 -8 - k.8
L ¢ ln(l) gOqkp = Spkp - kenlg %)

Plaser = 28 ¥ 2Ly - 1 AR, I

Eq (4.4) gives the output power of the laser in terms of W(t). The

function used for W(t) in this analysis is the Gaussian distribution

pulse approximation (Refs 17, 37, 38):
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Wit) = meexp (Tl ) (ln 2) ] (4.5)
Tl is the half-width at half-height of the pumping pulse. This pulse

peaks at the value W__ (photons/sec) at time t=0.

To calculate the energy in a shot the pulse was divided into 1 nano-
second units and the output power determined for each increment. The
resultant power curve was integrated over the duration of the pulse by
computer using a trapezoidal area approximation. The computer program
used to calculate the pulse energy for different shots as the variables

changed is listed in Appendix D.

Experimental Data

The experiment conducted by Rabins consisted of six photolysis
trials. In the first three trials the amount of dye degradation that
occurred during successive flachlamp pulses and the related pulse energy
were determined. The dye solution in Trial 1 was purged with argon to

3

remove the oxygen from the solution. Trials 2 and 3 had 1.0 x 10 ° M and

2.1 x 10°3

M of oxygen in solution respectively (Ref 25:45), These mea-
surements were repeated in Trials 4 through 6 with the addition of a
filter to eliminate high-energy regions of the pump spectrum. The dye
solution in Trial 4 was purged with argon; Trials 5 and 6 had 2.1 x 10_3 M
oxygen in solution. The degradation and output energy data.used in the
computer analysis were taken from the graphs in Appendix E which give

the res.lts of the first three trials (Ref 25:30-35). The dye concen-
tration ¢, was determined from the linear fitting on the graph rather

than the plotted points to provide ideal data that simplified the

interpretation of the theoretical results. For the same reason the data

30




: was recorded to three decimal places. Table I lists the values used for

theae trials in the analysis.

j Parameter Values
The values used for the independent parameters of the pulse energy

are listed in Table II. A distinction is made here between parameters

and variables: the parameters are considerzd constant throughout =z
trial, while the variables change with shot number. The dependent para-
meters Tps Tps and ¢ also remain conatant through the trial since they

are functions of the independent parametera. The values of Tpr Tps and

i ¢ that were calculated from the independent parameter valuea In Table II

are listed in Table III.

e T —

Tables II and III illustrate the difficulty encountered ia trying

to locate consistent values for the KRS parameters. Many of these para-

Y T

metera are difficult to evaluate in the laboratory and most of the data
' found in the literature was for Rhodamine 6G and Rhodamine B. Fortunately
the analysis of pumping and lasing radiation absorption allows considerable

latitude in the selection of these values ag the independent parameters

e ————

affect the absolute power output rather than the output difference between

.-

shots. This is apparent when we examine the expression for the outpul

power given by Eq (4.4):

e

———-
P Nt . - b e e g it S

E! .
L . i HthcW(t)nTc me(-l—) GSGTRT - STkT - kSTSS -
laser 28 + ZL(nD - 1) R1 ‘ 686TkT

? The variables II, n, and T are the only factors that reflect changes in
3 pump and lasing absorption; the independent parameters GS’ GT, kT’ and

q ( ; kST will all remain unaffected. Singlet quenching by a reaction preduct
|

3
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Independent Parameter Values

Parameter Value Used Values Reported Reference
-9
TF(R) {sec) 3.1x10
T (sec) 1073 === —
P(R)
kg g (sec™d) 107 107-108
170
k., (sec! 2.5x10’ 1.8x10’ 1 19:229
g 7. (sec ) .5x .8x (1) :
171 ‘ 2x107 (1) 31:58
1.5-6.7x107 (3) 37:4732
ky o (sec™D) 107 107 32
170
Kqs M lgec™l) | 3x10? %1020 (1) 31:58
2x1019 (4) 17:415
kQT (M_lsec-l) 107 107 33:2
3.3x10° (1) 31:58
2.5x10% (4) 17:415
sT 10 10 (1) 21
(3) 37:4728
(4) 17
Gs 10 -— {5) —
(1) - Rhodamine 6G
(2) - Rhodamine B
(3) - Xanthene dyes in general
(4) - No specific dye referred to when given
(5) - Based on the following values for ESSA and triplet absorption

cross sections for Rhodamine 6G:

UT = (0,35 x 10

Oc &
S1 S

2

—16cm2

= 0.4-0.6 x 10”16

(Ref 19:229)

cm2 (Ref 29:966)
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will change kST’ however, so that the values chosen for the associated

é - relaxation rates will have some effect on the magnitude of change between

successive shots when analyzing this mechanism., The value for wmax wasg
arbitrarily selected for each set of independent parameter values to
equate the pulse energy of the first shot calculated by the computer
program to the experimental value, A change in output energy due to
varying a parameter could be absorbed by increasing or decreasing wmax

to compensate for the change.

Table 111
i Dependent Parameter Values
¥
[ ! Parameter | Calculated Value | Values Reported | Reference
*. o i
: T (aec) 2.8x10 2.8x10 9:85
| 3.1x10”° 13:3892
l sx10°  (3) | 37:4728
- T, (sec) 1.0x10"7 1078 (3) 6:421
| S 21078 (D 31:59
| -
; 1.4x1077 (% | 31:59
y ) 0.90 0.99 13:3890
Ll 0.83t0.02 9:185
J 0.9 (3) 37:4728

(1) Rhodamine 6G

—

(3) Xanthene dyes in general

* with 20Z oxygen content in atmosphere above dye
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The figure given for kQT from the Battelle Laboratories interim

report (Ref 33) in Table II was much lower than would be expected from

the previously reported figures also listed. This value may explain

the reduction of output power Rabins noted in Trials 2 and 3 (see Table

9---1010 sec_1 oxygen would prove to

I). 1If kQS remains on the order of 10
be more detrimental due to singlet quenching th;n beneficial due to
triplet quenching. The values used in the analysis for st and kQT
duplicated the initial output energies listed in Table I to within 10 mj

while holding “ﬁax constant.

Trial Variables

The computer analysis was designed to work with three variables:
the solution pump absorption factor I, the quantum pump efficiency n,

and the absorption coefficient & of the dye solution at the lasing wave-

length (AL).

Pump Absorption Factor H.‘ The pump absorption factor was designed
to compensate for the reduction in the dye concentration as lasing pro-
gressed. This variable is also dependent on the amount of the reaction
product present if the reaction product absorbs the pump photons. Appen-
dix C tabulates in Tables C-I and C-II the values for Il in both cases
and shows how these figures were calculated. Figure 11 presents the
graphlof the pulse energies computed using Il as the only variable and
compares this with the experimental values. This case represents the
reduction in output due only to the reduced concentration of the dye.
This factor is included in all of the following evaluations, using the
appropriate values from Tables C-~I and C-I1I.

Pump Efficiency N°. This term is used to account for the reduced

probability of a pump photon being absorbed by a dye molecule as
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competitive absorption by the reaction products increases. This vari-
able has been isolated from the remaining factors in the total pump
effictency n as defined in Eq (2.5) for the purposes of the analysis.
Appendix C explains the derivation of n”, This variable replaces n in
the equation developed for the analysis.

Figure 12 is a graph of the concentration of dye versus shot number
based on visille spectra (Ref 25:46). This appears contradictory to
Figure E-3 which was deterrined from infrared (IR) spectra. Figure 12
indicates that absorption of pump photons at 552 nm by the dye solution
increases initially with shot number. This could be due to the formation
of a transient reaction product that absorbs at this wavelength but does
not interfere with the absorption at the IR band used to determine the
concentration curve in Figure E-3. Due to the uncertainty surrounding
reaction product formation and identity several ratios of dye degrada-
tion to reaction product formation were formulated. The values for both
n” and Il corresponding to these ratios that were used to examine pump
zosorption are provided in Table C-II. The analytical results based on
the:.e values are presented in Figure 13,

Absorption Coefficient @. The variable ¢ changes as the dye degrad-

ation alters the absorption capability of the dye solution. Figures 14
and 15 are the absorption spectra of the Trial 1 dye solution before
lasing (shot 0) and after 3000 shots (Ref 26:95). A distinet reduction
in absorption of the dye around 460 nm is obvious; this peak corresponds
to SO+S1 absorption, If the reaction products were increasing the
absorption coefficient for the 625 nm to 635 nm AL region, a decrease

in I/I0 for shot 3000 should be indicated within this band. The maximum

decrease in I/I0 that could be consistent with Figures 14 and 15 was
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estimated to be 0.004. Any variation in the spectra within this amount
is most likely due to noise or equipment inaccuracy, but could be the
effect of narrow-band absorption differences. Appendix C gives the
derivation of absorption coefficfents that would result in this amount
of an increase in the solution absorption at AL. Thegse absorption coef-
ficlents were applied to Trial 1 data, and the pulse energies predicted
by computer analysis are plotted in Figure 16. The additional plot of
theoretical pulse energies in Figure 16 corresponds to a second set of
absorption coeft:cients that were derived so as to provide reduction in
output energy consistent with the reduction observed experimentally
(these absorption coefficients are listed in Appendix C). To obtain an
output energy of 9 millijoules at shot 3000 an absorption coefficient of
1,0 c:m-1 is required. This corresponds to an I/I0 value of 0.90; a
reduction in transmittance of this magnitude is not indicated by the
spectrum in Figure 15. This result auggests that although the absorp-
tion of lasing radiation could contribute significantly to the multi-
plier effect, it would not be solely responsible for the reduction in
output energy.

Figure 17 compares the pulse energies calculated for several dif-
ferent rates of lasing and pump radiation absorption that occur

simultaneously.

Singlet Quenching by Reaction Products

The final mechanism examined by which the reaction product inter-
feres with laser performance was singlet quenching. From their current
studies of KRS degradation, Dr. Schwerzel et al. have proposed the for-
mation of reactive triplets from the upper excited siﬁglet states (Ref

33). 1In addition to promoting degradation, this triplet formation could
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affect the lasing directly by increasing triplet absorption, and would

populate the triplet manifold at the expense of the singlet population.
The potential of this possibility was assessed by adding an additional

term to the rate constants kST and kzz

k

s = k

S * kosQs *+ kos (rp) s (rP) (4.6)

k2 - ks r * ks

4.7
1M1 5%

* kos¥ * Kog(re)¥s (rP)

where

kQS(RP) = rate constant fer singlet <uenching by the reaction
product ! see™))
QS(RP) = concentration of reaction product

The quantity QS(RP) is the same as c,, introduced previously and has been

RP
relabeled to maintain the nomenclature adopted for the rate equations.

The computer program used in the previous analyses was modified to
incorporate Eqs (4.6) and (4.7) and to calculate the pulse energy as the
reaction product concentration increased; this program is included in
Appendix D, Several runs were made for different values of kQS’ kQT’
and kQS(RP) assuming that 1 molecule of dye produced one molecule of
reaction product. The results are presented in Figure 18. One of the
more revealing results i1s the linear decrease in pulse power obtained,
which would tend to disqualify this mechanism as the primary cause of
the logarithmic multiplier effect. Figure 19 1s a comparison of the
results from all of the mechanisms tested.

To provide a check on the accuracy of the computer program, wmax

was estimated from the efficiency of the flashlamp and its spectral

output (Appendix F); the value calculated was 1.6x1024 photons/sec.
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The valte required to set the Trial 1, shot 1 pulse energy equal to
250 mj in all of the preceeding computer analyses was 3.54x102ﬁ
(photons/sec). This agreement should verify that no major flaws exist

in the modeling.
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V. Discussion

The computer program that was develeped in thia study haa predicted
output energy trends consistent with the known characteristics of the
KRS laser and without apparent conflicts quantitatively. Ita flexibility
haa been demonstrated by the ease with which the several variables could
be accomodated and singlet quenching by the reaction producta could be
examined. As the parameters specific to KRS are more accurately deter-
mined, the model will be able to effectively predict the relative effi-
clencies of different operating regimes.

The results frem the preceding section show that none of the pheno-
mena that were modeled could account for the magnitude of the multiplier
effect using the data available. fhe most effective mechanism was
abaorption at the lasing wavelength by the reaction products. Although
the half-1ife for absorption was approximately 2650 shots compared to
the demonstrated half-1ife of 550 shots and was based on the most favorable
interpretation of the absorption spectra, the reaults demonstrate how
minute increases in absorption by the dye solution can cause large reduc-
tion- in the output energy. Both the absorption coefficlent corrections
and the pump efficiency corrections resulted in non-linear decreases in
energy, although they were not logarithmic. In comparison with the
experimental data, the theoretical curves for these two phenomena differed
enough from the experimental to indicate that another mechanism 1s
responsible, that multiple mechanisms are at work aimultaneously, or
that the theoretical variable values derived to consider the lasing and
pump absorption are inaccurate.

One of the more valuable insights offered by this analyais 1s the
importance of the wavelength of lasing. The parameters GS and GT are
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both functions of AL and may vary several ordera of magnitude over the

excited state singlet and triplet absourption ranges. If triplet absorp-

tion ia aignificant at one wavelength, it could be reduced by lasing at

e

a wavelength with a smaller extinction coefficient. The prime considera-
tion in selecting a lasing wavelength would be the absorption band of

the reaction product, if this band overlaps the lasing region of the dye.
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VI. Conclusions and Recommendations

Conclusions

The snalytical model developed to represent the KRS dye laser pro-
vides an accurate method of predicting pulse energy decay and relative
1sser performance as a function of dominant relaxation mechsnisms and
competitive absorption processes. The generslity incorporated into the
model enables various poteutisi reaction product effects to be evsluated
by simple modification of the power ocutput equation snd its sssociated
psrsmeters.

The lack of precise data has prevented this analysis from conclu-
sively identifying the primary phenomena responsible for the multiplier
effect. |

1. The most effective mechanism of those examined is reaction
product absorption at the lasing wavelength.

2. Reaction product absorption at the pump wavelength is s probable
fsctor but is very unlikely to be the primary cause.

3. An increase in intersystem crossing to the triplet manifold due
to the formation of reaction products would not produce the
logarithmic decrease in energy observed.

4, Mechanisms other than pump and lasing rsdiation absorption by
the reaction products sre likely to be responsible for the

effect.

Recommendations

The following recommendations sre proposed for further study:
1. Repeat the measurement of dye degradation and the corresponding

pulse energy decay using KRS in a tunable dye laser. Perform
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the experiment at several lasing wavelengths within the 630-670
nm region to determine the effect that operation at different
wavelengths has on the efficiency and half-life of the laser.
Measure the absorption coefficient of the dye sclution at the
specific lasing wavelength. Accuracy to a minimum of three
decimal places is essential. One possible method would be to
measure the attenuation of a laser beam tuned to AL with a
radiometer; this would require a highly stable laser beam to
insure the required degree of accuracy. Maximizing the distance
traveled by the beam through the dye solution will increase the
ratio I/I0 to provide greater accuracy in calculating the
absorption coefficient.

Measure the threshold pump power required for each shot in a
trial. This quantity will increase if the reaction product is
absorbing the pump photons. Any increase in the absorption
coefficient found due to lasing absorption by the reaction pro-
duct must be accounted for first as this alsc affects the thres-
hold pump power.

Run several trials using specific triplet quenching agents such
as cyclooctatetraene. If the multiplier effect still occurs
this will confirm that it is not attributable to triplet

ahsorption or the loss of molecules to the triplet manifold.
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Appendix A

Seven-lLevel Laser Rate Equations

Baczynski et al. (Refs 1-4) have developed a six-level model for dye
lasers that incorporates the '1‘2 level population. The six-level system
takes into account triplet absorption but neglects excited state singlet

absorption and the possibility of an S2 population. The equation set

ry 6
ESSA
0l :
a7 3
triplet Bse | %16
E4 absorption
: 834 |
’ | }’ — Es
a
41 lasing 53 %17
%15
E a
2
%12 | J 1
E
Pigure A-1

Seven-Level Laser Model
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presented in this appendix is based on the aeven-level model shown in
Figure A-1. These rate equations incluc: an original one that describes
the S2 (E7 level) population, and terms appropriate to the 52 interacticns

depicted in Figure A-' have been added to the six-level rate equations.

The aeven-level equations are

1]

dn n n
== = - =— +i="—p 'P)"s—'—(P -P) T - p,) (A.1}
dt Tc TF (R) 3 2 TTF (R) 5 6 STF (R) 3 7
dp

1
S5 " 819Py + 8)5Ps + ayeP 3 50y = (8, +ay)p) (A.2)
-d-Pz-ap+ S —(py = Py) = a4P ‘ (A.3)
ar " 2233 F T o3 T P T AP (
dl:'3 n
qo " 334P4 T 836P6 ~ (353 + ay3)p3 ~ 7 —(P3 = Py)

F(R)
n
- ———(p., = P4) (A.4)
GSTF(R) 3 7
at - 24P T 847P7 T 334P, (A.
3. - +ag, 2—(p; - A.6
3t " 853P3 ~ 8)5Ps + agedg ~ T (P5 = Pg) (A.6)
TTF(R)
dp
_6 . _ n _ .
dt " %P7 ~ (856 * 815 * a30P6 * N~ (5 ~ Pg) (A.7)
%P:l = a;yp) - (8, + ag; + 200, + 5 (k3 - Py (A.8)
sTF(R)
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1 (A.9)

P1+p2+p3+p4+p5 +p6+p7-

The normalized population density p gives the probability of finding a

polecule in a particular level, and Eq (A.9) requires that it can exist

only in one of the levels shown in the model. The aij coefficients are

the spontaneous radiation and radiationless transition rates combined;

and a, are pumping parameters. The remaining terms are consistent

%41

with the notation in the main body of the thesis. The numbering of the

levels is consistent with the six-level presentation and differs from

the numbering system used in the figures in Section I1I.
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Figure B-1 represents the cavity of the dye laser.

I(t + At) = R1R

I(t + Act)

Appendix B -

Derivation of TC and TH

intensity of a beam of photons after a round trip . hrough the cavity is

2e2(Y = ®Ly(ey = I(t) + AL(AL)

resultant intensity after a round trip
round-trip duration

cavity mirvor reflectivities

laser gain coefficient

dye absorption coefficient

length of the medium traversed by the beam
original intensity of beam

change in intensity of the beam

— e T v

The gain in

3 L S
Dye (n)
£ ?
Figure B-1

Laser Cavity Diagram
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Dividing Eq (B.1l) by I(t) and taking the logarithm of each side we get

1n[1 +-iJ(ﬁ—)t—] -ZL[Y-CL-—ln(Rle)] (3.2)

For AI(At)<< I(t) we can approximate the term 1n (1 + %g-) by %% to

obtain
AI-zL[y a-iln( 1 )]1 (8.3)
22" | KR, .

The round-trip time At is

2l 9 -1

At = s + = : (B.4)

where
n, = index of refraction of the dye solution
¢ = gpeed of light in vacuum
£ = distance separuting the cavity mirrors

Dividing AI by At and approximating %%-by —— we obtain the following

differential equation:

dl

L 1 1
-&—E'IE'FL((:RD‘]-_) [Y-a-ﬁln(@;)]l (B.S).

The number of photons (n)} in the beam is directly proportional to the

beam intensity, so that the photon rate equation is

dn cl 1
at " T+ iy - 1) [ T Saw '2_1.'1“(3132)]“ (.6)




4
3
3
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Without pumping, the gain coefficient y wvanishes and the cavity photons

are lost at the rate

dn cL 1 1
*R"IF L<“D —p) [- a - Eiln (iiﬁ;)]‘l (B.7)

Integrating Eq (B.7) rasults in the equation

a(t) = n exp(- -5-) (8.8)
(\ T
C
where the cavity photon lifetime T is
=1
cL 1 1

- o[ an ()
C £+ L(nD 1) [ 2L R1R2 ] {(B.9)

This lifetime characterizes photon losses from the cavity population due
to cavity parameters such as the mirror transmissions and absorption by
the medium. This can be stated mathematically:

1
Tz

+

1 1 1

c o M
where
Ty ™ cavity pholon lilelime due to absorption losses
‘l’Hl = cavity photon lifetime due to mirror 1 transmission

T2 ™ cavity photon lifetime due to mirror 2 transmission
Eq (B.9) can be factored accordingly:

1 cL 1 ( 1 ) 1 ( 1)
-— g+ =Inl=—J}+=In| =— (Boll)
T L+ L@y - D) e\ R )T LR,
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Selecting mirror 1 as the tranemissive frontal mirror, T becomes %

= ¢ 1, (L7 )
™S )T F Ly - D |2 "\Ry (3.12)

The inverse of 'L'H glves the rate at which the cavity photons enter into

the output beam of the laser. This development has followed the derivation

presented by Weichel and Pedrotti (Ref 41:139-141).

I . . et T R . e AR,




Appendix C

! Derivation of Values for I, n°, and a

J Pump Absorption Factor I
} As the dye degrades, less molecules of dye are available to absorb
the pump radiation and lase. To account for the dye reduction the Beer-

Lanbei't Law is used:

*II— - ¢ Scd (c.1)
0

where

intensity of a beam after passing through an absorbing medium

(]
1

4
[ ]

original intensity of the beam

- - —

molar extinction coefficient of the medium at the wavelength
of the beam

¢ = concentration of the absorbing medium
‘ d = distance traveled through the medium by the beam

The number of photons transmitted per second in a beam of light is

2+ r———

directly proportional to the intensity of the beam. Eq {(C.l) can then

E p be written
X (py - P)
‘i T = exp ( - EPch) {C.2)
L where

(po - p) = number of pump photons transmitted per second through

the medium

o ———

% p = number of pump photons absorbed per second by the medium
4

1. 64




o mnarerain il

- e

~——
i o ——

-
o/

P oS

Po ™ number of pump photona transmitted per aecond in the
incident beam

€p = molar extinction coefficient for pump absorption
The energy output of the laser should be proportional to p; the output
of succeaaive ahots can then be adjuated by the factor Il to account for
the loss of dye molecules:

==L (c.3)
f1

In thia equation Py is the number of photona absorbed per secoud by shot

1, and p ia determined for each subsequent ahot according to the concen-

tration of dye remaining by uaing Eq (C.4):

p= po[l - exp( - EPch )] {C.4)

In thia case d ia the diameter of the dye cavity illuminated by the
flashlamp, and is 0.6 cm (Ref 25:16). The variable Il can now be

expressed as

§ . 1l- exp(-ePch)

1l - exp (- ePcDId) C2

The term Cn is the concentration of the dye at shot number 1. A typical

croas section for pump absorption is 10-16 cmz; this corresponda to

5 M lem™ (Ref 31:33-34). Johnsor (Ref 16:70) recorded an

€p = 2.60 x 107 M
initial output of 352 mj at 10”9 M dye and 510 mj to 547 mj at 5x10™% M
dye. Using 350 mj and 530 mj as representative values at these concen-
trations and considering the rate of the p values for these shota to be

equal to the ratio of the output energies, €, waa calculated to be

P
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1.79x10" M “cm —. The values for T that were used in the computer
analysis of lasing without competitive absorption by the reaction pro-

duct are listed in Table C-I.

Pump Efficiencies n and n”

The number of molecules of reaction product (RP) produced from one
dye molecule and the capacity of the reaction product to absorb the pump
energy 1s unknown, although Figure 12 indicates that pump absorption may
exist to scme extent. To examine competitive absorption by the reaction
product its absorption cross section UA(RP) was considered to be equal
to the dye absorption cross section UA(D)' Since one mole of dye pro-
ducing two moles of reaction product with UA(D) = UA(RP) is equivalent
to one mole of dye producing one mele of reaction product with UA(RP) =
ZUA(D)' this assumption will stili be useful in analyzing the possibi-
lity of s (D) ¥ O (RP) *

The total pump efficiency n is a product of several factors; the
flashlamp bandwidth, pump photon loss due to mechanisms such as reflec-
tion and scattering, and competitive absorption by impurities in the
medjum. All but the latter factor can be considered constants that
can be absorbed into the term wmax’ as this pump parameter is arbitra-
rily varied to equate the output energy computed to the experimentally-
determined energy of the first shot of the trial being examined. This
allows 1 to be modified to express only the probability that a pump

photon will be absorbed by a dye molecule:

0 E-Sra— (C.6)
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In addition to introducing n”, N muat reflect the increaae in the
number of absorbing moleculea in the medium aa the reaction product

replacea the dye. Eq (C.4) can be modified aa follows:

p = 00: 1 - exp[- r:l,(t:D + cm,)d]l {c.7)

The expreasion for II than becomes

l—exp[-c (e, + ¢ )d]
1 - exp [l: eDc dljp @y

M=
P D1
The value of T will be 1.0 for 1 m dye + 1 m RP; for the formation of
multiple molecules of reaction product per dye molecule Il will be greater
than 1.0. The values of n“ and [ ﬁaed in Trial 1 for aeveral ratioa of

reaction product formation are liated in Table C-II.

Abaorption Coefficient &

To determine the magnitude of the effect that reaction product
abaorption at the lasing wavelength could have on the output energy of
the laser, molar extinction coefficients at AL for the undegraded dye
and the reaction product were calculated aaauming that one molecule of
dye degraded to produce one molecule of absorbing reaction product. The
extinction coefficients were determined using the Beer;Lambert Law in
Eq (C.1):

I e-t:cd

(c.1)
Iy

Eq (C.1) was modified to consider absorption by both the dye and the

reaction product:
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%% = exp [- (ep7p + ERPCRP)d] (c.9)

vhece
p = concentration of the dye
pp " concentration of the reaction product
In this application d equals 0.1 em (Ref 25:22). The absorption coef-
ficient for a specific amount of dye and reaction product can then be
obtained directly from the concentrations and the respective extinction

coefficients:

Q= EDCD + €rpCRP {C.10)

For shot 0, Trial 1, III0 was taken to be 0,999, resulting in € = 51.68
H-lcm_l. The III0 value used for shot 3000 was 0,995, resulting in

€pp = 1.077x103 M.lcm-l. This 15 equivalent to a cross section for the

reaction product of 1.79x10-18cm2, which is two orders of magnitude
smaller than the 10-16 cmz values for the ESSA and triplet absorption
cross sectinns. The values for ¢ used in the computer analysis that
correspond to the above amount of tramsmittance are listed in Table
C-I1II. Table C-IV lists the absorption coefficients that produce pulse

decay comparable to the ohserved experimental decay. Table C-V tabu-

lates the values used for II, n, and & that produced the pulse energies

plotted in Figure 17,
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Table C-I

Dye Concentration Corrections

c
Shot D n
Trial Number (xlo'4 M)
1 1 1,935 1.0000
500 1.870 0.9897
1000 1.805 0,9786
1509 1.740 0.9667
2000 1.675 0.9539
2500 1.610 0.9402
3000 1.545 0.9256
2 3 1.960 1.0000
5C0 1.922 0.9942
1000 1.884 0.9882
1500 1.846 0.9819
2000 1.808 0.9754
2500 1.770 0.3686
3000 1.732 0.9615
3 1 2.000 1.0000
500 1.964 0,9948
1000 1.928 0.9894
1500 1.892 0.9837
2000 1.856 0.9779
2500 1.820 0.9718
3000 1.784 0.9655
€, = 1.79x10% ¥ ica!
d=0.6cam
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Table C-II
| Competitive Pump Absorption Corrections
|
!
!
i
t Shot €p “re
. Trial i _ bt n*
Number | (1074 m | (x107%m
: j 1 molecule dye + 1 molecule RP
1 1 1.935 0 1.0 1.0000
] i 500 1.870 0.065 1.0 0.9664
f 1000 1.805 0.130 | 1.0 0.9328
1500 1.740 0.195 1.0 0.8992
2000 1.675 0.260 1.0 0.8656
2500 1.610 0.325 1.0 0.8320
3000 1.545 0,390 1.0 0.7984
1 b 1 molecule dve + 2 molecules RP
i
: 1 1 1.935 0 1.0 1.0000
i 500 1.870 0.130 1.0096 0.9350
: 1000 1.805 0.260 1.0186 0.8741
i 1500 1.740 0.390 1.0270 0.8169
' 2000 1.675 0.520 1.0349 0.7631
' 2500 1.610 0.650 1.0422 0.7124
. 3000 1.545 0.780 1.0490 0.6645
{
.% 1 molecule dye + 3 molecules RP
S 1 1 1.935 0 1.0 1.0000
i 500 1.870 0.195 1.0186 0.9056
. 'g 1000 1.805 0.390 1.0349 0.8223
C 1500 1.740 0.585 1.0490 0.7484
r 2000 1.675 0.780 | 1.0612 | 0.6823
&‘ 2560 1.610 0.975 1.0719 0.6228
;a 3000 1.545 1.170 1.0812 0.5691
e, 1.79x10% M len™1
. d=0.6 cn
{
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7 Teble C-II1
;' Absorption Coefficients:
|
! ILIC at shot 3000 = 0.995
4 £.C [ad |
R _—— NSh:t 1_)4 D-ll) E_lﬁ RP_iltP ul
{ Umber | (10 M) | (em ) | x10T°M)| (em ) (em )
1l 1 1 1.935 0.01 0 0 v.01000
500 1.870 0.00966 0.065 0.00700 0.01666
1000 1.805 0.00933 0.130 0.01401 0.02334
1500 1.740 0.00899 0.195 0.02101 0.03000
2000 1.675 0.00866 0.260 0.02802 0.035668
. ‘ 2500 1.610 0.00332 0.325 0.03502 0.04334
] 3000 1.545 0.00798 0.390 0.04203 0.05001
L 2 1 1.960 0.01013 0 0 0.01013
500 1.922 0.00993 0.038 0.00409 0.01402
; 1000 1.884 0.00974 0.076 0.00819 0.01793
1500 1.846 0.00954 0.114 0.01228 0.02182
2000 1.808 0.00934 0.152 0.01638 0.92572
2500 1.770 0.00915 0.190 0.02047 0.02962
' 3000 1.732 0.00895 0.228 u.02457 0.03352
|
¢ 3 1 2.000 0.01034 0 0 0.01034
|f 500 1.964 0.01015 0.036 0.00388 0.01403
; 1000 1.9:28 0.00996 0.072 0.00776 0.01772
. 1500 1.892 0.009/8 0.108 0.01164 0.02142
2000 1.856 0.00959 0.144 0.01552 0.02511
; 2500 1.820 0.00941 0.180 0.01940 0,02881
y 3000 1.784 0.00922 0.216 0.02328 0.03250
i
.ﬂ o,
! € = 51.68 M “cm
pt 3.1 -1
L SRP 1.077x10° M “cm
d=0.1cm
M
i
if
o}
0
) (
i
|
N
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Table C-~IV

T T T O PR T

Absorption Coefficients:

I/I,. at shot 3000 = 0.90

Shot p €d%p “rp €RPCRp @
Trial Number -4 -1 -4 -1 -1
(x10 M) (cm ) | (x10 M)| (cm ) (cm )
1 1 1.935 0.01000 0 0 0.01000
500 1.870 0.00966 D0.065 0.16536 0.17502
1000 1.805 0.00913 0.130 0.33072 0.34005
1500 1.740 0.00899 0.195 0.49608 0.50507
2000 1.675 0.00866 0.260 0.66144 0.67010
2500 1.610 n.00832 0.325 0.82680 0.83512
3000 1.545 0.00798 0.390 0.99216 1.00014

€. = 51,68 Mﬁlcm-

D
€ep = 2.544x10%% M lem ]

d=0.1¢cm

1
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Table C=V
Variable Values for Plots in Figure 17
Shot a
Trial | yumber (co D) J n

1 1 0.01000 | 1.0000 | 1.0000
500 0.02500 | 1.0186 | 0.9056 1 -1
1000 0.04001 | 1.0349 | 0.8223 ED = 51.68 M “cm
1500 0.05501 | 1.0490 | 0.7434 A =1 -1
2000 0.07002 | 1.0612 | 0.6823 €pp = 0.236x10° M “cam
2500 0.08502 | 1.0719 | 0.6220
3000 0.10002 | 1.0812 | 0.5691

1 1 0.01000 | 1.0000 | 1.0000
500 0.09169 | 1.0186 | 0.9056 -1 -1
1000 0.17339 | 1.0349 | 0.8223 ED = 51.68 M “cm
1500 0.25508 | 1.0490 | 0.7484 4 -1 -1
2000 0.33678 | 1.0612 | 0.6823 ERP = 1,262x10" M “cm
2500 0.41847 | 1.0719 | 0.6228
3000 0.50016 | 1.0812 | 0.5691

1 1 0.01000 | 1.0000 | 1.0000
500 0.17502 } 1.0186 | 0.9056 1 -1
1000 0.34005 | 1.0349 | 0.8223 ED = 51.68 M “cm
1500 0.50507 { 1.0490 } 0.7484 o -1 -1
2000 0.67010 | 1.0612 [ 0.6823 €pp = 2.544x10 M “cm
2500 0.83512 | 1.0719 | 0.6228 '
3000 1.00014 { 1.0812 | 0.5691
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Appendix D

Computer Programs for Computing Pulae Energies

Two computer programs are used in the analysis. Pregram 1 is used

with the variables NI, n”, and a. Program 2 considers n” and a constant

W‘"‘&W* b i
i .

|

¥

and maintains Il as a variable. This program requires the concentration

|

l of the reaction product to be input for each shot and ia designed to

t

i calculate output energy for various rates of singlet quenching by the

reaction product. A provision for triplet quenching in addition to the

singlet quenching has been included. For the analysis results given in

Section IV triplet quenching by the reaction preduct was negated by
aetting the triplet quenching rate constant kQT(RP) = 0,

Three constants (Cl, C2, and C3) must be input as data. These are

: specific to the laser geometry and are the same for both programs:

:

! [ 1l

. Cl = th[u ¥ 2L - 1)] in (-ﬁ-l-) (®.1)
o
2 L

b € = L1 (©.2)
. }I_ (% )

N ~

' e X 1
&

The parameters and variables correspond as foliows:

N = number of intervals desired to divide the pulse into

o T

for the purpose of the trapezoidal approximation

e~

W
max

TAUFR TF(R)

{ TAUPR = Tp py

S

DELS S
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DELT

KS180

KSIT1

KT1S80

Qs

KQS

ABS

PCIG

ETA

Rt
-QS
"

- st

* ko

=1

«n”

E ' KQSRP = kQS(RP)

RQIRP = kor(re)

= concentration of reactiorn product (M)

oS

Data Input (Program 1)

B e o

| CARD 1: N, C1, C2, C3, WMAX
g ? Note: WMAX 15 selected to adjust the shot 1 energy to the
> ?E desired -ralue.

?r CARD 2: TAUFR, TAUPR, DELS, DELT, KS1S0, KSIT1, KT1SO

The first two cards above establish the parameter values used in

Sets of carda must be assembled for the

the computer analysis.

specific shots of each trial aa follows:

CARD A: TRIAL, NR

Use any convenient tag number to designate each trial;
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use a negative number 1f a plot is not deaired. NR is

the number of shot data cards submitted in the trial

(excluding the final dummy card}.
J CARD B: @S, QT, KQS, KQT
Input the parameter values applicable to the trial; this

card inputs datz for singlet and triplet quenching such

as when oxygen 1s in solution.
CARD C + ?7: SHOTINR, ABS, PCTG, ETA
One card will be submitted for each shot examined during
the trial. These cards input the variable values for each
i shot. The card following the last shot ¢ard ia a dummy

. card with a negative ABS value (I use 9993,-1,9999,9999).

If additional triala are to be znalyzed, begin each new set with
Cards A and B (applicable to the conditions in the new triall and
be sure to end each set with the dummy data card, After the final
| data card in the last trial (this will be the dummy card) the final
F '] card in the data stack will be 0,0 (see the comment on line 28 of

the program readout).

-

The computer printout will be self-explanatory.

VI ¥
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PROGRAM 1

1 PROGRAM LAST2 (INPUT, OUTPUD)

' REAL LA2,K% Su(ﬂTgKSISU;KSIT!.KT15f1<2,KT,KST,NFNOT

i : INTEGER SHOTHR

! DIMENSION T(1270),PL13C5Q),NFHOTLLNIN) a

' $ DIMENSION S(20 ySHOT(20) JMPTHI2Y 4 AT (222 ,43CT(27),TAUC(23),02%(27)
" READ® yNyC1,22,03, HMAX

€ WMAX IS STLECTI) TO SAUATE THT SHOT 1 EHERSY TO EXPERIMINTAL VALUES

REAG® p TRUF Y, TAYPRHyOELSy DILT SISy K52V KT 1SC
€ THESE PBNAMETERS ARET CONSIOERES TO I CONSTANTS

! 10 . PRINT®,”  © . .
" .- . D PRINT *," “ : i
PQINT'.“ ol

| : UL PARINTe,. -
PRINT®,"VAITLILE MW/SHOTHNRt A9S, ETA, PCTG®

1% . PRINT®,“AS3UMPTIONt KT*TAUPG (™ .
N - PRINT‘.“NEcaT.VE TRIAL NOS NWILL NOT 2E GRAPNED™
PRINT=,> = o . )
. PRINT®," 2
- . PRINT'.”HH:X = ", UHAX
14 . PRINTS,“CEL3 = *,0ELS,™ OELT = *,0FLI

PRINT®,"KS150 = ",KS5150,"™ K31TL = ",KS1T1
PRINT®,"KT133 = ",KT150

3 - .
) T T RRINTee . .
: PPINT3,= = , , -
25 | PRINT®,= = :
y 2 & REAT* , TRIAL,NR
: o IF A PLOT IS NOT REQUIRED USE A NEGATIVI TRIAL NUMAER _
1 C THME FINIL OATA 293D SHOLLO REN §,0 (SEZ NIXT COMMAND) {
; IF (TRIAL.ED.14) GO TO §
| 30 READ® , 1S, 67,478, K0T

C XOS AND KOT WILL DEPENC UPON TRE SPECTFIZ QUENCHING AGENT
. , KZ=KnS*054K3. T1+KSLSD .
o KST=XNS*0S4KS1TL | .
KT=KOT#0T+XT159
35 TAUF=1/(2/TRUF4K2) : .
) TAUP=1/(1/TRURR+KT) o
' L. PHI=TAUF /TAUFR
ASSUMP=T4TAUR
) PRINT®,"YRIEL NO = “,TRIAL
Y PRINT*,"X14T4)PQ = " ASSUNP S
‘ € THNE F30VE PRUNTIUC WILL COMFIRM THE vELIDITY 2F TNE ASSUMPTION, LINE 15
_ PRINTS,"SINSLIT CUENCHING FATE GINSTANT (KOS) = *,X0S
U PRINTS,"TRIPLIT QUENCHING RATE CINSTENT («OT) = “,XOT
PRINT®," SIN5LST OUERCHER CCHCENTI2TTIIN (65} = “ynS
'Y PRINT®,"TRIPLET CUENCHER CONCENTRETIIN (CT) = “,01
) PRINTS,™ - . o e
. . PRINT®,™ ' :
* _ PRINTS,~
_ PRINT® =
50 _ PRINT*p"X2 = “yK2 . . .
POINT*,"KST = ", KST , _ .
POTNT KT = “4KT : ~
PRINTS ,"FLUNZISCENCE LIFETIME (TIUFY = “,TAYF .
PRINT+, SHOSPHONISCENCE LIFETIMT (TAUP) = “,TAUP
55 PRINT ?,"NUANTUN FLUCRISCENCE (PYI} = *ypPwl
: £ AJ0VE VALUSS INDIC.TE WHETHIR TUL PARANETER VALUES ARE REASJINABLE
PRINTS =
PRINT®,"” -

E | | PRINT®,” =
}
|
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[ 1] CLs(0SLS 0SLT*KT =0ELTOK T-XST"DEL 3 {JELSTOELT*XT)
LH22AL0G(24) .
ICASE=C
4 READ* , SHOTNR, ABS »OCTGHETA
If (AOS.LT.04300 TO 10
5 G PLACE DUMMY OATR CARD WITN NEGATIVE &PS AT £M] DF TNE TRIALS J4ATA CARDS
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10

185

I PRUNT®," -

'3 COMTINUE

ICASE=TCASES]
SHOTCICASE) *340THR
AC(ICASS) =aaS
PITLICASZI=2ITG
OPE(ICASSY=ETY
TAUCIICASEI=1/7(C2% (A0S +CTY)
RPTH(IrASE) 1. 7STA/FHI/TAUC(ICASEY ZCN
. ELICASE) =3,
0T=5C-7/(N-1)
C THNE FOLLCMING LOOP COMPUTES TNE EHZ?3Y IM THE PULSE
00 11=1,N
Ttlie=2,5C=7T+(I-21)+407
ROZWAANS ZXP (=L 42 (TII)®22)/(5E=72%2))
NPHOT (T)=WA*TAUCIICASE) *ETAYCL* P2 TG
P(I) = C1*NPHOTII)
Fai,
. IF tl :Eﬂai-SR.IoEﬂ.N}Plaos
o E(ICASE) =E(ICASE) +FPP(I)*0OT
L COHTIHUE
PRINT®,,"FOR SHOT HO ™,SHOTHR,™ ENERSY = “,E(ICASE)

PRINT*," THRESHOLO oUve FOWER (WFTH) = “,WPTH(ICASE)
PRINT?,"™ ’ PHOTON CAVIIY LIFETIPE (TAUC) = ", TAUCIICASE)

PRTNT *,“ -
G0 10 2

POINT*,~
POINT=,"

¢ THIS LOOP PRINTS OUT THE VARIABLE VA_UES USEOD IN THE TRIAL

00 3ICASE=1,N3
PRINT®,“SHOT **,SHOT(JCASE) ,* A8S ", AC(ICESE) s~ ©CTG *,
& ETA *,OPECISASE) , - o

PRINT®," B .. .
PRINT®," -
IF (TRIALWLTe3s) GO TO &
C THE EROVZ STATEMZNT ALLCHS BYPASSIHG TWI PLOT SEOQUENLE
CALL DRlHZ(SHQT,-|ﬂFTH,F,T,'211 NRyds=1) -
PRINT®," - . . .
PRINT®," =
60 TO &
| IO sToP - v
END . . oo
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PROGRAM 2

PROGRAM LASER (INPUT, OV

TPUT)

REAL LNZy KNS,NT ,KSIS0,KS1TL JKT L350, €2,KT yKST,NPHOT ) KASRP ) KATRP

INTEGER SHOINR

DIMENSION T(1302),P(10205),NPHOIT{11)0)
DIMENSION S€21),SHOT{2L) 4 WOTH{27},PIT(20),RPC(27)

READ® yN,C1422, cs.ule

€ MMAXY IS SILECTI) T0 SHUATE THE SHOT 1 ENIRGY J0 EXPERIMENTAL VALUES
REAN® ,TAUF,TAUPR,0ELS, OELT,¥S155,X31T1,KT 150, 0F,

€ THE AROVI PARAMEIZRS AkE CON
TAUZ=1/(C2°(235+CT))
PRINTS®,~ -
PRINTS®," -
PRINT®,* -
PRI"’ ‘ - -
PRINT‘ A SSJYOTIONY

SIOERED FO 3E COMSTANTS

T

KT*TAU2R>>4"

PRINT®,“HEGMFIVE TRIAL NOS 4ILL NOT BE GRAPNED®

PRINT®,* -
PRINTS®," -

PRINT®,“WHAK = , WHAX o
PRINT#,=ABS = =,A35," ETA 2 ",ET\
PRINT®,“CELS = =,0ELS,” OELY = =,0ELT

iy P2INT®,"KS15L = ™,K51S(,"

K31TL * “9K$1TY

o

ETA

LR XY

PRINT*,"XT130 = *,KT150
-PRINT*y* -
PRINT=,™ -
PRINT®,~ -
& READ™ , TRIAL,NR

¢ IF A PLOT IS HOT EAUIRED USE & NEGATFVE TRIEL NUKRER

€ THE FINAL OATA CAA) SHOULO BEt 0,0
IF (TRTAL,LZ22,1,.) GO TO S
READ® , 05, CTyKU5y XAT, KOSRPHKITRP
PIINT® ,"TRIAL NO = “TRIAL
PRI"‘T .1~SI";' '.'
PRINT®,,=TRIBLET

AUENCHING UTE CONSTANT {€0S) = =,KO0S
NYENCHING RATE CONSTANT (<OT) = *,X0Y

(SES NEXT COMMAND)

PRINT®,"RATE JONSTANT FOR SING.ET NMINCHING °Y P = =,KQSP

PRINT*,“FATZ

PRINT =, “SINJL'T AUENCHER CONCENTRATIIN {05) =
PRANT* " TRIPLET OUENCHER CONCEHTQ‘TIJH (OTI ® QT

PRINT®,* "
PRINTS ,~
PRINT‘,“
PRINT®,~
LN23ALOG(2,)
ICASE=0D

2 READ® , SHUOTHI,BLTG, AP
IF (SYOTHNR.LT.8.,)G0 TO 140

€ PLACE DUMMY DATA CARO WITH NEGATIVE
K2zKNS°0S+K51T1+KS150+KASRPIRP
KST=KNS* QS+ (SiT1+KASRP*RP
KT=K0T“0T+XT130

SONSTANT FOR TRIPLEr TYEHCHMING RY RP = “,XQTRP

0S5

$HOTNR AT END OF THE TRIALS OATA CAROS

Ch=(0 LS OELT* KT =DELT*KT~ ~KST*OELS) Z(JELS® IELYSKT)

TAUP= {7141/ THUPR¢KT)
TAUF=1/(1/TAUFR+X2)
PHI=TAUF/TAJFR
ICASE=1CAST+t
SNOT (ICASE) =SHOTNR
- RPCL{ICASE}=RP

PCTI(ICASE)=PCTG
WOTHI{ICASE)=1./ETAZPHI/TAUCICY
E(ICASS)=0,
0T=3S=7/(N-1)

€ THE FOLLOWING LOOP COMPUTES
00 LY=4,N

T(Idm=2,CE-14(1~0)807
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USRYMAXSEXPL=LN2? (TUI)®92) MSE=7102))
NONOT () = WP? TAUC ETA*CL*PCTS

PLI) = CLENPHITLD)

Fey,

!F {1 +EN.L.0%,.1, EN.NIF=0,%

ECICASE) zEC(IZASE) +F P (1) *OT

CONTINUE
PRAINT *,“FOR SHOT NO “,SNOTNR,™ ENERG¢ = ", ECICASE) ’
PRINT®," THRESMOLO PJFP POMER (HPTH) = ",N2TN(ICASE)

PRINT®,~K2 = *,X2
PRINT=,~«ST = *,xST
PRINT®,“KT & “,KT
PRINT*,=KT*TAUPR = *,ASSUMP .
ASOVE PRINTIUT WILL CONFIRM THE VELIJITY OF TNE #SSUMPTION
PRINT® ,=FLUIAISCINCE LIFETINE (TIUF) = =, TiUF
PRINT® ,“PHIRPHORESCENCE LIFSTIME (TU3) = *, TALO
PRINT *,“NUANTUY FLUCRESCENSE (PYL) = =,PNI
P‘I"T‘.. - R
PRINT*," - . - e
PRINT*,” - , . D
0 TO 2 : ) '
PRINT®,~ -
PRINT*,~ -
PRINT*,” -

. ser ..

S ek e W

€ THIS LOOP PRINTS qUT TME VARIASLE VA_UES USED IN TNE TRIAL

€ TNE

00 3ICASE=1,NR
PRINT ®* ,“SHOT “3; SNOT(ICASE)
SONTINUE

PRINT® -

PRINT #,~ -

PRINT® ,~ =

IF C(TRIAL.LT.3,) GO TO & -
ASOVE STATEYSIT ALLONS BYPRSSING THI °LOT SEQUENZE

CALL ORAWZISHIT,E HPTN,PTy=241,1Ry1,=1)

PRINT® > -
PRINT *,~ - )
PRINT®," -
B0 TO &

sroe

ERe

s PCTS =y3CTUISASE) ,™ RP ", RPCLICASE)
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Ref 25:30-35,

Appendix E

Dye Degradation and Pulse Decay Dsta

The following graphs have been reproduced from Figures 13-18,
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Appendix F

Estimation of wmax

The flashlamp in the dye laser used to obtain the degradation data
produced a spectrum comparable to a 25,000-degree Kelvin (°K) blackbody.
The voltage (V) across the capacitor bank immediately before the lasger
wags pulsed was 18 kilovolts (Ref 25:16, 21). The capacitance (C) was
0.329 microfarads (Ref 26:12). The %otal energy expended by the capa-

citor (ET) into the flashlsmp was then

By = 2 o = 1(0.320x10786) (18x10%) = 53.3 joules (F.1)

The efficiency of the flashlamp is assumed to be 20X (Ref 26:13); this
puts the energy output of one flashlamp pulse at 10.7 joules. Figure 14
shows the visible spectrum for the dye solution. The 460-600 nm peak
corresponds to the SO+51 fundamental transition abaorption.. The part

of the total energy in the pulse that is within this band can be deter-
mined using blackbody radiation tables (Ref 24:229-230). By interpolating
the figures given for 24,000°K and 26,000°K blackbodies, we find that

0.03 or 3% of the total energy of the pulse lies within this band. As
indicated by the spectrum, not all of this energy will_actually be
absorbed by the dye solution, but additional energy from the pulse will
be absorbed in overtone trapsitions. Considering the gain from the over-
tone bands to offset the l?sses in the fundamental band, the energy
absorbed by the medium is (10.7 3)(0.03) = 0.32 joules. For the Gaussian

distribution pumping function, we can estimate Wmax by sclving the

integral equation
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T
S W x &XP [- In 2 (tlez)] dt = 0,32 jouler (F.2)
-T

Eq (F.2) can alternately be expressed by Eq (F.3):

W 0.32 joules

max - (T 2,2
2S exp [- 1n 2 (t°/T )] de
0

(F.3)

To determine this integral the following approximation is made:

T [c=d
S exp [- In 2 (tzl']‘z)] dt = 5083(]) [- In 2 (tZ/Tz)] dt (F.4)
0

The average duration of the flashlamp pulse was 500 nancseconds (Ref
25:16). Setting T = 250):10-9 sec, we can now solve Eq (F.3) using
definite intergrsl tables (Ref 7:426) to get wﬁax = 6x105 joules/sec.
Selecting 540 nm as the average pump photon wavelength.,wmax can be

expressed in photons/sec:

540x10-7_gg
(3x1010cm/sec)(6.63x10-3&j/sec)

¥ - (6x105j/sec)

= 1.6x1024 photons/sec (F.5)
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