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The lagser dye Kiton Red S dissolved in ethanol was degraded under

flashiamp excitation in a dye laser, Data obtained with infrared spec-
tral analysis were used to construct plois of dye concentration versus
shot number, From these plots the degradation reaction was found to be
geroth order in Kiton Red S. A rate equation was determined, Laser
energy was monitored in order to allow for a comparison between laser
degradation and dye degradation, The effect of both different oxygen
concentrations and different execitation wavelengths on the reaction rate
was observed, Based upon the experimental results a reaction mechanism
was proposed, Two photoreaction products were postulated,. one which
absorbs laser radiation, and another which is reactive with the triplet

dye molecules,
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STUDY OF THE CORRELATION BETWEEN DEGRADATION
OF KITON RED S LASER DYE AND DEGRADATION

OF LASER ENERGY UNDER FLASH CONDITIONS

I, Introduction

Background
The use of an organic dye as a viable laser medium has been of

interest since the advent of the laser, The first report of dye laser
action was made in 1966 by Sorokin and Lankard (Ref 28:1649) and since
then dye lasers have been made to operate from the ultraviolet (UV) to
the near infrared (IR) region of the electromagnetic spectrum, The
quality which ﬁakes dyes so important in laser technology is the wide-
range tunabi}ity afforded by the complex organic molecules, Dye lasers
also offer moderate power or energy and excellent efficiency,

Affecting the utility of these lasers is the fact that all dyes
photochemically dissociate‘with use, thereby causing various undesirable
effects, These include & shift in the untuned peak spectral output, a
decrease in laser output, an increased laser threshold, and a shift in
the transverse laser beam mode, The factors causing this dye degradation
are varied and still under investigation; they include the concentration
of oxygen in solution and the excitation-source energy spectrum,

Kiton Red S (KRS), a dye of considerable interest to the Air Force,
has been extensively investigated under continuous wave (CW) excitation
(Ref 25) and partially investigated under flashlamp pumping (Ref 17),
Two important conclusions were drawn from the CW experiments with regard

to the degradation of KRS in ethanol, First, under CW excitation the
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rate of photolytic degradation i1s not affected by the concentration of
KRS, Also, the reaction rate is accelerated with greater oxygen con-
centration in solution (Ref 25s35). In addition, UV light below 250 nm
has been found experimentally to cause the degradation associated with
flashlanp excitation (Ref 17), and laser energy output has been shown

to decrease dramatically with small changé in dye concentration due to

degradation (Ref 37 and 25),

Research Objectives

The primary objective of this investigation was to study the causes
of photolytlic degradation of KRS in ethanol during lasing, Especially
important in achleving this objective was the detgmimtion of the role
of oxygen and excitation wavelength on the degradation reaction, IR,
visible, and UV techniques were employed to provide insigh't into changes
in the dye solution with time, This information, together with laser

energy readings over time, was then used to help explain changes in the

laser characteristics in terms of the dye solution degradation,
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II. Theory

{
ﬁ Dye Chemistry and Energy Schemes
} Kiton Red S (the sodium salt of sulforhodamine B) is an efficient
: laser dye over the range 589 nm - 642 nm (Ref 323348), This dye has demon-
strated both long lasing lifetimes and efficiencies up to 1.4 percent in
a coaxial flashlamp-pumped laser operated in a single-pulse node (Ref 631).
1 The polar solvent ethanol is often used since KRS is a polar molecule and
because aggregation of organic dye molecules does not normally occur in
organic solvents, even at very high concentrations (Ref 8:158-160),
3 : KRS is representative of its family, the xanthenes, which includes
‘ i ‘ the rhodamine dyes. The parent compound, xanthene, is pic&ured in Fig 1,

and the structure of KRS is shown in Fig.2, This structure, which was

‘
' 10
s 0 1
. , 2
1 O O
3 3
[ 9 4

Fig. 1, The Parent Xanthene

__ L

determined using elemental analysis and nuclear magnetic resonance (Ref 7
181), is strikingly similar to that of rhodamine B (Fig. 3). It has been
found that the nature of the substituent bonded to the 9 carbon atom strong-

ly influences the observed spectroscopy and lasing characteristics of

these two xanthene dyes, Also, the chemistry of the 9 carbon atom has

3
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been shown to affect the rate of intersystem crossing (singlet-to-triplet
transitions) as well as the energy separation beiween the electronic
states of the molecule (Ref 7:182),

KRS is seen to be symmetric, It has a 7 electron cloud extending
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over the two nitrogen atoms, 2llowing the absorption transition S,— S,

EY

t <« to occur at relatively low energy (50.72 kcal/mole), This transition is
& resonance excitation of an electron from the highest-filled bonding
molecular orbital to the lowest antibonding molecular orbital (mr—e7m*),

The energy levels of a typical organic dye are shown in Fig, 4.
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_____________ £
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| S, s
‘1 : Fig. 4. Energy Level Diagram

Each electronic energy level is actually a tend composed of & quasi~-
continuum of vibrational and rotational levels (Ref 28:1649), The dye
laser is & good example of the four-level system, Molecules are excited

(during pumping) from the ground state to one of the higher excited

5




singlet states, from which they relax nonradiatively to the lowest
vibronic level of S, , the upper laser level, Under untuned lasing con-
ditions, stimulated emission occurs from the bottom of S; to any of the

. — ey ———— e ey . -
I

unoccupied vibrational and rotational levels in the ground state S,,

From there they relax nonradiatively to the bottom of S,, Organic dye

| molecules typically have a fluorescent decay time constant of between
| four and five nanoseconds, while the nonradiative relaxation time is on !
i the order of picoseconds (Ref 24;35),

\ i Ideally, for efficlent lasing, the only method of deexciting the
‘ molecules in the S; energy level would be by stimulated emission,

J Realistically, however, there are several nonradiative processes that

! compete effectively with stimulated emission, thereby reducing the

? fluorescence efficiency in a manner that depends on the structure of

é A the dye., These processes can be broken into two groups, First, there |

| are those that cause & direct relaxation to the ground state S,, also l
called internal conversion, Then there are those processes which allow |
a molecule in an excited singlet state to transition to the triplet man- l
ifold and relax to the lowest level T, these are illustrated in Fig, &
and are referred to as intersystem crossing., Because of the relatively
long lifetime of the triplet states (on the order of microseconds), the
dye molecules commonly accurulate in the T, state during excitation,
Besides robbing the system of valuable molecules which could be used !
for lasing, the intersystem crossing leads to triplet-triplet (T -1) :

absorption of both the laser 1light and the pump rediation, Intersystem

crossing, then, acts as an effective energy sink within the cavity (Ref
t 81145-152 and 19:411), For a detailed theoretical development of the
effects of excited singlet state (S - S) absorption and T - T absorption

6 ?
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of pump and laser light, th.e reader is referred to the work 91’ Teschke‘,
Dienes, and Whinnery (Ref 30),

The accumulation of dye molecules in the triplet states can be
reduced by adding what is commonly called a triplet quencher, The de-
population of these metastable triplet states by a chemical additive
results from collisional transfer of energy from the triplet state of
the dye to the chemical additive molecule, Triplet quenching occurs by
collisions with the metastable state of indirect triplet quenchers,
whereas for direct triplet quenchers it occurs by collisions with the
more highly populated ground state (Ref 22:1530)., Many triplet quenchers
bave been added to dye laser systems with varying degrees of success,
Some of the most effective are the direct quenchers, such as molecular
oxygen, cyclooctatetreene (COT), and N-aminohomopiperidine, Oxygen has
been shown to be an effective triplet quencher for members 'of the xan-
thene family (Ref 22:527), COT works well in quenching the triplet states
of KRS and rhodamine 6G, Unlike oxygen, however, it quenches triplet
states without increasing the rate at which excited singlet states are
converted to triplet states via the intersystem crossing (Ref 31:85),

Dye Degredation
There are numerous reports dealing with the degradation mechanism

of different lasing dyes, The degradation has been found to be permanent
and primarily caused by the laser pump radiation (Ref 361723), It has
been found that the bleaching rate varies linearly with pump power (Ref
153178) and inversely with solution volume (Ref 24:36), It is also known
that this rate is strongly dependent upon the wavelength of the exciting
radiation (Ref 31308, 20, and 35:35). For KRS in solution, & cutoff
filter which absorbed 1light below 290 nm was shown to extend the time
required for complete bleaching by a factor of ten (Ref 27),

7




The Complexity of the Reaction, It is generally agreed that the

degradation reaction mechanism for a dye under the influence of light

Ao
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is not simple, In fact, for KRS it is believed that extensive fragmen-
| tation occurs during degradation, Using a thin-layer chromatography
} (TIC) technigue, Dorko et al were able to isolate from a degraded solu-
‘ tion at least five different compounds with significantly different

k) structures (Ref 6:/:,13), In addition, the decline in laser output is

4 1 not believed to be due to a simple loss of KRS molecules, Chemical

analysis of degraded dye solution as well as fluorescence measurements

have supported this finding, with a four percent decrease in fluorescence
power corresponding to an 84 percent decrease in laser output energy (Ref
I 63445 and 25:30), These preliminary findings suggest a multiplication
1 factor ranging from 2 to a very large number,
There are reports of more than one reaction path occurring simul-
taneously in the degradation of various dyes (Ref 17, 18, and 36), It
. has also been suggested that the solvent is an integrael part of the
reaction mechanism, One group found that a chemical reaction between

! the triplet dye molecules of various rhodamines and their solvents (in-

cluding ethanol) caused the photodegradation of the dye solution, and
produced free radicals (Ref 37:94). Another investigation showed that
the light from a mercury-argon discharge lamp affected the solvent
methanol, and that the irradiated solvent accelerated the bleaching

—t

rate of rhodamine 6G (Ref 18:1329), A striking result emerged from one
other study (Ref 23:11126-1127), in which it was demonstrated that the

preliminary irradiation of the solvent alone was practically equivalent

to the irradiation of an ethanol solution of rhodamine €G, in terms of

reduced laser efficiency,




The photochemical reaction products also play a significant role in

' " the degradation process, They are not normally laser-active, but they
| , have been shown to absorb both laser and pump radiation (Ref 21, 2331126,
= and 361724), Further, the removal §f reaction products has completely

; vestored the laser activity of a previously-~irradiated solution of rho-

‘damine G in ethanol (Ref 23:1127), For rhodamine 6G in methanol, the
products are believed to act catalytically on the degradation as the
reaction progresses (Ref 18;328),

The Effect of Oxygen., Molecular oxygen has long been known to be

an effective quencher of undesirable triplet states (Ref 8:158 and 26

58), Unlike some other triplet quenchers, however, oxygen may also quench

electronically-excited singlet-state molecules, and has also been known
é to increase the rate of intersystem crossing between tue singlet- and

4 , : triplet-state molecules (Ref 1013 and 191415), 1In addition, oxygen, upon
photodissociation, can act as an oxidizing agent, and thus participate in

P the dye solutlon degradation reaction, Molecular oxygen photodissociates
to atomic oxygen under the influence of UV light of wavelength below
! 2h0 nm (Ref 13;483),

The actual effects of oxygen in a degrading dye solution have been
remarkadbly varied and seemingly contradictory, O'Brien demonstrated that
oxygen accelerated the rate of degradation of KRS in ethanol when exposed
to & mercury point source (Ref 25135), Beer and Weber showed that oxygen

—_—

increased the dleaching rate for rhodamine €G in methanol (Ref 3:307;308).
. They irradiated the solution with a continuous argon laser, In another
experiment with rhodamine €G in methanol, Kato and Sugimure found that
under exposure to far-UV light from & low-pressure mercury-argon lamp,
the degradation was inhibited by oxygen (Ref 185329-330), They suggested
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that oxygen reacts preferentially with the methanol solvent, and that
a second process leads to photobleaching once the oxygen has been con-
sumed, Schwerzel has shown that oxygen slows the degradation rate of a
KRS-methanol solution illuminated by a medium-pressure mercury arc lamp
(Ref 27), Besides affecting the rate of dye degradation, oxygen has
also been found to diminish the laser lifetime (Ref 17:64-65) and lead
to the production of substances which absorb laser radiation (Ref 363724),
There is some evidence that the triplet state is somehow responsible
for photobleaching, Johnson demonstrated that the photodegradation rate
for KRS in various solvenis was slowed 1f the triplet quencher COT was
added to the dye solution (Ref 17:173), Yamashita and Kashiwagi concluded,
after directly detecting & decrease of T; molecules and an increase of
free radicals during degradation, that a chemical reaction between the
triplet dye molecules and the solvent led to photodegradation of various
xanthene dyes in ethanol (Ref 37:94), Finally, from the results of Kato
and Sugimure, Schwerzel has speculated that the photobleaching results
by hydrogen abstraction from the solvent by the triplet state of rhoda-
mine G, since the process does not begin until the triplet quencher
(oxygen) has been consumed (Ref 27),

Absorption Spectrometry
The total energy of & molecule arises from translational, rotational,

vibrational, and electronic energies, As a first approximation, these
energies may be consldered independently of one another. Electronic energy
transitions typically result in absorption or emission in the UV and visi-
ble portiona of the electromagnetic spectrum, Molecular vibrations produce
abdbsorption bands throughout most of the IR region of the spectrum, Rota-

tional trensitions give rise to absorption in the microwave or the far-IR

10




regions (Ref 411), Conversion betiween wavelength and transition energy

is found in Table I,

Table I
Trensition Energies at Various Wavelengths

Energy
. VWavelength Range Wavelength (kcal/mole)
L 0.1 nn 2.86 x10°

PRE

x—mys-o----oo'o
' 3 nm 9.54 x10°

;r i Vacuum ultraviolet. _
- 200 nm 143

| {
i
- Ultraviolet ¢« ¢ ¢ o ¢ o ’
b 400 nm 72 ‘

Visible ¢ ¢ ¢ ¢ o ¢ o o

. 800 nm 36
i Very near infrareds s e '
Near infrexred ¢ ¢ ¢ « &

25 1 1.1

Microwave ¢ « o ¢« o« o ¢ 1 Cm 2.86 x10°°
' (Ref 5:198)

Absorption spectre can be useful in determining the energy struc-
ture, composition, quantity, and identity of & substance, Particularly

useful in the identification of organic compounds is IR spectroscopy.
Both quantitative and qualitative results may be obtained, Of special
interest is the fundamental trensition, that transition from the ground
| state to the vibrationa.lly-ex.cited state of lowest energy, This transi-
tion is normally located in the near-IR portion of the spectrun,

Most organic molecules contain a large number of bound carbon atoms

vwhose bending and stretching motions couple in a éomplicated fashion,

11
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The result 1s a very complex pattern of bands in the spectral regilon from

7u to 134, Much of the pattern depends on the total molecular skeleton,
and this part of the spectrum is commonly referred to as the fingerprint
region, as it 1s unique to & particular molecule, Thus, while it is not
normally possible to assign the individual bands in this pattern to dif-
ferent pairs or groups of atoms, the entire pattern is useful in the
identification of a compound (Ref 2:31-33),

UV and visible spectra, generally recorded between 100 nm and 700 nm,
are not necessarily unique for different compounds, Hence, for identifi-
cation purposes, UV and visible spectroscopy does not offer the degree
of épeciﬁcity afforded by IR techniques., Also, the region below about
180 nm i1s difficult to observe experimentally since molecular oxygen ab-
sorbs in this fegion. Comparative measurements between the reference and
sanple windoyrs of the spectrophotometer are therefore difficult to make,
unless the air surrounding the samples is replaced by a non-absorbing
gas, In Spite of these limitations much has been learned, via UV and
visible spactroscopy, of energy structure and bonding schemes for many
compounds, Although these spectra have been of little use in the study

of saturated organic molecules, they have provided valuable information

with respect to unsaturated, and especially conjugated systems (Ref 2
57-60).

If a parallel beam of monochromatic radiation is incident upon a
slab of absorbing material of uniform thickness which is perpendicular
to the beam, the intensity of radiation transmitted by the sample is
given by the Beer-lambert lam.

I= I.e--ed . : (1)

12




where I, is the intensity of the incident radiation, I 1s the intensity
after passing through a sample of thickness d, and c¢ is the concentra-
tion of the solution, €, a constant characteristic of the substance
under examination, is commonly called the molar absorptivity or molar
extinction coefficient, Defining the transmittance T as I/I,, Eq (1)

'ean be transformed into

T = g €4 . (2)

The absorbance A is defined as

A=-1logT (3)
Substituting Eq (2) into Eq (3) ylields

A= zf—;oa | | )

For a sample of constant thickness, a plot of absorbance versus con-
centration should thus yield a straight line for the range of concen-
txations in which the Beer-Lambert law is valid (i,e, the region in

which the solution is optically thin),

Reaction Kinetics

Rate Expression, It is usual to define the rate of a reactlon as

the rate of change of concentration for one of the reactants or products

involved, The functional relation between rate and concentration, also

called the rate expression, can be complicated, but is often written

a [a]

dt

- -k (APBPEr . . - (5)

vwhere A, B, and C are reactants and K is the rate constant, Generally

13
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1t is not possible to predict the rate expression for a particular reaction

simply by having knowledge of the stoichiometric equation, For rate ex~
pressions of the form of Eq (5) the order of the reaction, n, is defined

as the sum of all the exponents of the concentrations, or
n=a+b+c+.,, : (6)

Similarly, each irdividual exponent is called the order with respect to
that particular componment. For eximple, in Eq (5) b would be the order
with respect to the component B, or simply the order in B, These indi-
vidual orders not only point out how sensitive the system is to changes
in the concentration of each species, but may also suggest the chemical
mechonism of the reaction (Ref 29:8), The exponents are very often sim-
ple positive integers, but occasionally they may be fractional or even
negative, depending upon the reaction's complexity,

If conditions for a particular reaction are such that the concen-
tration of one or more of the reactants is constant or nearly constant
during an experiment, these concentration factors may be included in the
rate constant K, This occurs for catalytic reactions with the catalyst
concentration remaining constant during the run, for cases where the
concentration of one reactant overwhelmingly exceeds that of another, or
for cases where efforts ar> taken to maintain a constant concentration
of one or more of the reactants, When these conditions exist, the reac-
tion is sometimes referred to as pseudo-nth order, where n 1s the sum of
the exponents of those concentration factors which change during the run
(Ref 12:10-11),

In the following development only those Teactions which go to com-

pletion will be considered. Therefore, the reverse reaction rates are

14
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assumed to be zero, For a reactlon whose rate depends solely on the

concentration of one reactant A

A + other reactants— products

the rate expression is

a [a]

as

= -k (AT (7)

where S is normally a time term, In the present discussion S is taken

to represent the number of flashlamp pulses, This eguation may be readily
integrated after separating variables, The limits of integration are
[A)=[A], at s = 0 and [A] = [A] 2t any s,

——jﬁd[EA] = - K dS : (8)
[a) a [a] S
/[Al, [T K/O N <

The term zero order (n = 2) is applied to a reaction whose rate is

completely independent of concentration, so that Eq (9) becomes

(a] S
/[A] d[A]-'-KL ds (20)

On integration
[a)=[a), - ks (1)

and & plot of [A] versus S ylelds a straight line with a slope equal to
- K and a y-intercept equal to [A],.

When n = 1 Eq (?) represents a first order rate expression, When
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integrated it ylelds

1In [A)=1n [a], - ks (12)
or

[(a]=[a], & | (13)

A plot of 1n [A] versus S produces & straight line whose slope is - K

and whose intercept equals 1ln [A] .
When n > 1 the resulting nth order equatlon, when Iintegrated, gives

H'[[A]%“l ) EA;?'I] " ()

1l
and & plot of CA]n-l versus S is linear, with a slope of (n -~ 1) K and

1
a y-intercepf of'EXj?zI'.
Henry's Law, The amount of & slightly soluble gas that dissolves
in a 11quid is, in the limit of zero concentration, directly propor-
tional to the partial presspre'of that gas above the solution, accor-

ding to Henry's law (Ref 34:1F.83)., In equation form Henry's law appears as
%", (15)

where KH is Henry's law constant, PA is the partial pressure of the gas A,
and x, is the mole fraction of A dissolved in the solution (Ref 1i345),
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The laser system used in the present study was a Phase-R DL 1100
flashlamp-pumped dye laser with a triaxial cavity configuration, A

triaxial laser differs from a coaxial, or biaxial, laser (Fig, 5) by

III, Apparatus

Flashlamp
Filter Fluid /—\
Cavity 4
Dye
Cavity //
Biaxjal \x.h‘__‘,,/’/
laser
Triaxial
Cavity Lasev
Cavity
Fig. 5. Cross Section of Laser Cavities

the addition of an annular space between the dye and the flashlamp,
through which a coolant typically flows,

effectively used to filter the flashlamp radiation by the insertion of

8 filter fluid,

The laser system consisted of five parts: the laser head, the power

supply and controls, the dye solution circuit, the filter fluid circuit,

and the cooling circuit,

laser head consisted of the DL 10 xenon flashlamp with a triaxial adaptor,

These are shown schematically in Fig, 6, The

17
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[ ’ Fig, 6, Schematic of Dye Laser System

18




M
) * . 4 v
.
.

The flashlamp was annular in shape with an inner diameter of 10 mm and
1 ' a length of 140 mm, The flashlamp produced a spectrum comparable to a
25,000 degree blackbody, and an average pulse was on the order of 500
nsec, The cylindrical dye cavity had a 6 mm inner diameter and an 8 mm
outer diameter, and extended between two end windows which were 250 mm
apart, The annular sleeve around the dye cavity (the filter fluid .
cavity) was 1 mm thick and extended along the entire length of the dye
cavity, The laser head was flanked by flat mirrors which were separated
by 280 mm and which had reflectivities of 22 percent and 99 percent,
The power supply and controls were standard DL 1100 equipment,

The dye solution was circulated through the cavity by means of a
March AC-C-MD high-purity pump, Emerging from the laser head, the dye
vas pumped through a 15-inch cooling condenser, through a filter, and
into the dye reservoir. From there the dye flowed back down to the laser
head and through the laser cavity, The filter, a Millipore (Type IS) 5u
Teflon fil£er, had two functions, First, it helped trap and remove small
foreign particles from the flowing dye solution, Second, it created a
pressure head which forced cavitated bubbles back into solution. The
dye solution circuit was constructed of glass and polypropylene tubing,
with Teflon fittings,

The filter fluld was circulated through the annular space surroun=-
ding the dye cavity by means of a March MDX-MT-3 high-purity pump. From
the laser head the filter fluid was pumped through a 15-inch cooling

| condenser into a reservoir, from where it flowed back to the laser head
via 8 flow control valve, The filter fluid circult was constructed of
glass and Teflon tubing, with Teflon fittings,

The cooling circuit was designed control independently the tem-
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peratures of the dye and filter fluid, It was necessary that the tem-
peratures of the two circulating.fluids remain equal to each other in
order to avold radial thermal gradients in the Laﬁer cavity which could
severely degrade beam quality and output energy (Ref 10:21), The cool-
ant, delonized water, flowed in a closed loop between a Korad KWC-5
laser cooler and a cooling coil which rested in an external reservoir
of deionized water, The external reservoir was thereby maintained at
a constant temperature, Two independent subcooling systems drew from
the external reservoir, One subsystem pumped coolant through the dye
cooling condenser, and the other through the filter fluid cooling con-
denser, Each subsystem utilized a Micro-Pump 7004-92 variable-speed
gear pump which was connected to a Versa Therm 2149 electronic tempera-
ture control relay, The thermostat in each of the dye and filter fluid
reservoirs was a temperature sensor with a 0,01 degree control accurecy,

In each experiment a selected gas (cailed the cover gas) was bub-
bled into ihe dye solution, The cover gas was fed into the circulating
dye through a capillary inserted just above the dye fi.iter, Bubbling
was controlled with a needle valve on the gas mixture bottle,

The dye used throughout the experiments was Kiton Red S (purchased
as Kiton Red 620 from the Exciton Company, Dayton, Ohio), It was dis-
solved in absolute dehydrated, reagent-grade ethyl alcohol. Laser bean

energy measurements were made with a Quantronix 504 energy-power meter

with an attached 501 energy receiver,
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E ‘ IV, Experimental Procedure

r The general procedure is described first, followed by modifications
B and experimental details,

Flaah Photolysis
Dye solution for the experiments was prepared in the following man-

ner, A 304,5 mg sample of powdered KRS (580 g/g-mole) was weighed on
an analytical balance, This material was then dissolved in 500 ml of
ethanol, and the resulting solution was filtered through a Millipore
(Type FG) 0,204 Teflon filter to produce & 10 M solution, This fil-
tration was necessary to remove salts and other impurities which were
present in the powdered dye, Further dilution provided a 2 x10 M
solution for use in the experimental trials, This concentration pro-
vided efficient lasing and well-defined absorption peaks for the spec-
trophotometric analysis,

The dye reservoir was filled with 500 ml of 2 x10 'M KBS in ethanol
and the filter fluid reservoir was filled with 500 ml of the appropriate
filter fluid, The dye and filter fluid circulating pumps were then turned
on, &8 well as the laser cooler, the coolant pumps, and the electronic
temperature control relays, The discharge water temperature of the cooler
was set at 15 C, and each of ﬂ:e dye and filter fluid thermostats was
sadjusted to 20 C, The cover gas was introduced to the circulating dye
solution and allowed to bubble for two hours prior to lasing in order to

permit equilibration of dissolved gas in the dye solution, It is pos=-
sible, though, that a greater amount of time would be necessary for
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complete equilibration, The laser was aligned in accordance with the
manufacturer's instructions,

Just prior to lasing, a 2 ml sample of the dye was withdrawn with
& syringe and stored for analysis, After lasing commenced, initial
beam energy was determined over the first few shots, Samples of dye
solution were withdrawn after 100 shots and 250 shots, and then after
each 250-shot interval to 1000 shots, each 500-shot interval to 3000
shots, and each 1000-shot interval through 5000 shots, Energy readings
were taken each time a sample was withdrawn, as well as at 1250 and 1750
shots, An energy value was determined by taking readings over four or
five consecutive shots, and averaging the two most consistent values,
The voltage across the capacitor bank immediately before pulsing the
laser was 18 kilovolts, and the repetition rate was approximately 40
shots per minute,

Sample Analysis

Two sets of analyses were accomplished for each sample withdrawn
during a flash photolysis trial,

IR Analysis, Fifteen hundredths gm of oven-dried potassium bromide
(XBr) was placed into a stainless steel capsule along with 1 cc of dye
solution which was withdrawn during the flash photolysis trial, KBr
is transparent to IR radiation over the range 24 ~ 154, and is thus a
suitable substrate for the dye, The capsule was placed into a 5 ml
Seaker for support, and the capsule and beaker were then placed into an
evaporation chamber, The evaporation chamber was a 500 ml side-arm
flask immersed in a water bath which was maintained at 30 C, The cham-
ber was evacuated by means of an attached aspirator assembly, After the

ethanol solvent was éonpletely evaporated, air was relntroduced into the
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chamber and the capsule was removed, A steel ball bearing was placed
into the capsule which was then capped and shaken for one aminute on an
ama2lgam shaker, One tenth gm of the resultant powder was placed into

a desiccator to further dry for at least two hours, Then the powder

wvas carefully transferred to a pellet die, The die was assembled and
evacuated with a vacuum pump, With a hydraulic press, pressure of
20,000 psi was applied to the die for two minutes to produce & trans-
parent pellet, The pellet was inserted into a holder which was attached
to the sample window of a Perkin Elmer sodium chloride spectrophotometer,
and a spectrum was obtained over & 15-minute scan time with the slit
conti'ol on N, The baseline of the spectrum was adjusted to fall at 95
percent transmittance, Each spectrum was recorded on paper ruled for
absorbance measﬁrelents, with the baseline near the top of the sheet and
absorption pea'.ks in the downward direction,

UV and Visible Analysis, The UV and visible analysis was performed

with a Cary 14 recording spectrophotometer with a Universal percent trans-~

mittance slidewire, and two matched SCC quartz spectrophotometer cells

of 1 mm path length each, The wavelength cutoff of the cells was below
180 nm,
The spectrophotometer was calibrated from 200 nm to 700 nm by es~ ;
tablishing a baseline at 100 percent transmittance with ethanol in both
the sample and reference cells, The baseline was deemed adequate if 1t
did not deviate by more than one percent over this wavelength range,
The sample cell was then filled with dye and a spectrum was obiained at
a scan speed of 1 nm per second and a paper speed of 4 inch per minute,
The scan direction was always toward shorter wavelength, and the source

was switched from visible to UV at 400 nm,
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Experizental Detalls
1 ' Three calibration curves of absorption intensity versus dye concen-

tration were prepared using a series of solutions with known concentra-
tions from 2 x10 M to 2 10 M, A curve vas made for each of the IR,
visidble, and UV regions of interest by analyzing the solutions in the
same manner as previously described, These curves (found in Appendix A)
were later used to determine the concentration of KRS remaining in the
4 samples withdrawn during the flash photolysis trials, For each of these

calibration curves a least squares calculation of the data points was per-

} formed, Correlation coefficients of 0,99 for the IR calibration curve
g . and of 1,00 for the visible and UV calibration curves indicate that the
r- ' Beer-Lambert law is valid over the concentration values of interest,

‘: Six experhental photolysis trials were accomplished in all, The

: ' first three were designed to determine the effect of oxygen on both dye and

laser energy éegmdn.tion. Each of these trials incorporated deionized water
as a filter fluid, In the first trial, pure argon was bubbled into the dye

b'. solution in order to displace as much dissolved oxygen as possible, The
( second trial was performed with 10,3 percent oxygen in argon &s & cover gas,
The third trial was performed with dehumidified air (21 percent oxygen),
The final three trials were designed to elucidate the wavelength de-
}- pendence of the dye and laser energy degradation, The first two of these

Y trials (designated 4 and 5) were accomplished with ethanol as a filter

! fluid, The ethanol used was of the same make and grade as that used for
the dye solvent, In the fourth trial argon was bubbled through the dye
solution, and in the fifth trial dehunidified air was used as the cover

gas, The final photolysis trial (designated 6) was done with an ethyl
acetats filter fluid and dehumidified air as a cover gas,

i 24
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Each experimental trial was carried through 5000 f;ashlamp pulses,
with the exception of the fourth #nd sixth trials, which were carried
through 3000 and 4000 pulses, respectively. In these two abbreviated
trials, the results were extrapolated to 5000 shots for comparison
purposes, ‘

UV spectra were obtained for each of the three filter fluids used
in the trials in order to determine the wavelength cutoff of each, The
wavelength cutoff for a particular filter fluid is defined as that wave-
length below which the transmittance is less than five percent, Also,
in an attempt to see the effect (if any) of light on the solvent ethanol,
a8 UV spectrum was made of the ethanol filter fluid of trial 5 after 5000
flashlamp pulses,
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V. Data Reduction

The spectral data for each of the flash photolysis trials consisted
of an IR spectrum and a UV-visible spectrum for each of the aliquots
withdrawn during the trial, After the appropriate peaks were selected
for measurement (one for each of the IR, visible, and UV ranges), the
data for each sample was reduced by first measuring the size of each peak
and then determining the concentration of KRS in solution by using the
corresponding calibration curve, These data points were then plotted
versus shot number and a least squares calculation of the data points was
performed, In this way, three plots of concentration versus shot number
were produced for each photolysis trial, one each for the IR, visible,
and UV ranges,

The peak which was chosen for IR analysis was the strong peak at

7.5u (see Fig, 7)., O'Brien observed that the size of this peak is rep-
resentative of the concentration of KRS in solution and that the disap-
pearance of this peak indicates the depletion of KRS, He also noted that
there was no interference with this peak by the spectrum of reaction pro-
ducts (Ref 25:21),

A UV-visible spectrum of undegraded KRS in ethanol is shown in Fig, 8,
It can be seen that only one peak 1s available for analysis in the visible
(the large peak at 552 nm) while there are two possible candidates in the
Uv (at 350 nm and at 255 nm), As it was difficult to consistently draw
a stable tle-line over the peak at 255 nm, the 350 nm peak was selected
to represent KRS concentration in this range, It is questionable whether

elther of the UV or visible peaks adequately represents the concentration
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Fig. 7. IR Spectrum of Kiton Red S

of KRS alone, and henceforth concentration values obtained from either
of these two peaks willl be referred to as apparent concentrations, This
point will be further explored in the next section,

All IR spectra were obtained on absorbance-ruled paper, which pro-
duces & plot of absorbance (as defined by Eq 3) versus wavelength, and
so the size of the 7,5u peak was determined by simply subtracting the
absorbance A, at the tle-line from the absorbance A at the bottom of the
peak, As the UV-visible spectra were obtained on transmittance-ruled
paper, which produces a plot of transmittance (as defined by Eq 2) ver-
sus wavelength, the transmittance values were converted to absorbance
values before subsequent manipulations were accomplished. The (A ~ Ag)
value was converted to a concentration value by referring to the appro-
priate calibration curve (Ref 11:182-195), This data reduction method
is illustrated by a sample calculation which is given in Appendix B,

For each trial the beam energy was plotted against shot number and
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The laser half-lifec is defined to
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Similarly, for the concentration versus shot number graphs,

(o e e
6

the concentration half-life is defined to bo that number of shots at which

be the number of shots required to reduce the beam energy to half of its

the concentration of KRS is half of its initial value,

Fig. 8
the laser half-~life was determined

initial value,




Results and Discussion

VI,

Qualitative Results

Figures 9 and 10 show the UV spectra of ethanol and ethyl acetate,
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These spectra indicate wavelength cutoffs of 192 nm and 244 nm for these

two filter fluids, respectively, A UV spectrum of delonized water yields

100 percent transmittance down to 185 nm, the lower limit of the spectro-
rhotometer, Thus, there is no wavelength cutoff for deionized water over

the wavelength region of interest, A spectrum of the ethanol filter fluid

after 5000 flashlamp pulses is pictured in Fig, 11, In comparing Figs, 9
and 11 it is clearly evident that the flashed ethanol begins to absorb UV
ragdiation at higher wavelengths than the unflashed ethanol, This suggests
a photolytic interaction of the flashlamp energy and the ethanol, in which
products are produced which absorb energy between 200 nn and 300 nnm,

In contrest with O'Brien's C¥ excitation results, none of the IR or
UV-visible spectra of the degraded dye samples showed signs of fvuctional
group alteratioﬁ over 5000 flashlamp pulses, No new peaks appeared and no
existing peaks disappeared, Rather, those peaks with a KRS dependence
decreased in size at the same relative rate, as the KRS concentration de-
creased, 6ne possible exception can be seen in the UV spectrum of the dye
sample withdrawn after 5000 shots of the first trial (rig. 12), When con-
pared with the undegraded-dye spectrum (Fig. 8), this figure shows the
apparent loss of the peak at 280 nm, It may be, though, that the peak
still exists but is masked by the shoulder at 270 nm,

In addition to the above results, a muddy orange color and a strong
fruity smell were detected in the degraded samples of the first trial,

The pleasant odor suggests the presence of a low molecular weight organic

ester,

Quantitative Results

Figures 13 - 24 include plots of energy versus shot number and plots

of IR-determined concentration versus shot number for all six photolysis
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trials, The data 1n tabular form is found in Appendix C., In Table II are
found values for the initial beam energy, laser half-life, dye concentra-

tion half-1ife, and correlation coefficient for each trial,
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In trials 1 through 3 the initial beam energy decreased only slightly
(from 250 mj to 200 mj) as the oxygen concentration in solution was in-
creased, Likewise, in trials 4 and 5 (where wavelengths less than 192 nm
were obstructed from the dye) efficiency decreased 40 mj as the cover gas
was changed from argon to air, In all five of these trials, the initial
beam energies were quite acceptable, It is seen, however, that when wave-
lengths smaller than 244 nm were filtered from the dye (trial 6), the
initial energy dropped by a factor of two. Obviously, those wavelengths
between the cutoffs for ethanol and ethyl acetate are necessary for max-
imum efficiency,

Also apparent from Table IT is the fact that in all six trials the
dye concentration half-life was considerably greater than the laser half-
1life, In fact, for the first three trials lasing ceased between 3000 and
1000 shots, while the greatest dye-concentration loss (trial 1) was only
34 percent, This correspondence between a complete loss of laser energy
and a comparatively small loss in dye concentration seems to indicate
that energy output is not a function of dye concentration alone, This
conclusion is supported by the fact that efficient lasing has been achieved
with fresh dye solutions of concentration much less than that of the de-
graded samples (Ref 6:44-45), Apparently the photoreaction products are
competing for the laser radiation or pump energy or both, It is not sur-
prising that these photoproducts are not evident on the absorption spectra
since it 1s likely that only small amounts are necessary to significantly
affect the lasing characteristics,

The laser output cnergy decayed generally exponentially except for
trial 1, where a break in the linearity occurred near shot 2000, Johnson
reported a similar breakpoint in experiments with a coaxial laser and an

argon cover gas, He postulated that there was an initial degradation due

b5
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to an impurity which was exbausted at the breakpoint, allowing for a
slower degradation rate thereafter (Ref 17:20-22),

Oxygen played an important role in both beam energy degredation and
dye degradation, It is clear from Table II that for either a2 water or
an ethanol filter fluid, the presence of oxygen in solution acted to
shorten the laser half-life, With an ethjl acetate filter fluid, whose
cutoff is 244 nm, the laser energy degradation curve was virtually level,
The effect of oxygen on the dye degradation rate was markedly dependent
on the specific filter fluid used, When the full spectral range of the
flashlamp was allowed to excite the dye solution (trials 1 - 3), the pre-
sence of oxygen in solution inhibited the rate of dye degradation, When
wavelengths below 192 nm were eliminated from the dye cavity, though,
the effect of oxygen was to accelerate the rate, And finally, when rad-
jation below 244 nn was excluded, no decomposition occurred at all,

The degradation reaction under flashlamp conditions is zeroth order
in KRS, as plots of KRS concentration versus shot number decrease linearly
for all six trials, It can be concluded that KRS degradation is best
modeled by Eq (11) in section II, The results for trials 1, 2, and 3

can be quantified by recalling that the rate expression

d [Xrs]

—— =X [xes)’ (16)

can be written as

d [kgrs]

— = - & [kss )70, T (17)

where k is the actual rate constant, K, the apparent rate constant,

is simply the negative of the slope of the concentration versus shot
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number curve for a perticular trial, It includes an oxygen depundence

term, &s shown by the equation
a
Kok EOZJ (18)

Knowing the slopes and oxygen concentrations for two different trials
yields two simultaneous equations which can be solved to give values for
the constants k and@ a, The concentration of dissolved oxygen is deter-
mined by using Henry's law, after Henry's law constant is calculated,
These calculations are found in Appendix D, The numerical results for

trizals 2 and 3 are compiled in Table III. The rate expression for the

Table III
Numerical Results
Pexcent Concentration of Apparent
Oxygen in Dissolved Oxygen Rate Constant X
Trial Cover Gas (mole/liter) (mole/liter-shot)
1 0 0 1.3 x10
- -9
2 10,3 1,0 x10 7.8 x10
3 21 2,1 x10” 7.0 x10~

-9
Actual Rate Consiant k = 2,8 x10 mole/liter-shot

Exponent a=-0,15

case of a deionized water filter fluid can now be written

d [Krs]
as

-0.15

- - 2.8 x10 " [krs1’[0,] (19)

Only the IR-determined concentrations were used in constructing

the concentration versus shot number plots, and in the kinetic analysis

k7
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above, There are two reasons for the decision to discount the reliability
. of the UV and visible data as accurate measures of KRS concentration.
First, oftentimes the UV- and visible~determined concentrations differed
markedly not only with one another, but with the IR-determined concentra-
tions as well, Second, some of the data was ambiguous. To illustrate,

Fig., 25 pictures the apparent-concentration versus shot number curve for

Concentration (x10™ M)

Shot Number

Fig. 25, UV-Determined Concentration Versus Shot Number for Trial 2

trial 2, which was obtained from measurements of the peak at 552 nm, A

! relative maximum is seen to appear in the curve, This would indicate a
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rise in KRS concentration over the first 1000 shots if it were to be be-
lieved as an accurete measure, The inconsistent UV and visible results
are possibly due to small amounts of impurities with large extinction
coefficients and absorption characteristics similar to those of fresh
dye solution, It is also possible that the reaction products absorb UV
and visible radiation at the same wavelengths as the starting material
does, Indeed, the initial rise in the spectrum shown in Fig. 25 points

to the distinct possibility of intermediate formation.

General Discussion

From the results of this investigation it appears that there is a
group of wavelengths less than 192 na which, when allowed to excite the
dye solution, causes oxygen to inhibit the dye degradation reaction (as
shown in trials 1 - 3), When these wavelengths are excluded from the
excitation process (as in trials 4 and 5) oxygen tends to increase the
reaction rate,

Based upon the findings of this study, a reaction mechanism may now
be proposed for the case of an ethanol solution of KRS under flashlamp
excitation, Since the reaction is zeroth order in KRS, the dye concen-
tration does not affect the reaction rate. When oxygen is present in
solution and wavelengths less than 240 nm (the longest wavelength capable
of oxygen dissociation) are allowed to excite the dye solution, molecular
oxygen which is dissolved in solution is dissociated into atomic oxygen.
This species then oxidizes the solvent to form free radicals which lead
to products that abeordb laser radiation or pump radiation, The rate of
formtion of these radicals, which are designated Ri' is dependent on the
concentretion of oxygen and un the excitation energy., By increasing either

the amount of dissolved oxygen or the energy of excitation, the laser half-
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1life is shortened, This accounts for the exceptionally long half-life
demonstrated in the sixth trial, where wavelengths smaller than 244 nm
were obstructed, In this trial the oxygen in solution was unable to
dissociate and act as an oxidant,

These R, radicals are similar to those found by Mostovnikov (Ref

1
23), who reported that illuminating the solvent alone (before mixing
with the dye) had the same effect on efficiency as illuminating the dye
and solvent together, The presence of these radicals is also arguable
in light of Winters' conclusion that it is the presence of oxygen which
leads to the production of the laser inhibiting substance (Ref 36:724),

The breakpoint in the energy versus shot number curve for trial 1,
as well as the breakpoints discovered by Johnson (Ref 17:20-22), can be
explained by the fact that argon does not displace all oxygen in solu-
tion, Therefore, R1 radicals were formed until the point at which the
oxygen in solution was scavenged, afterwhich the laser energy decreased
at a sharply reduced rate, This alsc explains why no breakpoint was seen
in the experiments where oxygen was bubbled into solution, As oxygen was
never expended, the radicals continued to be formed,

There 1s a group of wavelengths less than 192 nm which induces free
radical formation in the solvent, It is well known that at wavelengths
between 180 nm and 190 nm, the n—0* trensition occurs in alcohols (Ref
161173), This trensition may be the initial step in the pathway for
radical formmtion, These radicals, designated Ry, are different than
the Ri radicals discussed above, in that they react with the triplet dye
molecules to form fragments, However, they preferentially react with
oxygen (over their rate of intersction with the dye) to create harmless

intermediates not capable of reaction, Therefore, as the amount of oxy-




‘ gen 1s increased, the degradation rete slows, In cases where oxygen 1is
{ ) expended (as in trial 1), the rate accelerates as these R, radicals be-

| ? come avallable to react with the prevalent dye triplets, Two reports
are consistent with this conclusion, Both Schwerzel (Ref 27) and Kato
(Ref 18) found that for oxygen-satureted solutions, the degradation rate

. was rapidly accelerated after the oxygen in solution had been expended,

In fact, Kato further obeerved that after the rate had accelerated, a
\ fresh supply of oxygen acted to slow the rate once again,
If wavelengths less than 192 nm are not permitted to excite the dye

solution, the R2 radicals are not formed and oxygen alone influences the

rate of degradation, The explanation is as follows, With light of suf-
ficient energy to dissociate molecular oxygen, its role as oxidizer of
{ the triplet dye molecules becomes more significant than its quenching
role, Under these conditions, more cxygen in solution leads to accelers-
ted dye degradation rates, When wavelengths less than 240 nm are exclu-
ded from the dye solution, however, molecular oxygen remains intact, and
~ its triplet quenching role dominates, The dye then does not degrade, as
evidenced by the sixth trial,

|
= Y s
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VII, Conclusion

For KRS 1in ethanol, the loss in laser beam energy is a functiion
both of dye degradation and of the formation of two distinctly different
radicals, One radical, Bi’ leads to products which absorb laser energy,
while the other, R,y is reactive with the dye triplets,

To achieve maximum laser efficiency and minimum dye degredation,

four conditions must be insured;

1, Wavelengths capable of forming the RZ radicals must be excluded

from the dye solution,

2. All wavelengths above those carable of forming the RZ radicals

mst be included in the dye excitation process,

3. Dissolved oxygen must be replaced with a non-oxidizing triplet

state quencher,

k, The photocherical products capable of absorbing laser radiation

must be removed by appropriate filtration,




VIII, Recommendations

1. Those wavelengths capable of inducing the R, redical formation
must be isolated,

2., Similay exveriments should be performed with KRS in other sol-

vents in order to confirm the proposed reaction mechanism, These should

include solvents of similar polarity to ethanol but without the OH func-~

tional group, such as dimethylsulfoxide and dimethylformemide,
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Appendix A

Calibratlon Curves
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Appendix B

Conversion of Peak Size to Concentration

Sample Calculation

62




Conversion of Peak Size to Concentration

Sample Calculation

As shown in Fig, 29, a tie-lipe is drawn across the shoulders of
the peak at 7.5u. The absorbance at the tie-line (at the peak wavelength)
is designated Ay, and is seen to equal 0,051, The absorbance at the bot-
tom of the peak, A, is 0,160, The difference A - Ay is 0,109, which, from
the calibration curve (Fig, 26), corresponds to a KRS concentration of
1,896 x10 M.

This procedure was accomplished for all IR spectra in a trial, and
the concentration of KRS was plotted against sﬂgt number, A linear re-
gression was performed by the method of least squares, yieiding the y-
intercept, the slope, and the ceoefficient of determination r’(Ref 14
87-91), The correlation coefficient r was then determined (Ref 912,30-
2,31).
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Tabular Data
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Table IV

Data from IR Calibration Curve '.

Concentration

(xt0™* ¥) Ao A A~ A,

, 2,0 0,03 o452 0,116 i
= 2,0 0,046 0.156 0.110
s | 2.0 0, 047 0,163 0.116
L 2.0 0,050 0.176 0.126
' 1.8 0.050 0.160 0.110
| 1.8 0,050 0.153 0.103
( 1.6 0.041 0,130 0,089
1.6 0,038 0.142 0.104
- 1.4 - 0,039 0.120 0.081
‘ 1.4 0,037 0.113 0.076
?‘ 1.4 0,048 0.125 0.077
E 1.4 0,044 0.118 0.07%
E 1.4 0.0 0.118 0,074
[ 1,2 0.031 0,092 0.061
. 1.2 0,028 0.090 0,062
- 1.2 0,037 0.105 0,068
1.2 0,031 0,098 0.067
1.0 0,033 0.089 0,056
1,0 0.038 0,093 0,055
1,0 0.037 0,094 0,057
1,0 0,036 0.092 0,056
0.8 0,029 0,070 0,041
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Table IV (Continued)

Concentretion

(nd*n) Ag A A - Ao
0.8 0,027 0,068 0.041
0,8 0,034 0.079 0,045
0.8 0,026 0,067 0,041
0.6 0.040 0,073 0.033
0,6 0,040 0,066 0,026
0.6 0,035 0,072 0,037
0.6 0,027 0,059 0,032
ok 0,027 0,050 0,023
0.4 0,031 0.053 0,027
0.4 0,044 0.069 0,025
0.4 0,027 0.048 0,021
0.2 0,025 0.036 0,011
0,2 0,012 0.024 0,012
0.2 0.019 0,028 0,009

y-intercept = -0,003

67

slope = 590

rz = 0,98



—

Table V
Data from Visible Calibration Curve

T s TR X

Concentration

(xio‘“ M) To Ao T A A - Ag
2,0 0,982 0.008 0.014 1.854 1.846
2,0 0.981 0,008 0.015 1.824 1.816
1.8 0.984 0,007 0.020 1.699 1,692
1.6 0.985 0,007 0.027 1.569 1.562
1.4 0.987 0.006 0,041 1,387 1,382
1,2 0.990 0,004 0,062 1,208 1,203
1.0 0.990 0,004 0.097 1,013 1,009
0.8 0.992 0,003 0.163 0,788 0,784
0.6 0,993 0.003 0.248 0,606 0.602
0,4 0.996 0,002 0,392 0,407 0.405
0.2 0,997 0.001 0,622 0.206 0,205
0.2 0,954 0,003 0.623 0,206 0.203

y=intercept = 0,051
slope = 9160

r2 = 1,00
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Table VI
Data from UV Calibration Curve

Concentration

(xio'h M) To Ao T A A - Ap
2,0 0.917A 0,038 0.689 0,162 0.124
2,0 0,915 0.039 0.681 0.167 0.128
1.8 0.928 0,032 0,712 0,148 0,115
1,6 0,931 0.031 0.735 0.134 0,103
1.4 0,948 0,023 0,774 0.111 0,088
1.2 0,954 0,020 0.798 0,098 0,078
1.0 0,961 0,017 0.840 0,076 0,058
0.8 0,967 0,015 0.862 0,064 0.050
0.6 0.980 0,009 0,901 0.045 0.037
0.4 0,987 0,006 0,932 0.031 0,025
0,2 0.980 0,009 0.952 0,021 0.013
0.2 0.979 0,009 0,953 0,021 0,012

y-intercept = 0,001
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slope = 638

r2 = 1,00
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Table VII
Data from Trial i

ik

———
Pensprmrsperr oy

————

Laser Bean Concenfiation
# Shots Energy (mj) A = Ao (x107" M)
0 251 0.119 2,07
100 215 0.116 2,01
250 186 0,109 1,90
500 136 0.100 1,74
750 100 0,107 1.86
1000 75 0,112 1.95
1250 51 - -
1500 32 0.093 1,63
1750 30 - -
2000 15 0.086 1.51
2500 13 0,089 1,56
3000 10 | 0.091 1.58
4000 - 0,085 1.48
5000 - 0.076 1.33
y-intercept = 1,94 xlo-#
slope = - 1,32 x1078
rz = 0,82
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{ ’ | Table VIII
Data from Trial 2

Laser Beam Conceni'ation
# Shots Enerzy (mj) A-Ay (x107" M)
. 0 241 0.118 2,04
i 100 204 0.109 1.89
= 250 150 0.116 2,02
o 500 114 0.106 1.85
750 76 0.112 1,94
1000 48 0.113 1.96
1250 | 37 - -
( 1500 27 0,100 1,74
1750 . 21 - -
2000 13 0.100 1,74
| 2500 7 0.102 1,77
" 3000 o 0.106 1.85
4000 - 0.093 1.63
5000 - 0.091 1.58

y-intercept = 1,97 xio-b’

slope = ~ 7,77 x1077

r2 = 0,75
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Table IX
Data from Trial 3

# Shots éﬁi:;;%ﬁi% A - Ay C°2i:gf53;;°n

0 211 0.115 1.99

o 100 169 0.114 1,98
' 250 126 0.117 2,02

. 500 88 0.115 1.99
750 58 0.112 1,95

1000 39 0.113 1,96
1250 30 - -

( 1500 19 0,109 1.90
1750 18 - -

2000 13 0.100 1.74

zsoo' 7 0,104 1,80

- 3000 3 0.104 1,81

4000 - 0.099 1.73

5000 - 0.096 1,68

y-intercept = 2,00 x10

slope = - 6,99 x10™2

r2 = 0,87
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Table X
Date from Triel 4

o Laser Beam Concenfuration
t # Shots Energy (mj) A~ A, (x10 7 M)
# 0 224 0,111 1,92
- : 100 184 0.110 1.9
L | 250 221 0.110 1.91
7. 500 195 0.114 1,98
750 213 0.118 2,04
1000 203 - -
( 1250 184 - -
1500 183 0.113 | 1.96
1750 171 - -
4 2000 181 0,103 1.79
el 2250 158 - -
2500 143 0.116 2,02
2750 114 - -
3000 122 0.112 1.94
i y-intercept = 1,94 xiO‘u
slope = - 1,08 x10710
r2 = 0
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‘ Table XI
L | ' Data from Trial 5

# Shots éﬁi::;%ﬁ:% A - A, Cozzigfia;;on
i 0 189 0.117 2,03
" 100 156 0,104 1,80
o 250 141 0.113 1.96
- 500 110 0,119 2,06
? | 750 102 0.115 2,00
?’ 1000 75 0,111 1.93
_ 1250 56 - -
‘ 1500 42 0,113 | 1,96
| 1750 43 - -
2000 35 0,120 2,07
2500 3 0.114 1.97
3000 31 0,116 2,01
3500 14 - -
4000 10 0.106 1.85 A
4500 ? - - i
5000 8 0.101 1,76
y-intercept = 2,00 x10"4 v
slope = - 2,84 x10-9 1‘
r2 = 0,21 |
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! Y | Da.taT:‘:i; )'I(‘ﬁal 6
. Laser Beam Goncenfia.tion n
) # Shots Energy (mj) A - A, (x107" M)
< 0 88 0.114 1.98
b 100 97 0.115 1,99
% 250 86 0.107 1,85
:; 7 500 8l 0.114 1.98 |
‘ 750 87 0,106 1,85 }
1000 82 0.103 1,79 i
1250 78 - - |
( 1500 o8t 0.113 | 1.96 |
1750 8t - - |
2000 77 10,109 1,90 ?
| 2500 69 0.117 2,03 E
b 3000 78 0.117 2,03 |
1000 - 0.108 1,88 3
y-intercept = 1,92 x10-l+
slope = 7,37 xio-io
) ¥ = 0,01
75




Appendix D

Determination of Oxygen Concentration in Solution
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Determination of Oxygen Concentration in Solution

For absolute ethanol (99,7 percent) the Bunsen absorption coeffi-

clent o is defined by the equation
o = 0,23370 - 0,00074688 T.+ 0,000003288 T (20)

where T, is the temperature (C), For T.= 20C, o= 0,22,

Henry's law constant KH and the Bunsen absorption coefficient are

linked by
17,032,400 (1 + b)
Ky = (21)
My
where
MH PO o
b= —_ 2 (22)
17,032,400 D
and
D = density of solvent
Po, = partial pressure of oxygen (mm Hg)
My = molecular weight of solvent
For ethanol at 20 C,
D = 0,78934 g/ml (23)
M, = 46,07 g/g-mole (24)

For a 10,3 percent O, cover gas Egs (21) and (22) can now be solved

to give
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b= 59x0 - (25)
K = 1.3 xt0° | (26)
From Henry's law

70, x10~ | (27)
o g5

where x02 is the mole fraction of oxygen in solution, The concentra-

tion of ethanol is found by dividing the density by the molecular weight

to give
[EtoH] = 17.1 g-mole/1liter (28)
But
%, = Lo, « L2 (29)
2 Total Concentration [EtOH]
Therefore

[0, Jyos = xp, [Et0H] = 1.0 x10" mole/liter (30)
For 21 percent 02, the same sequence of calculations yields
[0,], = 2.1 x10 mole/liter (31)

(Ref 331254~255)
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