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INTRODUCTION

As a consequence of the need for blue-green laser dyes for communi-
cations through the water (References 1-3), we began a dye synthesis
program within the Chemistry Division of the Naval Weapons Center (NWC)
in the early 1970s. In the mid-1970s, a test facility was constructed
to evaluate long-pulse dyes lasing within the 390-400 nm region
(References 4-6). The construction of this test facility and the laser~
dye synthesis program was funded by the Atomic Energy Commission through
Interagency Agreement SANL 284-001 with Lawrence Livermore National
Laboratory, Livermore, Calif. The funding for the evaluation of the
fluorescence and lasing characteristics of the new dyes and additional
support for the dye synthesis program has come from NWC's Independent
Research program, the Naval Ocean Systems Center (NOSC), the National
Aeronautics and Space Administration (NASA), and the Electronic
Materials Block of the Naval Research Laboratory (NRL), Washington,

D.C.

The Laser Dye Test Facility has been improved continuously and
has been expanded since its construction. A special Nd-YAG laser was
installed to test the effects of dyes in coolant upon the output of the
solid-state laser. This work was funded by the Naval Air Systems Com-
mand (NAVAIR) (Reference 7). A Perkin Elmer MPF 44B Fluorescence Spec-
trophotometer was purchased in order to be able to determine wavelength
corrected fluorescence peaks and fluorescence quantum yields of dyes
under various conditions (Reference 8 and 9). At present, NWC is the
only laboratory within the Department of Defense (DoD) that has the
capability to synthesize new dyes, determine their structure, study
their fluorescence, and then to evaluate their flashlamp~pumped laser
characteristics using a calibrated degradation flashlamp (or to study
them by N, or excimer pumped lasers). The results of the work published
in 1983 (References 7, and 9-13) are presented in Appendices A-F.

1983 PUBLICATIONS
THEORETICAL

The flashlamp-pumped dye laser output can be expressed by the
relationship

¢ =k (I -1¢t) (Joules) (1
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where ¢ is the laser output, k is the slope efficiency, I is the elec-
trical energy stored in the capacitor before delivery to the flashlamp,
and t is the threshold of lasing. A fundamental question arises as to
how the deterioration of the dye affects the two dependent variables in
Equation 1. 1In order to answer these two questions, Knipe first evalu-
ated the processes that occur within the cavity of a flashlamp pumped
dye laser (Appendix A) (Reference 11). These results were used to
develop the 3-parameter dye degradation equations we reported in 1982
(Reference 14), and were further expanded in the study by Knipe and
Fletcher presented in Appendix B (Reference 12).

Although a large variety of dyes have been fit to the dye laser
degradation equations (References 13 and 15), there are some excep-
tions. Most of the rhodamine dyes were shown to have an overnight
recovery when flashlamp pumped without an ultraviolet (UV) filter to
protect them from the excitation lamp (Reference 12 and 16). The
3-parameter degradation equations would not be appropriate when the rate
of pumping affects the laser output, i.e., as would be evidenced by an
overnight recovery where the solution is not being pumped. It was for
this reason that no major study of rhodamine dyes was published in the
open literature even though lifetime measurements had been performed in
this laboratory (Reference 16). Appendix B shows some possible kinetic
schemes that can account for time dependent changes in laser output.

One outstanding example is coumarin 480 under argon in a mixture of
ethylene glycol and water (50:50 by volume). This system shows what was
called a "yoyo" effect where the laser output increased as the rate of
energy was increased (and decreases as the rate is decreased).

FLUORESCENCE STUDIES

Kubin and Fletcher studied the fluorescence quantum yields of rhod-
amine dyes in 1982 (Reference 8). 1In 1983 we demonstrated that the
fluorescence of a variety of coumarin dyes was measurably quenched by
oxygen when the dyes were in ethanol (Appendix C) (Reference 9) but not
when they were in a mixture of 50:50 by volume of ethanol:water (Appen-
dix D). These fluorescence studies were of considerable importance as
they gave a perspective as to ways that increased outputs were being
found (or not being found) in the flashlamp-pumped dye laser when air
was replaced by an inert gas using specific solvents (Appendices D
and E).

IMPROVEMENTS IN DYE LASER LIFETIMES

Although it has been speculated for sometime that laser dyes should
degrade less if the far UV energy were excluded from their pump sources
(Reference 17), the exact cost and gains of such an action had not been
quantified. 1In Appendix E (Reference 10), we report such a study. Very
marked lifetime improvements were meagsured but the laser output is
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reduced since the pump output is reduced by the filter. However, the
reduction in laser output (=2 fold) was outweighed by the gain in life~
time (»2-1,600 fold). In addition, we showed that the removal of air
could result in either small decreases in lifetime constants or as much
as an 8-fold increase,

FLASHLAMP DEGRADATION

Appendix E also presents data showing how the intensities of
several flashlamps were found to decrease with time and that this
decrease was a function of wavelength. We also noted that the output
varied with the position along the length of a flashlamp. Very little
data (if any) are available in the literature showing these effects.
Such a measurement was necessary in order to be able to estimate the
changes in the amount of light that was being used to degrade laser dyes
in order to in turn be able to separate the effects of flashlamp
degradation from those due to the degradation of the laser dye.

LUMINESCENT COOLANTS

Although other studies had been performed on increasing the output
of solid-state lasers through the use of dye in the coolant as an energy
converter, the previous studies used a limited number of dyes and did
not have some of our modern laser dyes available. They also did not
have the knowledge of the quenching of coumarin fluorescence by air
(Appendix C).

The study in Appendix F (Reference 7) was performed with the intent
of using improved dyes having increased absorption. These dyes have
been called bifluorophoric (Reference 18), but, more correctly, they
should be called bichromophoric fluorescent dyes. In any case, these
types of dyes having absorption over a wider range of wavelengths were
found to be very difficult to synthesize and gave little improvement in
the solid-state laser output.

It appears that dyes having a narrow emission band coupled with
both a high quantum yield of fluorescence and good absorptivity would
give moderate improvement in solid state laser output when used as
energy converters in the coolant.

SOLVENT EFFECTS

A valuable goal for dye laser studies is to find a usable solvent
that is less flammable than the ethanol or methanol which are commonly
used for the coumarin and rhodamine laser dyes. The work described in
Appendix D (Reference 13) shows that the less flammable 50:50 by volume
mixture of ethanol:water is a usable solvent and that it can also give
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longer lifetimes and higher lasing outputs depending upon the dye and
the cover gas. The 50:50 mixture of ethanol:water has not been opti-
mized nor has the oxygen percentage. Thus, further improvements should
be possible through variation of these ratios. Present data suggests
that ethanol yields longer lifetimes than does methanol, but in a few
cases, methanol yields higher lasing outputs. These factors ghould be
given further investigation since many dve laser users have difficulty
obtaining pure ethanol because of the problems associated with its
potential use as a beverage. In addition, verv little is known concern-
ing the effects of other solvents upon dye laser lifetime constants.

NEW DYES

Three of the enclosed studies (Appendices E-G) describe the charac-—
teristics of new dyes. The importance of these depends in a large part
on the wavelengths and nature of the intended usage. As the number of
new laser dyes increase, increased perspective is obtained as to what
functional groups yield superior laser dyes.

The study on the new oxazole dye, 4PyMPO-MePTS (Reference 19),
reported in Appendix G illustrates the need for a thorough examination
of the experimental parameters associated with the lasing of a dye solu-
tion. 4PyMPO-MePTS had been tested for lasing by Lee and Robb (Refer-
ence 20). They did not test it in the absence of air, however, which in
turn delayed the discovery that 4PyMPO-MePTS in ethanol under argon is
the longest-lived, flashlamp-pumped dye presently known. This discovery
is of such importance that Appendix G was included in this report even
though this paper was published in 1984. The long lifetime and improved
laser output of 4PyMPO-MePTS and its related dyes, 4PyPO-MePTS and
4PyPO-HC10,, caused by the removal of air, now makes this class of dyes
a very serious contender for use in a practical military laser that
would be of use outside the laboratory.

CONCLUSIONS

Because of the complexity of the photophysical and photochemical
processes associated with the flashlamp-pumped dye lasers combined with
the problems in the synthesis of multi-functional group dyes, progress
in the development of new, improved, long-lasting laser dyes is slow.
Advances are difficult to predict. Months of intensive effort may be
taken to synthesize a particular dye only to find that it does not lase
at all. Progress is also slow because of the variety of technical
specialties that are needed for the synthesis, characterization, and
evaluation of new laser dyes. Good synthetic chemistry is of little use
without the instrumentation needed for dye characterization and this
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must be close-coupled with a thorough dye laser testing capability. Add
to this the low funding level used to advance the technology and it is
small wonder that major advances have been made at all.

Advances in dye laser technology, though slow in coming, are
rapidly made use of by industry and universities. Most improvements do
not require major changes in equipment or procedures. It has been esti-
mated that there are 10,000 dye lasers in use (Reference 21); thus,
published advances in this field no doubt also help to advance science
and may some day result in useful lasers that can be used in a military
operation. The dye laser still remains the simplest laser that can be
tuned from 0.33 to greater than 1.8 ym (Reference 22) without the use of
nonlinear optical materials.
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Appendix A
PHOTON CONSERVATION IN FLASHLAMP PUMPED DYE LASERS

Optical and Quantum Electronics, 15 (1983), pp. 275-278
Short Communication

11




NWC TP 6538

Optical and Quantum Electronics 15 (1983) * Short Communication

Short Communication

Phaton conservation in flashlamp pumped dye lasers

A general representation of the laser output per pulse of the flashlamp is deduced from an equivalence
between molecules populating the upper state of the lasing transition and coherent photons populating
the active cavity modes. This representation is used to derive approximate expressions relating the slope
efficiency and threshold to the losses associated with the laser system.

The dominant energy transfer processes associated with a laser dye are illustrated in Fig. 1. A photon
is absorbed by a dye molecule belonging to the population of the ground state, Sy, exciting it to the
manifold of excited states, $*. From §*, the excited molecule is spontaneously deactivated to that part
of the excited state manifold, S, , associated with the lasing transition S; = S3. Let v, be the probability
that the deactivation to §, occurs. From §;. the molecule is deactivated by the coherent radiation field
to that part of the ground state manifold, S5, associated with the lasing transition, or it is deactivated to
So or otherwise removed from the system by spontaneous processes. The induced deactivation by the
coherent radiation field of the laser adds a photon to that field. Stepanov and Rubinov (1] identified
So with a segment of the high-energy tail of the thermal distribution of S,. As a consequence of the
rapidity of the thermalizing processes in the dye solution, it is usually assumed that ng, the population
density of Sg, is approximately the thermal population density associated with that segment of the high-
energy tail. These processes are discussed in detail in many articles and reviews [2].

There is one characteristic of large organic molecules (usually employed as laser dyes) that has not
been widely considered in the theoretical analysis of the performance of dye lasers. Over the range of
wavelengths of pump radiation normaliy employed, the probability that a molecule from S, which
absorbs a pump photon arrives at Sy, v, is essentially independent of the wavelength associated with
that photon. To a large extent this is a consequence of the rapidity of the thermalizing processes in the
dye solution. One of the criteria used in the selection of laser dyes is that they have a fluorescence
quantum yield, v¢, close to 1. Since vy < v, < 1, v, is close to | for a good laser dye.

It is useful to consider each molecule that arrives at S, as a potential photon that is either added to
the coherent radiation field by the induced transition, $; = Sg, or is quenched by spontaneous processes.
Where n, is the population density of S, at some point in the dye solution, to a close approximation the
rate of quenching is n;/7¢ where 7y is the fluoresence lifetime of ;. The rapidity of the thermalizing
processes makes this a good approximation.

Consider a pulse of pump radiation which supplies absorbable photons to the cavity dye solution with
arate ¢,(r) where ¢p(0) = 0 and ¢ p(¢+*) = 0, 0 < ¢ < ¢*. The rate at which potential photons are
delivered to S in that volume is v, f,¢, where f, < I is the fraction of absorbable pump photons that
are actually absorbed by the cavity dye solution. Typically, the concentration of the laser dye is such
that fy is close to 1. The rate at which potential photons are quenched can be written as Ffg4#, /¢ where
V is the resonator mode volume, fy < | is the fraction of that volume occupied by the dye solution, and
ity is the volumetric average of the population density of S,.

If the pump source is capable of initiating lasing in the cavity, at a time ¢, > 0 a critical distribution
of potential photons will be achieved in the cavity and lasing will begin. Since the distribution of poten-
tial photons is not homogeneous, the onset of lasing may be associated with some redistribution of the
potential photons. It is anticipated that this redistribution will continue during the lasing process as a
consequence of the pump inhomogeneities. If the onset of lasing occurs in a time interval ¢ < r¢ < 1y,
the macroscopic boundary condition for the onset of lasing is ¥, /pypi?y) = Vfdn,c/r, where fiy i that
value of 77, corresponding to the initiating critical distribution of potential photons: that is, lasing occurs
when the rate at which potential photons are created exceeds that necessary to maintain some critical
value of their average density. The growth of the coherent laser field and the losses associated with that
field will tend to inhibit further increase in the average density of the potential photons.

0306-8919/83 $03.00 + .12 <, 1983 Chapman and Hall Ltd. 275

13

FRECEDING PAGE BLANK-NOT F1LMED




NWC TP 6538

Short Comumunication
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INDUCED PROCESSES > Figure 1 Schematic representation of dominant energy
SPONTANEOUS PROCESSES ANV transfer processes in a dye laser.

Lasing will continue until a time, ¢,. when the rate at which potential photons are created falls below
that required to maintain that critical distribution for lasing appropriate to that time. Any residual
coherent field will decay with a lifetime 77, the cavity lifetime at ¢,. If 7} €, — 1, the macroscopic
boundary condition appropriate for the end of lasing is v, fp¢p(r3) ™ Vfdnl;/n where 71+ is the value
of i1} corresponding to the final critical distribution of potential photons. Thus lasing takes place over a
time interval, 7, where 0 <, <t <1, <1"* The net number of potential photons transferred to the
coherent radiation field over the life of the pump pulse is

-t

Qs = Jf l [v1/p40(1) = Viar (2)]7¢] dr — l/fd(ﬁl; _ﬁlc) n

Ifrg<t, t,.then f,‘lf (1) dr > 7g(Ayx — Ay ). Thus, for a good laser where a significant fraction of
the potential photons are transferred to the coherent field, the last term in Equation 1 is insignificant.
One aspect of optimizing the dye concentration is the minimization of f,“z i1y () df subjected to the
maintenance of a large value of f,,.

If gy(r) is the number of photons associated with the coherent radiation field in the cavity at time ¢,
the rate at which these photons are removed from that field by processes other than that associated with
redistribution of the potential photons in the dye solution can be represented as o(Z/;)q(¢) where
7; = l/cly is the lifetime associated with the ith process and c is the velocity of light. In general, each of
these lifetimes is a time dependent mean value appropriate to the spatial inhomogeneities and the mode
structure of the cavity. The total loss of coherent photons due to these processes during one pulse of the
flashlamp is L = f,‘,z c(Z1)q dt = cZL;. One part of this loss is that due to the out-coupling of radiation
from the cavity, Ly = f,'l’ clogydt = f,‘l’ q1dt/ 7o where 74 is the output coupling lifetime of the cavity.
If the cavity output is not controlled by some pulse truncating mechanism (e.g., Q-switching), 7, is

276
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Short Communication

essentially constant over the lifetime of the output pulse and can readily be estimated from the optical
parameters of the cavity. _

It is convenient to define mean values /; = f,'ll [,q,dl/f,‘xz ¢1dr. Then the fraction of the net number
of potential photons transterred to the coherent radiation field that appear as output is 1/7ocZ/;. Since
the potential photons are the only significant source of coherent photons, the total number of photons
coupled out of the laser during one pulse of the flashlamp is Q,/?o('Eii. Let ¢(v) be the frequency distri-
bution function for the output photons. The energy output of the laser is £o = [ hvo(v)dv. The
number of output photons is f ¢(v)dv. Therefore, the energy output per pulse of the flashlamp may be
represented as .1,

h .‘, (1fodp — ViahilTe)dt
Ep x =i —opm e e )
AToZl;
where A is the appropriate mean value of the output wavelength near that for which the output of the
faser is a maximum.

Assuming the pump function, ¢, to be proportional to I, the energy stored in the flashlamp driver
capacitor, Equation 2 can be written as £, = hlF/\ 7,2 1; where F = J}'f (A —x)dt, A =17, pqpll, and
x = Vfqn,[7¢l.

The upper lasing state S, is populated by the spontaneous relaxation processes from S* and by the
absorption of coherent photons in the transition S, « Sq. It is depopulated by spontaneous process and
by the emission of coherent photons in §, = Sg. It is characteristic of good laser systems that once the
critical population my, has been achieved, the growth of the coherent photon population leads to
dominance by the coherent populating and depopulating processes in a time which is short compared to
the spontaneous relaxation time of S;. Thus, the value of 7, is maintained at a quasi-steady state value
near i1, . There is a body of computational evidence which supports the validity of the steady state
approximation for model laser dye systems {3. 4]. On this basis x ~ Vfy Ay el

With this approximation, the boundary conditions characterizing 1, and ¢, become A(¢{) =~ A(Zo) = x.
Hence, t,, t, and thus F are functions of x. Expanding F about a point x,,

F > Fo+ Folx —xo) + ... 3)
Substitution of this expression into Equation 2 yields
_ l(Fo -~ xoF) I ¥V gFory e+ . )

£y ~ I HaToli e T @
XTQEIi

which can be written in the frequently used form £y = k(/ — Iy). Over the range of [ for which a slope
efficiency, k, and a threshold, /o, can be defined, these quantities may be approximately evaluated from
Equation 4 as N N

k = h(Fo — xoFo) ATl )

Iy =~ = ViaFoh, [1i(Fo— X0 Fo) (6)

and

Snavely and Peterson [5] have characterized the threshold condition by the gain over some round-
trip path through the laser cavity being equal to the sum of the losses over that path. As a consequence,
f,, and thus /, are linear functions of the mean values of the loss terms appropriate to the threshold
condition. Therefore, over their range of validity, the slope efficiency would be expected to decrease
with increases in the mean values of the loss terms /;, and the threshold would be expected to increase
with increases in the mean values of these quantities appropriate to the threshold condition at 7,.

As illustrated by the above example, Equation 2 can be a useful starting point for the analysis of a
flashlamp pumped dye laser. It allows selective examination of individual aspects of the problem while
avoiding much of the complexity of the more rigorously detailed approaches commonly used.

The derived dependence of the slope efficiency and threshold on the loss terms is consistent with the
observations of Fletcher (6] for a number of dyes where the increased loss was due to the photolytic pro-
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Shaort Communication

duction of stable products in the dye solution. The appearance of 74 in the denominator of Equation 6
illustrates the deleterious effect of molecules which quench $; as pointed out by Keller [3]. Since this is
the only explicit dependence on 7¢, Equation 6 suggests that the quenching of S, predominantly effects
the threshold.

The terms Fy, ¥ and x, appearing in Equations S and 6 are functions of the shape of the pump
pulse. Their appearance illustrates the importance of that shape on the values of these quantities and
on the range of / over which they lead to a useful representation of the laser output. In particular, that
range does not include the actual threshold value of /. At that point, both F and its first derivative
vanish. The value of the function in the neighborhood of the actual threshold is dominated by deriva-
tives of order greater than one.
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Summary

The effect of absorption at the lasing wavelength due to the accumula-
tion of reaction products from the photodegradation of a laser dye is
analyzed theoretically. This analysis is used as a basis for the representation
of data from dye degradation experiments in terms of absorption at the
lasing wavelength. Studies of the effects of flashlamp pulse rate and time on
the inferred absorption for a number of different dyes reveal the influence of
secondary chemical reactions. The most significant effects are shown to be
associated with spontaneous reactions where the reactants and products have
markedly different molar absorptivities at the lasing wavelength.

1. Introduction

It is generally recognized that the degradation in performance asso-
ciated with repetitious use of a dye laser is a consequence of photoinduced
chemical reactions. Where the question has been addressed, it has been found
that the predominant cause of degradation is the accumulation of products
which absorb at the lasing wavelength [1 - 3]. It would not be unexpected
for the complex organic molecules used as laser dyes to have equally com-
plex products which undergo further reaction. This aspect of the degradation
process which has largely been ignored is the focus of this paper.

Since the absorbing products are in direct competition with the popula-
tion inversion, small amounts of product which would be difficult to detect
by other means can have a significant effect on laser performance. To inter-
pret this effect better, it is desirable to know the relationship between laser
output and absorption at the lasing wavelength. A generally applicable
approximation to this relationship results from the following analysis.

0047-2670/83/$3.00 © Elsevier Sequoia/Printed in The Netherlands
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2. Theory

A general expression for the output of a flashlamp-pumped dye laser
has recently been derived |1]). The analysis leading to this expression will be
briefly summarized. The result will be extended to identify explicitly the
effects on the slope efficiency and threshold of reaction products which
absorb at the lasing wavelength.

The output of a flashlamp-pumped dye laser is approximately propor-
tional to the difference between the rate of production of molecules in the
upper lasing state and their rate of spontancous deactivation integrated over
the duration of the laser pulse. If the active radiant flux from the flashlamp
is assumed to be proportional to the energy [ supplied to the flashlamp, the
rate of production of excited molecules can be written as fI where f(t) is the
rate of production per unit input energy determined by the shape of the
flashlamp pulse as a function of time ¢, the laser geometry and the dye con-
centration. In the quasi-steady state approximation the rate of spontaneous

an approximately constant critical average population density awvided by the
fluorescence lifetime of that state. The critical population density is propor-
tional, through parameters dependent on the laser geometry, to that popula
tion corresponding to the critical inversion as defined by Snavely and
Peterson [5]. It is convenient to define x as the rate of spontaneous deactiva-
tion divided by I; thus x = vn,./] where n,. is the excited state population
density corresponding to critical inversion and v is a constant determined by
the laser geometry and the fluorescence lifetime. The output of the laser per
flashlamp pulse can then be written as

u

I L
o:T'wa)dt (1)

ts

where u is a constant inversely proportional to the product of the mean out-
put wavelength and the cavity output lifetime, the interval from ¢, to ¢, is
the time interval of the laser pulse and X/, is the sum of the mean values of
the losses to which coherent photons in the laser cavity are subjected during
the laser pulse.

The integral

l.
F(x) = f(f—x)dt

H

in eqn. (1) is the gross production of coherent photons per unit flashlamp
energy per flashlamp pulse. The dependence of this function on the flash-
lamp excitation energy is through the variable x. The heginning and end of
the laser pulse are characterized by the vanishing of the integrand: [(t,) =
f(t;) = x. The derivative F' = --7(x) where 7 = t, — t, is the duration of the
laser pulse corresponding to a particular value of x. When the values of x are
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restricted to a range about a value x, over which the change in 7 is small
compared with its magnitude, F can be approximated by

FxFp,—Thlx —xp) (2)
When this result is substituted into egn. (1) the output is given by
k(I — ¢t)
> - 3
¢ 57, (3)
where

K=u(Fn +Tmxm)
TmUN ¢

Fo + T,

Since the emphasis here is on product absorption at the lasing wave-
length, it is convenient to measure the losses in terms of the loss due to a
uniformly dispersed absorber of unit single-pass absorbance. When the laser-
configuration-dependent scaling parameter is absorbed into the constant u,

Zii =A0+Ap

where A, is the equivalent single-pass absorbance associated with the laser in
the absence of products and A, is the sum of the losses due to the absorp-
tion of the products. Similarly, when the scaling factor is absorbed into v,

ne=Ag+Ag+ A,

where the absorbance A4 of the dye at the lasing wavelength measures the
population of the lower lasing levels under the assumption that these levels
can be approximated by the high energy thermal tail of the ground state
population distribution. It should be noted that the product uv is indepen-
dent of the choice of the loss scale. The loss terms A, and 4, are distin-
guished to allow for effects of transient processes such as triplet formation
during the lasing process which, because of their inhomogeneity, may affect
Zl; and n,. in somewhat different ways. The slope efficiency k = k/ZI; can
now be expressed as

ko
1+A4,/A0
where ko = k/A, and
kt ~ kb + « (5)
where
5 = TmU(Ad "'Ao"A},)
Fm + mem

and o = uvt,, are parameters independent of the presence of absorbing
products. Equation (3) can be rewritten to display explicitly the effect of
the absorbing products as
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kol — &)
o -« (6)
1+A,/4,
Where the transient effects are not large, A, < Ay s primanly a func-

tion of the index of refraction and the absorbance of the solvent, the optical
components of the laser, the laser geometry and the lasing wavelength and is
independent of the particular dve used. This implies that the sensitivity of
the laser output to product absorhance is insensitive to which dye is used.
The observation of this insensitivity was reported by Fletcher and Bliss [6]
relative to the change in absorbance necessary to reduce the slope efficiency
to one-half of its original value.

The dependence of the threshold ¢ on product absorption is given by
(g, e (7)

K

where t, = & + a/k,. This equation together with eqn. (4) shows the opposing
behavior of k and t first characterized by Fletcher [7].

If the product results from a straightforward global photolysis,

p=1T (8)

where T is the sum of the flashlamp energies per unit volume of dye, T =
YI/V and r measures the overall photosensitivity of the reaction. More
generally, the variation in A, with T can be investigated using
A, I—8 1

= i (9)
K ¢ +a ko
which results from rearrangement of eqn. (6). The laser- and dye-dependent
parameters «, 6 and ky can be derived empirically from the dependence of ¢
on [ at constant T.

It is evident from eqn. (9) that for each value of [ there is a correspond-
ing maximum value of the computed A,/«. These limits are a consequence of
the linear truncation of the function F in egn. (2). As the limit is approached
for any value of I, that input energy ceases to be useful for characterizing
product ahsorption. For this reason it is desirable to have output data taken
over a range of flashlamp excitation energies at approximately the same
value of T.

A

3. Experimental details

Most of the experimental conditions were the same as those previously
described [8]; a Phase-R DL-10Y triaxial flashlamp was used for the test
laser. In some experiments a Pyrex tube was used instead of the quartz tube
separating the dye from the coolant to remove the UV portion of the flash-
lamp radiation (UV filtration). In addition, a Xenon Corporation N-851C
water-cooled linear flashlamp pumped by their model 457 micropulser was
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inserted in the return flow from the test laser to the storage and mixing
vessel of the dye flow system. This provided a laser-like environment without
mirrors capable of rapidly subjecting the dye solution to large quantities of
radiation. This linear lamp was run at 10 J per shot at pulse rates varying
from 1 to 25 Hz.

The flow system was closed to the atmosphere and was provided with a
port for the introduction of arbitrary gases which were bubbled through the
solution in the storage vessel. This provided for controlled atmospheres of a
variety of cover gases which were equilibrated with the dye solution. This
system is described in greater detail elsewhere [9].

4. Results

4.1. Results for some coumarin derivatives

For coumarin 102 dissolved in a 50:50 mixture of ethylene glycol:
water, the output of the test laser proved to be a sensitive function of the
rate at which energy was introduced into the solution by the micropulser
lamp. Figure 1 shows results for a 1.5 ¥ 10 * M solution equilibrated with
argon under UV-filtered conditions. As a consequence of the ambiguity in
the interpretation of the initial slope efficiency, the reciprocal A /k + 1/k,
of the slope efficiency computed from eqns. (4), (6) and (9) is plotted in this
figure. The parameters & = 20.7 J and « = 8.8 mJ were estimated graphically
from the output at 40 J and 50 J in the neighborhood of the minimaat T =
7MJd dm ‘and T = 16 MJ dm *. When the initial pulse rate was about 25
Hz, the output increased to a relatively stable value. Change to a pulse rate
of about 1 Hz resulted in rapid degradation of the output. This degradation
was followed with 50 J shots of the test laser to 1/k values well in excess of
the 40 J limit at 2.2 X 10, After an overnight rest, the output from the solu-
tion at about 25 Hz repeated the performance of the previous day at a lower
overall output and approached an apparently quasi-steady degradation rate.
The results for a 2 X10 * M solution under similar conditions are shown in
Fig. 2.

These results imply that there is an extremely photosensitive compo-
nent V in the products which absorbs at the lasing wavelength. The increase
in this product in the absence of irradiation implies a photoproduced
precursor X of lower molar absorptivity which reacts spontaneously to
produce V. In global terms

hv
D—X (10)
X—V (11)

The decrease in V associated with the high energy input rates implies that V
photolyzes to a less absorbant product P:

hy
V—P (12)
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Fig. 1. Reciprocal slope efficiency as a function of total energy input for 1.5 x 1074 M
coumarin 102 in a 50:50 mixture of ethylene glycol:water equilibrated with argon under
UV filtered conditions. Each point was computed from an average of ten closely spaced
test laser output determinations at the indicated input energy { (-, 35J.:,404d;"., 45 J;

. 50 J) The micropulser input rates and the period over which they were applied are
indicated at the top of the figure (R, ~ 465Jdm 3s ", R, =~ 19J dm™3s~ 1),

To account for the “yo-yo” effect of the repeated changes in pulse rate
shown in Fig. 2, it is necessary that X also be photolyzable to a less
absorbant product P’:

hr

X-——p (13)

The rate of reaction (11) was observed in an experiment similar to that
shown in Fig. 1 where a large quasi-steady state concentration of X was
generated at about 20 Hz followed by no irradiation except for the occa-
sional 50 J single-shot measurements with the test laser required to follow
the degradation in output. The end point was estimated from the near-
equilibrium output obtained after 2 days without irradiation. The lifetime
71, of X relative to reaction (11) was estimated from the slope of the linear
regression on the single-shot measurements to be about 4 h.

Under the assumption that the change in average concentration of the
various components resulting from the passage of an aliquot through the
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R=0{10min)

R-0 R=0(31min}

RELATIVE ABSORBANCE

TOTAL INPUT ENERGY MJidmi~3

Fig. 2. Relative product absorbance as a function of total energy input for 2 x 10 * M
coumarin 102 in a 50:50 mixture of ethylene glyeol:water equilibrated with argon under
UV -filtered conditions. Each point was computed from the average of ten closely spaced
test laser output determinations at the indicated input energy I ( 354, ., 40Jd; 45 J;

. 50 J). The micropulser input rates are indicated at the top of the figure (R} ~ 1704

dm Y5 LR, 0 370 Jdm Y s ') Computed values based on an approximate fit to the
data are plotted for the total absorbance ( —) and for the individual absorbing products
Vi{—-— =} X{(~--—)and P (— —).

flow system is small, the pertinent measure of the rate R = dT/dt of photo-
lytic energy input is the rate of energy input divided by the volume of the
system. If it is assumed that bleaching is negligible and P is P', the kinetics
associated with reactions (10) - (13) can be represented by

d(X] 1X]

2 ey, - 4
aT Ty Rty ri3]X) (14)
d[v] [X]

LS A e I 1
aT R7y, ri2l V] (15)
d—[Pl =rplX) 4,V (16)
dT ) :

where the square brackets indicate concentration, r is the photosensitivity of
the photolytic reactions and 1,, is the lifetime of X relative to reaction (11).
The observed sensitivity to R when the results are viewed as a function of T
is a consequence of the decrease in importance of the spontaneous reaction
{11) relative to the photolytic reactions as R is increased.

The concentration of V corresponding to a single-pass absorbance of k
in the test laser was used as the unit of concentration, and the value of 7y
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ostrmated above and the values ot & and o estrmated from Figo 1 were em-
ploved to make a crude fit of the analytic solution of the kinetic equations
(1 - 016 to the data plotted m Frgs 20 This (it shows the qualitative consis-
teney between the observation and the global mechanism gven above, While
the it s not precise or anigque, it does extubit the order-of-magnitude
relantonships reqguired ta obtam the observe { e vo-vo™ hehavior (Table 1) and
suggests that this behavior o dommated by the mimaor, ver highly absorbant,
product species \
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The greater sensitivity to the change in pulse rate for T~ 29 MJ din ?
relative to the initial sensitivity suggests the possibility that P (or P} is
photolyzable back to X. This would result in a guasi-steady increase in [ X]
and [ V] as well as | P) during the long duration segment at constant R. This
would not affect the qualitative relationships shown in Table 1. However, it
does suggest that the absorbance of P at the lasing wavelength may be
negligible compared with those of the other products.

The results from a test of a 2 <10 * Al solution of AC3F [10. 11} in
ethanol equilibrated with argon are shown in Fig. 3. This test was conducted
under UV-filtered conditions over a period of 7 days. In excess of 99 of the
energy was introduced by the micropulser at about 23 Hz (R = 3853 J dm
s ') The times during which micropulser energy was introduced are
indicated by the T scale in the figure. The data were taken in closely spaced
sets at 30035, 40 and 15 J using the test laser. The parameters & ~ 18.4 J
and o 133 md were estimated from the intersection of the linear regres.
ston lines @1y from data in the ranges 0.7 Mddm * < T2 ¢ MJdm 3 using
all [ ovalues and AL Md dm - T 16 MIdm ' with 7 - 300, The initial
slope effictency &y = 1.47 x 10 ¥ was estimated from the mean values of 1k
computed from a data set taken before the micropulser was started.
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Fig. 3. Relative product absorbance as a function of time for 2 x 10 ¥ M AC3F in ethanol
equilibrated with argon under UV-filtered conditions. The introduction of energy by the
micropulser is indicated by the secondary energy input scale at the bottom of the figure
(R =385 J dm * s 1) The points with error hars represent the centroid of the values
computed from the average of ten test laser output determinations at each of the follow-
ing values of input energy: 45, 40, 35 and 30 J (time, less than 60 h). Values computed
from the 30 J data for time greater than 60 h are indicated by . The error bars indicate
the standard deviation of the values computed from the various input energies used. The
general correlation of these data with time is indicated by the linear regression line com-
puted from the centroids * of the data taken each day when the micropulser was on. The
day number is indicated by the numeral associated with each of the data groups.

The most significant change in product absorbance at the lasing wave-
length is that which occurred between days 4 and 7 when the micropulser
was not running. This implies the spontaneous production of a product V
from a precursor X of lower molar absorptivity (i.e. reaction (11)). The
change in relative absorbance during the 70 h period from ¢t = 5htot=75h
is approximately the same as that during the period from t =75 h to t =
145 h even though 51% of the excitation energy was introduced during days
2 and 3 of the first period. This suggests that the average concentration of X
was not very different in the two periods. Hence the steady state X relative to
reactions (10) and (13) is rapidly achieved and the lifetime of X relative to
reaction (11) in this case is very much longer than the 4 h estimated for the
previous example, There is evidence for the establishment of the steady state
in the data for the first day. Comparison of the data set obtained prior to
starting the micropulser with those obtained immediately after suggests that
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this occurs with a total energy mput of about 1 MJd dm . That V is photo-
lyzed to a somewhat lower molar absorptivity product P (reaction (12)) 1s
suggested by the behavior of the data sets as a function of 7 during days 2
and 3. This would imply that the depletion in X during the long dark seg-
ment from day 1 to day 7 is at least in part masked by the presence of a
large concentration of the highly absorbent product V.,

While differing in detail, the examples illustrated in Figs. 2 and 3
exhibit the same gross mechanistic behavior. These examples are relatively
unusual in our experience. A more common observation for coumarin deriva-
tives under UIV-filtered conditions is the rapid attainment of a quasi-steady
increase In relative absorbance as a function of T with insignificant changes
associated with changes in the rate of energy input or of overnight dark
periods. Frequently the onlyv indication of secondary reaction is that the
extrapolation 1o &k based on the quasi-steady degradation rate is significant-
ly smaller than that obtained just prior to the start of the degradation exper-
iment. The preceding examples suggest that this is a consequence of the
rapia establishment of a steady state X and that the quasi-steady degradation
is a consequencs of the accumulation of the secondary degradation products
P and P'.

4.2, Resulls for some rhodamine derivatives

Data from a 1 x10 % M solution of rhodamine 116 perchlorate in
ethanol (ambient atmosphere) are shown in Fig. 4. The degradation was
accomplished using the test laser at a maximum value of R =89 Jddm *s !
without UV filtration. The parameters § > 9.3 J and o« x> 9.5 mJ were
estimated from the intersection of the linear regression lines §(f) for T <.
25 kd dm P and 60 kd dm * ~ T < 86 kJ dm * (25 J excluded). The data
were taken over 2 days with an overnight dark period of about 17 h. The
slope efficiency ky = 1.08 » 10 * in the absence of product was estimated
from the intercept at T = 0 of the linear regression line 1/k versus T based on
data from the first day. Based on the difference between the values A, /K
computed from the linear regression lines corresponding to the 2 days, about
51% of the product absorbance was lost during the 17 h when there was no
irradiation as a consequence of a spontaneous reaction like (11) introduced
in Section 4.1. In this case, however, V has a lower molar absorptivity than
that of X. As a consequence the absence of significant deviation from the
quasi-steady increase in absorbance on both days suggests that the X is the
significant. product of the initial global photolysis reaction {10). The use of
that concentration of X corresponding to a single-pass absorbance of « in the
test laser as unit concentration, along with the assumption of negligible
bleaching, leads to rio= 1.3 X 10 * dm? J ' That the values derived from
the slopes of the regression lines for the two days (1.26 x 10 *dm?*J 'and
1.32 x10 ? dm* J ') are not significantly different is consistent with reac-
tions (10) and (11) being the only reactions of significance relative to the
degradation of this dye. The assumption that V has negligible molar absorp-
tivity at the lasing wavelength leads to a maximum value of 7, of about 24 h.
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Fig. 1. Relative absorbance as a function of the total energy input for 1 x 10 4 M rhoda-
mine 116 perchlorate in ethanol (ambient atmosphere)}. The points were computed from
the average of five closely spaced test Jaser output determinations at the indicated input
epergy [ (. 20 J; @ 304, | 354, | 10 J). Lincar regression lines were computed from
the data for each of the 2 days (25 J excluded for T - 70 kd dm ). Degradation was
accomplished using the test laser at 10 J hetween each of the groups of points (R =
89Jdm s Y.

This, together with the estimated value of ryo, would imply a change of about
10% in the slope of A, /x versus T over the first day of reaction which  uld
not be appreciable relative to the apparent dispersion of the data.

Data from studies of a number of rhodamine dyes in ethanol (ambient
atmosphere) without UV filtration show a consistent pattern of spontaneous
reaction of an initial product to a secondary product of significantly differ-
ent molar absorptivity at the lasing wavelength (Table 2). From eqn., (6) the
difference in laser output associated with a change in product absorbance
can he written as

k()(l_fs)(Ap"Ap)/Ao
(l +/1p/A())(1 + Ap’/Af))

Since the change in output is proportional to [ — §, the effect of an over-
night discontinuity is seen most significantly at the largest value of / used in
the test laser. The change is positive if the product V has a lower molar
abhsorptivity than that of the initial product X. The magnitude of the change
is dependent on the details of the experiment as well as the kinetics. Since
these details differ for the examples listed in Table 2, the magnitude of the
percentage change provides a measure only of the significance of the sign of
the observed change.

When some of these compounds were tested under UV -filtered condi-
tions there was little or no evidence to suggest any effect of the spontaneous
reaction (11). The most significant effect observed was for sulfarhodamine
101 where the effect was positive rather than negative as shown in Table 2
for the unfiltered conditions.

p—¢ = (17)
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TABLE 2

Frfect o vvesmyghy dark periods on the Lisor output from some rhodamine dyes

Dyve (Fastran Volar Input cneres Percontage Ohserved midpoint

designation) concentrution 1 change in owtpul  for broad hand

(10 lasing
tnm}

Rh 110 1 1] +23 e

Rh 116 1 i +35 43
2 10 + 30

Rh 1Y 1 O TN Ha3
2 3o +0

Rh 6G 1 S0 F90 Ha7
2 i + 00

Rh B 1 35 +11 625
2 ] +11

SRh B 1 a0 +0H6 626
4 10 12

Rh 3B 1 +25 630
9 30 +20

Rh 101 1 30 -9 G2
2 35 3

SRh 101 1 45 ! 648
2 R -6

5. Conclusions

Since the absorption of laser dye degradation products competes direct-
ly with the population inversion, the amount of absorption required to
affect the output of the laser significantly is small. For lasers of the types
used 1in these experiments, it has been estimated that about 17 absorption at
the lasing wavelength is sufficient to reduce the laser output by 507 [6].
Thus laser performance is a sensitive measure of the presence of products
which absorb at the lasing wavelength. As illustrated by the examples that
have been discussed, eqn. (9) provides an approximate relative estimate of
the total absorbance of the dye degradation products, When care is taken to
exclude input energies near the threshold where the linear approximation to
the function F is invalid, the demonstrated insensitivity of the apparent
absorbance estimates to the flashlamp input energy tends to confirm that the
observed effects on the laser output are dominated by product absorbance.

The estimated total product absorbance at the lasing wavelength does
not discriminate among the various products present in the dye solution. By
varying the experimental conditions, we have shown for a number of

30




NWC TP 6538

129

examples that there are several products which absorb at the lasing wave-
length, The discussion of these examples iHustrated that the subsequent
reactions of the early products can and do protoundly affect the degradation
mn performance of a repetitively pumped dye laser,

We have attempted to relate our observations to the mechanism of dye
degradation in a gross global framework, This is unquestionably an over-
simplification of the chemical complexity of laser dye systems. In the
relatively simple case of coumarin 1, five photodegradation products have
been identified for a laser environment using an unfiltered flashlamp with
oxygen present {30 Only one of these, the carboxylic acid resulting from
successive photo-oxidation of the methyl group, absorhs strongly at the
lasing wavelength and is responsible for the degradation in laser performance
under these experimental conditions. When coumarin 1 is pumped using a
nitrogen laser in the absence of axygen, the output has been shown to
degrade at a rate not much less than that observed when oxygen is present
112}, This suggests other, as yet unknown, reaction paths which are not
significant in the presence of oxygen,

The most commonly encountered cvidence for the contribution of
secondary reaction products is an inital transient associated with the estab-
lishment of quasi-steady conditions, In this case the degradation in laser per-
formance 15 dominated by the final product resulting from a sequence of
reaction steps. Where one of those steps is a slow spontaneous reaction, the
performance of the laser can be markedly affected by the pulse rate and the
number of duty eyeles. As an extreme example consider the data for AC3F
[11] (Fig. 3). When the number of shots or the total output energy per unit
volume before the output drops below some limiting value is taken as a
measure of the utility of the dye, the utility would be approximately propor-
tional to the average pulse rate of the laser. In contrast, let us consider the
data for rhodamine 116 (Fig. 4). In this case the utility would tend to
decrease as the average pulse rate was increased.
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Appendix A: nomenclature

A‘x 0

Ay
i

N Yy~

X m oD

mean coherent photon loss in the absence of absorbing products ex-
pressed as an equivalent single-pass absorbance

single-pass absorbance of the absorbmg products

gross production of coherent photons per unit flashlamp excitation
energy per flashlamp pulse

Planck’s constant

flashlamp excitation energy per pulse

slope efficiency

photosensitivity factor for chemical reaction

time derivative of T

apparent lasing threshold or time, depending on context

sum of the flashlamp excitation energies per unit volume of dye solu-
tion

composite parameter treated as an empirical constant

composite parameter treated as an empirical constant

molar absorptivity

factor of proportionality relating the slope efficiency to the reciprocal
of the sum of the coherent photon losses

frequency of light

exponential lifetime of reaction (11)

laser output per flashlamp pulse
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Appendix C

THE EFFECT OF OXYGEN ON THE FLUORESCENCE QUANTUM YIELDS
OF SOME COUMARIN DYES IN ETHANOL

Chemical Physics Letters, Vol. 99, No. 1
(22 July 1983), pp. 49-52
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The fluorescence quantum yields of the 7-aminocoumarin dyes coumarin 1, 102, 153, LD490, and ('8} were measured
using argon, air, and oxygen as cover gases. The results show that, in ethanol, oxygen does quench these dyes and that the
fluorescence is significantly improved in some coumarin dyes by the removal of oxygen.

1. Introduction

The 7-aminocoumarin dyes are recognized as an im-
portant class of fluorescent dyes emitting in the blue-
green spectral region. There is much information {1
13] on the photochemical and photophysical proper-
ties of these dyes. The cited references deal with fluores-
cence quantum yields and lifetimes, structure eftects
(butterfly torms, 3 and 4 position substitution), sol-
vent solute interactions, and laser lifetimes and out-
puts. However, with few exceptions [1.6,8] the effects
of oxygen are not discussed. Schimitschek et al. [1] in-
dicated that oxygen did not affect the laser performance
or lifetime of three dyes - including coumarin 1, in
ethanol, Drexhage [6] stated that there is little or no
quenching of fluorescence by oxygen of coumarin 1.
We tound a large oxygen effect. Further, some incon-
sistencies are apparent in the data on fluorescence
quantum yields of these dyes. For example, values for
the quantum yield of coumarin 1 range from 0.5 [6] to
0.74 (5] and those of coumarin 153 range from 0.26
[11] to 04 [6].

We have studied the effects of argon, air, and oxygen
as cover gases on the fluorescence quantum yields of a
representative selection of five 7-aminocoumarin dyes
(fig. 1). These results suggest that the cover gas needs
to be explicitly stated and the ambient pressure should
be given in order to define the dissolved gas concentra-
tion.

0 009-2614/83/0000- 0000/$ 03.00 © 1983 North-Holland
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Fig. 1. Coumarin dyes studied in this report.

2. Experimental

The dyes coumarin 102, LD490, and coumarin 153
were laser grade from Eastman, Exciton, and New Eng-
land Nuclear, respectively. Coumarin 1 was from Aldrich
and was recrystallized from ethanol. C8F was prepared
in this laboratory [7]. The ethanol solvent was 200
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proot trom USEand was depassed and stored undes
argont. The quantum yvields were determimed usimg a
wavelength-corrected Perkin Elmer MPEF44B 1Tuores-
cence spectrophotometer desenibed previoushy | 14]
except that thodamine 6G wis not used as a parallel
second standard along with the quinine sultate Gin TN
HZS()4 ). The ambient pressure at this laboratory s
generally in the range 700 705 Tor.

Measurements of the fluorescence quantum yields
under argon were made using the argon-saturated
ethanol as solvent and additionally saturating the sam-
ple in the cuvette for 60 s intervals with argon flowing
4t 0.5 em¥/s, The fluorescence was measured after each
saturation and the process repeated until a constant area
was obtained on the recorder. Solution volume in the
cuvettes ranged from 2.85 to 2.95 cm3 at 25°C as de-
termined by weight. The | em quartz cuvettes were
weighed betore and after cach saturation. The loss in
weight (20.002 g) was assumed to be due to ethanol
evaporation. Ethanol was added to the cuvette and the
weight kept constant to within 5 parts per 1000 for
the dye solution. This amounted to adding one drop of
solvent from a small pipette for each minute of satura-
ton. Between two and five saturations were generally
required to obtain an apparently constant area for a
given cover gas. Each cover gas was passed through
ethunol hefore entering the cuvette in order to minimize
evaporation. The argon was stock 99977 minimum oil
free, and the oxygen was aviator grade used without
turther treatment. The air was puritied laboratory com-
pressed air. In some cases, the same solution was used
for all three cover gases. However, it was found that
using a fresh solution for each cover gas cut the num-
ber of saturations necessary to reach a constant area.

Table 1
Quantum yields of coumarin dyes tor different cover gases

1

Dye Ap
(mole/Q) (nm)

coumarin | 64 x 10 7 37

coumarin 102 6.4 % 1077 389

coumarin 153 7.1 x 1077 423

C8J 7.2%x 1077 410

LD 490 6.2x 1077 194
13x 107

QSH 350

50
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Solutions that were tnwith oxygen were resatunated
with argon to check returm to the argon value.

Results were caleulated as descrined by Demas and
Crosby {15,

3. Results

Table 1 gives the results of this work, The fluores-
cence quantum yields are the averages of two o1 more
determinations. Excitation and emisston wavelengths
are the peak maxima. The expected spectral shifts he-
tween H. CHy and CFy are seen for substitution in the
4 position for the butterfly coumarins. The relative
quantum yields in most cases show a strong effect due
to increasing amounts of oxygen. Coumarin 102 shows
little change between air and argon and similarly for
coumarin 153, All show a signiticant drop i the pre-
sence of pure oxygen. The quinine sultute standard (in
IN H,804) was similatly checked. The recorded dit-
ferences are well within the experimental error and are
i accord with the observations that quinine sulfate is
not subject to oxygen quenching,

Table 2 gives the resuits for a few determinations to
show the effects of standing and resaturation fiom one
cover gas to another. These samples were stoppered to
prevent evaporation of the ethanol: however, the
ctivetles were not completely gas tight. The most sigmify-
cant data are for coumarin 1 where the quantum vield
under oxygen was determined and then [eft to stand
over a weekend. The quantum yield rose to 0.72 or al-
most the air result. Either equilibrium with the atmos-
phere was essentially complete or oxygen reacted with
the ethanol and the reduced concentration of oxygen

A Of0,)  opain  ofAr)

(nm)

448 0.57 0.79 0.85
466 (S8 0.99 1.04
53t (.45 (1.58 0.61
Sis 063 0.76 0.90
474 063 .82 1.00
454 .54

(.55 std 0.56
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Fable 2

Standing time and resaturation etfects on quantum yields

Compound SHAT) afdAr) opAD
overnight resaturation

coumann | 0.8S 0.84 0.87

coumarin |

coumann 102 1.04 1.03

coumarin 153 0,61 061

D490 b 00 0.98

fet the quantum yield rise. Resaturation with oxygen
restored the oxygen cover gas quantum yield.

4. Discussion

No previous parametric studies of cover gas ettects
on 7-aminocoumarin dyes have been reported. Our re-
sults are contrary to those of Drexhage [6]. Oxygen
and argon can have a significant effect on the fluores-
cence quantam yields of 7-aminocoumarin dyes in gen-
eral. However, the effects Jo vary from dye 1o dye.
With some dyes in ethanol (e.g. coumarins 102 and
153} there is litte ditierence between air and argon.
Oxygen always led to quenching in ethanol for the dyes
in this study. For the dves reported here, oxygen re-
placement by argon either had little etfect or increased
the quantum vield. However, we have evidence [ 16]
that oxygen does not always decrease the quantum
yield of coumarin dyes in other solvents such as
ethanol  water.
Table 3

Campartson of quantum yields in ethanol with ar as o cover gas

o, T=25.0°C
this laboratory

Compound

0,79, 0.67 {§]
0.99.0.93 8]
0.58, 0,55 8]
0.76. 0.78 {8]
0.82,0.72 8]

coumarin 1
coumarin 102
coumarin 153
81

1.D 490
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olair) Op(0,) @ (0y) ox(oz)
stand over  resaturation
weekend
0.79 087 0.72 0.56
(.58 0.59
0.58

Table 3 compares many of the values of the fluores-
cence quantum yields reported using ethanol as the
solvent tor the dyes in this study. The wide range of
values is suggestive of several sources of error and is
not likely to be due to cover gas effects alone.

All of these dyes lase well |18}, Although rot exact-
ly comparable hecause the laser output depends upon
both the slope efficiency and the threshold of lasing,
the slope efticiency ot dyes coumarin 102, 153, C8F,
and £D490 in ethanol were reduced to ~70% of the
argon value by oxygen cover gas [19]. The same ap-
proximate reduction is found here for the effect of
oxygen on the fluorescence quantum yields of the
coumarin dyes in this work. The laser results were sug-
gestive of quenching by oxygen, though they are cer-
tainly not quantitative and do not have a one to one
theoretical basis with respect to fluorescence.

The coumarin 102 results here are interesting. Ap-
parently. there is little difference in the quantum yields
observed in air and argon. However, a large oxygen ef-
fectis noted. With these limited data, a crude Stern

@y, other laboratories

0.59 [11],0.64 [9].0.5 [6] ¥, 0.74 (5]
0.74 [11].06 6] ¥

0.26 |11}, 0.4 |6]

068 [11]

) | ref. [17] Drexhage reports these dyes to have fluorescence quantum yiclds of above 0.7 as opposed to those he gives in ref.,

161.
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Valmer plot was made i order to check the consistency
of the darta, The behavior ot counarms 1T and 153 ap-
peats quite normal tor such o plot FPRID0 winle having
anlope comparable to counranms Tand 1531 displaced
verticathy somewhat and s extrapolation to the ongin
s notas yood, Thus, the etfect ab axy gen appears pro-
portionately farger tor D490 compared 1o coumanns
Fand 133 The behaviour of CXF s intenmediate and
sotnnlan o EDAY0 m that s extrapolation to zero s
not too pood Howeverinclusion of error bars on the
Stern Volmer plot of these Tinited data, would lead
one toascnbe little sigmiticance to these deviations. In
the case ot coumann 102 the Stern Volmer slope is
approvinnstely twice as great as the other dyes and
does notextrapolate to the ongin. We would add that
1w s not our ntent to determine Stern - Volmer con-
stants sv we did not obtany data over the wide pressure
ranee needed to make accurate Stern Volmer plots.
Fhe main thriust ot thas paper is to show that oxyvgen
does mdecd quench some coumanin dyes in ethanol
and that sigmiicant smprovements i the luminosity ot
some coumann dyes can be obtained by its removal.
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1. Introduction

Ficreased Laser ity D00 o gy
of Tow Tammabdity and roxeos it woads
tordve Luser techinalogs Clanei o fan o orops
within classes ot dves havine son o vame by e
tes bras provens toche faselai woo t i,
faser dyves [ 1.2] These chanees poosade ot il 1
possibihity ot gnguprosed dve bt abse Bt
vide some msight as towhether oot b vt

functuonal group with other Classes o dues

We report here the Jasng charactenstios ot 1
coumarin dyes where difterent tanctionad gooaps b
been substituted at the 3-posttion ol the parent
dized. “butterly ™,
Col and sold by the Exciton Chemical Corporation
as dye £.D-390 (3] The structure of the parent dse

7-mino coumanm ds e s s

is shownan tig. 1. These dyes wer tound to respond

N 040
]
2T

5 4

iy 1 Parent e, CaH

0 030-401%/%3°0000 0006/% 03.00 © 1983 North-Holland

Crutsand/oritct

Sn Aves, The new

t

P Philadelphia College of Pharmacy and Siconee e

Talod. U'SA
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N Poaatos and the proper
deos o oo tion
Tavegagno o L 8 e el

waler ning o ANLaEe ot only

shitts the useras 0w o. S

Doeweds the

lammability o1 thie sonen wonew gt Sal o can

vierd higher kiser outpuis wind atenines tor sonme ol

the dves.

Al

2 baperimental
Prothecos cnce mieaarementiswere nade by ight
vt bt o Do long cell wid, g wase-
wiwityoreoted Perind mer Model 448 Fluores-
The model 44B was cali-
crated whog Perkain-Flmer tungsten bamp using wave-

Chee Spedt l\‘;‘hlll\'Hk'h‘l

feneth contections stored nn the $4B° computer.
Absorption measurenients were made in g 10-2m long

vell i o Beckman DUST spectrophotometer or 4
Cany 14 Ouinnne sudtate i IN 13S0, was used as
the quantum vield standard. Absorbance at the exci-
tation wavelength was held to less than 002 cm 1.
FHowing dy e solutions having an absorbance normally
i the range of 4 were used g Phase-R
DEAOY trasaal tashlamp using 1 557 retlectivity
cutput micror: An exception was Dyve (6} whose
solubthty Tited the absorbance em o abouat 22,

Sem !
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ve devradation was perfonned with g Xenon
Corpoimear NS TC xenon illed tlashlamp operatinmg
0 E0 3 ot electnical energy mput. Light from both the
destadation tashiiump and the dve faser were separat-
ad tom the dy e solutton by Pyiex gluss inorder to
nominize expasire 1o light below 300 nm. Correc-
Hons were made ot changes i the Nashlamp output
witli tiie Lasing waveiengths were measured with a
Soex 3dmetern spectiograph . Mercury emission lines
woere ased tor canhiation. Details of this dye laser
wstenn o and e Hashiiamp corrections are reported
RINCRS IO |

Dt trony the dae Taser output. o, were fit using
Aooomputer to the thiee comstants g, boand ¢,

AR IR LY AR IR A A I (1)

AT

I escenon it absorbance charactenstios of the nine new duves ),

1 Iaubatituent Solvent ™)

nuimber anefecular

wersht ot dyved

1" Hy droeen F1OH

" (240 FLOH water
| 2-bhensnmdasolyl t1OH
1 [RAS] PO water
2 2-henzothiazoly! Lo
2 (374 POl water
3 2-henzonazolvt ItOH
1 (33¥) T 1O wuter
3 Mo thy lultonyl FLOH
4 REL]] FtOH: water
< Pher, ) b O
< 31 FLOH: water
f Phenvisltonyl EtOH
[ [RES N FtOH . water
N 2pvndyl I tOH
? (38 FLOH . water
8 I-pvradyl LiOH
R 318 FLOH water
9 4-py rdy O
9 318) FHOH water

A Dves 00y and (2) were previnusly prepared forenency-transter | 7] but had not been tested tor lasing.

OPTICS COMMUNICATIONS vt f9s3

where /s the mput energy per tlash and the totad in-
put energy per unit volume ot the dyve solution is
represented by 71 has been shown thiat A can be
equited to the initial slope elticiency (A, cand that @
can be equated to the product of - &, and the intiad
threshold. 7, [3]. The value ot [/c s the iteume con-
stant of the dye solution under the conditions of the
experiment.

Table 1 presents the absorption and tluorescence
characteristics of the nine new cotann dves alone
with those of the parent dye (0). CoH (Lxicton 1 D-
490). The dyves were prepared by conventional syn-
thetic techniques [6]. Table 2 presents the lasing and
litetinie parameters. Dyve (2) should not be used with
material made of polyethylene as it either is adsorbed
on the surtace or diffuses into it. Polvpropylene or
Tetlon uppears to be satistactory tor use with Dve (2.

St So bands (nimn P iuoreseency
— . L. T guantun svaehd

Absorbance Huoreseence T s e e —

under unrder

ar arE
193 176 K82 el
304 ARY W9 19N
465 NI Y4 IR
473 S12 110 1.0
380 19 (8N ERN
490 326 [ oy
362 S04 1).94 T R
474 s12 0.8y 09l
130 480 (.82 0.7
342 488 nR7 WR7
418 492 083 TIEAS
424 S0 w98 14
440 484 K9 a9l
450 492 1.00 .00
438 494 074 (.13
442 M .88 1 8s
428 496 0.RS 1494
433 506 09y Y8
437 500 .80 194
3458 S0OR 088 0x7

MY EIOH - ethanol F1OH water = one part F1OI1 added to one part water by volume.
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Fable 2
Ly charactenstios of the nime new dyes
Dyve Covey ko x 103 ty lic Lastne wavelength (nmng
o, Sas tlouley M dm™h ———
Ruange Midpot

I thanol as sojvent

" atr Iy R 4.3 477 489 183
i argon 21 220 19.0 47% 4%9 483
1 i 1.3 0.7 250 526 541 S34
! arzon 1.4 17.6 19.0 S31 s44 s37
2 atr 1.0 19.5 45.0 S41 sy 547
2 atyen 1.1 12.6 9.0 S40 585§ 547
3 ar 1.3 19.1 220 828 54y 33
3 Arcon 1.5 29 64 S25 843 S34
4 air 1.7 216 78 492 S08 N
4 4reoon 1.6 J1 K 360 492 s0y7 199
s ar 1.3 242 S0 49x S S04
N Arson 1.4 19.6 20 498 §]2 S8
8 Al 1.5 0.2 5.3 493 508 sn)
6 Aron 1.6 16.1 4.8 494 510 S
T an 1.1 19.6 6.1 SO0S SN S12
7 argan 1.2 18.3 64 NIUEER s12
8 it 1.7 18.3 67 S S8 511
% arzon 1.9 16.6 17.0 S04 319 s12
9 air 18 6.2 6.8 3 322 516
9 dron 20 17.2 9.2 S12 82 517
Frhanod water s solvent
[ air 24 217 2.4 485 508 497
1 arvan 2.2 217 8.5 484 508 496
1 air 1.5 194 350 542 354 S48
1 argon 13 174 170.0 S3i) 548 539
2 wr A 16.7 S50.0 47 S64 AN
2 argon 1.2 151 350 S43 562 ss2
3 At 24 i%.6 1700 37 8353 ~38
Arson 24 7.6 1100 §37 852 348
4 d1r 1.8 213 K10 S0S S sS4
4 drEon 1.6 20.7 20 sS4 S23 R
S arr 24 fe7 i RIATEERIS 13
3 drgon 1.7 186 IS0 NS 823 sS4
6 ar 2.4 21 49.0 S5 524 ARE)
6 areon 19 0.6 7160 SOS 824 514
7 Al 14 199 7.2 S0 S13g 828
b areon 1.3 18.9 .0 SR 828 AR
K ae 22 I88 49 S13 507 520
8 areon 2.7 16.6 11.0 S13 sy 520
9 ai 1.3 227 7.1 532 549 541
9 drpon A 164 8.1 S0 313 526
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3. Discussion

There are three experimental parameters that have
been varied in this study: (a) the substituent at the 3-
position; (h) the presence or absence of oxygen: and
() the use of 50:50 by volume of water in addition
to measurements in ethanol. Changing the functional
group from hydrogen to those of Dyes (1 9) causes a
red shitt in the wavelengths of fluorescence and lasing.
Table 3 shows the pattern of changes that occu
through the effects of the solvent and cover gas
changes upon lasing. [t is seen, tor example, that tor
most of the dyes, at least a 207 improvement in out-
put is found in changing from ethanol to ethanol:water.
Some of this improvement can be attributed to the
improved thermal properties of water as a lasing
media [8]. Except for the pyridyl substituted Dyes
(71.4%). and (9). an improvement is seen for the laser
output when ethanol is the solvent and air is replaced
by argen. Both the ethanol:water and the argon
changes appear to affect litetime about S0% ot the
time. Some of the lifetime changes are quite signifi-
cant however,

Although there is a somewhat consistent picture of

lable 3
Dyves showine anmprovement 4wt anindicated parameater
chanee

Statie patameter e number miprovement

Laitetime constant. 1« Faser output

Salvent Chanye trom aig to aryon
cthanol 458 ni2is86
cthanol worer A58 8.9
Change from arcon toan
vthanol 3

E

cthanol water

Cover cas Change trom ethanol toethanol water
Al 346 n123s678
areon 1.236 157489

Chanye trom ethanol water to ethanoi
i ) 9
arcon 0

LSO increase or more v dye solution Iifetime constant, 207,
ncrease or mote in test dye Lases output tor SO Jimnpai
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improvements through changes i the experimental
parameters, the greatest improvements are seen in the
changes of the 3-substituent. Up to a tenteld improve-
ment in litetime over the parent dve, 1.D490, s seen
for Dye (2) in ethanol:water tor example. Dyes (7)
and (8) have very high outputs. even though their
litetimes are low . Their outputs are comparable to
those that we have measured tor rhodamine 6G [49].

For the most part, the changes seen in the lasing
characteristics of table 2 are retlected by the fluores-
cence seen in table 1. Jones et al reported that the 3-
substituted . nigidized. 7-amino coumarin dyes main-
tain thetr level of fluorescence emission i more polar
solvents in contrast to the decrease observed tor the
non-rigidized coumarins [10]. We find that most of
the ngdized. “butterfly™ . unsubstituted as well as
most of the nine new 3-substituted. coumarins actually
have an increase in their fluorescence quantum yields
i going fromethanol to the more polar ethanol:water
solvent. The laser outputs also show a corresponding
tCcrease 1N many cases.

Marling et al. tound that the removal of oxygen
made a dramatic reduction in the lasing output ot all
of the nine coumarin dyes in ethanol that they tested
{11]. Similarly . a wide variety of coumarin and qui-
nolone dves tested in this laboratory were reported 1o
have reduced outputs when oxygen was removed [2].
Since the opposite effect. an increase in laser vutput
upon removal ot oxygen, is found in the present
study . 1t s suggested that intersystem crossing from
electronieally excited. upper singlet states to the trip-
let manitold plays a significant role in coumarin laser
dves. Oxygen is presumably needed to quench triplet-
state coumarin molecules whuse TT absorption would
otherwise restrict lasing action [11]. In this study . in
contrast to those cited above . a Pyrex light filter pre-
vents the transitions to the upper-excited singlet
states.

Anunusual result shown in table 2 is the difference
observed in the wavelengths of lasing caused by the
cover gas for Dyes (1), (7). and (9) in ethanol:water.
Dye (1) under argon shows a blue shift, Dyes (7). and
(9) under air show a red shift. Although there are
many factors that make measurements of the range of
lasing wavelengths inexact. such as the energy per laser
pulse striking the photographic film, these shifts ap-
pear to be quite real. Transient photophysical effects,
such as TT absorption, that are either accelerated or
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quenched by oxygen, are suggested causes of these
anomalies. For Dye (9) this transient also appears to
markedly reduce the laser output.

Although this discussion has placed emphasis upon
the improvements that can occur by changing a sub.
stituent  solvent or cover gas. it should be noted that
such changes are of little value if the corresponding
lusing wavelength does not match the need of a spe-
cific application. For this reason, a series of dyes are
needed and the corresponding experimental factors
evaluated. in order to obtain the optimum laser dye
for a given application. The results shown here indicate
that operational conditions as well as substituent
changes are of importance in efforts to evaluate and
hence obtain improved laser dyes.
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Abstract. A figurc-of-merit (FOM) consisting of the imitial faser slope efficiency times the
dyve Iifeume constant is used to compare the effect of a Pyrex light filter and the cover gas
upon the output characteristies of six laser dye solutions. The FOM is found to improve
ustng the Pyrex filter from 2-fold tcoumarm 102 under airy up to 3800-fold (rhodamine 6 G
under argoni In most cases. the use of argon in place of air for a coumarin dve not only
mmproves the kiser output. but also mereases the hifetime constant. However, two of the
coumartn dyves had an ancrease 1 lifetime under air as compared to under argon. This
difference 1s explamed i twerms of the relative energy levels of the singlet and triplet states of
these dyes.

In order to measure long-lived dye soluttons, a separate output-monitored hinear flashlamp
wds used to degrade the solutions. The dye hifetime constants were corrected for changes in
the output of this lincar flashlamp. The relative output of this dye degradation flashlamp
was found 1o depend upon the wavelength of the measurement and the position of the
sensor along the length of the lamp. The varation in the output of several flashlamps is
shown for lamps operaung up o a total of 30 miilion flashes. The lifetime constants of the
dve LD-490 measured by using the coaxial laser flashlamp was found 1o be comparable
with. but lower than, the constants obtamed from using the lincar dye-degradation

flashlamp.

PACS: 78.60. 618, K25

Studies on the photo-bleaching of dyes are of hinited
usefulness i predicting flashlamp-pumped dye faser
hifetime characteristies. Although there are exceptions
such as the tncarbocyanine dyes 1], bleachmg s
usually not significant prior to the mmitiation of major
changes in the laser output. On the other hand.
changes in the absorption of the dye solution at the
tasing wavelength do occur for coumarin {2 4] and
rhodamine dyes [ S} concurrently with output deg-
radation. 1.c.. increased absorption at the lasing wave-
length plays a major role m the degradation of the
output of the dve laser [6].

Sinee radiation at wavelengths below 300am oy of

suffictent energy to break many of the bonds m laser
dves {710 exclusion of these wavelengths should im-
prove the stability of the dye laser output. Although
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there have been examples where some degree of uv
filtration has been used or the effects suggested as the
cause of improved lifetime [4.8 10]. there have been
only a few studies [11 13] that showed the actual
changes in the operational characteristics that resulted
from the introduction of uv filtration to a dye laser
solution. The data and scope in [11 13] were limited.
which suggested the need of a more thorough exam-
mation of the changes that could be expected through
the mtroduction of a uv filter. Because of its stability
and availability Jaboratory-grade Pyrex was chosen as
the uv filter.

When the goal of improving dve laser lifetime s
considered. the type of cover gas must not be neglect-
cd. The removal of oxygen has becn indicated both as
having no effect on dye laser lifetime of coumarin dyes

PAGE BLANK-NOT F1LMED
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(with somie wy filtranom { 14]0as well as reducing the
hicume (with no uv filtrationy [IS] Oxygen removal
has been reported (o extend the lifetime of tnicarbo-
cvanme dyes iwith some uy filtrationy 1] Sinee oxy-
gen has both positive and negative effects upon the
photolysis of dves [16] and because of the abose
possible conthets [, 15]0 ds ettects were ncluded
long with those of the Pyrex uy filter i this study.

It shall be shown that removal of oxygen not only

extends the hiteume but can also increase the output of

some faser dye solutions. o general. the laser output
tand the fluorescence quantum yield {17 ]) of coumarin
dyes i ethanol was found to be quenched by oxvgen.

The Hfetme mprovement through the removal of

oxyeen s not general. however, as some of the dyes
vhowed higher Bfetime constants under air.

Two different lifetime constants have been used in this
series. Toand e For reasons cited in (18] 1 ¢ will be
used as the Jaser determiined lifetime constant.

1. Calculations
110 Laser Degradation and Lifetime Equations

The output. ¢, of a flashlamp pumped dye laser can be
deseribed by

Y T h

where ks called the slope efficiency. 1 is the electrical
imput energy stored ina capacitor prior to discharge
through the flashlamp, and ris the threshold of Tasing.
A term that will be used in the measurement of the
degradation of the Jaser output is

"

=Ny, )

where 171s the total volume of the dye solution being
circulated through the faser cavity and nis the number
of flashfamp pulses. The degradation of the laser
output can be expressed by

d=a+hl (1 +cTy {3

from [ 18] based upon the results of [6]. Combining
with equivalent terms of (1),

=k, +h 004 el 4

where the sub-zeros indicate mital values. When the
vitlue A of (1) degrades to k, 2, the value of T will be
taken as the degradation constant, {-¢. for the speafic
cxperiment.

The actual lifetime of a dye solution depends upon the
fraction of degradanon. D. that is allowed from the
initial output,

S =t -De,. (5
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In [ EXT 0t was shown that the value of 7 for a speaific
degree of degradanon. Dooinoa ginen laser can bhe
cexpressed by

D -1

. (69
clhE Dv+ D)

1.2 Determination of 1 from 7 Values

In order to muke use of carhier lifetime constants
calculated as roat s necessary to be able o caleulate 1 ¢
values. A quick approsimation can be made for small
values of rand 1 ¢

| ox2:, ()

A more exact expression can be made by noting that
the carlier $-parameter equation loosely overlaps (6)
up o I=2r, (18] Thus, taking D=03. 1=2, and
using the constants v and g from the d-parameter
CXPression

Pe=3x+2r— v 4209 7). |
where
T PR TN T 18)

(.3, Figure-of-Merit (FOM)

A very useful term that allows comparison of different
dyes is the lifetime constant multiplied by the initial
slope cfficiency

FOM =k, ¢. (9

lhis FOM can be related 1o the total output energy
that the laser can produce [19]. The FOM s a
particularly convenient term to compare the relative
merits of dyes having different slope efficiencies and
lifetime constants,

2. Experimental

2.4 Equipment and Materials

A Phase-R DL-10Y triaxial flashtube was used in
place of the coaxial DL-5 that was used for carlier work
i this series. Emission from 400 700 nm of this flash-
lamp in our system had a 10 90" risetime of about
200ns and a FWHM of 730 ns. Pyrex glass was used in
place of the usual quartz tube used to scparate the dyve
solution from the coolant. The internal diamcter of the
dye solution tube was 6 mm as opposed to the Smm of
the DL-5. Separate stainess steef heat exchangers were
uscd to temper the dye solution and the water used as
the coolant. The temperatures of these liquids were
controlled to 0.01 € measured at their exit from the
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lashiube. A Taser Precistion Rj-7000 series micropro-
cossor based pyroelectnie energy meter was used 1o
measute the output energy of the laser.

A Xenon Corporabon {Wilmington, Massachusetts)
N-RSIC water-cooled hnear flashlamp was used at
rates up to 23 Hzoo degrade the dyve solution. This
flashtube has a 7 mm mner dumcter bore and 101 mm
between is clectrodes. The I3Smm outer diameter
water-cooled version of tis flashlunmp was pliced into
the center of o 0125dm* Parex jacket through which
the dye solution flowed. Water was held between the
outside wall of the Mashlamp and the inside wall of the
Jacket 1 order to reduce reflecton tosses. The annular
thichness of the jacker was Smm Aluminum ol
surrounded the pcket except in those places that were
momtored by hght pipes. Four 3.2 mm diameter fiber-
optic glass Tight prpes were fixed in positon 25 mm
apart along the length o the Parex jacket to monitor
the output of the degradation flashlamp. Position |
was cdose to the anode of the flashlamp. The positions
of the hght pipes were ssmmetrical with respect to the
center of the flashlamp. Fach hght pipe Ted to a
different narrow bandpass multi-diclectric light filter
and on 1o a second hght pipe. The second light pipe
associated with cach filter could be reproducibly fixed
w front of o Laser Preasion RyP-765 Silicon tvpe
detector. The degradaton tamp was driven by the
Xenon Corporation Model 457 Micropulser using a
0.2 pF capacitor. The system vields a L4y FWHM
pulse for a 10-Tmput for light falling in the wavelength
range  of 300 700 nm. The riscume 10 907 was
0.9 ps.

The degradation lamp is located so that it recenves dae
solunon from the laser head before 1t enters the dye
reservolr. Part of the dye solution being pumped to the
90 mm millipore fluid filter 18 diverted back to the
reservoir. This bypiss continuously removes any bub-
bles from the filter and produces a vigorous mixing
action i the dye reservorr. Other features were pri-
marily the same as reported carhier except for the use of
a separate degradation lamp. the triaxial configu-
ration. and our present use of insulated Teflon tubing
in place of polyvethylene.

Reagent grade cthanol from United States Industrial
or Spectroguality methanol from Burdick and Jackson
were the solvents used in this report. The laser dyes
AC3E [20] and CKEF [21] were supplied by Dr. RUA
Henry of this laboratory. Argon was punfied by a
Matheson X301 Hydrox purifier gettering furnace just
prior to use. The cover gas was pre-saturated with the
solvent prior to going to a fritted glass bubbler under
the surface of the solution in the dye solution reservoir.
Minmum flow rates of a O.1dm"' min were used
continuously while the dye solution was being tested
for fasing characteristics.

220 Procedures

A problem associated with testing different dyes arises
from contanmation from a previouslhy tested dyve. This
problem s partcularly acute f the contamiant ab-
sorbs at the lasing winelength. The problem s further
compounded for week-long tests where stow diffusion
of dye tfrom tubing connections could very well provide
a sigmificane amount of contamination.

Our procedure to solve the above problems s 1o test
dyes ina sequence where the absorbance and fasing
wanelengths are mcreasig. Thus, previoushy tested
dyes would absorb at shorter wavelengths than that of
lasing. Our laser system s designed so that most of the
cquipment is locitted on @ vertical axis with a low dram
pomt. After cuch change of dve. hot ethanol s con-
tinuously refluxed through the svstem for several
hours. Where possible. the system i filled with ethanol
s0ds (o encourdge diffusion from the tbing con-
nectors. Fxamimation of this ethano! for fluorescence
by means of ultraviolet fight after having stood over a
weekend gives o convenient measure of the effective-
ness of the cleaning procedure tand may indicate the
need for an additional reflux).

The test appardatus s operated with @ minimum of
Q55dm® of dye solution, We find that a preliminary
hour of flow:ng ofargon or oxy gen does not appear (o
be sufficient: Weo consequenthy flow argon or oxygen
overnight through a slowly arrculating dye solution
prior to laser testing,

Lhe dye solunion leaving the laser head s maintained
at 273 O the average temperature of the laser con-
tuner [ 1] The temperature difference between the
coolant and the dyve at a pre-flash is held o 0.10
000 C wath the coolant bemg warmer than the dye.
in contrast to the novnon that the dve and coolant must
be 1+ 005 C of cach other {22]. we find improved
output with a warmer coolant [237 and that repro-
ducibility of liser output is sensitive 10 001 C changes
i the refative temperatare of coolant and dve. Some
sensitivity s also evident for the absolute temperature
of the solutions even when the temperature differential
s mamtained. Since the temperatures of these fluids
are monitored as they just exit the laser cavity, an
increase - temperature of the coolant is observed
when the laser s operating. At flash inputs of the order
of 30 40, the temperature of the coolant is usually
only Q.01 C warmer than its initial value when there is
a time of 10s between each pulse as is used in our usual
operating  procedure. Using  the  microprocessor
averaging capability of the Laser Precision 7000 series
energy meter, an average of 10 laser pulses is obtained
for cach output measurement recorded.

The output of the degradation lamp must be calibrated
with dye-free solvent since light from the degradation
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flashlamp passes through the dyve laser flmd before
reachmg the four light pipes. Calibration s made
regularly for cach positon and a few times also for
cach of the four different filters at cach position. The
voltage of the Model 457 Micropulser is set to produce
100 as measured on its analog readout. Using the lamp
output at slow pulse rates measured by the 706 nm
filter as a reference. the voltage of the Micropulser
must be increased in order to have the same level of
cmission from the flashlamp when its pulse rate s
increased (this erease is necessary because of the
limned capabilitics of the power supply). Tt s, con-
sequently, necessary to mmcrease the control poten-
nometer of the Micropulser from 10,000V at low pulse
rates up to around 11000V ot 25 Hzo At these fast
rates the microprocessor is used to average 100 flashes
for an imdividual lamp output reading. The ratio of the
output of the degradation lamp at a given position
divided by 1its value for a new lamp s determined as the
lamp optical factor at that position. An average of all
but the 706 mm filter is used as the optical factor of the
lamp. The optical factor s multiplied by the measured
hfetime term an order to obtain an optical-factor-
corrected fifetime constant that should be obtainable
through the use of & new nondegrading flashlamp.

230 Oprical Fuctor Determination

Fable 1 illustrates the inttal output readings of the
third hinear flashlamp that was used in this study.
Outputs using four ditferent light filters are examined
at four different positions along the axis of the lamp.
Since the stheon detector s wavelength sensitive and
because of the different bandpaths of the filters. divect
comparisons of values can be made only for hight
transmutted through an individual filter. Table | illus-
trates that positions [ 3 have almost equivalent ilunu-
nation but that position 4. close to the cathode of the

lamp. has a measurably reduced output independent of

wavelength, Position 4 thus appears to have a lower
temperature xenon plasma than the remainder of the
arc between the electrodes. Table 2 shows the relative
values of outputs compared to the new values shown in
Table | after the lamp had been used. The effect of the
cooler plasma at positon 4 s now reflected m a more
rapid degradation in lamp output n this position.
Position 1.1n contrast. shows a much higher output for
those filters that are sensitive to the absorption of hight
by the deposit formed on the mner walls of the
flashtube. Table 2 shows that at a given position. fight
15 absorbed at 406 nm shghtly more than at 436 or
S46nm. and that these three wavelengths absorb sig-
nificantly more than at 706 nm. Since we are only
mterested in hight that s used to pump the dyve that
falls at wavelengths higher than the 300 nm of our
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Fable | ADSOlute oupal wavciength raadimgs dor N i aanp
Nev Swhen new
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4 [N (a72 027 TR

CONoermal locaton fes hight Dl measurements

Fable 2 Rebitnve output for NesSTC amp N 3 g1 o000 R tola,
mpul

Wanvelength of mudpomt o ilter bundpass jnm |

Position 06 436 S46 "6
i 070y 0TI ho0 RSN
2 065} 066" DTN 0 NO6
3 0.627 0 66T 068" NSy
4 (SR 0.594 D6HIY [
DO6Y «0USE UENG » BT a3 s 00dd

Average 0.644 F 0051

* Normal location for hght filter measurements

Pyrex filter but less than S60 nm. the light transmission
of the 706 filter is of no usc for our optical factor for the
dyes of this study (the 706 nm light 15 used to establish
a constant output of the flashlamp as the pulse rate 1s
increased since none of the dyes tested 1 this report
have clectronie transitions at 706 nm). The average of
the remaming relative outputs of the other filter
measurements when they are in therr normal locations
15 0.66 from the values of Table 2. Since this s quite
close to the 4-position average of filter 406 and identi-
cal to that of filter 436, the average making use of the
546 filter gives a good measure of the light emission at
all four positions where the §,< 5§, bands of the dye
fall below 550nm. The value 0.66 falls fairly close to
the output of the 436 nm filter when mounted close to
the center of the lamp. Our first lamp calibration used
Just this single filter system.

At 179 mullion joules input, the 4-position average of
the relative outputs of flashlamp No.3 was 0.594,
0.606, 0.632, and 0.807 as measured by the 406, 436,
546. and 706 nm filters. respectively. The average mea-
sured using the three 406 546 nm filters when tested in
their normal positions was 0.599. We see again that the
wavelength averaged in their “normal™ posttions s
equivalent to the position average of the 406 or 436 nm
filters even though there has been 133 nullion joules
additional input to the flashlamp compared 10 when
the data of Table 2 were obtained.
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24 Change in Optical Fuctor

Ihe relative output measured by the 436 nm filter for
lamp No. 1 along with relative vatues of all four
wasvelengths for lamp No 2 are shown in Fig. . The
average relative output of the three lower wavelength
fiiters was close to 0.60 for a major portion of its useful
hfetime. When lamp No.2 made a rise in output
followed by a rapud drop. we felt 1t was time to remove
it from service. Similarly, when the output of lamp
No. I began to drop rapdly. we removed 1t from
service. Lamp No. | showed a umform brown colored
deposit while famp No. 2 showed a distinetly heavier
brown coloration near the cathode end of the tamp.

2.5 Comparison of Degradation Constants
of the DE-10Y und the N-851C

Since the N-RSTC has a sufficiently short pulse 1o be
used as a dye laser pump source. itis not necessary that
its dyve degradation characteristics be identical to those
of the DI -10Y. However. since the total input encergices
of the two lamps are added. it is desirable that the
degradation be similar for short-hived dyes. For long-
lived dyes. the majority of the input energy is provided
by the N-8S1C so that the energy input of the DL-10Y
1s negligible. Since nne of the objectives in the use of a
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separate degradation flashlamp is not to degrade the
output-testing system, a comparison between the two
flashlamp 1s limited consequently  to  short-lived
dves.

Table 3 compares lifetime constants for 1.13-490 under
a variety of conditions. Except for methanol under
oxygen, the average lifetime constants are somewhat
higher when the degradation lamp is used. One of the
problems that is encountered in obtaining repro-
ducible results. besides the varying optical factor, s
that the degradation equations do not fit the initial
portion of any coumarin dve. This problem can be seen
in Fig. 2 where a rapid drop is seen at the very start of
the run. This rapid drop can be explained in terms of
the reaction kinetics where one of the inival photodeg-
radation products has a small absorbance at the
lasing wavelength [ 19]. A better fit to the degradation
cquations 1s consequently obtained where this initial
drop is excluded from the calculations.

2.6. Effect of Cover Gas Upon Laser Constants

Table 4 presents representative data showing the ef-
fects of oxygen. air and argon upon the lasing con-
stants of (4) for a number of dyes. The slowly degrad-
ing output of a dye laser measured with different input
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cnergies has himirted preaision in the deternimation of
the constants of (4) This s particulardy true sinee the
determmnation of both A, and ¢, are mterrelated. The
overall picture of the dataim Table 4 however. showsa
distinet trend towards oxygen gquenching of the taser
output of the coumann dyves. This observation
remforeed since the more accurate measurement of the
fluorescence guantum vields of coumarin dyes show a
distinet quenching by oxvgen [17].
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3. Discussion
S0 Degradation Lamp Characteristics

The varation in the output of degradation flashlamp
N-851-WC with wanelength, position on the Jamp. and
total mput energy shows the necessity of the use of an
optical correction factor in the measurement of dye
lifetime. Comparison of the 436 nm filter outputs in
Fig 1 as well as the visual observation of the lamps
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after usage mdicates that cach lamp changes somew hat
ditterently tor the same value of the total input energy.,
Since the energy absorbed by the dye occurs over a
range of wavelengths, a single optical factor is only an
approximation. The error introduced by this approxs-
matton iy small. however, compared to the 107 range of
Ifetime constants that can be measured with our
system.

The results of Tables Tand 2 along with Fig. | eertamiy
raise questions concerning the actual change in hight
output that occurs ina flashlamp where an optcal
fter s notemployved. Stitements made concerting the
relative changes m the output of a4 fashlamp should
both dicate the wavelengths and examine the past
history of the lamp. Both lamps. Nos b and 20 show
very stable outputs after they have been used a shont
pertod of nmes Tests performed on o lamp that had

beenn previoushy “burned-in™ by a small amount of

prefimingry operation would consequently present a
markedhy smaller degradation rate than would an
unused lamp. Stmdarh, @ detector that was more
sensttive to the near-infrared could show a neghgible
change m lamp output compared to the real changes
cecurnmg at the wanvelengths where the dye s beng
pumped.

220 Effect ot Pyrex Filier

The ratios of the FONS of the dyes under air 1o values
calenlated from the dwa Trom JHT] and [24]0 R oo,
are shown an Table 30 Fyen though the operational
comparison between coaxial Jaser outputs with triaxial
1s dependent upon the relative temperatures of the dive
and the cootant of the truedal, there s no doubt that
the use of a Pyrey filter makes a sigmificant improve-
ment i the FONM This value s only 2-fold for couma-
rin 1020 but s as hagh as 1600-fold for rhodamme 6

3.3 Eftect of Oxvyen

In contrast to the statement by Schinutsehek et al
{14] 0t s obvious that the presence of air makes o

distinet effect upon both the autput and the hfenme of

coumarin dyes For those coumarm dyes tested here
that Lise below S00mm. the removal of oxsgen not onh
mmproves the laser cutput by increastng the value of &,

and or fowermg 1, but markedhy mcredases the value of

the lifetime constants 1o The dyves. CSE and coumanin
153 howeser, show an mcrease 1n bitetime under air
Simce these dves have been red-shifted compared 1o the
dyes lasing below S00am. thar 8« N clectronie
transitions have obviousty been reduced. I thetr triphet
energy devel T, has remained fixed or Jowered 10 4
reduced degree. the red-shifing can be considered o
bring the 8, and [, levels doser to cach other which in
turn will facthtate intersystem crossing [t s possible e

Fabic Y Ratos ol b ONES

Ine R R R. R K.

[AVAN] oy e fatgoni fus atgonm

Coum 10?2 1y NS N (<
{1490 o0 TR < <

AC 3 450 O3 S 4 230

(@R} RYIRY) 0~ (TP Lot
Coym 133 LREY [T AR 43
Ribiod 60 LY T NETH AN

Vet O W -m

K. EON with o Pyrey niter and under wir B O withour Py
tter under an

Ko POM swath Pyrev plter undar onvvzen FON wath Pyies niltes

under mr
R FOM with Pyres tier under argon FONM with Pyres filtes
under ai

conclude that the chemically reactive triplet state [ 16).
which s readily guenched by oxyvgen. s produced
casier by the red-shifted coumarin dyes. and that the
presence of some oxvgen will in turn vield a longer
laser hfetime for these dves. Since. as s shown in
Tables 4 and 5. the preseace of pure oxygen produces i
smaller hfetime constant than in air. there is no doubt
that a specific concentration of oxygen is needed to
optimize the lifetime of cach of these red-shifted cou-
marin dyes.

As can be seen in Table 4 and the ratio of FOM under
argon ratio FOMuary values of Table 3. except for the
red-shifted dyes. CRE and coumarin 153, the removal
of air makes a S-10-% fold mprovement in FOM's of
the coumann dyves and doubles that of rhodamine
60y,

We had previously reported that both 10070 oxyvgen
and the complete removal of oxygen was deleterious to
the fetime of conmarnmn dves [ 18] In the presence of a
Pyrexouy filter. upper simglet states are protected from
siigle photon exaitinon and as shown m Lable 50
many aises, the feume of coumann dyes s improved
by the removal of ovygen T s assumied that -
tersystem crossing (o the reactive triplet state s re-
duced by the imitation of singlet states to the fower
leveds by means of the Pyrex un filter

S Contlicts e Rhodanune 6Cr Litetime Improremenis

Knyazey et al [10] reported no change i the hifetime
of rhodamme 6Gn ethanol under air when a uy filter
wan wsed. Smce these workers used the number of
flashes as a measare of ifetime. which has been shown
10 be d poor measurement [ 18], 1t 15 not possible 1o
directly compare their results with those of our present
study 1t should be noted. however, that they were
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opposed 1o the T4 used s thas study s Te s gune
posstble that blcachimg of the dye mas have been the
nritor degrading tacton i ther study They proposed o
major improyement an the htetime of rhodamine 6
through the use ot 2-propanoel m place of cthanol. In
ths daboratory, the bifctimie constants obtamed i the
vosohvents under avgon are comparables with a lower

~

Lo tound whicn 2opropanol was used as the sobvent,

4. Conclusions

Fhe use o o selected=wanelength-monitored degra-
danen tlashlamp alfows the determumation o o« hfeume
ot of aodve solutions The use of Pyiey o Ol
Wnm s tound toomake from shght
fcoumann 102 under airt to - dramatie trhodamime oG

flight below

under dargon mprovements m o the operating cludrac-

teristios of the Jdve Taser The use of such a filer s
recommended wherever stable output s needed from
4 flashlamp pumped dse fasers The coumarin dyes
showed an mproved outpot by the removal of oxygen
when a Pyrey filter v present. but the red-shitted
coumari dyes had w lareer ictme constant under an
Purc oxygen, on the other hand. gave ondy 307 of the

FOMS compared to air as the cover gas,

Lommnticdgenionss Vinaradl suppert tor this work ltom the
Natrona! Yeretiaatiosand St Ndnnistratnon and the blectnones
Ao et SNl Rescandh Taboratony s gratetulhy
[T ol st worne o ML Pretiak as owell as
diecascrewith ROEE Kpe ofthis Taboratony belped to make this

sads pesshi
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Abstract. Solutions of 13 fluoreseent daves have been used as energy transter agents i phace
af the normad coolant of o Nd-Y NG Laser Dye mivtures were used inafew cases where

meomplete absorprion ot Hashiamp pump encrgy wis obsernveds Tmprovements of over

Lo boser output were abserved for some dyves having a fong Stokes shift when tested at

both o doswanput encrey and alow-palse rites However, the absolute miprovement i Laser

contput for these dye solutions was small and the improsemcens could be obtamed almost as

well by merely mercasing the pulse rate. Varous factors assoctated with the effectiveness of

transter-dae solutions are discussed

PACS: 7860618 2230

Fhe prosence of a Tuorescent dve m the higuid coolant
o sohidsstate Laser can both serve to protect the
Laser tod from harmiul shortwavelength vadiation as
well s re-emit unused energy from the Lsblamp at
the pump bands ot the rod Improvements i hasa
cutput as high as 13070 have been reported through
the use of such lununescent encrgy-transter dye so-
lutions [ 1]

Ihere are o number of parameters that determime
whether anmprovement m Lser output will be obtam-
cd through the use of & lummescent hyud filter. The
transfer of bight from the Dashlamp o the dyve solu-
ten s dependent upon the coneentraton and molas
absorpuvity of the dveaswellas the path length. when
the dve ~solution s direet contact with the lash-
lamp 1 the dyve solution s used only as a filter areund
the rod. then the reflectvaty, as well as the design ol
the swalls o the Laser cavity become of mportance In
general. one would ke to be able to rase the concen-
tration ol the dye to the extent needed so that at least
St ot the hight from the fashlaomp s absorbed arall
wanvelengths below a major pump band of the rod. In
practice. ~olubility and low molar absorptivity himat
the abiliy toabsarball of the desired Jamp envission.

A magor consideration of the effectiveness ofan energy -
transter dye solution to improve the output of a sohd-
state faser are the factors affecting the loss of direct
lamp-to-rod enmission. Sinee the fluoresemg dyve solu-
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ton cnuts an all directions, at icast halt ot the hein
absorbed by the dyve that would have otherwise pump-
cd the rod as lost through re-absorprion by the flash-
lamp In addinon, there are imternal encrey fosses
withim the dyve due o fluorescent quantum vickds
bemg less than 100" Smee the uoreseent ciission
bands from most dyves are guite broad. the re-cmntied
Bight wall seldom have an exact ToL correspondence
to the pump bands of the rod. In addition, the absorp-
tion of the rod at the wavelengths of emission of the
dye must be 90 997 f effective use s to be made of
the Muorescence of the dve Thus, significant redue
tons of laser output can occut where absorpiion ot
an energy-transfer dye solution occurs at wavelengaths
of direct ump-to-rod energy transtes

[he purpose of the present study was 1o determime
whether broad-absorption-band dyes having nimimai
absorption at pump bands would be superion 1o dves
previoushy tested by others when used as o coolant fog
NA-YAG lasers [T 4] Inorder toanerease the widt)
ol the absorption hands of good Nuoresamy dves. we
had planned 1o ik one fluotescent dve wWdonori to
good Muoresamg dye raceeptory with an msulating e
Schiter and conworkers {5007 have reported that sudh
combmations of dyes twhere the fluorescence ot the
donor matches the absorbance ol the aceepton vicld
dyes taving additive absorptivity with essentially the
same fluoreseimg (and Tasimg) charactensiies of the ac-

PRECEDING PAGE BLANK-NOT F1LMED
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coptor dye alone Smee such hiftuotophoric dyes some-
tmes vield two distnet emiission bands @ hiea the erier-
v ranstien s not effective, we tried 1o obtan bifluoro-
phore dves with a smgle enussion band. e a -
chromophoric dve with emission centered at aselected
warelenuth In practice. we found dor the purposes ol
thes study s that pyrazohne dyves with ther high molar
absorpuvity and high solubihiny were casier 1o sy
thesize and use than were the bichromophone dyes.
Suntarhy s msed dyves (where both had cmission in the
Largel remion o SO Y0 nmy wae lound o vield
~inthtiv higher ourput than one dyve adone. Since both
dves woenbd be cnnttimg at the wrget wavelength, the
dstd problem ol one dye sobbimg pump energy from
the other was not a sizmhicant fuctor so long as both
dros had comparable luoreseence quantum yvicldsy
fothe course of the study owe discovered that the pulbse
fte made o marked effect upon the improvement that
was observaed throagh the use of energy transtor dyes
at oo Previous studies con-
cerned with the use of energy -transier dves made no
retetenee toothe pulbse rate at whach then measuarements

AveTage-ponet mmpul

wore made |14

I. Experimental

Fr aser Charactoristies

v WEHC Corporanion model W-T7000 Nd Y AG
ser was used to evaluate the dyes of tus ieport Two
flashlamp pulsewidihs were used. A short pulse ol
A0 pand o PS0-ps-Tong pulse at tull-waidth halt-man-
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mum | he basehne widths of these twe pulses were 60
and 275 s crespecinely Flashlamp mpuots below o)
swere made with the short palse . Tashlamp anputs 1o
and higher were made with the long pulbse The 37 mm
225 mch) long, 635 mm (025 mch) dameter Nd-
YAG Bser rod was jacketed by an 15 mm outsede-
dianicter pyrey tuhe feaving o L3 mum-annular space
for the flow of coolunt The PG and GoFNG33C?
senon-filled lashiamp was 6 mm o ootade diameter
and was gacketed with o 13mm outside-diameter
prres tbe Jeaving 23 mm-unnular space for the Tow
ot coolunt The separation ot the venter hine of the
lamip o the center hine ol the rod was 19 1 mm
(075 mchi The ends of the taser rod were lat-Nat
plano-paradlel with anti-reflection coatings The out-
put mirror was fat-lat with one side having an ann-
reflection coatng und the ather 557 eeflectinuy coat-
ing. 1t was separated 300m from a 10-meter radius
QU9 rear mrror The rod, lamp. and diy silver-
plated metal-reficcion cavany all had ther own mding-
dual umlln; \ll['\PII\\ Fhe coolants were held o 27
250 Bypicaly ST owing at 91 per nunute was
used for the solution coolimg the lamp or the lamp vod
combmation. The dyve solution was Nowed through
1O pm pare-size peispropylene filter to remose bub-
bles

A Perhm-timer Model 44-B fluotescence spectio-
photometer with output corrected for famp output
and detedtor tesponse was ased to measure evaitiation
and Nuorescence spectras Relatine fluorescence quan-
tum yields were deternuned using guinime sulfate in
LN HLSO, as standard
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A aser Preasion moder Re 7200 radiometen was used

werth thon Tom parockectine detectog taabtnm digaad

Boasurcients ob the lascr cutpul o meastnemaents
P b and hagherothe nicroprocessor ol the Rp-7200
was tsed o average ToO measutements AU sfowes

rates, e nuctoprocessor was used Lo average groups
ol Fo measurements o short pulses. o mimimum of
three sets of 10 measurements cach were made at the
rates below 101z the sequence ot increasing mput
cncrey This ser of three was then repeated o second
e Simee 1t was posstble to exeeed the recommended
rating of the pyroclectrie detector, an attenuaton il
ter was usuadly pliaced between the laser and the de-
The tactor for the Bilter was determumed by the
rate of the with- and without-nlter usimyg the Rj-7200
digrtal readom

tevtot

Fhe pereent change caused by the use of adve ina
solvent was calcubared with respect toaverage values
of the solventonly usimg daa obtamed beloreand alter
the speaitic dve test The dve test consisted ol the
Vabious naie effects b iested. as welt as the ellect of the
different mput encrgies at the two different pulse
swidths When twe dves were bemg tested. the sahvent
wars tested st Mter testing ol the st dy e was come-
Pk\flk‘d. the second dyve was then added and the esting
resumed After completion of testmy of the second dyve.
the salvent alone was evatuated

2. Results and Discussion
oD Cliaracioristios

Labic b iists the T3V dves that were used m this study
Along wirh same ot ther spectial dhanactersuies Many
S these dves have becrmsed provie ushy as Liser dves
oS e makhe use vt e et the purpose
ob aprds posiriv s dennhication e preterence to the

icde !t butaenethy chenoas toanes of the dyes

O course weansur that these tames can be traced
arther tothe stractare of the dave o the soutoe ol com
meraoaliy avankabic dyves Frowre T shows the structute
o those dyves that were speaiticallv svnthesized Tog
thisstudy Dyve Noo 7ot bie Fwas the ondy bichtoma
phoric dve that was prepared nsatfroent quantiey ta
Aiow testimg Teis tortmed osmg Tuorescam (e No 6
ol Fable Tras the aeeeptor and o psiazoline as the
doner U rtortunateiy, Dyve Neo 7 did not show qust
the Nuorescence quantum vicid Tound lor the aceepton
Aonc i water Inowater where pyrazobmes are known
too hanve reduced Muoreseence quantum viclds |9,
the uoreseence gnantum vickd of Dve No Wik
found to be dess than that m cthanol. el the dono
and aceeptor are snllomteracting with cach otha

clectronally
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o b Stracture of dyves svnthesized toy this program

Ty

Eftect of Pulse Rare and Flashlamp Loading

The effects of heatmg of the rod through an imcrease
i the average power are quite evident in Table 2
The autput per pulse is seen 1o ncerease as the pulse
rate inereases Tor o “fied”™ mput mergy. This effect
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tonrost sigiibicant at low mput energies A S0 and it the discharge power of the Hushlamp was i the

higher iput encryies. only ashight morease s observed
b marcasmy the pualse rate Since we set our voltage
lor the CHUTEN I\'\[Hl:td tor just one DUI\LH the outpul
pei pulse drops at the Tnehey average mput energies
his s nodaoubt due o the hmatatuons of the power
suppis smice the aserage voltage measured s lowerad
At the higher pulse ratess e the actudd mput energy
no-doubt decreases somewhat as the repetition rate
HCTESES. STCC Our PRMrs mnterest was o measuiy
the effect of the dve. we did not correct for the imita-
tronis ol the power suppls

Fhe measured mercase i the vutput of the laser due
to the muoduction ol dse are shownoan Fable 3 or the
dve prazoline: 20 The mcrcase s much less dependent
upoar the pulse rate o agiven mput energy than found
for the solventdone Very large percentage mereises
are found in Tabie 41or the Jow average power mput.
the amprosemeni due o the dye s ighly magmified
because ol the much teduced vutput of the cool Taser
tod with nods e present One must conseguently com-
pare at least 7 Dmput results (for two systems) m order
to deternune the cflects of dilferent concentrations
and dyes. Because of these comphaating rate and -
put energy cffects. the usual slope efficiencies and
fising threshold were not caleulated m this study.
Vodopiyunoy and coworkers have reported that a
Wesamprovement i output should be expected for
Nd-YAG using rhodanune 6Gas an energy converter
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range ol 1 LINMW em? [ They also indicate that
&£ short pulse on the order of 100 ps s superior to
comersion found tor a long 250 ps pulse. Our mani-
mum power density was O23MW em' and we ob-
served o mavmum pereent improsvement for rhod-
anune 6G o the tange of 8 10" (Table 4 This im-
provement agrees ynte cosely with that predicted by
Vodopyanov and coworkers. We also observed im-
proved outputs for the shorter pulses as compared to
the longer for all of the dyves that we tested.

230 Effect of Dve Concentration

As the concentration of the dye solution increases, a
number of effects occur. The first mvolves the in-
creased amount ol pumphight that s absorbed by the
dye due to the Beer-Lambert relatonshap

dhe, th

where ¢ s the absorbance of the dye, @ s the molar
absorbance coeflicient at a speaific wavelength, and
¢ s the molar concentration. When the absorbance of
the dye reaches the value of 2, then 99° of the input
light s absorbed. For dyes having hagher molar ab-
sorbance. the thickness b of the dye can be propor-
tonately reduced. The second factor that s of impor-
tance s where the hight s absorbed. For the case of
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. . thodanune 6 Gomake a major decrease in the energy
Victag R U N A R L . =
transfer sinee there is msutficient light being al orbed
i (TR I L M o Ty .
bl Sz by the dye to pump elfectively the 380 nm bana. Yt
dod NP . N . the direct famip-to-330 band s being robbed of energy
Y8 W Ml it by the dyve. When the effective thickness of the dyve s
’ 3 b 1o increased by flowing past both the rod and the lamp,
R Pt ) 3 5 . .
ho t . e - the preatest pereentage of losses oceur. Because ol
i N D [N = . .
" N N o poor reflectivity of the cavity in the uv tind because
} of the smaller thickness ol the dye solution around the
Nvoragd 190 IS0 153 100 [RRL [T .

the dyve surroundmg the lamp. it s necessary for the
tmage of the fluoresemg dye solution 1o be transfer-
red to the rod. I the image of the dye solution s much
Larger than the size of the rod. the transter will be inelfi-
cient. Thus, even though 99 of the light at a gnen
wavelengthas bemg absorbed. increasing the coneentra-

ton can sull cause an o mprosement m the focation of

the fluorescing portion of the dye. The coneentration
of the dye cannot be ncreased without mmpunity,
however. Not ondy s there o solubility Tinmtation, but
drve self-association and concentration quenching of
evaited states 1O} will imat the efficiency of fluores-
cenee. As seen an Table 3 pyriazohine-2 can be m-
creased up to 1007 malar with mercasing improve-
ments menergy transfer,

24 Bttect of Bund Robbing

Fhe effects of the dye robbimg encrgy lrom the rod
through absorption of energy at a magor rod pump-
mg band can be seen in Table 3 The absorption of
rhodamime 6 Gon cthanol peaks at S30nm. a mayor

NA-YAG absorption band  Low concentrations of

rod). only losses were found for rhodanune 6 Garound
the rod. The greatest overall improvements are seen
for thodamime 6 G flowimg just around the lamp Wath
mcreasimg concentration, the mereased overall hight
absorption s countered by the effects of the bund 1ob-
bing. For the dye that is just around the lamp. the
overall light absorption less the band robbing s -
proved compared to dive solution around both the
Limp and the rod. For dyes having neghigible absorp-
ton at waselengths greater than S00 nm. the type ol
loss seen e Table 3 at low mput encergies s greatlh
reduced. An example of this s seen i pyrazoline-2 in
Fable 4.

285 Eftects of Different Dyves

Lable 6 shows the percent mprosements observed for
davarety of dyeso many of which have not been previ-
ously tested forenergy transter. Dyes such as pyrene-|
and  brdlant sulphaflavine suffer by having both
Limuted solubihty and molar absorpuvity Formmg the
butterfly configuration on coumarin 6 tand 7). couma-
6 BECshown i big. | shafts the lluorescence emis-
ston towards the red and vields a better mateh with
the Nd-YAG pump bands Unlortunately. the solubi-
Iy of coumarim 6 BE i ethanol s lower than that ol
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coumarm 6 so that the mproved wavelengeh charac-
leosties cannot be used Coumanin 615 one of the better
dyes dor short pulses, but 1t s found 1o be of only
moderate value tor the long pulses This can be seen
not only for the coumarin 6 resulis but also when

coumann 6as added to pyrazohne-2 The mined solu-

Solvent Puise [ve soin Lohnge nput energy (i
rate [He | docation?

3 X - {0 2N 0
b thanol 16 l N N N s 4
U thanol 6l l D] “ 8 - <
bt 10 ! Nt < 3 1 3
I ihanaoi 6 i S N i N
I thanoi Hod | 1K D . s N |
I thanao INO i S It
I thano! 16d | N ) Mt Y 9 !
b thanod ING | B 16
b thana S0 I and R 1y B 4 K . 1
Fihanoi S0 I and R 6 [ 12 : i 13
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Fihanot Su I aud R 673 e o u
Frhand 0 I and R RE N | i v “
tthana S0 band R AL AR R i Y
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b thanod G | S 6 8 3
I thanao 6d 1 101 23 16 IS 1 [
Eitianal Ixu | 41 15 N
tthanol Uod | lie 23 23 9 N Bl
Fihanei N0 1 S (B3 [
Wt e | nl - <
Mo 064 | nl | i
Wara 464 | ni 4 (TR
b ihanol H6d | 14 | | 4 ]

ton has anancrease e output for short pulses and a
decrease tor long pulses. This suggests that photo-
physical processes are oceurring on the longer pulses
tnplet-triplet absorption ™) that are reducing the
MNuorescence emission. In addion to photophysical
changes. chemucal changes may oceur that imcrease
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I umeneseent € ooaids Tor Sonnd Staie Dasers

the absorpuon of the pump light Rhodamme 6 ¢,
for oxample. s known o disproporuonate through
colbimon of exanted state molecules resuitmg e the
formation of d tadical canon and a radical anton | 11
I hese radical speaies have then oan distimet absorp-
ton which may Last as fong as nulhseconds

Fhe one hichromophonie dve tested that was made
Irom hinkige Tuorescein with o pyrazohine. Na Py
was tosted i owater i the absence of base simee o
tests on tuoreseen showed these conditions to be op-
trnum dor energy tanster U ntortanately, the Imnage
sves aeed st resulung i band robbmge and a4 drop
i the gquantum vickd i owater thable

Fhoe dse viclding the best energy transfer i our system

“

was pyiazohmne-2 mocthanol Figure 2 shows that the
Huoreseenve quantum vicld s not only moderate at
0.7 but that it drops nurrkedly at mercased tempera-
tures fagure 3 shows the exatation spectrum and
cmisston tor pyrazolme 2 s very broad  emission
tuses amajor portion of ais uoreseence 1o nuss the
pump-bands of Nd-Y AG

Rhodamine 6 Cohas a small Stokes shilt and conse:
quenthy has g considerable overlap hetween s uo-
rosecnce and s S o N absarption band W hen used
At moderately high concentranons, the elfective band-
width o1 thodamime 6 G Nuorescence v much na

tower than tor most organic dses resultmg m a good
dye-to-hghtro-rod energy transier s effectine nar-
row bandwidth effect s uselul only for those dyes
havimg a fluorescence quantum vield near one. The
multiple absorption re-emission of a dse with quantum
vields much Jess than one causes an effective reduction
in their fluorescence quantum vields [ 10].

260 brfect of Mived Dhves

In this study we used more than one dyve 1or the pur-
pose of Dlhng m arcas of poor absorbance As can be
seen an Table Tomany of the dves have such Targe
Stokhes shifts that they will Toose a0 considerable
amount ol the avatlable pump encrgy 1) they are con-
centriation imited. Our purpose was conseguentiy not
Loty to transfer energy Irom onge dyve to another as
we chose only those dyves that had significant Hluores-
cenee i the target region of 500600 nm. In practice.
the mined dyes vield only shight improvements oves
the single dyves at high concentriation

3. Conclusions

Fhe amprovement ol sohd-state aser tod output
through the use of dye solution encrgy converters i
dependent upon a vanety ol Bictors. Besides the need
lor tugh fluorescence quantum viclds, solubility . and
molat absorptivity there s a need to have the absorp-
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ton bands of the dye not overlap the magor pump
bands of the rod. In particular, the fluorescence emis-
ston bands of most dyes are 100 broad and conse-
quenthy missansgor portion of Nd-YAG pump bands.
Our best energy transler results were found to be with
dyes sach as pyrazoline-2 or coumarim 6 whose quan-
tam vickds were less than that of rhodamine 6 G but
whose fong Stokes shift resulied i less pump-band
robbmg. tnaddston, self-absorption of rhodanune 6 G
viclds a narrower apparent emission band that mat-
ches the Nd-Y AG pump bands better than do the long
Stokes shift dyes, Mined dye solutions were tound o
vicld only shghtmprovements even though they help-
od to Hlh T blank absorption arcas.

Orver [0 amprovement in efficieney was observed
wsing energy transler dyes atfow pulse rates and oper
atg near the fasimg threshold. This major improy-
ment was obsersed only under conditions mvolving
low average power and was lostat higher power load-
Mgs
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Appendix G

FLUORESCENCE AND LASING CHARACTERISTICS OF SOME
LONG-LIVED FLASHLAMP-PUMPABLE, OXAZOLE DYES

Optics Communications, Vol. 48, No. 5
(1 January 1984), pp. 352-356
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FLUORESCENCE AND LASING CHARACTERISTICS OF SOME LONG-LIVED

FLASALAMP-PUMPABLE, OXAZOLE DYES

ANBEETOHER R AHENRY, REFCKUBIN and R.AHOLTINS

Chenristry Division Naval Weapons Center. Ching Lake, CA4 93555 ('S4

Roverved 12 October 1983

the ettects of dye structure, cover gas, and solvent are all shown to be critical to laser output and Wfetime. The N-
methy ] tosylate salt of 244 -pyridyl)-5 44 -methoay phenyly oxazole i ethanof under argon is found to be the longestdived.

moderate vucput . laser dyve solution of any that have been reported.

1. lutroduction

Until the study by Lee and Robb {1, oxazoles
had showr little success as Hashlamp-pumpable laser
dyes. Molecular engmeertng had been performed on
oxazoles tomake them more absorptive [2] and to
attach tnpletstate quenchers to them {3 4], Although
comstderable improvements were observed, the lasing
autputs ot the moditied oxazoles were still tow com-
pared to other classes ot dyes. Lven with the use of
the very high manor reflectivities (RR, = ©).97) and
the extremely rapid rise-tune (50 ns) ot the tlashlamp
used by Furumoto and Ceccon [3], the oxarsoles
showed lngh Tasing thresholds compared to those of
other laser dyes {o]. (O course the high marror re-
Hectivities it the usetut output of a laser and the
short nse-time s Jitticult to obtam in farge tlash-
laiips.)

Lee and Robb showed that salts of a pyndy | sub-
sttated phenylovazole i water had relatively low
laser outputs and moderate durations of Tasing with
tlashlamp pumpmy. Since they had protected then
dye solutions trom uv radiation only below 220 mn
and nsed crude hifetime measuring techniques { 7], we
decrded to test these compounds more thoroughly
ustiig our dye faser test tacdity . Our test setup uses a
triasad Hashlamp having o 300-am cutoff Pyrex uy
tilter 1o contatn the lasing solution, and a wavelength
and mtensity corrected linear flashlamp for dye de-
gradation |8].

352

We made a more thorough evatuation of the eftects
of solventand cover gasupon the lasing as well as deter-
mined some of the fTuorescence characterstics of the
Jdyes exanuned by Lee and Robb. We also examined
another pyndimum oxazole as well as a few of the
dyes recommended, but not tested. by Lee and Robb.
Under very specific experimentual conditions, one of
the dye moditications vields the nghest litetime with
moderate Taser output ot any solution that we have
ever tested.

2. Experimental

The Nashlamp-pumped Jaser made use ot a Phase-
R DL-10Y with a Pyrex jacket separating the dye and
the water coolant, The rise-time of this flashlamp was
200 ns. The output mirror had a nominal S5°7 retlec-
tivity at the lasing wavelength. The dye solution de-
gradation was pertormed primanly with a Xenon
Corp. N-851C water<ooled linear flashlamp at 10 )
(electrical) mput. This system is described in greater
detail elsewhere [8]. An Avco-Everett C400 N, laser
Dial-a-Line dye laser combination was used to test
some of the solutions for lasing [9]. This laser pumps
at 337.1 nm with 10 ns pulses. Fluorescence quantum
yields were determined using a Perkin-Elmer MPF-
44B with corrected spectra. The equipment and tech-
niques have been previously described [10]. Reagent
grade ethanol from United States Industnal,

.030-401K8/84/8 03.00 © Eisevier Science Publishers B.V.
(North-Holland Publishing Division)
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“Distilled-anGlass™ quality organic solvents from
Burdick and Juckson, and deronized | filtered water
were used as solvents. The 2-(4-pyridyD)-5 phenyloxa-
7ole and its salts were purchased from Aldrich
Chemical Co. and were used as received. The remain-
ing uxazoletype dyes were synthesized in this labora-
tory using conventional techniques. The concentra-
tions ot the solutions used tor lashlamp testing were
selected so as to have an absorbance of 4 5 cm !in
the Sy - §, absorption band. For nitrogen laser
pumping, solutions were 10 3y up to saturation as
required to have a short depth ot penetration by the
N, pump beam.

) Fig. 1 shows the structure ot the pyridyl substituted
dyes tested along with two comparison dyes, AC3F
and Coumarin 314, A third comparison dye . Couma-
rin 487, was obtained from the Phase-R Corporation,
Laser autputs, ¢, for a specific electrical input energy
to the Nashlamp, 7, were computer titted to the rela-
tionship derived by Fletcher and Knipe |7},

o=a+hli(1+cT) . (1

where Tis the total input energy . X/, per unit volume.
The initial lasing slope efticiency k. is taken as equi-

.
Q0 O
¢ Tt
N _
u-C-N Cog
4PyPO_HCIO,

CHy0 0w
\ / ’
N-N
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4PyP0O -MePTS

0 +
CH30 ¢ %N-CH
JQK\ ANt
N-N

@-so; cHy<’ VHsoy
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valent to b whije the imitial lasing threshold. ¢, . s
taken as equivalent to - a‘kyy. The lifetime constant 1s
Leinddm 3, The lifetime constants should be taken
as relative measurements since there has as vet not
heen any demonstrated capability to transter such
constants between ditfterent laser contigurations [6.7].
These litfetime constants are at least an improvement
however, over the number of tlashes to 307 of laser
output which has been shown to be dependent upon
the input energy and the threshold of lasing [6.7].

Table | shows the fluorescence characteristics of
most of the dyes examined. Table 2 shows conditions
where pumping by a short, 10 ns, 20 kW pulse from a
nitrogen laser did not cause lasing. Table 3 shows the
flashlamp-pumped lasing data.

3. Discussion

In table 3. we find that the lasing outputs of the
pyridinium salts reported by Lee and Robb have low
lasing outputs under air compared to coumarin com-

pounds. We also tind, however, that the laser output
can be markedly improved when air is reptaced by ar-

CH30 +
@ 0 @'”‘3
t e
N
w-C-N CHy @503

4PyMPO - MePTS

0 7R
NVCH3
N\ 7 =
NN

4PyMPD

4PyB0 -MePTS

4PyMPD - MePTS

CH,
]
CH3 _N_N_0 -0

4PyPD -MePTS

AC3F coum. 314

Tag. | Dye structures.
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lable §
I tuorescence measuremenis of some pyod s Dsabstituted dyves

Dye Sohent
SR PO TGOy cthanol 4!
AP PO HOHO, water !
4PvPO MePls ethanot
APV PO MePTS cthanot water b
3P PO MePTS wates
IVMPO MePIS cthanol
IPVMPO MePIES water

4Py MPD cvthunol
4PV MPD HCWO, cthanot ©)
A1y MED MePTS cthanol
Py P MelPIs cthanol
JPvBO MePTS cthanol
Py BO  MePIS

ethanol

gon as the cover gas. This unprovement is not retlect-
ed in the tluorescence quantum vields of table I In
contrast to the coumarin laser dyes [8.11.12], the
oxazole dyes tested here show only slight quenching
ot their tluorescence by oxygen.

The salts of pyridyl substituted oxadiazole and
henzoxazole dyes recommended by Lee and Robb
did not show lasing action even when nitrogen laser
pumped in a variety of solvents (table 2). Krasovitskii
et al., note that oxadiazole derivatives have lower
fluorescence quantum yields than do the oxazoles
[13]. Low fuorescence quantum yields (in ethanol,
table 1) of both the pyridyl substituted oxadiazoles

Table 2

Dye Solvent

4PyPD HX water 34).b)
4PyMPD ethanol, benzene
4PyMPD H(CIO, ethanol @), water )

4PYMPD - MePTS
4PYyPD MePTS
4PYBO MePTS
3IPYBO MePTS

water

ethanol €3, water ¢}, DML, acetonitrile
ethanol ¢} water ©), DMI-, acetonitrile
ethanol, water

) 10"2 MNCI0,. DY 1072 M HCL
¢ Also did not lase when flashlamp pumped with the DL-10Y
triaxial system.
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Fomission
peak, nm

474
176
482
480
480
567
S7%
422
596
604
444
456
466

O30 M OO PYSo St by volume. €8 x 1073 Min HCIO .

Dye solutions that did not lase (20 kW peak , N, laser pumped).
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I luorescence quantum yield under

argon air asvgen
1.00 1.00 096
083 083 0.82
74 .74 0.75
.97 0.97 097
0 RY () 94 086
0.76 (.73 (.65
.35 0.38 0.37

.79

0087

0097

0.N42

0.040

and benzoxazoles salts are a likely reason for their
not lasing. However, since 4PyMPO has a tluorescence
quantum yield 0£0.79 (table 1)in ethanol. a low yield
cannot be the cause of its failure to lase.

The use of ethanol:water, 50:50 by volume, can
cause a marked improvement over the results of etha-
nol as reported by Fletcher et al. [12]. A marked im-
provement in output and lifetime was found for
4PyPO MePTS in ethanol:water under argon. In con-
trast, AC3F showed an improvement under air but a
marked decrease under argon by this change to a mix-
ed solvent. Using methanol gave even ditferent results
from that of ethanol:water. Although these more
polar solvents red-shift the output of coumarin dyes
trom results found in ethanol, little change in wave-
lengths was noted for the pyndinium oxazole dyes
because of changing solvents.

The dye modification showing the greatest im-
provement in this study was the attachment of a
methoxy to the phenyl group of 4PyPO to form
4PyMPO (fig. 1). This group causes a very marked
red-shift in fluorescence and lasing wavelengths. This
modification was made by Lee and Robb but their re-
sults were not reported in [1]. Lee and Robb were
looking for good water soluble dyes. It is surprising
that 4PyMPO-MePTS can be made to lase at all in
water since it has a fluorescence quantum yield of
only 0.38. However, even though its fluorescence




NWC TP 6538

Nojume 45, number S OPTICS COMMU

table 3

NICATIONS 1 January 1984

Lasing charactenstios of pyidy babstituted osazole salts and companson dyes at 2« 1073 molar

e Solvent Caver as L asing
desienatien EEERE - - — -

Slope etficeney, I'hreshold, Litetime Wavelength,

kg > 10?8 ty. ) constunt nm

e, Midm™?

4vPO HOIO cthanol @) A, argon did not lase
1P PO HOIO water d) alr 038 430 ng. b 494 511
4PvPO HOKO water 4! argon 0.87 40 7 3200 494 512
4 PO MePIS ethanol air 47 410 nd. B 492-507
4PyPO MePTS ethanol argon 036 314 350 493 - 508
PVPO MePTS water atr 0.5t 388 1070 494 §12
4 PO MePES water argon 0.67 342 157.0 494 512
APy PO MePTS cthanol water alr 089 KA 112.0 496 S07
4PvPO MePI S cthanol water argon 074 348 690.0 495 51
APYMPO  MeP1S ethano! air nd. b ~500 nd. b nd.bi
JPyMPO MePIS vthanoi ¢ argon 1.6 21.0 20000 560 583
APy MPO MePTS cthanol argon 1.8 220 -10000 0 S67 S87
IPVMPO MePIS 2propanol ©) air nd. b ~4350 nd b nd. b)
Py MPO MePTS 2-propanol©) argon | 4 169 16.0 559 582
4PyMPO MePTS methanod argon 1.0 256 = 10000 .0 S71 S88
IMMPO MePIS water argon 045 310 ndg. 571 591
Coum 314 cthanol an ) 198 2.8 492 504
Coum 314 vthanot argon 21 17.3 i.6 492 507
Coum 314 methanol air 19 19.3 40 496 S08
Coum 487 cthanol air 28 253 33 474 498
Coum 487 ethanol argon 20 238 6.3 474 498
Coum 487 cthanol:water air 24 24 8 6.3 487 507
Coum 487 ethanolwater argon 22 241 10.0 487 507
Coum 487 methanol air 4.1 21.1 24 481 S03
Coum 487 methanol argon 18 204 7.1 481 503
AC3 ethanol air 15 280 41.0 480 497
AC vthanol argon 14 273 229.0 480 497
AC31 cthanol:water air 1.7 27.1 3130 490 5i4
AC3t ethanol:water argon 20 227 0.6 490 514
AC3 methanol air 1.2 30.1 80.0 482 509
AC3I methanol argon 1.2

28.3 113.0 484 512

1072 molar in HClO4. D) Not determined. € Dye at 1 x 104 molar

quantum yield in ethanol is less than that observed
for 4PyPO-HCIO, and is of the same magnitude as
4PyPO-MePTS. its lasing output is much better than
these dyes in ethanol under argon (particularly better
than 4PyPO-HC10y, as we could not get this material
to lase flashlamp-pumped starting with either 4PyPO
or 4PyPO  CHI from Aldrich). (We used HCIO,
rather than HCl because of the corrosive nature of the
latter acid).

The results of attempts to lase 4PyMPO MePTS
under air in ethanol show a very high threshold even

70

though oxygen shows little effect upon the fluores-
cence (table 1). Thus, attempts to lase this dye in
water or ethanol under air using flashlamp pumping
would suggest a very poor dye. However, when dis-
solved in ethanol under argon, 4PyMPO -MePTS, is
the longest-lived, moderate-output dye that we have
tested. Only at 10 -4 molar did we measure a lifetime
for it in ethanol. Going to 2 X 104 M and using 600
ml of solution, the lasing output was slightly increas-
ing after 50 hours of testing a continuous electrical
input of 250 W. A similar high lifetime was observed
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using methanol under argon but with reduced laser
output. In 2-propanol, however, the lifetime of
4PYMPO  MePTS was only moderatly good. Again,
oxyeen caused a marked quenching ot the lasing out-
put in both of these last two solvents.

4. Blue-green dye solution comparison

For the optimum satety from tires, 4PyPO  MePTS
in water under argon would be the best dye solution
of those examined here. For optimum output where
litetime was not critical, Coumarin 487 in methanol
would be preterred at wavelengths to the blue side of
500 nm and Coumarin 3 i4 would be preferred to the
red side. However. if both output and long lifetime

are of importance, AC3F would be the preferred dye.

5. Conclusions

The ability to predict the lasing characteristics re-
sulting from molecular engineering of dye molecules
15 quite limited . Experimental parameters such as the
chowee of the solvent and its cover gas can markedly
affect the results. The oxazoles. in particular, appear
to be quite sensitive to such changes.
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