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Summary 

Dyes that lase in the long wavelength range from about 550 nm into the 
IR region are characterized by long conjugated chains that are particularly 
susceptible to photodecomposition. A model was developed, based on a 
four-level laser system, to provide a means of assessing the relative importance 
of various factors which contribute to a decrease in laser output power. The 
model, based on a steady state analysis of the laser rate equations, was 
applied to the case of Kiton Red S laser beam energy degradation. Parameters 
were estimated on the basis of experimental or reported values for Kiton 
Red S or for other similar xanthene dyes. It was discovered that, while a 
decrease in dye concentration and absorption of pump radiation by the 
decomposition product can make small contributions to laser beam energy 
decay, the most critical effect is the absorption of laser photons by the 
decomposition product of the dye. 

1. Introduction 

The dyes that lase in the long wavelength range from about 550 nm 
into the IR region are characterized by long conjugated chains that are 
particularly susceptible to photodecomposition. One class of such compounds 
is the xanthene dyes. The family of xanthene dyes includes the rhodamine 
dyes which consist of compounds with a C(9) substituent that provides the 
variations in characteristics of the individual dyes [ 1,2] . The xanthene dyes 
have demonstrated definite photodecomposition which becomes a serious 
problem under flashlamp excitation [ 3 - 61. One of the xanthene dyes which 
is undergoing extensive examination with regard to its decomposition is 
sulforhodamine B which is commonly known as Kiton Red S (KRS). The 
precise nature of the reaction products of KRS has not yet been identified, 
and no specific mechanism has been shown to be the cause of the associated 
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laser output deterioration [4, 71. Two likely mechanisms responsible for the 
loss of output power as decomposition increases are absorption of the pump 
energy and absorption of the fluorescence by the reaction products [ 5,8] . 

A third possibility, suggested by the latest results of a study in progress 
[ 4,7] , is that the photodegradation effectively increases intersystem crossing 
to the triplet manifold. The present analysis of the KRS laser system seeks to 
assess the relative importance of these mechanisms toward the decrease in 
beam energy due to photodecomposition of xanthene dyes. 

If the reaction products absorb lasing photons, the absorption coef- 
ficient of the dye at the lasing wavelength would progressively increase as the 
dye deteriorated. The lasing efficiency would decrease as more lasing photons 
were lost through absorption while oscillating in the cavity. 

If the pump photons are absorbed by the reaction products, the pump 
efficiency 1) would decrease. The pump efficiency is defined here as follows: 

theoretical threshold pump power 
71= 

actual pump power required to reach threshold (11 

The threshold pump power is the power required from the pump to over- 
come cavity losses and to initiate lasing. Pump efficiency can now include 
losses due to pump absorption by dye degradation products. A decrease in q 
would cause a corresponding increase in the actual threshold pump power 
which, in turn, would result in a decrease in the laser beam energy. 

2. Rate equation analysis 

In order to perform the analysis to take into account the relative 
importance of these effects, the system was modeled as a four-level laser. 
Rate equations were developed and applied to the system. Results were 
compared with experimental results obtained previoudy with KRS [3]. 

2.1. General equations 
The model shown in Fig. 1 was chosen to study dye laser performance; 

the relative importance of each process depends on the chemistry of the 
particular dye that is being examined. For the great majority of dyes the 
upper-level internal conversion rates are extremely fast, of the order of 
1012 s-l, so the S2 and Tz populations should remain minimal and inter- 
actions from these and higher levels were considered negligible [9]. The 
T2 + S1 intersystem crossing rate is also negligible in comparison with the 
Tz -+ T1 internal conversion rate. The rate equations were developed for the 
single-mode operation of a laser that is homogeneously broadened [lo]. The 
cavity photon population q was assumed to be spatially uniform [ll] . 
Schlieren effects were not addressed. 

A simplified four-level model that takes into account both excited 
singlet state absorption and triplet absorption was used. By making the 
assumption that the Ss, Tz and upper-level S1 and Se populations are im- 
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Fig. 1. Model of the lasing system used to derive the rate equations: Ei, ith energy level; 
Nf, population of the ith level. 

mediately depleted by internal conversion and thermalization and are 
therefore negligible, then these levels may be explicitly left out of the 
equations. It should be noted that, although these populations are not 
addressed in the rate equations, terms that consider excited singlet state 
absorption (ESSA) and triplet absorption of fluorescence photons can be 
introduced into the cavity photon population equation. By handling the 
absorption in this manner, the absorbed photons are considered to be lost to 
the photon population, yet the E, and Es populations remain unaffected. 
Several recent publications [ 12 - 151 include the Tz and upper-level S1 
levels to allow a more detailed examination based on a six-level system (the 
S2 level remains deleted). These levels were not considered in the present 
analysis. 

The derivation of the rate equations for the systems considered provides 
a method of analysis that considers in detail the transient and dynamic 
behavior of the energy level and cavity photon populations. The literature 
has examples of many rate equation analyses of dye lasers that are essentially 
the same in concept, yet use different mathematical techniques to describe 
king [12 - 191. The mathematical developments of the rate equations 
presented in this section parallel the approach presented by Siegman [20 1. 
However, the equations developed in the present paper necessarily incorporate 
more concepts than those considered in the previous models. The results of 
the current paper are applied specifically to xanthene dye laser systems. 
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The complete set of rate equations is 

dn N2 Nzn NTn n 
-= - -- 
dt 

---(n+l)- 
7FW 'kF(R) &TrF<R) TC 

m2 
- = W(t)q - 

N2 

dt 
-(n + 1) 
TF(R) 

- N2@SlT, +b,s, +k~,[Qsl) 

cvv, NT 
- = N2(bl~, + kc@&l) - - 
dt rWU 

-Nr(kT,s, + ‘+,,[QT]) 

(2) 

(4) 

Equation (2) is the rate equation for the cavity photon population. The 
terms are defined as follows: N2 is the Ez energy level population density; 
NT is the Es energy level population density; rv(R) is the radiative fluores- 
cence lifetime; rc is the cavity photon lifetime; 8r is the ratio of the Se + S1 
extinction coefficient to the T1 + T2 extinction coefficient at the king 
wavelength; as is the ratio of the So + S1 extinction coefficient to the 
S, +- S2 extinction coefficient at the lasing wavelength. 

The first term on the right-hand side of eqn. (2) accounts for stimulated 
and spontaneous emissions from level 2; the spontaneous emission occurs at 
the same rate as stimulated emission when the photon population is set equal 
to unity [20]. The second and third terms account for ESSA and triplet 
absorption losses respectively. These terms were adapted from a triplet 
absorption expression in Keller’s presentation [ 161. The ratios N2n/7FfRj and 
NrIZ/Tr(a) gk! absorption rat& aSSUming that the Einstein B COeffiCientS for 

the S1 + S2 and T1 + Tz transitions are equal to the Einstein B coefficient 
for the Se + S1 transition. The S factors in the denominators adjust the rates 
to account for the actual differences in the B coefficients. The final term 
reflects losses associated with cavity parameters. The absorption coefficient 
of the dye solution at the lasing wavelength will increase with dye degrada- 
tion if the reaction products absorb fluorescence photons; this increase will 
decrease rc. 

Equation (3) is the rate equation for the change in the E2 energy level 
population. The terms are defined as follows: W(t) is the pumping function; 
q is the quantum pumping efficiency; k S,T, is the S1 + T1 intersystem 
crossing rate constant; kslS, is the Sr 4 Se internal conversion rate constant; 
kg, is the singlet quenching rate constant; [Qs] is the concentration of 
singlet quencher. 

The pumping function W(t) can be varied to describe the characteristics 
of the particular method of pumping. Linear and gaussian models have 
commonly been used for flashlamp pumping [ 9,15 - 17,191. 

Equation (4) is the rate equation for the change in the Es energy level 
population density. The terms are defined as follows: rp(a) is the radiative 
phosphorescence lifetime; kT,So is the T1 + So intersystem crossing rate 
COKlStllllt; k,, is the triplet quenching rate constant; [Qr] is the concentra- 
tion of triplet quencher. Here, it is assumed that singlet quenching increases 
intersystem crossing to the triplet manifold 1211 and therefore augments the 
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NT population; the possibility also exists that it returns the molecules directly 
to the ground state [ 163 . Pumping directly to the triplet manifold is neglected. 

A rate equation for AT,-,, the Ea population density, is not required. As 
long as the No molecules are replenished during actual lasing under pulsed 
excitation, a generalized W(t) function can successfully be used to describe 
the pulse of pump photons generated and NZ will follow the pumping rate. 
No is significantly depleted during lasing, as a result of entrapment in the 
triplet manifold, then the reduced pump photon absorption by N,-, will not 
be reflected adequately by these equations and a closed population system 
of rate equations that include No should be used. This requirement is not 
anticipated for the xanthene dyes because of their high fluorescence effi- 
ciencies which indicate small triplet build-up rates. Triplet quenching and 
short flashlamp pulse duration also minimize triplet populations. 

If 

2.2. Steady state analysis 
In most cases of interest, a steady state approximation to the rate 

equations simplifies their application and yields results comparable with 
those of the more demanding numerical methods of solution [ 16 3. This 
adiabatic approximation has been shown to compare favorably with numeri- 
cal solutions of the rate equations for both continuous-wave operation and 
for flashlamp pumping even with pulses as short as 1 ns [ 91. In the present 
work the analysis dealt with flashlamp pulse durations of 500 ns; the steady 
state approximation should therefore yield meaningful results. By use of the 
groupings 

kz = blT, + b,s,, + ~sSh1 (5) 

bT = ks,T, +k~,[Qsl (6) 

kT = kTlso + kQTIQTI (7) 

the steady state equations based on eqns. (2) - (4) were derived. They are 

N2 
-(n + 1) = 

N2n N,n n 
+-+- 

TWR) bF(R) kF{R) TC 

wcth? = N2 
-((n + 1) +N2k2 
rWR) 

NT 
NzksT = - + &kT 

rWR) 

(8) 

(9) 

(10) 

Recalling that the fluorescence lifetime rF and the phosphorescence lifetime 
7p are often defined to include radiative and non-radiative contributions as 

1 1 1 
-=-+_ 
TF %R) WNR) 

and 

(11) 
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1 1 1 
-= -+- (12) 
TP 7P(R) rP(NR) 

then eqns. (9) and (10) are written as 

N!2n 1 
W(t)? = - +Ns- 

+(a) TF 

NzksT =N,? 
7P 

(13) 

(14) 

Defining the quantum efficiency Cp of fluorescence as the ratio of radiative 
to non-radiative transition lifetimes [21] and considering the relaxation 
routes shown in Fig. 1, the formula for Q, is written as 

Q,= 
~/TF(R) 

~/TF(R) + ks,T, +ks,so 

Replacing 7F in eqn. (13) by TF(a) leads to 

(15) 

N2 
w(t)77 = - (16) 

TF(R) 
Solving eqn. (8) for n, 

(17) 

2.3. Above-threshold analysis 
The above-threshold condition occurs when the term in braces in eqn. 

(17) approaches zero. This condition gives the above-threshold E2 energy 
level population density N2,ra : 

N 2.Th = (18) 

N2 saturates at this value, so that above the threshold N2 = N2,Th [ZO] . 
If eqn. (10) is solved for NT, this value can be substituted into eqn. (18). 

With the simplifying assumption that kTTwRj % 1, eqn. (18) is written as 

N2.m = 
TF(R) &%&r 

Tc &&k-r -bb -km& 
(19) 

Above the threshold, n S 1 so that eqn. (16) can be approximated by 

%m 
W(t)Tj = 1 It (W 

rWW 

and solving for n 

n e W(t)q 7Fo 
N2,m 

(21) 
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The output power &,, of the laser can be expressed as the energy per 
unit time or 

(22) 

where h is Planck’s constant, VL is the frequency of the lasing photon and 7M 
is the cavity photon lifetime due to mirror transmission only. 

Combining eqns. (19) and (21) and then substituting the result of this 
operation into eqn. (22) leads to 

P 
&W(f)7)Tc %aTkT - 6TkT - ksT& 

laser = (23) 
.7M WTkT 

The threshold pumping rate IJV~,~ is defined by the following equation 

N 
W 2.m 

p.Tb = - (24) 
7FQ 

This equation is based on an equation developed by Siegman [20] witi the 
addition of q to account for a possible loss in pump efficiency due to reaction 
product absorption. 

3. Analysis of the Kiton Red S laser 

3.1. Ma thema tical analysis 
The rate equations presented in Section 2 will be used to provide a 

means to examine a characteristic xanthene dye (KRS) under flashlamp 
pumping in order to correlate the experimental data obtained previously 
[3, 221 and to assess the relative effects of the processes incorporated into 
the model on the output energy of the laser beam. 

The expressions for 7c and 7M in eqn. (23) are dependent on the laser 
cavity geometry. For the laser of interest to us, the following expressions 
have been developed [ 23 - 251: 

“= I+L(nD [ cL -1) \a + & ln( &J]-’ 

1 

C 
In $ 

( )I 

-1 

7M= 2Z+2L(nD -1) 

(25) 

(26) 

where c is the speed of light in vacuum, L is the length of dye medium 
traversed by a photon during a single pass through the laser cavity (this 
corresponds to the length of the cell containing the dye solution), I is the 
distance between the mirrors in the laser cavity, nD is the index of refraction 
of the dye solution, cy is the absorption coefficient of the dye solution at the 
lasing wavelength XL and RI and R2 are the reflectivities of the cavity 
mirrors. 
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As the dye degrades, fewer dye molecules are available to absorb the 
pump photons and to lase. A term ll is introduced to account for this 
reduction in dye concentration and its resultant decrease in the output 
power of the laser. The evaluation of II is given in Appendix A. 

Finally, substituting eqn. (26) and II into eqn. (23) leads to 

P 
~~~LCWem ln - hkT -ks& 

laser = 
21+ 2L(nu - 1) G&&T 

(27) 

Equation (27) gives the output power of the laser in terms of W(t), the 
pumping function. The function used in this analysis is the gaussian distri- 
bution pulse approximation [ 16,19, 261: 

W(t) = IV,,, exp - 
[ I 

4 (In 2)lf2 
2 

11 
(28) 

TI is the halfwidth at half-height of the pumping pulse. This pulse peaks at 
the value IV,,, (photons s-l ) at time t = 0. 

To calculate the energy in a shot, the pulse was divided into 1 ns units 
and the output power PhSer was determined for each increment. The resultant 
power curve was integrated over the duration of the pulse using numerical 
integration techniques [ 231. 

In eqn. (27) the variables II, r) and 7c are the only factors that reflect 
changes in pump and lasing absorption; the independent parameters &, ST, 
kT and ksT will all remain unaffected. Singlet quenching by a reaction 
product will change k ST, however, so that values chosen for the associated 
relaxation rates will have some effect on the magnitude of the change 
between successive shots when analyzing this mechanism. The value for 
W max in eqn. (28) was arbitrarily selected for each set of independent 
parameter values to equate the calculated pulse energy of the first shot to 
the experimental value. A change in calculated output energy due to varying 
a parameter was absorbed by increasing or decreasing W,,, to compensate 
for the change. 

3.2. Experimental data 
The data which were used to determine the adequacy of the model are 

given in Table 1 [3,22] . The values used for the independent parameters of 
the pulse energy are listed in Table 2. A distinction is made between param- 
eters and variables: the parameters are considered to be constant throughout 
an experiment, while the variables change with shot number. The dependent 
parameters TF, rp and @ also remain constant throughout the experiment 
since they are functions of the independent parameters. The values of TF, rp 

and Q that were calculated from the independent parameter values in Table 2 
are listed in Table 3. 

The values reported in Tables 2 and 3 are either experimentally deter- 
mined values for KRS or values considered to be reasonable on the basis of 
corresponding values for other xanthene dyes. The value given for k,+ [ 71 
was much lower than would be expected from the previously reported values 
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TABLE 1 

Experimental data’ 

Trial Shot me concentition CD 
(x lo-* M) 

Shot I energy 
(mJ) 

Lmerer half-life 
(shots) 

1 1 1.935 250 550 
500 1.870 

1000 1.805 
1500 1.740 
2000 1.675 
2500 1.610 
3000 1.545 

L = 28.0 cm; I= 25.0 cm; RI = 0.99; R2 = 0.22; nD = 1.36 (99.8% ethanol at 20 “C). 
aFrom refs. 3 and 22. 

TABLE 2 

Independent parameter values 

Pamme ter Value used Value reported Reference 

7F(R) ($1 3.1 x 10-Q 
+(R) (6) lo+ 

k s,s, Is 
-1 

1 10’ 

k -1 
S,T, (6 ) 2.5 x 10’ 

-1 
kT,S,(s 1 
kQs (M-l s-l) 

kQ, (M-l 6-l) 

10’ 

3 x log 

10’ 

10 

loe 

- 

- 

10’ - lo8 

1.8 x 10’ a 

2 x 107 b 

(1.5 - 6.7) x 10’ = 

10’ 

3 x 1o1O a 

2 x 1o1O d 

10’ 

3.3 x lo9 a 

2.5 x 10’ a 
l oa.c.d 

- 

[271 

[2lJ 

II193 

[283 

r211 

[I61 
r71 
c211 
Cl61 
1171 
El91 
Cl61 
- 

aRhodamine 6G. 
bRbodamine B. 
‘Xanthene dyes in general. 
dNo specific dye referred to when given. 
eBased on the following values for ESSA and triplet absorption cross sections for 
rhodamine 6G: DJT = 0.35 X lo-l6 cm2 [23]; CFS, + Sz = (0.4 - 0.6) X lo-l6 cm2 191. 

also listed. It is an experimentally determined value for KRS and is felt to be 
accurate. 
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TABLE 3 

Dependent parameter values 

Parameter Culculated value Values reported Reference 

7F @) 2.8 x lCFg 2.8 x 1O-Q 
3.1 x 10-Q 

7P (s) 1.0 x 10-7 !,“-:“a-9 a 
2 x 1o-6 b 
1.4 x 10-T b*= 

0.90 0.99 
0.83 f 0.02 
O.ga 

[ll 
121 
[I91 
1291 
1211 
[=I 

[f; 
[I91 

aXanthene dyes in general. 
bRhodamine 6G. 
=With 20% oxygen content in the atmosphere above the dye. 

3.3. Calculations 
The computer analysis was designed to work with the three variables II, 

q’ and (11. 

3.3.1. Pump absorption factor II 
The pump absorption factor was designed to compensate for the reduc- 

tion in the dye concentration as lasing progressed. This variable is also 
dependent on the amount of the reaction product present if the reaction 
product absorbs the pump photons. Figure 2 presents the graph of the pulse 
energies computed using II as the only variable and compares the result with 
the experimental values for trial 1 (Table 1). The calculation represents the 
reduction in laser output due only to the reduced concentration of the dye. 
This factor is included in all the following evaluations. 

3.3.2. Pump efficiency 77’ 
The pump efficiency r)’ is used to account for the reduced probability 

that a pump photon is absorbed by a dye molecule as competitive absorp- 
tion by the reaction products increases. This variable has been isolated from 
the remaining factors in the total pump efficiency ‘17 , as defined in eqn. (I), 
for the purposes of the analysis. Appendix A explains the derivation of q’. 
7)’ replaces q in the equation developed for the analysis. Because of the 
uncertainty surrounding reaction product formation and identity, several 
ratios of dye degradation to reaction product formation were considered. 
The analytical results based on these values are presented in Fig. 3. 

3.3.3. Absorption coefficient cy 
To determine the magnitude of the effect that reaction product absorp- 

tion at the king wavelength could have on the output energy of the laser, 
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Fig. 2. Laser beam energies experimentaliy observed (x) and calculated assuming that the 
output depends only on the actual KRS concentration (a). 
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Fig. 3. Laser beam energies experimentally observed (x) and calculated assuming that the 
output depends only on the absorption of pump photons due to the reaction product 
and that oA@) = oA(Rp) where oA@) and oA(Rp) are the absorption cross sections for the 
dye (D) and the reaction product (RP) respectively (0, D + RP; 0, D + 3RP). 

I 
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molar extinction coefficients at XL for the undegraded dye and the reaction 
product were calculated assuming that one molecule of dye degraded to 
produce one molecule of absorbing reaction product. For KRS in ethanol, 
hL is 620 nm [ 30,311. Absorption measurements on samples of degraded 
dye indicate that there is an increase in absorption of the degraded dye in 
this spectral region. The major band at 460 nm .becomes slightly broadened 
at its base and gradually a very weak peak appears at approximately 620 nm. 
This absorption has not been determined quantitatively, however. 

The extinction coefficients were calculated using the Beer-Lambert 
law [32 ] , The absorption coefficient a! for a specific concentration of dye 
(Cn) and reaction product (Cap) can then be obtained directly from the 
COnCeIIt&iOnS and the reSpeCtiVe mOhr eXtiCtiOn COeffiCientS eD and cRp: 

(29) 
and 

I 
- = exp(--arc!) 
10 

(30) 

Prior to lasing, X/I,, at 620 nm was taken to be 0.999, and the concentration 
Cap was taken to be zero. The calculation gave en = 51.68 M-l cm-l. Various 
values for I/J,, were assumed for the case after the onset of lasing and values 
for Q were calculated in this manner. 

3.3.4. Final calculated resuE#s for Kiton Red S in e#hanot 
Table 4 gives a list of the values used for 11 , q’ and 01 that produced the 

pulse energies plotted in Fig. 4. 

4. Discussion of results 

The results of the application of the model to KRS show that a multi- 
plier effect is operating, i.e. from Fig. 2 it is apparent that the laser pulse 
energy decay cannot be accounted for by a simple decrease in dye concentra- 
tion due to dye decomposition. Figure 3 indicates that pump absorption by 
the reaction products accounts for a small, although not negligible, amount 
of the total decay. Finally, Fig. 4 indicates that the absorption of laser 
radiation by the reaction products, whether transient or long lived, plays a 
major role in the decay. 

The absorptive materials can be stable reaction products or transient 
species. For example, triplet-triplet absorption has been shown to be a 
maximum in the region around 620 nm [33]. If the reaction product cata- 
lyzes KRS triplet formation, then triplet-triplet absorption of laser photons 
will add to the decrease in laser beam energy beyond the actual absorption 
due only to the reaction product. This absorption may be significant even if 
the triplet population increase is relatively small and transient. 
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TABLE4 

Variable values for plotsin Fig. 4 

Trial 

1 1 
500 

1000 
1500 
2000 
2500 
3000 

1 1 
500 

1000 
1500 
2000 
2500 
3000 

1 1 
500 

1000 
1500 
2000 
2500 
3000 

0.01000 
0.02500 
0.04001 
0.05501 
0.07002 
0.08502 
0.10002 

0.01000 
0.09169 
0.17339 
0.25508 
0.33678 
0.41847 
0.50016 

0.01000 
0.17502 
0.34005 
0.50507 
0.67010 
0.83512 
1.00014 

1.0000 
1.0186 
1.0349 
1.0490 
1.0612 
1.0719 
1.0812 

1.0000 
1.0186 
1.0349 
1.0490 
1.0612 
1.0719 
1.0812 

1.0000 
1.0186 
1.0349 
1.0490 
1.0612 
1.0719 
1.0812 

1.0000 
0.9056 1 
0.8223 
0.7484 

I 

E,, = 51.68M-' Cm-’ 

0.6823 
ERP=0.236X104 M-l cm-' 

0.6228 
0.5691 

1.0000 
0.9056 I 
0.8223 
0.7484 
0.6823 

eD =_";~~~2Mx-;oc;n,', _-I 
%P - 

0.6228 
0.5691 

1.0000 
0.9056 
0.8223 
0.7484 ED 

I 

= 51.68M-' cm-' 

0.6823 CRP = 2.544 x104 M-l cm-’ 
0.6228 
0.5691 

Other mechanisms responsible for energy decay were examined by 
incorporation of the requisite terms into the basic model. For example, it 
has been proposed that reactive triplets are formed from upper excited 
singlet states [4,7,33 1. In addition to promoting degradation, this triplet 
formation could affect the king by populating the triplet manifold at the 
expense of the singlet population. The potential of this possibility was 
assessed by adding an additional term ko Rp+QS(RP,] to the rate constants 
k2 and km of eqn. (5) and eqn. (6) respec ‘vely. The factor kQaRP is the rate % 
constant for singlet quenching by the reaction product and the 2 actor 
[ QSCRPJ is the concentration of the product. The effect of a decrease in the 
singlet population on pulse energy decay was calculated to be very small. 

The final insight offered by this analysis is the importance of the 
wavelength of king. The parameters 6s and 6, are both functions of XL and 
may vary by several orders of magnitude over the excited state singlet and 
triplet absorption ranges. If triplet absorption is significant at one wavelength, 
it could be reduced by Ming at a wavelength where there is a smaller extinc- 
tion coefficient. This effect may account for the slight variations in king 
wavelength encountered with untuned dye lasers. The prime consideration in 
selecting a king wavelength is the absorption band of the reaction product, 
if this band overlaps the king region of the dye. 
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0 loo0 2wo woo 

SHOT NUMBER 

Fig. 4. Laser beam energies experimentally observed (x) and calculated taking into 
account the actual KRS dependence, the absorption of pump photons due to the reaction 

product (MA =OA(RP) and D -+ 3RP) and the absorption of photons at hi (0, cx at shot 
3000 equal to 0.10; q , a! at shot 3000 equal to 0.5O;A. CY at shot 3000 equal to 1.00). 

It can be concluded that the analytical model developed to represent 
the KRS dye laser provides an accurate method of predicting laser pulse 
energy decay and relative laser performance as a function of dominant 
relaxation mechanisms and competitive absorption processes. Generality has 
been incorporated into the model which enables various potential reaction 
product effects to be evaluated by simple modifications of the power output 
equation and its associated parameters. The model has predicted output 
energy trends that are consistent with the known characteristics of the KRS 
laser. As the parameters specific to KRS and to other xanthene dyes are 
more accurateIy determined, the model will be able to predict the relative 
efficiencies of different operating regimes effectively. 
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Appendix A 

Derivation of expressions for III and q ’ 
As the dye degrades, less molecules of dye are available to absorb the 

pump radiation and to lase. To account for the decrease in absorption due to 
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dye reduction, the Beer-Lambertlaw [Al] was used. The number of photons 
transmitted per second in a beam of light is directly proportional to the 
intensity of the beam. The Beer-Lambert law can then be written as 

PO-P 
- = exp(--f,Cnd) (Al) 

PO 
where p. - p is the number of pump photons transmit&d per second through 
the medium, p is the number of pump photons absorbed per second by the 
medium, p. is the number of pump photons transmitted per second in the 
incident beam, eP is the molar extinction coefficient for pump absorption, 
Co is the concentration of the decomposition product and d is the diameter 
of the dye cavity illuminated by the flashlamp. The energy output of the 
laser is proportional to p ; therefore the output of successive shots can be 
adjusted by the factor II to account for the loss of dye molecules if II is 
defined as 

n=P (A2) 
PI 

In this equation, p1 represents the number of photons absorbed per second 
during shot 1, and p is determined for each subsequent shot according to the 
concentration of dye remaining by the use of eqn. (Al). The variable II can 
now be expressed as 

l-I= 
1 - exp(--e,Cod) 

1 - exp(--E&n1 d) 
(A3) 

The term CD1 is the concentration of the dye during shot 1. Johnson [A2 J 
recorded an initial output of 350 mJ at low4 M dye concentration and 
530 mJ at 5 X 10e4 M dye concentration. Considering the ratio of the p 

values for these shots to be equal to the ratio of the output energies, cP was 
calculated to be 1.79 X 104 M-l cm-l. 

The term II must also reflect the increase in the number of absorbing 
molecules in the medium as the reaction product replaces the dye. The 
number of molecules of reaction product produced from one dye molecule 
and the molar extinction coefficient for pump absorption are not known. To 
examine competitive absorption by the reaction product, its absorption cross 
section aA was considered to be equal to the dye absorption cross section 
CJA(D). Since one molecule of dye producing two molecules of reaction 
product with u A(o) = (IA is equivalent to one molecule of dye producing 
one molecule of reaction product with UA(RP) = 20,4(n), this assumption wih 
still be useful in analyzing the situation when @A(o) # oA(np). 

On incorporatingthe effects of the reaction product, eqn. (A3) becomes 

I-l= 
1 - exd-ep(CD + %P)& 

1 - exp(-+&d) 
(A4) 

The total pump efficiency q is a product of several factors: the flash- 
lamp bandwidth; the pump photon loss due to mechanisms such as reflec- 
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tion and scattering; the competitive absorption by material (i.e. dye, reaction 
product, absorbing impurities etc.) in the medium. All but the dbsorption 
due to the dye and the reaction product can be considered to be constants 
that can be absorbed into the term IV,,,. This allows q to be modified to 
express only the probability that a pump photon will be absorbed by a dye 
molecule : 

CD 
72 ‘= 

CD + CRP 
(A5) 
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