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Ahstract

The optical gain parameters of pulsed steady-state lasers, such as dye and excimer lasers,
are determined from a single set of experiments from either a laser oscillator or an amplifier.
The gain parameters determined by this technique are ilie small-signal gain coefficient, the
saturation intensity for stimulated emission. the saturation fluence for stimulated emission,
and the non-saturable absorption coefficient. The measured saturation properties of laser
amplifiers and oscillators are used in a data fitting routine that finds all of the gain parameters
simultaneously. The values of the gain parameters are determined with greater accuracy than
by the conventional methods of measuring each of the parameters individually. The
knowledge of the values of all the gain parameters allows for the determination of
fluorescence lifetime of a gain medium.

lotroduction
It is important to laser researchers to measure the gain parameters of lasers very
accurately. Most methods for doing $o are associated with questionable approximations. We
present an accurate method for determining the gain parameters of pulsed steady-state lasers,

such as dyc lasers and cxcimer lasers. Recent work in dye lasers! -3 demonstrated that accurate
values for the spectroscopic constants of laser dyes can be obtained from measurements of

optical saturation. A method was developed! for fitting the non-linear data, to the coupled
diffcrential equations that describe the optical saturation processes, to arrive at values for the
spectroscopic constants with greater accuracy and simplicity than by conventional means. We
have cxtended this method to determine all of the gain parameters of a laser gain medium from
a single sct of data. The data sct can be from the mcasurement of output intensities from a laser
amplifier as a function of input laser intensities to the amplifier, or from the measurement of
output intensitics from a laser oscillator as a function of the reflectivity of the output coupler.
The data from cither experiment can be fit, with our method, to the equation that describes the
mecasurcment whether the cquation is analytic or differcntial. The gain paramcters which can
be determined arc the small signal gain coelficient, the saturation intensity for stimulated
cmission, the saturation fluence for stimulated emission, and the non-saturable absorption
cocfficient. From the values of these gain parameters the [luorescence lifetime of the gain
medium can be calculated. The fluorescence lifetime is difficult to measurc in some lasers such
asc bcam pumped KrF excimer lascts. The method developed for laser amplifier

mecasurcments!-3 was cxtended recently to laser oscillators4.

Daia Fitting Model
The gain paramcters of a pulsed lasce can be determined from: (a) the output intensity of an
amplificr as & function of input intensity or, (b) mecasurcments of output intensity from and
oscillator as a function of output coupler transmission. The cxperimental data is fit to the
cquation that describes the cxperiment.

We first consider the case of pulsed stcady state amplifiers in which the te¢mporal duration
of the input laser pulse to the amplificr is long compared to the responsce time of the gain
medium (gain fluorescence lifetime). The amplification of an input lascr pulse through an
amplifier 18 described by,



dl - &I (1)
dx 1+1/ 1y

where [ is the intensity (photons/cm? sec) of the laser pulse passing through the amplifier, g,
(cm-1) is the small-signal gain coefficient, I,,, (photons/cm2 sec) is the saturation intensity

for stimulated emission, and @ (cm~!) is the non-saturable absorption coefficient. The
saturation intensity for stimulated emission is defined by,

=1
L5 Ce T (2)

where 6, (cm2) is the cross section for stimulated emission and 7 (sec) is fluorescence lifetime
of the laser gain medium. The performance of KrF excimer laser amplifiers is described by (1).
The performance of dye laser amplificrs are described by (1) with @ = 0, since most dye lasers
exhibit no appreciable non-saturable absorption.

Next we consider the casc of pulsed steady-state amplifiers in which the temporal duration
of the input laser pulse to the amplifier is short compared to the response time of the gain

medium. The amplification of an input laser pulse through an amplifier is described by3,
dE:goEs[l+e‘E/Es]—aE. (3)
dx

where E is the flucnce (photons/cm?) of the laser pulse passing through the amplifier, and Es
is the saturation lNuence for stimulated emission. The saturation fluence for stimulated
cmission is defined by,

Eg=-L (4)
ls Ge
By .ncasuring the gain in a laser amplifier (i.c., KeF excimer) with both long and short
tecmporal pulses (compared to the gain lifctime), the values of Igq; and Eg can be determined.

The fluorescence lifetime of the gain medium can be calculated from the ratio of (2) and (4).
Qscillators

The light intensity inside the gain region of a onc dimensional CW oscillator (Fig. 1)
propagates according to the following diffcrential cquation:

(Ili
i"(—E-‘-’lJ(.&'-a) (S)

where g is the saturated gain of the medium and @ is the non suturable absorption. With x as
the coordinate for position in the oscillator, increasing toward the output coupler, then [, and
[_refer to intensities propagating in the positive and negative ¥ dircction, respectively. The
saturated gain 1s related to the small signal gain gy, via

e=. %
I + 1, (6)



where ] is the total laser intensity and Igg; is the saturation intensity for the gain medium.
Writing the total laser intensity | as the sum of I, and I., substitution of (6) into (5) yields the

initial equation for the conventional Rigrod® formulation,

_Lﬂt=-ld_l-= o -a. (7)
I, dx L dx 1+ /L + 1/,

It is the integral solution of this propagation equation that uiltimately yields the output
intensity of the laser, given by

L
- i - ) g0 )
Low = To(1 - RYL(L) = To(1 Rz)fo 1.(“1 - o dx (8)

where L is the value of x at the end of the gain region and R; is the reflectance of the output
coupler. T, is the combined transmission of the forward inter-cavity window and the space
between this window and the output coupler (sce Fig.1).
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Figure 1. Diagram of a laser oscillator

Using Rigrod's catcnary approximation® for the sum of the forward and backward propagating
intensitics in an oscillator, the outpui intensity is given by,

T5(1 - Ry)YR, o - @)L + IdYR.R))

mlElml — [r—
YR, + YRu)(1 - YR R, ol
( Ru)(1-YR.R,) (n e

I,

s (9)

where R, and Rp arce effective reflectivities ror the iutensitics as seen from the lascer volume,
.
Ri=TiR, and R"=T5R2 . (10)
For the two parameter oscillator, relaticg to dye lesers with no non saturable absorption, the
output intensity (s given 0y setting & = 0,

_ La'To(l T_R_z)_v_R_,,_ _(__g_o_l_‘ + II‘VRRRh))

lum = (VR“ + th )(l " VR.._RI‘) "



The output intensities of laser amplifiers are calculated simply by numerically integrating
(1) or (3) depending upon the temporal pulse width. The output intensities of laser oscillators
are calculated from (9) or (11) depending upon whether there is non-saturable absorption
occurring in the laser gain medium. The gain parameters, g9. I¢q;. and &, of the gain medium
can be determined from either amplifier experiments, that measure Ioy V8. Iin, or oscillator
experiments that measure Ioy vs. R2.

The X% Minimization Fitting Technigue

The data sets collected from amplifier and oscillator experiments are described by (1), (3),
(9)or (11). The gain parameters, go. Isg;. and @, can be determined from such data sets by
fitting the data airectly to the relevant equations. The technique for [itting the data directly to
the output intensity equations requires finding the values of the parameters that minimize the
difference between the measured and calculated output intensities. An initial estimate of the
values of the three parameters is used to calculate theoretical data points. The slope of the
output intensity equation with respect to each parameter, at each data point, is calculated. The
sum of the contributions from the slope and the difference between the measured and
calculated output intensities for each data point is used to adjust the values of the parameters.
The adjustments to the values of the parameters iterates through the prccedure until the
difference between the experimental data and the values calculated from the eguation is
minimized. The output intensity equations can be explicit, implicit or first-order differential
equations. The proccdure described below is an extension of the method developed by Jensen!
for accurately determining the spectroscopic constants of laser dyes from optical saturation
eiperiments.

We consider the general case of a differential equation that is numericallv integrated to
give outlput intensities commensurate with an experiment:

f=I DE dx (12)

is thc cquation used to calculate the data points £}, that will be compared with corresponding

mecasurced values y;. If the diffcrential 2quation, DE, depends on the sct of parameters, @, f3, 7,
etc, then we find values for those parameters such that the absolute diffcrence between the

theorctical points fj and the measured points y; is as small as possible. We can usc X2 as a
measure of this absolute crror, as defined by

xt= X (yi- i} (13)

As with muny fitting routincs, initial guesscs must be made for the parumcters a, B, ctc. to
gencerate the first sct of f's for the theorctical curve. Then the theorctical curve is compared
to the nicasurced values and cach of the paramcters is changed by an analytically determined
amount for the next iteration. In general, the dependence of fon the paramceters need not be
simple nor lincar. We can write a Taylor scrics that approximates f(q, f3, 7..) as a lincar
function ut cach data point, j

£y = £, + a4+ Mg 4 Mo

3141 o oy AY (14)



where the higher order terms in the expansion have been dropped. Here fp; is the initial

value of [/}, obtained with the initial guesses for the parameters via (12), and A, Af, and Ay are
small corrections to the values of these parameters. If we visualize the f;'s as points on a

surface in a space spanned by @, ﬂ and 7, then (14) is a way of approximating how the points
move on this surface over small changes in the parameters. Equation (14) describes how the
value fj moves away [rom the initial guess fp; with the assumption that the changes are small
enough that the surface nearly '[lat” at a tangent point to the parameter surface.

The values for f; are final when the total error is minimized. This happens when each

parameter is adjusted by the correct amount to make X2 a minimum, i.e.

2 2 2
L S S

dAa dAB dAY

(15)

with like equations existing for any additional unique parameters determining f;.

Substitution of (14) into (13) yields an approximate expression for ¥2. Its derivatives can be
cvaluated to rewrite (15) as

df s\ da oo
oy [, (36, o, 3fo,\ (9o,
% by o2 - am) L ‘“Z(ag) 2+ 3, (ay)(aﬁ)m .

This system of cquations takes the form of a matrix equation when we let

Z ()’n ' .)m—a- X2= Zi (Yi - fo.)‘?&. X3= Zi ()’i - fo.)%. (19)

oB
Mo, \? ot \ (OF, dfy, (01,
C =2, r—&  Cha=C =2y = (—(h) Cii=Cy =2, (E—&)(—&) (20)
Ju B J\da &y J\da.
My \° Mo\ (Mo Mo, )
C=2X -], Coa=Cay=X [0 ' Cuv =2 [ . (21)
B oy J\ dB ¢
Now (16) (1R) become
Xi| [CiiCraCry Act|
Xal={Cn Caa Coa || AB (22)
X\ Cy Caa Cyy AY




and the solutions for the parameter changes are given by

1 Ci12Ci3 11 X Cis 1 Ci2 Xy

2CCxn 21 X2Cn 21Cn2 X
ao=XaCnCul  zg KCu XaCul Ay CuCap Xal (23)

11 Ci2 Cia 11 Ci2Cis 11 C12Cia

21 C22 Cy3 21 C2; Cn 21 C22 Cx3

31 Caz Caa 31 C32 Ca3 31 C32 Caa

If the surface in parameter space were truly flat in all regions of the parameter-space, then
changing the initial values for the parameters by the values given in (23) would make the
next guess. [}, the best possible guess (the one which reduces X2 to its lowest value). However,
becausc (14) is only a linear approximation to a surface which is not likely to be flat, the
process of changing estimates for the parameters will be an iterative one. After the initial
guesses are made, the changes are solved for and the parameters are corrected for the next
estimation by

Oyl =0 + A, Bpey =Pn +AP and Yos1 = Ta + AY (24)

The new values for @, f, and yare then inserted back into (19) - (21) and new changes in their

values arc arrived at via (23). This process continues until all three changes are within some
specified margin of error, defined as

%< Er, é-B—<Er and ATY<Er. (25)

At this point, the values of the parameters have been fixed to within their respective specificd
margins of error. The power of this [itting technique has been demonstrated in fitting non-

lincar data!-1 and comes from the ability to fit all the parameters to each of the data points.
The iterative approximations arc rigorous and transcend the “eyeball” fitting, commonly found
in fitting optical saturation data. The accuracy provided by this technique is greater than that
provided by mcasuring the gain parameters “"independcently” or by making linear

approximations to different large scctions of the data sct!-3.

To test the efficacy of the fitting technique simulated cxperimental data was gencrated with
cach of the photon propagation cquations, (1), (3) and (7), and the data was [it to the output
intensity cquations, (1), (3), (9)and (11). The length of 'ne gain medium was 10 em. The initial
cstimates for the gain parameters were taken to b2 200% to S00% of the true values. From these
initial estimates the fitting routinc program madc systematic corrections to the values of all of
the gain parameters until after several iterations the true valucs of the parameters were
recovered. The error maregin for fitting the data to the cquations was sct at Er = 1.0%.

Figure 2 displays the three parameter amplificr data generated with (1), the initial
cstimales for the gain parameter valucs, and the intermediate iterations made by the fitting
program to arcive at a perfect fit. Similar results were obtained with gencrating and fitting
three paramceter amplifier data with (3).

Figurce 3 displays the two parameceter osallator data generated with (7) and the fit of the data
to (9). Figure 4 shows the threc parameter osciltator data generated with (7) and the fit of the
data to (1 1) In the examples shown in Figs 2 4 the initial estimates for the gain parameter
valuecs were set 200% away from the values used to generate the data, In cach case the true
values of the gain parameters were successfully recovered.
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Figure 2. Fitting of three parameters to laser amplifier data. Plot is of
extraction intensity (MW/cm?2) vs. input intensity (MWIcm2).
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Figure 3. Fitting of two parameters to laser oscillator data. Plot is of
output intensity (MW/cm?2) vs. output coupler reflectivity.
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Figure 4, Fitting of three parameters to laser oscillator data. Plot is of
output intensity (MW/cm?2) vs. output coupler ref!ectivity.



The data fitting technique is rigorous and systematic and requires no help from the
experimenter. The three-parameter amplifier and two-parameter oscillator fitting results
show that the systematic corrections of the gain parameter valucs follow a smooth surface in
the parameter space. The three-parameter oscillator fitting results reveal a more complicated
surface in the parameter space. There are regions in Lhis parameter space that reject some
initial estimates for the gain parameter vali :s by driving the determinants in the
denominators of (29)-(33) to zero. In this rase the initial estimates are modified and the fitting
routine proceeds. It is always found that the fitting proceeds to the correct values of the gain
parameters or a rejection of the initizl estimates, but not to an incorrect fit. The three-
parameter fitting routines can be used for data that has only two non-zero valued parameters
and the correct values for both parameters will be recovered. The only advantage of using
two-parameter fitting is for oscillators with no non-saturable absorption.

Conclusions

We have described an extensively tested method for determining the gain parameters of a
pulsed laser from mecasurements of the gain medium as an amplifier or an oscillator. The gain
parameters, which include the small signal gain coefficient, the saturation intensity (or
fluence) for stimulated emission and the non-saturable absorption coefficient, are all
determined simultaneously from a single set of data. The data required in the case of
amplifiers is the outpul laser intensity as a funct.on of input laser intensity. In the oscillator
experiments the data needed is the output laser intensity as a function of output coupler
reflectance or transmission. We described a numerical method for providing the best fit of the
data to the photon propagation cquations in an oscillator or amplifier whether the equations
arc analytic or differential. The results provided by this method are simpler and more
accuratce than the common procedurce of measuring the gain parameters indep2ondently.
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