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RESUME

Nous avons congu un modéle théorique de laser 3 colorant 3 base
de Para-Terphényl pompé par un laser excimére et nous avons &tabli un
nouveau groupe de coefficients pour les taux de réactions du Para-
Terphényl. Le probléme de 1l'émission spontanée dans le colorant a &té
solutionné analytiquement. Les solutions numériques des équations du
laser sont assez conformes aux résultats des expériences relatées dans

la littérature.

Le modéle que nous avons &laboré nous a permis d'atteindre

une efficacité et une pureté spectrale encore inconnues. (NC)

ABSTRACT
\AA theoretical model for a Para-Terphenyl dye laser pumped
by an excimer laser has been developed. A new set of reaction-rate
coefficients for Para-Terphenyl has been established. The problem
of spontaneous emission in a dye has been solved analytically. The
numerical solutions of the laser equations agree closely with the

experimental results reported in the literature.

Use of our model resulted in the achievement of higher efficien-

cies and narrower linewidths than those previously reported. \(U)
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1.0 INTRODUCTION

The potential of mercury-cadmium (Hg-Cd) as a blue-green excimer
laser source is under evaluation at DREV for Hg-Cd is an extremely
efficient emitter in the 450-550 nm wavelength which is propitious
for underwater transmission. Nevertheless, to excite Hg-Cd optically,
a laser emitting at 326.1 nm is required. The dye Para-Terphenyl
(P-T-P) can be made to lase at this wavelength if it is pumped by an
excimer laser (namely, Xe-Cl at 308 nm or Kr-F at 248 nm). We had
to achieve a 10 mJ energy as well as a 10% efficiency. To reach such
performances we must obtain a deep understanding of the underlying
physics since previously reported efficiencies and tuning ranges for

these excimer-pumped dye lasers differ considerably (Refs. 1-8).

In this report, a model of P-T-P kinetics is developed, its
validity is confirmed by comparison with published experimental results
and new rate constants for critical kinetic pathways are established.
Preliminary results are also given for a P-T-P oscillator-amplifier
system with an efficiency greater than 10% at 326.1 nm. The pumping

source used is a Lumonics 262-2 Kr-F laser.

The work described herein was performed at DREV between January
and September, 1980, under PCN 33H07 ''Chemically Excited Lasers".

2.0 MODEL OF THE DYE KINETICS

2.1 Structure of the model

Laser action in a dye is usually controlled by a few elementary
reactions. The most important ones are illustrated in Fig. 1 and
described in Table I. Let us consider them rapidly. In reaction 1,
dye molecules in the ground singlet state, Sp, reach the high lying

ro-vibrational levels of the first electronically excited singlet state,
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TABLE 1

Elementary reactions controlling laser action in dyes

(1)

(2

3

(4)

()

(6)

)

(8)

(9)
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FIGURE 1 - Energy diagram of Para-Terphenyl and significant reaction
mechanisms.

S1 by absorbing photons of the appropriate wavelength. The populations
within S; rapidly equilibrate to a Boltzmann distribution and
spontaneous (Af) and stimulated (cf) emission can then ensue from

the lower levels of S; to the high lying ro-vibrational levels of

Sp (reaction 2). Rapid equilibration occurs within Sp. These two

reactions account for the most pertinent processes in the laser dyes.

In reaction 3, there is a radiationless transition (Rst) from
the first excited singlet to the first excited triplet. This
transition is unfavorable to lasing because it depletes the S,
population, producing in the triplet T; state molecules susceptible
of absorbing a laser photon to form the triplet T, state (ott)
(reaction 6). This unwanted T; - Tn absorption, considerably affects

stimulated emission at long wavelengths.
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Reaction 4 also describes a loss process which occurs when
the first excited singlet state, S;, absorbs pump photons to reach
higher electronic states in .n¢ 3inglet manifold, Sn (o05). The
& R. ), called

cs ict
; it is represented

relaxation of those excited electronic states (Ri
internal conversion, takes from 10—11, 10'145

by reactions 5 & 7 (Ref. 9).

As they stand in air, most dye solutions become saturated
with oxygen. This element being paramagnetic it tends to increase
the singlet to triplet crossing rate (Rgp). This phenomenon is

summarized by reaction 8 (Ref. 9).

Reaction 9 represents the reduction of gain (os) that takes
place on the short wavelength side when the emission and absorption

bands Sp to S; overlap.

The beneficial effect of oxygen in quenching the first excited

triplet state was neglected. A justification for this omission and

the rejection of other unimportant processes can be found in Appendix A.

2.2 Rate Equations for Spontaneous Emission

The following set of differential rate equations, describing
spontaneous emission, may be derived from the processes described

in the previous section.

dN
S
dt NoFooE - Ng(Ag + Rgp * Roz * Focz) * Non Rics 1]
dN,
gt = Ns(Rgy * Ro2) [2]




!liii;;;;;‘;""jif'"‘,q». ; — "%IIIIIlIIlE=::::::::=zillllllIlIIlll----------—1—-F“'

UNCLASSIFIED
5

No + Ns + Nt + Nsn = Ni [3]

where No’ N N__, represent respectively the population densities

s’ Nt' sn
of the Sg, S, Ty, Sn states; N.l is the initial population density

of Sp, and Fo is the flux of photons per unit area. The first term
of equation [1] is the Sy to S; excitation due to the absorption

of pump photons. The second one accounts for spontaneous emission.
The radiationless intersystem crossing from S; to T; in the absence
and preseice of oxygen respectively is represented by the third and

fourth terms.

The excitation caused by the pump photon absorption from the
S; to the Sn manifold of states is expressed by the fifth term while
the final term of equation [1] models the decay from the singlet
manifold to the S; state due to internal conversion. The flux of

photons, Fo’ can be represented as follows:

F = 1 /hvg (4]

where Io is the intensity of pump radiation, and hvE, is the photon
energy at a frequency Vg-

The first and second terms of equation {[2] account for the
influence of intersystem crossing on the triplet population; they

are identical to terms 3 and 4 of equation [1].

Reactions 6 and 9 are unimportant here because very few photons
spontaneously emitted by the dye are reabsorbed. The terms arising
from those reactions have therefore been neglected in equations [1]
and [2]. Equation [3] expresses the conservation of the total population

density.

v ——— -
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A further simplification arises because highly excited singlets
rapidly deactivate to the S; state. The steady-state population may

therefore be expressed as a function of Ns’ and

NS FOOZ

N =
sn

(5]
ics

In fact, in our system Nsn is less than 1% of NS. In solving
equation [1] we can therefore neglect terms five and six with little
loss in accuracy. The triplet populations, Tn’ may similarly be

neglected.

2.3 Solution of the Rate Equations for Spontaneous Emission

Before solving, we express equations [1] and [3] in

dimensionless form as follows:

N Nt
S L (6]
2 N, N.
i i
Substituting [6] and (3] into {1] and (2] one obtains
dNé
—_—— = -~ ' - 1
dt a Nt) FoUE Ns (FoOE * Af * Rst * Ro2) (7]
dN{
=t = N (Rgp *+ Rp2) (8]

Following our previous arguments we assumed a negligible
population of the Sn and Tn states in deriving [7] and [8]. This
system can be solved analytically as follows: we first differentiate
equation [7] with respect to t and then substitute equation [8] into

the resulting expression to obtain.

S T T S

. . . .t
e e gy i S b e
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d"N; dN;
~ . 1 ° =
ae® *ar (Fo% ¢ At Rgp * Rozd » Ng (Fop) Ry # Roz) = 0
(9]

This is an ordinary second order linear differential equation with
constant coefficients. With the initial conditions N; = 0 and N{ =0,

the solution is

F o 5
g o= OE (eT1T - T2

(ry-rs)

F .
2T G IRy
t (r; - ) L T T rz[

] ol

r 2‘[- (FOJE + Af + Rst + Rgo) +‘!(FOUE + Af + Rst + Rgo)" -

3
- JFOJE (Rst + Roz)]

rs = :1?[— (FOJE + Af + RSt + Rg:) _JFOUE + Af + RSt + Ry2)

. L}
~ 4FOOE (RSt + Roz)]
[19]

Equation [10] is a complete analytic description of the behavior of
spontaneous emission in the presence of a pump source of constant
intensity. With a time-varying pump source the behavior can be
modelled to any desired degree of accuracy if the pump source is
represented as piecewise constant in time and if the required boundary

conditions from one time segment to the next are matched.

The energy emitted and absorbed by the dye determines the effi-

ciency of fluorescence. The total energy (E) emitted in fluorescence

per unit excited volume is given by




The energy dissipated by the pumping radiation source, (S), is expressed

in non-dimensional form by the following expression

N =

The last term of [13] represents the absorption of pump photons by a
transition from S; to Sn (reaction 4). We neglected it when evaluating

the populations of the various states but we have to consider it in

UNCLASSIFIED
8
t
Lo a
E = N, ! N! A Rug dt [11)

where hvf is the average energy of the emitted photon, and tp is the
elapsed time since the start of the pump pulse. In non-dimensional

form, from [10} and [11), we have

Z‘m

= (Af E\)—f) FOOE i;-rltE - ertP “(_1___ - 1__)] [12)

(rl-rz1_ r) r, ry I

t
- P
= _N! o] - N!
h\)E S [ Nt) FO E NS FOO

s =;§
N. o)
i

gt Ny Foaoldt [13]

the energy balance because the absorption from S; to Sn and the
subsequent rapid collisional return to S; is a net loss of pump encigy
even though there is no net change in S; concentration. Substitution

for N; and Né from equation [10] into equation [13] yields:

(r1 -r3) r) r 1 T2

o hvE [OEtp + FOGE (o, - oE) ((erltp _ certR 1 -1
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By definition, the efficiency of production of spontaneous cmission,
wF, is

< (15]

2.4 Geometry of Side Pumping

Figure 2 is a schematic of a type of dye laser known as the
'side-pumped system' in which the radiation from the pump laser (1in
our case Xe-Cl or Kr-F) is focused into a line on the side of the
dve cell. As this radiation penetrates into the dye it 1is progressively

absorbed. Stimulated emission of the dve occurs between mirrors Rl

and R2. This emission i1s transverse to the direction of the pump

laser beam.

We now describe how spontaneous and stimulated emission 1is
taken into account in the arrangement shown in Fig. 2. Equations
{12] and [14] refer to the local efficiency rather than the overall
spontaneous emission efficiency of a device such as the one shown
in Fig. 2. From equations [12] to [15], we see that the local efficiency
of fluorescence at a given point is a function of the photon flux

at that point.

Because of the occurrence of an excited state absorpticn from
S1 to Sn’ the absorption of pump radiation does not follow Beer’s
law. For the same reason, the efficiency of fluorescence increases
as the flux of pump photons diminishes within the dye solution. There-

fore equation [14] must be integrated over the entire penetration

depth of the pump radiation.
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FIGURE 2 - Dye laser, side pumping geometry :
|
f
The flux of pump photons incident on the entrance face of
the dye cell is constant in time. However, at any finite depth within
the dye, the flux will vary in time. A first order estimate of the
energy lost during the pump pulse, at a given depth in the dye, can
be made from eqs. [13] and [14]. The flux of photons can be reduced
by an appropriate time-averaged quantity and eqs. [12] and [14] can
be recomputed for this new average flux. This procedure is expressed
by the following formula: :
1 X
Fo(x) = Fo(o) - ) s(FO(x)) Nidx (16]
t hv. o
p E
]
X
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where tp is the pulse length and x is the distance from the entrance
face of the dye cell.

We can renormalize [16] as follows by defining

dy = Nidx [17]
U
FO(U) = Fo(o) - 1 S S(Fo(U))dU [18])
t _hv °
p E

Therefore, a device as the one shown in Fig. 2 has an overall efficiency

for spontaneous emission that can be expressed as:

u
J E(FO(U))dU
W, = o [19]
U
/ S(FO(U))dU
o

Equations [18]) and [19] approximately account for the finite penetration
of radiation in the dye. Since we considered the effects of the pumping
geometry on the efficiency of spontaneous emission, we could directly
compare this efficiency with that of stimulated emission in a similar

geometry.

3.0 NEW RATES COEFFICIENTS FOR PARA-TERPHENYL

To use our model, we require rate coefficients for the
processes listed in Table I. As mentioned before, those reported
in the literature on Para-Terphenyl are discrepant. Only by inferring
new values for the rate coefficients were we able to resolve those
discrepancies and obtain a consistent picture. The new set of coeffi-

cients established through our analysis is studied hereafter.
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3.1 Spontaneous and Stimulated Emission Coefficients

The quantum yield of fluorescence for a dye is defined as the
ratio of the number of photons emitted by the dye in the fluorescence
band to the number of photons absorbed by the Sy - S; transition.

For a given dye the results obtained are frequently reported with

respect to a standard dye solution.

In Reference 10, the quantum yield of fluorescence, QF’ is
given as 0.93 for a deoxygenated solution of Para-Terphenyl. A witness
solution of 9,10-diphenylanthracene was arbitrarily assigned a quantum
yield of one. Recent papers demonstrate that the absolute quantum
yield of thi. reference solution is 0.95 (Refs. 11-12). We can
therefore say that the quantum yield for a deoxygenated solution
of P-T-P is

Q) = 0.93 x 0.95 = 0.88 [20)

The ratio of quantum yields of a deoxygenated to an oxygen-saturated
solution of Para-Terphenyl is 1.07 (Ref. 10). The oxygen-saturated
quantum yield is thus:

Q? = 0.88/1.07 = 0.82 (21]

Reference 13 states that the intersystem crossing quantum yield
in a deoxigenated solution of Para-Terphenyl is 0.12. In such a solu-
tion, the sum of the fluorescence (0.88) and the intersystem crossing
(0.12) quantum yields is thus equal to 1.0 and apparently, the other

loss processes are unimportant.

Oxygen greatly influences the rate of intersystem crossing.
Assuming that the difference in quantum yields is due to intersystem

crossing (reaction 3) we have
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D
QF T A, + R

where Ag is the Einstein coefficient of spontaneous emission (reaction

2) and RSt is the pseudo-first order rate coefficient for intersystem

crossing (reaction 3). In the absence of 0,, the fluorescence decay

time, ts has been measured as 0.95 ns (Ref. 10).

Since

it follows that

The natural decay time of Para-Terphenyl is therefore 1.08 ns.

With the spontaneous decay coefficient, Af, and the fluore

line shape (Ref. 10), it is possible to estimate the stimulated
emission cross section (reaction 2) using the following formula

A h)
, . _f A L)
Of (v) = 8n 2

™
n

(23]

(23]

scence

[25]

In the above equation, L(v) is the normalized line shape factor, XA the

wavelength, v the frequency of emission, and n the index of refraction

of the dye solution. The stimulated emission cross section thus

calculated as a function of the wavelength is given in Fig. 3.

L haeerime = b caaagern .
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FIGURE 3 - Stimulated emission cross section of the S; state or

Para-Terphenyl
3.2 Intersystem Crossing Rate

Equation [22] can be rewritten as

Rae =7~ A¢ [26]

Given the values of Af and Qg established above, we have for reaction 3

) 8 -1
R, = 1.27 x 10° s [27]

The intersystem crossing time is therefore 7.9 ns.

In the case of an oxygen-saturated solution, we must include
the effect of oxygen on the intersystem crossing rate (reaction 8).

We write

& - £ (28]
F (Af + RSt + Roz)
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Therefore
Ag
Roa = —5= - (Ag *+ Ry) [29]
Q

Evaluating the terms on the right hand side of [29] we find
8§ -1
Roz = 0.77 x 10 S [30]

The oxygenated triplet crossing time is therefore 4.9 ns.

3.3 Ground-State Absorption

The cross section of the Para-Terphenyl ground-state
absorption is given in Ref. 10 and shown in Fig. 4. This cross section
accounts for reaction 1. It was pointed out previously that the
same ground-state absorption can contribute significantly to a gain

reduction on the short wavelength side of the fluorescence band.

L T T T T T BN T ‘

14 -
12 | .
1 L N
8

-

0 . L i -1 i | e
230 240 250 260 270 280 290 300 310 320
UAVELENGTHCNANONETERS)

SINGLET CROSS SECTIONC10 Y7cme)

FIGURE 4 - Sy to S; absorption cross section of Para-Terphenyl
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The center wavelength of emission of Para-Terphenyl is 340 nm. An
expanded scale of the S; - S; absorption in this wavelength region

is given in Fig. 5 (reaction 9).
As mentioned before (Section 2.2) internal conversion (reactions
5 § 7) is known to be fast. Because of this rapid equilibration

within the singlet manifold we neglect processes (4) and (7).

3.4 Excited Singlet Absorption

Tomin et al. (Ref. 3) have measured the behavior of fluorescence
when a P-T-P solution is pumped by a Kr-F laser of varying intensity.
They found that the efficiency of fluorescence decreases when the
power density of the pump beam increases. This phenomenon indicates
the presence of S; to Sn transitions; it is expressed by reaction (4)
which is included in the estimate of the efficiency of spontaneous !

emission.

Given the model developed in section 2 and the rates coefficients
estimated above, it is possible to estimate the S; to Sy transition

cross section by iterative fitting. As shown in Fig. 6, the best
-1 S
8 cm2. To demonstrate the sensitivity

of the results, a fit with a cross section of 1.0 x 10—17 cm2 was

estimate obtained was 2.5 x 10

plotted; the results appear as a dashed line in Fig. 6.

3.5 Excited Triplet Absorption

It is known that different solvents, can shift the wavelength
of Triplet-Triplet absorption by 20 nm or more. Since P-T-P
fluorescence is on the short wavelength side of T; to Tn absorption
(reaction 6) such a shift would have a drastic effect on the gain
of the laser. For P-T-P in solution, the T, to Tn absorption cross
section has been measured with n-hexane as a solvent (Refs. 13, 14,

15), but no experimental data was available for cyclohexane. We thus
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FIGURE 5 - Expanded view of the long wavelength portion of the Sp to 5

absorption cross section of Para-Terphenyl
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utilized the line shape observed with n-hexane after having adjusted
the absolute values of the cross section by fitting the results of

our model of laser action to one set of experimental points (Ref. 1).

The resulting cross section is shown in Fig. 7.
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FIGURE 7 - T; to Tn triplet-triplet absorption cross section
One should note that since the line shape is given by a straight

line in the wavelength region of interest, our procedure of using
the same slope but adjusting the amplitude is equivalent to assuming

a wavelength shift in T; to Tn absorption.

With this estimate of the extent of T; to Tn absorption

(reaction 6) we now have in hand all required kinetic rates to

describe laser action in P-T-P,
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4.0 LASER CAVITY MODEL

The geometry of the laser model can best be understood by
reference to Figs. 2 and 8. By a cylindrical lens (not shown), a beam
of photons from a Kr-F or Xe-Cl laser is focused into a thin stripe
on the side of a dye cavity. This beam penetrates to an average depth,
8§, into the cell; it covers the entire length, L2, of the cell and
its height is H. Laser action in the dye will occur in a direction
normal to the mirror (or grating) Rl and to the partially transmitting
mirror R2. Rl and R2 also denote the value of the reflectivity of
these optical elements. A3 and A4 denote the loss suffered by the beam
at the entrance and exit faces of the dye cell. Any additional loss at
mirrors Rl and R2 will be denoted by Al and A2, the fractional power
loss of these clements. L1 is the distance between the mirror (or
grating) Rl and the dye cell. L2 is the distance between the dye
cell and the output coupler R2. The total distance between mirrors is

given as

L =Ll +L2+L3 [31]

In a laser-pumped dye-laser svstem, the gain is large. Once above
threshold, the laser thus reuaches saturation very early in the pulse.
The rate of growth or decay of the laser from then on depends only

on the pump pulse and the Kkinetics of the dve. The total light flux
(1.e. two ways) 1In a cavity operating at saturation cannot differ
significantly from point to point along the laser axis. Consequently,
spatial gradients in the flux along the laser axis are negligible

vwhen compared with the rate of growth or decay of this flux. The
equations which describe the flux of photons in the cavity can therefore
legitimately be averaged along the lasing axis. Little accuracy is

lost by that procedure and the equations are greatly simplified.

PRI SRS A g tsecal
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END-ON VIEW

Ly L Ly

SIDE VIEW

FIGURE 8 - Schematic of diffraction effects

However, this spatial average cannot be carried out in the
direction perpendicular to the laser axis, i.e. along the pump beam
which loses its energy in penetrating the dye. The pump photon flux
at any given depth in the dye differs significantly from the flux
impinging on the dye cell face. The effect we described for spontaneous

emission in Section 2.4 is operative here.

We must therefore solve the longitudinally averaged laser
equations at every depth until a distance of penetration is reached
where the pump laser flux becomes negligible. The results must then

be integrated along the axis parallel to the pump bean.
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4.1 Local lLaser Equations

At any given depth of penetration in the dve, laser action

can thus be modelled by the tollowing equations:

dN?
S - Nt . R NV s ) ) ] .
Tr - NI o e o = N e A R R Ly g
[32]
dNy
o N (R TR [53)
d“' _ ] * " c ot < « ~ Tt . - ~ L:
o C NS Ve e T TN L‘1"1"‘5'";'1_
1 [..\1 A2 A AY (1-AL-R1) (1-A2-RD)
- = & —_ % + PO Ll AN . Sl
N R 3 3 R
1
RSN 2 .
RN B 1 o f nY /e 1 L2
PoMLL s LS e n ) ff'* o xih\s Af T OIAY) (A\ 2 - L
‘ - £
[34)
W' w y coout = o (1-AZ-R2) [35]
he 2

where C is the speed of light, n is the index of retfraction of the

dye solution, o is the two wayv light flux inside the cavity in watts cm:
and . out is the output power of the laser. Lquation [32] is the

same equation we encountered when dealing with spontancous cmission

[1] except for the two terms involving ' which describe stimulated

emission from S; to Sy and absorption into S; from S,.

e men
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Equation [33] is identical to the one describing spontaneous emission
{2]. A term to account for triplet-triplet absorption of laser
radiation could have been included but, as we mentioned before for
spontaneous emission, internal conversion dominates; the effect of

this term on the kinetics would thus be negligible.

Equation [34] describes the buildup of laser radiation inside the
cavity. The first term in square brackets represents the gain in

the cavity. In this case some terms account for S; to Sn and Ty to

Tn absorption. Because of the enormous reverse rate of internal
conversion, thev do not influence the population of the singlet and
triplet states but they do absorb some laser radiation. This 1is

similar to the case of spontaneous emission where g, had to be accounted

for in the energy balance equation but not in the kinetic equations.

The second term of [34] represents losses due to cptical
components and to diffraction. A more detailed description of this

last term will be given in Section 4.2. |

The last term of this equation is usually referred to as the
noise or source term. It is inserted to account for spontaneous emission
in the bandwidth, dX, and solid angle, dd. of laser emission. In
this case, the spontaneous emjssion 1s assumed to be gaussian, with
a 1/e full width of AX. cf(MAX) 1s the cross section for stimulated
emission at the band center and of(x) is the cross section at the

laser wavelength ).

It is further assumed that

'»—-

dQ =

O
josd I 36
-
=3
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which is the diffraction limited solid angle of emission of the laser.

The section that tollows discusses the effects of diffraction.

Equations [32]-{35] were numerically integrated using a standard

implicit finite difference scheme.

4.2 Diffraction Effects in the Cavity

We treat the cross-sectional area of excited dyve as it it
were a Jdiffracting aperture. The high gain present in this region
strongly amplifies the portion ot the wavefront passing through it while
the wavefront outside this region remains relatively unafrected. The
resulting amplitude ditference between thesc two zones produces a
diffraction pattern similar to that given by a rectangular aperture
ot height H and width - (Fig. 8). The exact near-field pattern in '
a nigh-gain medium is Jdifficult to model, but a first-order approxima-
tion can be made if one remembers that the far field pattern of a 3

rectangular aperture has a first minimum occurring at an angle

= x/2an [37]

where a is the relevant lateral dimension of the aperture, n is the
index of refraction of the medium, and * is the free-space wavelength.

The horizontal and vertical diffraction half angles are

3 = A J = [ 38 ]

For small diffraction angles the total solid angle subtended by the

principal lobe of radiation of the laser is therefore given by

ro

[36]

>

o
josl
dafr—
E

dQ =
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as was mentioned in the previous section. tlere, diffraction manifests
itself as if there were a lateral flux of photons out of the excited

dye volume resulting in an unwanted loss.

In Figure 8, we see that the dye laser flux entering the excited

dye volume is given by

Flux = wHs [39]

and the component of the flux perpendicular to the laser axis in

the direction of the side walls by

w [40]
28n

w sinQH =

The components of the flux going through the top and bottom surfaces

are expressed by

cino = ©A [41]
R UN TT™

Integrating these fluxes over the top, bottom, and side surfaces

over the whole length of the dye laser, for the total lost flux,

we obtain Id’

1g = orfurfi e oy 2 fire s)eesfu e o [42]
§ H n ) H A H

The fraction of the flux lost through diffraction is the ratio of

[42) and [39]; it gives
Ay o+ L2+ 3|1 o+ 1 [43]
n 52 W2

h
1]
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This is also the last term in the second square brackets of equation

[34]. It accounts for the losses out of the excited dye volume due to
diffraction effects. Those effects are responsible for the discrepancies
found in the literature on the efficiency of Para-Terphenyl lasers.

The magnitude of those effects depends critically on the laser geometry.

5.0 COMPARISON WITH EXPERIMENTS

Table II lists the various experiments we modelled. The values
of the relevant parameters used in our model of each experiment are
also given in this table. In all cases we used a constant pump laser
intensity as a function of time. The pulse length matched the reported
width at half maximum of the pump pulse. The cross section for triplet-
triplet absorption was obtained by fitting the untuned laser results

of Zapka (Ref. 1); it was used in all cases.

TABLE 11

Experiment Lt L2 L3 Al Az 43 Ad Ri R # to TP Concentration

cm cm cm cmo (MW cm”) ns) (ML)
Ref. [1] 1. 2. 1. 05 .04 04 08 95 08 1 I 18 11 x gt
Fig. 9 to 10.
Ref. [1] 2.5 2. 2. 001 .08 .04 .3 2 120 134 1x107?
Fig. 10
Ref. [5] .15 2 15 3 .01  .001 .00l .7 04 .2 5 1.0 x 1073
Fig. 1l to 1
Ref. [3] .6 1.8 .6 .05 001 .04 .04 .95 18 .15 2. 40. 125 « 1073
Fig. 12 § I3 to 20.
Ref. (6] 5.7 6 5.7 .05 .04 .04 .04 95 .04 2 6. an. 1.3 x 1077
Fig. 14 to 60.
Ref. [6}) 5.0 6 5.0 .05 .04 N4 .04 95 2 50. 20, isx 107t
Fig. 15 to 25.0 to 25.0
Ref, [6) 5.7 6 5.7 .05 .04 .04 04 95 04 L2 50, 20, s x 107t
Fig. 16 S50t
Ref. {8] 1.6 .8 1.6 .05 .001 .04 .04 .95 g .2 1 34 2 x1073
Fig. 17 to 10.
Ref. {7] 2 1. 2 7 01 00 00 3 T 1 0. 120 a1
Fig. 18
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Different solvents have different spectral shifts of the triplet-
triplet absorption band. Our procedure presently neglects this factor.
Strictly, the results should be considered valid only when cyclohexane
is employed as a solvent. However, the comparison was also carried
out for other solvents (Refs. 3 § 6) and no significant discrepancies

were found between experiment and theory.

5.1 Krypton-Fluoride Pump Laser

The first experiment modelled was that of Zapka et al (Ref. 1).
As mentioned previously, their results were used to obtain a value
of the triplet-triplet absorption cross section for Para-Terphenyl
with cyclohexane as a solvent. As shown in Fig. 9, the linear
dependence of output energy on input energy means that efficiency
is independent ot pump intensity. This differs trom the behavior
observed for spontaneous emission (Fig. 6) and requires an explanation.
The loss of efficiency of spontancous emission with pump power is
due to S1 > Sn absorption. In a laser cavity operating at saturation,
this effect is minimized because, owing to stimulated emission, the
population of the Sy state and its resultant absorption are reduced.
Pump photons excite the S; state but laser photons deplete it as
quickly. For the same reason, the ground state Sg population is
also maintained at a much higher tevel in a laser than in the case
of spontancous emission. Because ot this higher ground state population

the absorption depth is quite different from what it is in the case

of emission. When lasing occurs, the absorption depth tends to be

much shorter. in fact, except for very high concentrations (> 2 x 10_3
Molar), it is quite close to that calculated from Beer's law. The
"burn-through” or blcaching effect is considerably reduced and lasing
occurs closer to the entrance of the dye cell than would be expected

by monitoring spontaneous emission.
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FIGURE 9 - P-T-P output energy against Kr-F pump energy.

o experimentals points (Ref. 1).

for theory

Figure 10 shows the results of a second experiment by Zaphka
{Ref. 1) where Para-Terphenyl was tuned by replacing the total
reflector in the cavity by a holographic grating. Since the pump beam
height was not specified, we used an estimate of 1 mm. The solid
line in Fig. 10 represents our results. The overall goodness of
the fit in this particularly sensitive case gives substantial contidence

in the accuracy of our model.

Our model was also compared to an experiment carried out by

Godard and de Witte (Ref. 5); the results are shown in VFig. 11.

Those authors used a very short low-energy laser pulse. Their results
3

and ours are in good agreement for a molar concentration of I x 10~
However, they are significantly discrepant at a molar concentration
of 5 x 1077 because we used Beer's law to estimate the absorption
depth, &, in our ditfraction loss term. As the concentration 1s

increased,  becomes very smiall., At such high concentrations a
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certain amount of bleaching by the pump laser beam does occur even
with lasing. The effective depth therefore becomes larger than the
one calculated. This dynamic effect could be modelled but at the

expense of some further complexity in the model.

The temporal behavior of the Para-Terphenyl dye laser is
compared with an experiment by Tomin et al. (Ref. 3) in Figs. 12 and 13.
Only the decay time is illustrated; the experimental results are
shown as a broken line and the theory as a solid one. The pump pulse
lengths were taken directly from oscilloscope traces given in Ref. 3.
Figure 12 refers to a near threshold pump pulse energy of 10 mJ and
Fig. 13 to a pump pulse energy ten times greater. In both cases
the fit is good. The similarity of the decay times indicates that
the mechanisms controlling the length of the pulse are triplet-triplet
absorption and singlet to triplet transition time. Their effect

is almost independent of pump pulse intensity.

McKee and James (Ref. 6) carried out experiments using a
Lumonics 262 excimer laser with a laser pulse length of 20 ns in Kr-F
and P-dioxane as a solvent. In our model, we assumed the same triplet-
triplet cross section as the one used in Zapka's experiment (Ref. 1).
The fit obtained for an untuned oscillator is shown in Fig. 14. It
is particularly interesting to note that the estimate of the threshold

energy seems to match our theoretical prediction quite well.

McKee and James (Ref. 6) also carried out a set of experiments
where they varied the length of their laser cavity and observed the
resulting relative output. This experiment is a sensitive test of
the accuracy of the diffraction loss term as this term is the one
most affected by a change of the resonator length. Figure 15 shows
that our theory predicts a somewhat sharper falloff with distance
than the one actually observed. This discrepancy means tnat we somewhat

overestimated this loss term, possibly because the excited dye cross
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FIGURE

FIGURE 15 - P-T-P relative laser output as a function of cavity length
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section is not as sharp edged as we assumed. The effective aperture
would be better represented as a smoothly varying function of the
penetration depth giving rise to a form of apodization, and thus

reducing the loss.

Figure 16 shows a comparison of experiment (Ref. 6} and theory
for the output power of Para-Terphenyl as a function of concentration.
Neglecting the effect of bleaching on the diffraction loss results

in an underestimate in the high concentration range.

The exact cause of the divergence between theory and experiment

in the low concentration range is not clear at this time.

S

—
- N
= 3
— !
S -
w —
~ |
S
= ~
3 4
wy '
o ) —
- =
[ e S S
0 S 1 15 2 2 ¢

CONCENTRAT IONC10 SHOLES, LITERS)>

FIGURE 16 - P-T-P relative laser output as a function of concentration
for a 12-cm cavity length
--0--0-- McKee and James' experiment (Ref. 6)

theory

5.2 Xenon-Chloride Pump Laser

Modelling Xe-Cl (308 nm) as a pump source for a Para-Terphenyl
laser gives rise to several new difficulties. For instance, no data
is available for the efficiency of spontaneous emission as a function

of pump laser intensity. Therefore, the S to S, absorption cross
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section cannot be estimated. In a laser operating far above threshold
this reaction will not be as significant because stimulated emission

keeps the population of S; small.

For our purposes we used the value of S; to S, absorption derived
from the Kr-F results and we applied it to Xe-Cl. The cross section
of the other reactions given in Section 3 were appropriately corrected

for a 308 nm pumping radiation.

Figure 17 shows the comparison between theory and experiment
for an untuned laser pumped by a 34-ns Xe-Cl pulse (Ref. 8). The
theory errs somewhat on the conservative side. The threshold behavior
seems to be rather well accounted for. This would indicate that the
S; to Sn absorption of Xe-Cl at 308 nm and Kr-F at 249 nm does not
differ greatly.

Figure 18 compares theory and experiment for a tunable laser
built by Hollins and Webb (Ref. 7). In this case, the theory overesti-
mates the magnitude in the wings of the transition and underestimates
the peak value. Problems with cavity alignment as one tunes the laser
could partially account for this discrepancy. Those problems would
be much more significant in the wings of the transition, i.e. near
threshold. The grating used in this case was operated in 7th order
and it is very difficult to estimate the efficiency as a function
of wavelength of such a grating operating in a high order. We thus

used a constant value independant of wavelength. This could account

for some of the observed differences between experiment and theory.
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6.0 CONCLUSIONS AND RECOMMENDATIONS

Several conclusions can immediately be drawn from our results.
The first of these is that Xe-Cl is a better pumping source for Para-

Terphenyl than Kr-F, partly because a higher concentration of P-T-P
is required to achieve a given penetration depth. This increases

the gain density while leaving all the other losses unchanged. Another
part of the improvement is due to the smaller energy difference between
the pump laser and the Para-Terphenyl laser emission in the case

of Xe-Cl.

The second improvement suggested by the theory is the use
of deoxygenated solutions. In practice, some of the gain obtained
could easily be offset by a substantial increase in the complexity
of the equipment required to deoxygenate Para-Terphenyl, particularly

in a circulating system for high repetition rate operation.

The third area for improvement is the solvent used. We have
seen that in cyclohexane, pulse length and efficiency are strongly
dependent on triplet-triplet absorption effects. If a solvent with
a smaller shift toward the short wavelength could be found, such effects
would become less important and it would be possible to operate with
much longer pumping pulses (50-100 ns). This is a possible interpreta-
tion of recent results obtained for a Xe-Cl pump pulse of 50 ns duration

using P-Dioxane as a solvent (Ref. 16).

The last and most important conclusion to be drawn from our
model studies is that an oscillator-amplifier configuration should
be used for maximum efficiency. The most advantageous feature of
P-Terphenyl as a laser is its large tunable range. It is an ideal

replacement for the low efficiency nitrogen laser.
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The dispersive optical elements necessary for tuning (prisms,
gratings, Fabry-Perot etalons, etc) all cause substantial losses in
an oscillator cavity: gratings because of their inherent inefficiency,
the other elements because they force us to lengthen the cavity, thereby
increasing the diffraction losses. This situation can be remedied
by using a small fraction of the total pump pulse energy to excite
a tunable oscillator and the remaining pump energy to excite an
amplifier in which the losses can casily be minimized. It a beam
expander is used to couple the output ot the oscillator into the
amplitfier, and if a smaller concentration of dve is used in the
amplifier, so that the pump radiation penetration depth matches the
beam expansion ratio, the diffraction losses become negligible. We

can attord this large volume in an amplifier because we do not have

~+

to maintain as large a gain as in an oscillator. To efficiently extrac
the laser energy in an oscillator, saturation must be reached as fast
as possible, therefore, the gain must be accordingly high tor the

pulse length is short. This constraint is considerably reduced in

an amplifier so we can afford a large volume with a much smaller gain.

When one considers the possibility of high repetition rate

operation, > 50 pps, an oscillator-amplitier becomes cven more attrac

tive. The dve cell windows ot a laser can stand u tew J'cm™ of optical
loading before damage occurs. In a P-T-P laser, in order to achieve
high gains, the optimum penctration iIs approximately 1 mm or less,

A square output beam shape means that the pulse energy of the P-T-P
laser must be kept below 20 mJ, otherwise the dve cell will be damaged.
Because of the larger penetration depth usable in an amplitfior, this
problem is alleviated and high cnergy pulses can be obtained at high
repetition rate. The larger size of the dve amplifier also helps

in terms of the flow problems enccuntered in a circulating high repeti-

tion rate system (Retf. 17}.

M"

fm e e e e v aee
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7.0  EXPERIMENTAL IMPLEMENTATION AT DREV

Figures 19 and 20 are schematics of the experimental oscillator-
amplifier built at DREV. The pump source was a Lumonics 262-2 excimer
laser. Despite the fact that its expected efficiency is inferior
to that of Xe-Cl, Kr-F was chosen because the 262-2 produces twice
as much energy with Kr-F than with Xe-Cl. Furthermore, to reach a
reasonable value of divergence and therefore line width, the pulse
length had to exceed 15 ns and it is only 6 ns in Xe-Cl whereas it

is about 20 ns in Kr-F.

In Fig. 20, the Kr-F beam, which is 20-mm wide and 8-mm high,
is divided by a 50% beam splitter, Ml. Part of the beam proceeds
through the beam splitter and is focused on the surface of the dye
cuvette, Cl, by a cylindrical lens, L1. The cuvette has an optical
path of 10 mm; it is tilted with respect to the vertical at an angle
such that radiation reflected by grating Gl and the 50% reflectivity
output coupler, M3, enter the dye at the Brewster angle. The cylindri-

cal lens, L1, is inclined at an angle such that the pumping stripe is

parallel to the optical axis of the laser through the dye cell (Ref. 7).

Such an arrangement has the benefit of eliminating spurious Amplified
Spontaneous Emission (A.S.E.) effects between the dve cell output
windows while allowing the laser to be tuned by rotating Gl without

having to realign the cavity at each wavelength. Lining up the cavity
is also relatively straightforward when using an He-Ne beam. Other

configurations were tested but they neither performed as well or

combined all the advantages of this one.
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FIGURE 19 - Top view of an experimental oscillator-amplifier for P-T-P
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FIGURE 20 - Side view of an experimental oscillator-amplifier for P-T-P
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The part of the beam reflected at Ml is sent to total reflector
M2, and thence to cylindrical lens L2. There it is focused on the
amplifier cell, C2, which is 20-mm wide and is also tilted at the
Brewster angle. Pl is a Glan-Thompson polarizer used to reject any
horizontally polarized component from the output. beam of the oscillator
and P2 is another Glan-Thompson prism in the output of the amplifier.
By rotating P2, the output power of the oscillator-amplifier can
be reduced in a controlled fashion without affecting such parameters

as pulse length and output beam direction.

By setting mirror M2 back towards the pump laser source, an
optical delay of 2 ns is introduced between mirrors Ml and M2 (this
is not shown in Fig. 20). This delay was adjusted so that the dye
oscillator could reach saturation before any pump energy arrived
at the amplifier, C2. This ensures that the amplifier dye cell output
windows do not serve as feedback elements and generate a significant
amount of A.S.E. Grating Gl was 1200 lines/mm, blazed at 500 nm
and was used in an order. The dye concentration was 3.3 x IO.4 Molar
of P-T-P in "Instra-analyzed' cyclohexane from the J.T. Baker Chemical
Co. 7 mJ of tuned radiation were extracted at 326.1 nm for a 65 mJ
input energy to the amplifier. For both beams the energy was measured
using the same ED 200 Joulemeter from Gen Tec. Some confidence can
therefore be put on the efficiency measurement which yielded 10%
at 326.1 nm. The 0.1 nm linewidth was measured through a spectroscope.
The time dependence of the laser pulse was measured by a fast photodiode;
it showed a 15 ns decay. Full optimization of the system has not
yet been carried out since our primary purpose, i.e. to obtain a

reliable source of radiation at 326.1 nm, was fulfilled.
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Even without tull optimization, the etticiency reported here
at 326.1 nm is twice that obtained at this wavelength by previous
investigators (Refs. 1, 4, 7). With a grating only and no beam vxpander
of any kind, the linewidth is 3 times smaller than that reported by

Zapka for a similar experiment (Ref. 1).
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APPENDIX A

The possible reactions 1n an organic dye are shown in Fig., A-1
5 ) 5

and listed in Table A-1.

Reaction (1) represents the absorption of pumping radiatioa by
the ground sinplet state of the dve.  The cross soection can be obtuined
by measuring the absorption of the Jdve solution along with 1ts spectral
profile [Ref. 9, pp. 84-80]. The Para-Terphenyl cross section is shown

in Fig. 4.

Reaction (2) 1s the spontancous emission tor the singlet state
which is generally reterred to as fluorescence.  The spectral intepral
of the cross section, given by reaction (1), is equal to the spectral
integral of the cross section of reaction (2). Therefore, by simply !
measurtng the spectral lineshape of fluorescence, one can determine
the cross section of (2. The plot of this cross section is glven

in Fig. 3.

Reaction (3) is the radiationless transition from the first
excited singlet to the first excited triplet. [t is forbidden to first
order; 1t only occurs because of spin-orbit coupling. The strength of
this transition is very sensitive to the energy gap hetween the singlet
and triplet states. In some dyves, part of the triplet state rovibra-
tional energy band can coincide with the bottom of the singlet state
one, giving rise to a significant transition probability. This is

the case in Para-Terphenvl.

In reaction (4) the pump photons are absorbed and give risc
to a transition from the first excited singlet to higher lyving singlet
states. For this reaction, the cross section can be established if

one knows the behavior of the fluorescence energy as a function of

the power density of the pump beam.
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TABLE A-1I
*
(1) Sq + hvg > Sy (15) S; » Sy
* ~
(2) Sy » S + hv (16) S; + 02 > Sp + 02
(3) S1 ~ T (17) T; + 0y » Sy *+ 05
*
- *
(5) S~ S
*
(6) Ty *+ hve ~ T
*
(M) T, > Ty
(8) 51 + 0, » Ty + 0
*
(9) Sp * Sg
*
S] d SI
(19)
*
S > 8§
n n
*
(11) Tn M
(12) Sn + Decomposition products
(13) Ty * Sy
(14) Ty > Sy + hvp
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Reaction (5), which describes a mechanism known as 'internal
conversion', depends on the existence of curve crossings between the
excited singlet states. If those crossings exist (they almost invari-
ably do since the energy spectrum of most dyes is richly populated
with states above the level of the first excited singlet), the downward
transition probability approaches unity. Typical time scales for
the relaxation of the high lying singlet states ir a solution range

from 107! to 1014 seconds.

Reaction (6) accounts for the absorption of the fluorescence
emitted in reaction (2) by a transition from the first excited triplet
to higher triplet states. This reaction is the dominant quenching
mechanism in laser emission from dyes on the long wavelength side

of the emission spectrum.

Internal conversion which occurs within the manitold of excited
triplet states is given by reaction (7). It arises from the mechanism
described previously for reaction (5) and it generally takes place

on the same time scale.

In general, dye solutions exposed to the atmosphere arc nearly
saturated with oxygen. Since 0, is a highly para-magnetic substance,
it acts as a strong perturber in spin-orbit transitions which rely
on coupling between the magnetic fields generated by the electron
spin and its orbital motion [Ref. 9, pp. 211 § 221]. This perturbation
can substantially enhance the transition moment from singlct to triplet;

it is accounted for in reaction (8).

Reactions (9), (10), and (11) describe the relaxation of the
rovibrational energy bands of the different electronic states. In
solution, at room temperature, thj< p'enomenon is so fast (1()_14 s)

that all the manifold must be considered to be in a Boltzmann

equilibrium.
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Reaction (12) describes the photo-decomposition of the highly
excited singlet states of the dye known to occur when certain dyes
are subjected to intense ultraviolet radiation. It competes kinetically
with reaction (5) as these are the only two-channels out of the excited
singlet manifold. The long lifetime of laser action observed in
Para-Terphenyl (over 500,000 shots to 1l/e power) indicates that photo-
decomposition is negligible or that it occurs at a rate which is

much slower than that of internal conversion.

Reaction (13) represents radiationless decay from the T; to
S; states. From the measurement of the phosphorescence quantum yield
{(Ref. 18) in Para-Terphenyl, which is 10% of the intersystem crossing
quantum yield, we can establish that reaction (13) is 10 times faster

than reaction (14) and is also negligible for our purposes.

Reaction (14) is the radiative transition from triplet to
singlet; it is usually referred to as phosphorescence. This transition
is forbidden and it occurs only because of spin-orbit coupling.

In Para-Terphenyl, since the band gap between the T; and Sy states
is large, as in most other dyes, this spin-orbit contribution is
small and the decay time is of the order of milliseconds. This is

negligible over the 107 - 1078 s time scales which are of interest

to us.

Reaction (15) expresses the radiationless transition from
the fluorescent state to Sp. As with reaction (5), a curve crossing
is necessary, this time between the first excited singlet and the
ground state. Para-Terphenyl has a very high quantum yield of
fluorescence (0.88) thus if any reaction of the nature of (15) occurred,
the minimum rate expected would be of the order of the spontancous
emission rate of Para-Terphenyl and it would give rise to a much

smaller quantum yield [Ref. 9, pp. 121 § 134].
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Reaction (16) represents the oxygen enhancement of the
radiationless transition from S; to Spy. Since this transition is
allowed, this effect can at best be of second order in perturbation
theory. It is generally neglected compared to the effect of

fluorescence (Ref. 9).

Reaction (17) 1is the analogue of reaction (8) but for the
T; to Sy transition. It is very important for many dyes as it allows
the possibility of CW laser action by forming a channel whereby the
population transferred to the triplet state by reactions (8) and
(3) can be funnelled back to the ground state at a rate sufficient
to allow laser action in the dye if a continuous pumping source is
used. However, for this to occur several other conditions must be
met. For instance, the triplet-triplet absorption must be sufficiently
small over a large part of the fluorescence emission band. This
is not the case in Para-Terphenyl and the rate of reaction (17) would
have to be extremely large to be of any practical relevance. To
be conservative in our estimates, we shall make the worst assumption

and henceforth set the rate of reaction (17) to zero, because it can

only help laser action.

Reaction (18) is only significant when one considers laser
action. It represents the reabsorption of laser light by the ground
state in the short wavelength limit of fluorescence (Fig. 5). It
is given by the long wavelength limit of reaction (1) and was measured
in Ref. 7. Because of (18), when one wishes to obtain lasing in
the short wavelength side of 340 nm, it is necessary to insure that

the entire length of the dye cuvette is excited by the pumping radiation.




(DN) S ‘uuodutl axodud aferidads gisand aun 19 93TIBITIIO Bun
2apura3le,p siwiad B Snou 910qeI SuOAE sNOU anb 3[gpow 91

*aIN3exaI[ er

Suep $323BI3d SOOUATIZAXD SIP SIBIINSIL XNE SIUWIOFUOD 23SSEB JUOS I13SBY

np suotienby sop sonbrumu SUOIINTOS $3T "JUIWSNLIIATBUR PUUOTINTOS

212 ® JuUBIO[OD B suep 3guejuods uorssIwy,| ap suwglqoxd a7 - [Augydrap

-pipd NP SUOTIDEDJ AP XnB3 $3] Jnod S3UD1D13JL0d Ip dnoad neaanou

un 17Qe3l3 SUOAE SNOU 33 dIuIdXd 13sel un ted gduod [Augydia]-eieq op
9seq B juelo[od g Jase[ ap anbriogyil srgpow un nduod SuoAe SNON

zatwinog 9 aed
wIAugydaa] -eaed jueIO[Od B J3SBY Np I[Jpow uf,,

0¥1 V0O “2nd ‘231813d21n0) ‘0088 ‘d’D “AMD
-epeue) ‘N@W ‘Iuswaddorana@ 39 JYdIayddy - nesing

(3141SSVTD NON) 18/vZZv-d AQUD

(IN) senuuodul saodud aleaidads 3aand sun 35 231TdEI1333 JuUn
aaputaile,p stwiad € Snou IOQETg SUOAE Snou anb ajgpouw 97

*3In3e13331] Bl
SUEp S9231B[al s3duaTIadxa SI9p SILI[NSYL XNE SIWIOFUOD ZISSE JUOS IISE]
np suorienby sop sanbrigumu sucTINOs ST - Iuawenbiif[BUE JUUOTINTOS
233 ® 3ueloT0D 31 suep sgurjuods uorISsTwy,[ ap awarqoid 37 *1Augydial

-eieg Np suo13Ide2l AP Xnel s3] Inod S3UlTIT33a03 2p 3dnosB neasnou
un 1[qe32 SUOAE SNOU 32 21guidXa Iasey un xed adwod [Augydis)-ered ap
aseq g juerofod g Jase] op anbliogys ay2pow un ndSuod SUOAE SNON

latwinoj -9 Jed
wlAugydial-e1eq juerolL~ B Xase] np alypow un,

O¥l V09 ‘2nd ‘93118122In0) ‘0088 d°D ‘AQYD
‘epeue] ‘N@W “uswaddolarag 38 2ydIayday - neaing

(3141SSV1D NON) 18/vZZv-d AQUD

(IN)  ‘senuuodul a10d>us ales3dads 21aand aun 35 331OeITFI3 aun
aiputaile,p stwiad e snou gI0qel@ SuoAe snou anb a1gpow 37

*2IN3eI3331T Bl

suep s323e[3I 533u3[I3dXa SIp SIBITNSII XNB SIUIOJUOD ZOSSE IUOS ISP

np suorienbg sop seonbrigumu suorinfos s37 -judwenbiidTeEUE JUUOTINTOS

2313 ® juRIO[O0d 9 suep aguejuods UOTSSTWy,[ 9p awarqoad 31 ‘14ugydiay

-eled np suorideal ap xne3 say Inod s3UaTO13I000 op adnoid nesanou

un 1rqe3 SUOAE snou 33 2I3wIdXa Iase( un ted gdwod 1Augydiay-exeq op
2seq B 1UBIOTOD B XaSE{ Ap 9NbLIOYI ITPOW Un N3uUOD SUOAER SNON

xatuanog 9 aed
uwl[Augydiag-ered juerofod g I3Se] np oIPow uf,

04T V09 "2nD €9338152an0) ‘QO8Y "d°D ‘AGND
-epeue) ‘NgW ‘1uswaddoranaq 12 sydiayoay - neaung

(3141SSVID NON) 18/¥2Zv-d AQYD

(JN) ‘senuuodut 310du? 3Texidads g1aind un 33 21TXEI1332 auUN
2Iputaiie,p stwtad ® snou 2I0Qe[3 SUoA® snou anb 3ygpow 3

‘aan3eag3i3vl el
suep $923B[a1 $8JuaTIgdxd Sap $1EI[NSII XNE SIWIOJUOD ZAISSE JUOS 1ISE]
np suotTienbg sep sonbrigunu SUOTINTOS $37 IuaWAINDTIIATBUE JUUOTINTOS
213 ® JUBlO[OD 3] Suep sgueiuods uorssTW3, [ 9p wgiqoxd a7 " [Augydial

-plB4 Np SUOT3IOBRI 9p xne3 s3] anod $IuITIT3FA00 ap adnoad nesanou
un T{GE12 SUOAE SNOU 13 JIJWIOXS lasel un Jed adwod [Augydia)-ereq op
aseq g 1UBIO[O0D g 13sE] 9p 9NbIIOgyl S[POW UN NIUOD SUOAE SNON

Jatuanog ‘9 xed
w1Augydial-ered juelo[od g Xasel np Jigpow .,

0¥1 VOO "3md *933313dan0) 0088 "d°D ‘AQWD
‘epeue) ‘NQW ‘uswaddolealg 12 Ydaayday - neaing

(3141SSY1D NON) 18/¥22v-¥ AQHD

-




.

(nt paatodal £1snotasad asoyl UBY) SYIPTMAUL{ J3MOIIEU PUB SITDUSIDTFJD
19yS1y 30 JUSWOHASIYDER Y1 UT POI[NSSl [IpOW JINC JO IS(]

*2an381231] 943 ul paizodsa s3Inssa jerudmiasdxs
2yl Yitm £12s01> 2018 suotlenbs xasef syl FO SHOIIN{OS JedLIA3UMU
ayl -AT[edtid{eUe PIA[aS uUIIQ SPY 24P B UT UOTSSIWd snoaueijuods 3o
warqoad syl -paystiqeise usaq sey [Auaydial-eieqd 10J SIUIIDTIFIOD
331BI-UOTIIBIX JO 39§ Mau y ~padoarap uaaq sey aasef 1dwIdxa ue

Aq padund 1asel aAp [Ausydid]-virvg ® 10] Yapow [EDT13I03YL Y

ITuInod 9 Aq
Wdaset akg tAusydiaj-eieq Ayl 3o [3POW V.

04l V09 9nd ‘9333{93an0) ‘0088 ¥od "0°d ‘AFUA
‘epeuUR) ‘NG ‘youelg juawdolaas@ pue ydiessay

(QFT4ISSVIONN) 18/¥2Zv-d AT¥d

(m -poitodaa L1snoiasid 850yl UBYI SYIPTMIUT] ISMOIIEU PUR S§3TIUITITJI0
15481y 3O UAWIAITYDE 3Yl UT Pal[nsat [Jpuw InO Jo 3sy

‘eanijeaalt] eyl ut paizodal siynsal [elusutiadxa

ayy yiim L1aso(> daife suorienbs 3yasel ay3l jo suorinfos [edlIaumU

ayl A11ed1341euUe PaA1os usaqQ SBY AP B Ul UOTSSIWa snodueluods jo

watqoxd syl paysliqeisa uaaq sey [Ausydis]-eiBd 10J SIUIIDTFII0D

a3el-UQTI0E2] JO 33s maU Y "padolsAdp udaq SBY IISEY JIWIDX3 Ue
Aq padund aase] adp 1Ausydiaj-eieq e Joj 1apow [BO1I3103Y1 ¥

131UIN04 Y AQ
WAOsET 94q 1Ausydraj-eled sy31 JO [9pOR Y.

0l Y09 "9nd ‘8133[9ddne) 'yosy X0d "0°d ‘ud
‘epeuen ‘QNd ‘yourlg juswdojasaq pue yoaessay

(QITAISSVIONID 18/¢22%-¥ AT¥Q

{n) -pazrodax A1snoiasad asoyi ueyl SYIPIMIUT[ IIMOIIBU pUR SITDUIIDTIIS
1ay81Y JO IUSWIAITYDE a4l UT Pai[nsaz 1Ipow JIno jo 3sp

‘arnie1a11{ aya ur paijzodax siynsax [eiuswriadxa
Y1 yiwm A[3so(> @a18e suorlienba 1asel ayi JO SUOTIN(OS [EdViaunu
ay] -A[restiA[eue pSATOS UD3Q SEBY 24P B UT UOTSSTWS snosueivods jo
warqoad ayl -paystiqeiss usaq sey rAuaydrag-eied 103 SIUBTITFFI0D
91vI-UOTIORAL JO 135 mau y padoyrarsp useq Sey lasel ISwTIdXd ue

Aq podumd sosey adp lAuaydiaj-eieg e 03 13pow 1BO13I3I09Yl y

IaTurnod "9 4q
w13seT adq r[Ausydaal-eieg 243 3O J3POW V,,

041 V09 "and ‘s13aradxno) ‘pogs Xof 0°d ‘AFUQ
‘ppeue) ‘gNg ‘yduelg jududolaAdQ PUB YIJBISIY

(G31AISSVIONN) 18/97Zv-¥ AUQ

(n) -paizodax Aisnotasad asoyl UEBYL SYIpImaUl] Jamolleu pue S3T3Ua1o1333
23y81Y JO JUSMBAITIYOE SY3 UT PIIINSII [3pOW N0 3O 3sy

+3qn3r1831] 3yl utl pailodal si[nsal [ejuswtIadxad
9yl yitm A1asord saad suotrienbe Jasel Y3 JO sSUOTINTOS TedIIUNU
syl -ATr®OI3ATRUR DBATOS UIIQ SBY 24p ® UT uolssTwWa snoaueluods 3o
wayqoad 2yl PaySTIIqeIS3 Uaaq Sey 1Ausydaa]-eaed JOJ SIUBYIILIII0D
531BI-U01310Ba1 JO 195 Mau Y " padoiandp udlsq sey lase{ JIWIDXI ue

/q pedumd xasey aAp (Ausydiaj-vreqd e 203 [apow [BI13310843 ¥

latuanoyg 9 £q
W18se7 a4Q 1Ausydisi-eleq 3yl 3O [3POW Vi,

0¥l VOO “9np '2339192an0D ‘0088 X0 "0°d ‘AI¥G
‘epeue) ‘GNG ‘Uouelg uswdoysnaq pue Ydieasay

(@I14ISSVIING) T8/02Z0-¥ AT¥Q







