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High Intensity Effects in Biological and
B Medical Samples*

AARON J. DAGEN, ROBERT R, ALFANO, aNp CHARLES E, SWENBERG, MEMBER, TEEE

Abstract—Intense excifation sources are known to cause nonlinear
optical effects in biological samples, Similatly, high power lasers, used
as medical and surgical tools, can induce nonlinear processes in {issues,
In this paper we describe and research the theory of one such high
intensity effect: bimolecular singlet-singlet exciton annihilation,

I. InTRODUCTION

HE interaction of high intensity opfical laser radiation

with biological samples is of interest to both the medical

and biological communities. Lasers have been extensively used

- for surgical and medical treatments of pathological tissues in
“humans and for analysis of chemical and physical changes in
“biological samples. On a molecular scale, high intensity pho-.
ton beams delivered on a short time scale result in additional

mechanisms that do not occur under low intensity excitation.

These processes include multiple photon absorption, ground

state depletion, upper excited - state absdrption, and bimolec-

ular fusion of excited electronic states, In order to evaluate

the efficacy of any technique using high intensity pulses it is
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some new ficlds of applied mathematics involv. «

At

necessary to understand and quantitate the nonlinear processes '

accurring,
For photosynthetic samples it is well known that singlet-

singlet exciton annihilation reactions occur at high intensities, -

Typically, the onset of nonlinear alterations in measurable
observables such as the fluorescence yield oceur at a photon
excitation fluence of 1 X 10" photons em™ [1]-[9]. The

importance of this particular bimolecular interaction in prob- -

ing photosynthetic membranes has resulted in the develop-
ment of a general theory of exciton fusion in small domains,
Both the fluorescence kinetic profiles and the relative fluo-
rescence yields as a function of laser excitation intensity pro-
vide a direct measure of the bimolécular rate constant. It is

not unreasonable to expect that the exciton fusion process:
shouid occur in other biological samples upon excitation by

high intensity laser pulses, This paper describes, in detail,
the Paillotin-Swenberg exciton annihilation theory and pre-
sents computer generated curves of fluorescence kinetics and
quantum yield for a variety of energy migration domains and
souwrce intensities, These curves should be valuabie to those
attempting to ascertain if bimolecular processes are oceurring
in their biological and medical samples under photoexcitation.

H. THEORY

The Paillotin-Swenberg annihilation theory is the most com-
prehensive description of the fluorescence temporal decay
curves F'(f) and fluorescence quantum yield ¢ obtained fi. n
systems in which bimolecular, as well as monomolecular decay
processes occur [4], (10}, No assumptions are made concern-
ing the actual dimensions of the domain size where the exci-
tons are mobile. The theory does not include the effects of
ground state depletion and upper excited state absorption.
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Thus, the predictions of the theory are highly inaccurate in
cascs where the number of molecules excited are a significant
fraction of the total number of molecules in the domain, If
exciton fusion is the dominant nonlinear process then the
theory does allow one to estimate domain size from a com-
parison of theoretically calcutated and experimentally ob-
tained quantum fluorescent yield and fluorescence kinetic
curves, In.addition to reducing to Swenberg theory [4] for
very large domains, and the Mauzerall theory [1], [5] for
very small domains, the theory in appropriate limits predicts
decay curves which can be fitted to time dependent decays
of the form exp (- btY2 - k). During the course of our
research, we found intensity ranges and domain sizes which
give decays which can be fitted to the function exp (-bt3 -
kt). Decays of this function form are expected from aggre-
gated molecules, with fluorescence lifetimes 7= 1/k, which
transfer energy to each other and are randomly located in an
infinite lattice. The Y2 decay law is appropriate for a three-
dimensional lattice and a /3 decay law holds when migration
is restricted to a two-dimensional lattice.

The Paillotin et al. [10] theory considers an aggregated
collection of molecules called a domain within which energy
migration and annihifation can occur, Let / denote the num-
ber of excitons in any given domain at time 7. These excita-
tions decay in time by monomolecular, as well as bimolecular
processes. The theory examines the probability pi(n, ) of
there being 7 excitons in the domain at time ¢, given that there
were n excitons created at time #=0. In the special case
where the domain size can exist without physical constraints,

i.e., where physical size is limited only by the nearest neigh- -

bor transfer rate and the excited state lifetime, the family of
coupled differential equations for p;(n, ) can be solved in
closed form. If ¢i(¢)),, denotes the average number of excitons
at time ¢, given that »n excitons were created at time t=0,
then the fluorescence F) (f) from this domain is proportional
to {i(r)), and the fluorescence quantum yield is proportional
to the integral of F,, (£).

«;..In an actual experiment, one can only determine the average

number of excitons y created at time #=0. The average num-
ber of excitons created is related to the pulse intensity I by

y=ol (N

. where g is the absorption cross section. Equation (1) defines

the absorption cross section and reflects the fact that z laser
pulse of intensity 7 incident on many similar domains actuatly
creates a different number of excitons in each domain, When
the domain size is not limited by physical boundaries the
number of excitons within a given domain at time t=0 is
governed by Poisson statistics [11], [12]. Thus the probability
of having » excitons within a domain is

P(nfy) = }'" e n! (2)

if y is the average number of excitons created at time ¢ = 0.

When the number of molecules Af forming a domain is small,
then a binominal distribution is more appropriate, If P,
denotes the probability that a molecule is in an excited state,
then the probability that a domain contains k excitons at time

t=01is .

Bk, Po) =

BT BT P - Py ©

where y = MP,,

For photosynthetic membranes the experimental situation
meets the criteria appropriate for Poisson statistics [10}, The
expressions for F,(¢) and ¢, are therefore weighted by that
distribution in order to obtain the observed fluorescence decay
F(f) and quantum yield ¢, i.e.,

FO =55 P(ufy) nFy(t) (4a)
n=gp
6=y1Y Paly)no,. (4b)
H=0

Equations (4a) and (4b) describe the actual experimental con-
dition: a certain probability exists that there will be # excitons
created at time /= O given that p Is the average number of ex-
citons created. This probability is multiplied by the fluores-
cence and quantum yields, F,,(¢) and ¢, that result in the
particular situation where # excitons are created at ¢ = 0. Fach
product js in turn- multiplied by the number of excitons u to
create the weighted average of ¢, and F,(r) that are experi-
mentally observed, When the constraints of the domain are
fixed by a finite number of molecules M, (da) and (4b) are
replaced by .. :

M- .
o= ,,Z;:l (n~- 1 (M-n) P a- Fo RO
\-vhere
. 14
Fo(=nt 3 kpp(n, 1) (5b)
. k=1 L . ) L

and ¢ is proportional to the integral of Fi (0.

In developing the differential equation from which expres-
sions for the physical observables are obtained, often catled
the master equation because deriving the correct results is
dependent on and hence subservient to writing the correct
equation, the theory makes the following assumptions.

1) The exciton distribution randomization time is very
short and is smaller than the characteristic exciton annihila-
tion time. o

2) The depletion of ground state molecules is negligible.

3) The exciton coherence time is extremely short so that
memory effects can be neglected. )

4) There are no chemical reactions. For photosynthesis
this corresponds to assuming all reaction centers are closed.

5) Upper excited state absorption and multiple photon ab.
sorption are neglected.

The state of a particular domain is defined by the number
(7) of excitons it contains at a particular time (£). These (i)
excitons decay in time by both radiative and nonradiative pro-
cesses. The monomolecular processes are characterized by the

(5a) a

e+ an a e
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ratel constant K where
K=kptkytkp. ' ()]

kr is the radiative decay constant, ks is the intersystem cross-
over rate constant, and kp is a nonradiative term describing
the decay from the first excited singlet §; to the ground state
So. In addition to monomolecular processes, the excitons
decay through bimolecular processes. In a domain in which
several excitons migrate, the most significant bimolecular
deactivation process is singlet-singlet exciton annihilation,
Annihilation is the interaction of two molecules, both initially
in the first excited state, which results in either one or both
molecules decaying to a lower triplet or ground state or in the
production of jon pairs (e, #). These processes can be charac-
terized by two rate constants y{' and 4$*) where

(1)

Sl +S|—_>S1+So (73)

7(2) T, +8 ,T + T
, . 1 0 i 1
SQ +So,elh. (:‘b)

T, denotes the lowest triplet state, and e and /1 represent the
lowest anion and cation states of the molecule. The last pro-
cess in (7b) occurs only if the internal ionization threshold
is lower than twice the Jowest excited singlet state energy.,
For biological systems this route of decay can be quite sig-
nificant since following ionization molecular bond breakage
is a likely pathway.

When the number of pairwise interactions that (i) excitons
can have is taken into account, the decay of an (f) state to
an (7 - o) state for a = 1, 2 is described by

T~ i- o) =i(i- 1) 72, - (8)

The monomolecular decay rate for a state of 7 excitons is
given simply by

TG~ 1)=Ki )

~where K is described in (6). It describes the probability of
1 exciton states decaying to 7 - 1 exciton states due to mono-

molecular processes.
For a delta function excitation pulse at time t=0, the
differential equation for py(n, £) is

dP;(n, k ]
“Lfr) = k(i + 1) proa (1, 1) - Kipy(n, 0)

if+1
+{ 70) (—2_) Pisi(n, )

ey CDED )

- [7(1) -’-('—2—1) + (0 l_'(%wl—)]p,-(n, ).

(10)

The first two terms describe the monomolecular decay. The
third and fourth terms describe the source and decay channels
resulting from biomolecular processes in which either one or
both excitons are deactivated;. (; + 1) and (i +2) states feed

the (7) states, while the (f) states decay to (i 1) and (i- 2) -

states. The average number of excitons at time f for a state

having # excitons initially is defined as

H .
T = 2 ipin, £, Q)
i=1
With this definition Paillotin ef al. {30} have shown that the
continuum limit solution (7) is recovered from (10) in the
limit of large domains. Thus ’ '

g% ==Ky ~ (@ +y D266 - 1), (122)
& =KDy = (D +Oy26in2 (12b)

in the limit, where the exciton density can be treated as o
continuous variable, (i(f- 1)), ={i}2. This case is identic: [
to the Swenberg continuum model [2}, [4], [13].

For unrestricted domain sizes (M ~» =%) analytica! expressios
for F(£) and ¢, the microscopic observables are readily ob-
tained from the generating function solutions of (10). Paillotin
and co-workers [10] have shown that

()= Zm: Ap(-1)? exp {-(;;'f' D(p+nr (13)
p=0 \ _
where
r= @+ 4Oy,
L& CDFRIZ5G 4 1+ 2p)
AP—;Z}J Pr-=plOtptly-c (Hprktl)
~ a9
and 0

Bdo=r 3 ORI GH ) (15)

k=0

where ¢y is the fluorescence quantum yield at low laser ex-
citation Intensities. The parameters used in (14) and (15,
are defined as s

=y 1y @ = 2Ky b2y Oy 2231 18), y= ol
(16)

where 7 is the total bimolecular rate due to one or both exci-
tons decaying to lower energy levels and r is the ratio of twice
the monomolecular decay rate to the total bimolecular decay
constant, and is thus related to domain size. For unrestricted
farge domains, the Swenberg Limit, v << 2K, holds because
the volume over which excitons migrate dominates the mono-
molecular decay processes, As a resuit, 7> oo corresponds
to the large domain, continuum limit, In a small domein,
where the confinement crowds the excitons and thereby in-
creases the chances of annihilation, the bimolecular Processes
dominate; 2K <<+, This limit, described by r-> 0, is similar
to the conditions assumed by Mauzerall {1], [5]. y is the
average number of hits per domain, or the average number
of excitons created at +=0. Z is therefore proportional,
within a factor of 2, to the number of hits per domain.
It is comforting to note that the unrestricted domain ex-
pressions for F(z) and ¢/¢, reduce to the relationships ex-
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Fig. 1, Fluorescence curves for representative values of R and 7 versus
Kt in annihilation theory. In descending order (1) r = 0.05,Z = 0.1,
0.2, 0.5, 1.0, 2.0, 5.0, 10.0; (b} r = 0.1, Z = (.005, 0.2, 0.5, 1.0, 2.0,
3.0, 10.05 (c) r= 0.5, Z=0.05, 0.5, 1.0, 5.0, 10.0; () r=1.0, Z =

0.05, 0.5, 1.0, 5.0;

Z =005, 1.0, 5.0

" pected in the appropriate limits.

(e
1

0.

FO= {1042/ 217, glso = - {1 +2} (17)

for 7 -+ oo lirﬁit, and

F)=(1-e?)e ™z, 816, = (1 - &%)z

(18)
in the smalt domain, r 0 limit. The bimolecular rate con-
Stant v that usually appears in second order kinetic analysis is

Telated to that given in (16) by the appropriate volume of the

dOmain, ie,y=Vy.

r=5.0, =005, 1.0, 5.0, 10.0; (f) r = 10.0,
5.0, 10.05 (g) r=50.0, Z = 5.0, 50.0, 100.0; (h) r =
100.0, Z = 5.0, 50.0, 100.0,

- III, ANALYSIS

Equations (14) and (15) were used to generate the theoret-
ical curves for F(#) and ¢/¢y. The terms in the expression for
the coefficients Ap can easily be shown to be monotonicaily
decreasing, By truncating each sum when the tast term is less
than 1077, we obtain accuracies much better than the two
digit accuracy we report. In most cases, a 15 term exponen-
tial is more than enough to accurately generate the curve,
Similarly, the values of ¢f¢, as a function of Z were obtained
by truncating the sum after the last term was less than 1077,

The curves for representative values of 7 and Z are shown in
Figs. 1 and 2. Table I lists the coefficients Ap used in the
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Fig. 2. Quantum yicld @fdg versus number of hits Z, Curves for smaller
-values of r break sooner. The curves shown are for r = 0.05,0.1, 0.5,
1.0, 3.0, 5.0, 10.0.

temporal fluorescence profiles for representative values of #
and Z. For each value of r corresponding to a particular do-
main size, the fluorescence is best described by a single expo-
nential for small values of Z; the exact value of Z for a single
exponential fit depends on r. As Z increases, for each value
of 7, the decay becomes more nonexponential, as expected.
Examination of the theoretical curves shows the decay curves,
for each value of 7, are noticeably sensitive to changes in Z,
Quantum yield curves have basically the same shape for » > s,
but the shapes of the quantum yield curves are quite sensitive
to changes in r for r<I, It has been shown that for r =.2-5,
fluorescence kinetics curves correspond to the et decay
law. The fluorescence cuives for 7= 0.05-0.5 can be fit to

curves of the form et "¥? These relationships are dis-
played in Fig. 3(a) and (b). When the number of molecules
in the domain is small and finite the fluorescence decay and
quantum yield must be computed using (5a) and (5b). The
relation quantum yield versus average number of hits y for

- domains with M =4 and 100 is shown in Fig. 4. Obviously,

"~ for y=M, #(») is meaningless. It should also be apparent
that for y near M, other nonlinear processes (ones not in-
cluded in the formalism developed here) are dominant. The
calculation reported in Fig. 4 illustrates that ¢ versus y, at
least for vy} =0 and r= 1.0, is quite insensitive to Af, The
caleulated fliorescence decays F(r) show no discernible dif-
ferences for those values of A4, ,

The 2 and /3 decay laws can also be explained, respec-
tively, by a three- or two-dimensional infinite lattice contain-
ing randomly located fluorescing molecules. To ascertain that
annihilation processes are occurring, and that the Paitlotin-
Swenberg theory is appropriate as opposed fo a different
model yielding similar results, quantum yield measurements
must be taken in addition to obtaining the temporal decay
profiles as a function of intensity. We have used a photomul-

tiplier integrator system to obtain quantum yield measure-’

ments.  The accuracy and simplicity of the system, which
gives one the ability to take many shots in each intensity
range, results in extremely smg!l error bars in the measure.
ments, Such accurate results can then be fit to the theory to
find the appropriate value of 7 for the system, and the value
-of Z corresponding to a given value of /. As explained previ.
ously, Z is proportional to /, and while experimental results

. ".--— . TABLE1
MAGNITUDE 01 COEFFICIENTS Ap 1N EXPRESSION FOR F{1} LISTED,
VERsus R anp Z :

B z A, M Ay Ay Ag
.05 001 ,9995  .0005
.05 L1000 .953 046 00077
L05 L5000 792 192 015
.05 1,06 .63%  .30% . 050 .005
05 5,00 .206 .365 .259 118 039
L0605 10,00 104 242 .25 194 BYS!
J1o6 005 .§976  .0023
J106 100,954 045
.500  .798 .180 €65
oo 1.0 646 L2996 049 L G05
100 5.0 (253 L364 L2586 116 L0639
+300 10.0 109 ,243 . 258 .192 112
500,08 .980 .02
.500 .50 .23 .161 013 — -
500 1.00  .693 262 041 .004 .
500 5,00 .265 357 .2331 .10l .033
500 16.00 142 .254 . 250 .179 101
1.0 L05  .9B4 016
1.0 .50 852 117 .010
1.0 1,00 736,228 633 .003
1,6 5.00 323,349,208 .f8s 027
1.0 10,00 .180 L 264 . 240 .163 087
5.0 .05 .993 .007
5.0 .50 933 Lp6d 003 T
5,06 1.0 .873 115 011 001
5.6 5.0 563,282 107 .032  .008 .02
5.0 10.0 .30 289 174 .087 038 Lone
19.0 .05 996 008
10.0 .50 960 039 013
10,6 1.0 ,923 073 .005
10.0 .- 5,0 .701 .223 059 014 003 L
10,0 10.0 .53 273 a0 Lesr 018 L00s
0.0 0.0 899 001
50,0 1.0 . 981 018
56,0 5.0 812 L0861 007 .091
50,0 10.0 .838 137 .e21 L0063
50.0 50.0 507 256 126 .060 028 013
S0.0 180,0 .18 231 155 102 .065 042
100.0 1.0 ,9995 L0004
100.0 5.0 953 645 082
100,06 10.0 811 082 . 007
100.0  50.0 670 L2232 L0731 023
100,90 100,90 504 253 .12 L6061

025 L0k Sy

are plotted against I, the theoretical curves are plotted apainst

Z. After fitting the curves, the decay kinetics can be fit 8t
different intensities. These curves can be measured with B
either a streak camera, photon-counting phase delay technique, .~
or a photomultiplier-oscitloscope arrangement depending 01
whether the temporal resolution required is 2 ps, 200 ps, of .
1 ns, respectively (14], [15]. It is necessary that experiments
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number of hits ¥ for M = 4 and 100; calculated using (5a) and (5b)
for r = 1.0 and 7(2) =0.

also measure transmission data Versus intensity. This ensures
that a drop in quantum yield is due to annihilation processes
and not bleaching,.

1V. ConcLusioN

Lasers have become a popular tool in the medical profession,
while at the same time they have been shown to cause nonfin.
ear progesses not ordinarily found in nature, The importance
of s . . it .
in the development of a general theory descnbmg it, and ex-
perimental techniques for determining its existence. A general
theory of fluorescence decay and fluorescence quantum yield
which includes ground stafe depletion and upper excited state
absorption in addition to exciton fusion is still lacking.
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