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Nonlinear dependence of the delayed luminescence yield on the intensity of irradiation
in the framework of a correlated soliton model
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We generalize the correlated soliton model in order to describe the delayed luminescence arising from
biological systems after their exposition to the irradiation by relatively high dioiggh intensity and/or long
duration of irradiation The quantum yield of the delayed luminescence is calculated as a function of the
irradiation and is shown to depend nonlinearly on the intensity and dose of the irradiation. At relatively low
intensity, the yield of luminescence increases with increasing dose, and monotonously reaches saturation. At
high intensity of the irradiation, the yield of the photosystem under study is restricted from above by the
concentration of photosystem units. As a result, the total yield of the delayed luminescence first increases with
the dose till the maximum value that, in the general case, is less than the maximum number of available
photosystem units. With further increase of the dose, the yield gradually decreases, reaching the saturation
value at large dose of illumination. These results are obtained within the steady state approximation in the
description of the luminescence kinetics. To check the applicability of this approximation at high levels and
large time of illumination, the corrections to the steady state solution have been calculated, and shown to
decrease exponentially with increase in time till the small finite constant value. The results of the theoretical
model are shown to describe well the experimental data on the dose dependence of the quantum yield of the
luminescence of algaAcetabularia acetabulumfor which the correlated soliton model describes well the
kinetics of the delayed luminescence at low levels of irradiation.
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[. INTRODUCTION The solitons, which give rise to the DL, are formed in the

one-dimensional chains due to the interaction of electrons

The phenomenon of delayed luminesceribé), which  with the local deformation of a chain at intermediate values
consists of photoinduced light emission long titseconds of the electron-phonon coupling constant. The concept of
and more after illumination, takes place not only in conven- molecular solitons or one-dimensional large polaron-type
tional solid state systems, but in biological systems as welftates, which participate in charge and energy transport along
[1]. It has been actively studied during the last period and dnacromolecules during the metabolic processes, was first

lot of experimental data has been accumulated. The studi€d!ggested by Davydov and Kislukh&s,16. The polypep-

of biosystems reveal a number of characteristic properties fd€ chains in these macromolecules are formed by the peri-

the phenomenon, which are sensitive to the chemical, physfztdically plarc]:ed pepti(;/e groups and a_ret cha;gctegzted by t‘?he
cal, and physiological state of the system and can give thg'ong exchange andjor resonance interaction between the

lobal information about the state of the organifa-17] neighboring molecules, while the interaction between the
9 9 ' chains is much weaker. These characteristic properties of

This is one of the main reasons of interest to stgdymg th%iological macromolecules favor the existence of coherent
r_nec_hamsms of the DL and |ts'|mportance for medical INVESTollective electron and exciton states, in general, and solitons
tigations, food.and water quality control, etc. in particular. Moreover, it has been shown in Rgf4] that

In our previous papergl3,14 we have developed the o account of the correlation between electrons, which are
soliton model, which(as has been shown theraescribes  sejt.trapped in macromolecules in the soliton states, gives
both qualitatively and quantitatively the main features of thepetter fit of the experimental data for the alghaeetabularia
DL from biosystems. Among these features the most imporacetabulum(A.a) than the noncorrelated model. These uni-
tant are the linear in a log-log scale kinetics of the DL in acellular algae possess a large variety of macroscopically long
wide time interval, the same time trends for the various com{up to few millimeter$ quasi-one-dimensional macromo-
ponents of the emission spectrum, the nonlinear dependen@scular structures, such ashelical polypeptide proteins, ac-
of the initial intensity of DL,I (t=0), on the intensity of the tin filaments, microtubules, etc., due to which the correlation

stimulating light, and others. between solitons is essential. Indeed, the correlation between
the DL and chloroplast organization has been experimentally
proved[17].
*Email address: brizhik@bitp.kiev.ua Both correlated and noncorrelated soliton models describe
"Email address: demone@dmfci.unict.it the kinetics of the DL starting from the time moment when
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the illumination is switched off. As a result, theoretical mod- dv
els fit the experimental data well on the dependence of the gt~ Pdis?+ PiocN(vo— ), (4)
guantum vyield of the DL on the intensity and dose of irra-

diation at their not very large values. In this case the totalyheren, the number of the ionized reaction centers, is con-
number of photons emitted in the process of @Uantum  nected with the number of free electrons in the conduction

yield of the DL is proportional to the dose of illumination. band,N, and the number of electrons in localizé)soliton
To study the dependence of quantum yield of the DL on thestates,v, by the relation

intensity and dose of illumination in the wide intervals of
these values, the models have to be changed in such a way n=N+w. (5)
that they are valid starting from the initial time of the whole
process, i.e., to describe also the process of illumination within the system abovey=Y(n) is the quantum yield of the
account of the luminescence processes during the time d@bnized reaction centers due to the illumination, is the
illumination. Such model is developed in the present papernumber of the available localized statg®jiss, Prec, and

It is shown that in the general case the quantum yield op,,. are the rates ofbi)soliton dissociation, of electron-hole
the DL is a nonlinear function of the intensity and dose ofrecombination at the reaction center, and of electron local-
illumination. At relatively small intensities of the illuminat- ization, respectivelyall rates are calculated per unit tijne
ing light, the quantum yield of the DL increases with doseFurthermore,p,,. is determined by the energy of electron
increasing, and reaches monotonously some saturation kicalization in the corresponding state, and therefore, in the
long enough time of illumination. The situation is different at general case, it depends onp,,.(v) =Eoc(v)/A.
large intensities of illumination: there is some optimum value In the case where solitons are noncorreldggd/ery small
of the dose when the quantum yield of the DL takes theconcentrations, in not long enough macromolecules,),etc.
maximum value, and with further increase of the dose, theelectrons localize in the independe(hi)soliton states, and
quantum yield decreases gradually reaching some saturatiothe probability of electron localization does not depend on
which is less than the maximum value at the optimum dosesoliton concentratiorn(this corresponds to the model sug-
The corresponding results of this model are shown to explaigested in Ref[13]). In the opposite case of strongly corre-
the experimental data for alga.a. in a large interval of |ated coherent electrons, the dependence of the energy of

values of the intensity and dose of illumination. localized level on the concentration of electrons is essential.
We consider this latter case in the present paper, and in this
Il. KINETICS OF THE DELAYED LUMINESCENCE case the relation is valitsee Ref[18]):

The general scheme of the process of delayed lumines- v
cence is the following13,14. Due to the illumination of the ploc:po( 1- V—), (6)
system, electrons released in the ionized centers of lumines- 0
cence(the charge separation complexese with a certain  \here
probability self-trapped in the macromolecules, which from
the point of view of electronic structure are quasi-one- Jgé
dimensional systems with filled valence band and empty p0=3—ﬁ,
conduction band. The luminescence arises from the decay of

these localized states into the conductive electron band W|t902250 is determined by the maximum available concentra-
the following fast transition into the recombination centers

i.e., ionized centers of luminescence. The ex erimentallltion of bisolitons in a macromoleculéo=2g/*, which s
N T P Yelated to the maximum capacity of electron transport reac-
measured fluorescence and DL emission spddfrareveal

no energy shift, therefore, the probability of the direct tran—tlons' Hereg is the dimensionless electron-phonon coupling

o . ._constant, and) is the exchange interaction constant of a
sitions of electrons from the self-trapped states into reacﬂona olypetide chain
centers can be neglected. y

According 1o the above. the electron-hole recombinati To estimate the yield of the reaction centers due to the
ccording to the above, the €electron-hole reco a Or\Ilumination, it should be taken into account that the total
processes determine the intensity of DL,

number of electrons that participate in the process of lumi-
dn nescencen, is restricted from above by the maximum value
|=— —, ) equal to the available number of the reaction centers in the
dt system,n, .. FOr instance, in the biological systems that
possess photosystem, this maximum value is related to the
concentration of photosystem units. Therefore, the quantum
yield of the reaction centery, in the general case is nonlin-

v=26, )

In the presence of the illumination, the kinetics of the DL is
described by the following system of equations:

dn ear: it depends on the intensity of illuminatidg, , and is a
— = —PrecNN+Y, (2)  function of the ration/ny,,. Itis known experimentally that
dt at high intensities of illumination, the inhibition of photosyn-
dN thesis occur$19-21]. Taking this into account, we can as-
sume that the quantum yield of the reaction centers can be
E:pdissv_prean_ PiocN(vo—v)+Y, ©) d y

approximated by a power series
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dx
d_T.

dy

5< < (19

whereY,,Y;,Y, are constants proportional to the intensity In this case we get from Eqgl5) and(16) with account of

of the illuminating light,l; .

For further study, it is convenient to introduce the dimen-

sionless time

©)

T= Pyissls

dimensionless variables

v N
X=—, y=—, z=—, (10
Vo Vo Yo
and dimensionless parameter of the kinetics rate,
Po
= ) (11
" Prec :

which turn out to be essential for the kinetics of the Bke
also Refs[13,14)). Obviously, due to Eq(5), the relation
z=x+y is valid.

the relationz=x+Yy, the following equality:

z+P(2)

=— - 20
y a[z+y(1-2)?] (29
and therefore,
1-2z+|1 o
T )
—= P(z2). (21
dr 1
1+ ;—2)z+22

Thus, the system of equatiofi®—(4), which determines the
whole process of luminescen@acluding illumination of the
system and the following delayed luminescenisereduced
to the system$12) and(21). The first stage of the illumina-
tion is described by Eqg€12) and (21) at the time interval

In these units the DL intensity is determined from theg< ;<7 . Calculation of the value(r;,) by integrating

equation
I(7)= dz 12
(T)_ - E_v ( )
where
1(t)
= , 13
! Pdissto (13
and the system of equatio®)—(4) takes the form
dz_ +P 14
dT_ ayz (Z)! ( )
dy B )
4, XTayzmayy(1-x)°+P(2), (15
dx_ 1—x)2 16
3= xraw(l-x> (16)
Here, according to E(8),
P(z)~Py— P,z+ P,7? (17)
and
a= precVO. (18)
Pdiss

Ill. STEADY STATE REGIME

It is known that the rate ofbi)soliton dissociationpg;ss,
is much smaller than the decay rate of band electf@2%
Hence, the relatiory<x is fulfilled, which corresponds to
the quasistationar{steady stateregime,

Eqg. (21) from 7=0 till 7=, gives the value,,=z(7y,),
which gives us the initial number of the ionized reaction
centers and determines the level of excitation for the process
of the delayed luminescence. This process takes place start-
ing from the time moment,=7;;, and is described by the
system of equationd)—(4), or equivalently, by systemd?2)
and(21), in which one has to sé2=0. It is easy to see that
this system coincides with the system of equations obtained
in Ref. [14], which is written there for the values that are
renormalized with respect tay.

Therefore, the quantum yield of the DL, arising from il-
luminating the system during finite time interval<G
<y, i.e., the total number of photons emitted by the sys-
tem after switching off the illumination, is given by the value
z(m;) calculated in the result of integrating E@®1) from
=0 till =7, . This integration cannot be carried out in the
general form even for the case of approximatit). Below
we consider separately the cases of low and high intensities
of illuminating light, or, in other words, of low and high

pumping.

IV. LINEAR PUMPING

In this section we consider the linear pumping, i.e., the
situation where the intensity of the illuminating light is not
very high, so that in the end of the process of illumination
the total number of ionized reaction centers is expected to be
less than the valu@,,,,. In this case the nonlinearity of
pumping is negligibly small, and the yield of the ionized
reaction centers is constant:

P(z)=Py. (22
It is easy to obtain the explicit relatior(7) by integrating
Eq. (21) after separating variablesand 7:
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Y - = =
T= z+Alog[R(z)]—Blog[S(2)]. (23 2 = = _
: . -1 7
Herea is the constant given by E@18), A andB are con- - z - -
stants that depend on the parameters of kinetic rate and linear & o
. N /
pumping: ED _2 V4
y(2+Pg)—1 ~
A(Pg,7)= Ao a2
2(Poy—1) -3
(24)
[ ¥ Poy(1+Po) —Pot1 3 -2 1 0 1
B(Po.v)=\ 5" : log (D
0:Y PO 2(P0’}/_1)2 og (D)

. . FIG. 1. The dependence of the quantum yield of Rk
and finally, R(z) and S(z) are the polynomials of deter-  — (. y on dose at various intensities of illuminating lighy:
mined below: 0.01 (solid lines; 0.2 (dashed lines 5.0 (dot-dashed lings Thick

1 lines correspond tey=50, normal lines correspond tp=1.
R(z)=1-2z+|1— —|2%, 25 : .
2 Poy) 29 vary in the intervaly=1-100).

The experiments consisted in illuminating the sample,
) 1+ \Poy VPoy—Poy+(Poy—1)z (26 consisting of arA.a. cell placed in a plastic Petri dish filled
D= =— = — P with artificial sea water, with a pulse of selected wavelength
1=VPoy VPoy+Poy=(Poy—1)z and measuring the time dependence of the number of pho-
It is worth mentioning that relatiof23) in the limit P,—0  tons emitted. In the results reported below, we used stimu-

coincides with the corresponding relation of the correlated@ting light of 565 nm and 585 nm produced by light-
soliton model of the DL[14]. emitting diodes(Oshino OLUY153, OLUG158that were

Thus, the kinetics of the luminescence in the presence dfd current from a stabilized power supphtewlett Packard

given by the equation X 10" 5.8<10% and 10.% 10" photons/(scf). The il-
lumination durations varied from 1 to 1000[33]. The ex-
2(z+Py) perimental setup, materials, and method are described else-
I= 5>~ Po, (27)  where[10,17,23. The comparison of the experimental data
y+(1-2y)z+yz and the predictions of the model allows us to conclude that

our correlated soliton model of the DL, in the presence of
pumping, explains both qualitatively and quantitatively the
experimental data on alg®a.not only on the time trends of
the DL, but also on the nonlinear dependence of the total
quantum yield of DL on the intensity of the illuminating
light.

where the time dependence ot z(7) is determined from
expression(23). The latter can be numerically inverted by
the parametrizing procedure.

V. NUMERICAL RESULTS AND COMPARISON
WITH THE EXPERIMENTAL DATA

The numerical analysis of ER1) shows that at the fixed
value ofy, the valuezis a monotonously increasing function
of Py and of the dos® =Pg,7;;, , and reaches some satura- 0.5
tion value at largd®, andD. These results are represented in
Fig. 1. The fact of the saturation of the quantum yield of DL
is connected with the luminescence channel during the pro-
cess of illumination. In the absence of this channel the total
number of ionized reaction centers, as it follows from Egs.
(14) and(22), would increase infinitely with time and pump- -1.5
ing increasing.

Figure 2 shows the dependence of the quantum yield of
DL on the dose at three fixed levels of pumpiri®,
=0.05, 0.36, 6.75 at the value of the kinetic rate 10 to- FIG. 2. Quantum yield of the Diz,o,=z(7;) as a function of
gether with the experimental data, shown in different markdose in a log-log scale. Curves correspond to the theoretical model
ers for different intensities of the illuminating liglisee fig-  for different values oP,: 0.05(solid line); 0.36(dashed ling 6.75
ure captions Note, this value ofy coincides with the value (dot-dashed lingat y=10. Markers correspond to the experimental
at which our model gives the best fit of the experimental datalata (in arbitrary unit$ at various intensities of the illuminating
on the kinetics of the DL for alg#\.a. [14] (more general light I, : 0.08(+), 0.58(full circle), 10.87x 10'® photons/(crAs)
estimate shows that this value for biological systems cai*).

log (Ztot)

log (D)
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VI. NONLINEAR PUMPING

1
, , Pa(2)=P,z*— (P1+2P,) 23+ | Pg+ 2P+ P,— —| 2%
When the saturation value of the quantum yield of the DL Y

is large and close to the value of the maximum available
number of stateg,,,,, one cannot neglect the inhibition of
the yield of the ionized reaction centers, and it is necessary to _ )
take into account the nonlinearity of the pumping, which weThe numerical analysis shows that the polynonial at
model by the functior(17). We study this situation below. large values of pumping>1 has two zeros a=z; and
First, we consider the first-order approximation of expresZ= 22, the numerical values of which, obviously, depend on

—(2Pg+Py)z+ Py. (35

sion (17):

Substituting this into Eq(20), we get
1-Py)z+P
( 1)Z+ Py (29

Y= ayZ2+(1-2y)z+y]’

which, together with Eq(14), gives us the following equa-
tion:

dz  Ps(2)

PRk e

Pa2)’ 30

where P;(z) are the polynomial functions of of the ith
order:

2—7 z+1, (31

7?2(2)=22—2(1—

1
Po+2P,— ;) 22— (2Py+Py)z+Py.
(32

Py(z)=—P,2%+

The numerical analysis of the polynomi&(z) shows that it
has one zero, which corresponds to the maximunz af-
tained atr— o0, the saturation of the DL yield at a large dose.
In general, the behavia( 7) is very close to the one for the

constant pumping, although it gives somewhat less absolu

values than beforéthese results are not represented here

This is, obviously, related to the inhibition of the saturation

due to the second term in E(R8).

Next, consider the yield of the reaction centers with the

accuracy of the second ordd?(z) = P,— P,z+ P,z2. Sub-
stituting Eq.(17) into Eqg. (20), we get

_ PpZ?+(1-Py)z+Pg
y a[yZ2+(1—2vy)z+ 7] ’

(33

which, together with Eq(14), gives us the following equa-
tion:

dz_ Pa(2)
dr Pyz)’

(34

whereP,(z) is given by expressiof31), and

the value of all parameterB;(i=0,1,2) andy, incoming

into Eq. (35). As a result, Eq.(34) cannot be integrated
straightforwardly by separating variablesand . The two
zeros correspond to the two extrema, which are the two
maxima, ofz as a function ofr. The presence of the second
zero of the polynomial changes qualitatively the dependence
of the quantum yield of the DL on the dose of irradiation.
This change occurs due to the photoinhibition. One of the
two zeros corresponds to the finite valuersf o, at which

z reaches the absolute maximuzy. The other one corre-
sponds, as above, to—«~ wherez reaches the saturatiag,;
such thatz,,;<z,;, Obviously, both are less than the maxi-
mum available number of reaction centers in the system
(this, in the units used above, is set to be equal)tdlhere-
fore, we conclude that at high level of pumpifiggh inten-

sity of the illuminating ligh}, the total quantum vyield first
increases with the dose increasing, reaches the maximum
value, and then decreases till the saturation level. Thus, there
exists an optimum dose of the illumination, at which the total
quantum vyield of the DL has the maximum value. These
results qualitatively agree with the experimental dataAcm

for very high intensity of the illuminating light.

VII. ANALYSIS OF THE STABILITY

The model, developed above, describes the process of the
DL by a system of three nonlinear equatiofis4)—(16),
which include pumping. The results, obtained in the above
sections, both for the linear and nonlinear pumping, have
been obtained in the steady state approximation. In the
meantime it is known that not every solution of nonlinear

gystems is stablésee, e.g., Ref424,25), especially in the

presence of the external source, like the case considered
above for the system with pumping. At certain conditions the
auto-oscillations can arise in such a system, and even transi-
tion to chaos can occur. In the general case this problem for
nonlinear systems is quite complex, and usually it is studied
in the linear limit for the perturbations/correctiof®6—28§.
Just for this reason we study in this section the properties of
the above derived solutions with respect to their stability.
With account of the small corrections, which can arise
with time due to the instability, when the system deviates
from the steady state solution, we assume

2(1)=2zs(7)+u(7), Y(1)=Ys(7)+v(7),
(36)
X(7)=Xgi(7) +W(T),

where z,Yst,Xst are steady state solutions obtained in the
previous sections, and,v,w are the corresponding correc
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1.5 whereug 1,Uq , are the constants of integration.

Similar situation takes place for that valuespfand P
close to that used above, and we can conclude that the linear
1 corrections to the steady state solution for the linear pumping
are exponentially small in the whole interval of time.

§ In the case of nonlinear pumping, the equation for the
05 corrections in the linear limit reads as
du
| | | Ez—F(r)u—Plzst, (40)
0.5 1 1.5 2 2.5 3
I where

FIG. 3. Time dependence of functidi{r) in Eq. (37) at Pg P,

=0.5, y=10. F(r)=a| ZsrtYsit al (41

) ] and, similar to the above, the solution of E40) reads as
tions. The self-trapped soliton states possess the property of

the inner stability as essentially nonlinear objects, their life-
time is much higher than the lifetime of the delocalized elec-
tron states. Moreover, in our model it is assumed that in the
result of the illumination electrons, released during the
charge separation of the reaction centers, transit first into theith uy being the constant of integration ard~az;.
conduction band of a macromolecule straightforward or viarherefore, in the case of the nonlinear pumping the correc-
fast transition on a light molecule on one end of the chairtions tend with time to some small constant value. Mind that,
(the so-called prothetic groupTherefore, in the same order these results are valid only for the parameter values close to
of the approximation, we can pwt=0; and then, due to those used for the fit of the experimental data. In the general
relation (5), we getv=u. case this problem requires much more elaborate study and is
First, we study the case of linear pumping. Substitutingin progress.
ansatz(36) into Egs.(14)—(16) and linearizing them with
respect tau, we get the following equation: VIIl. CONCLUSION

POZst( 2— Zst)

u(r)=uge "+ T ,

T= Tgats (42

The above analysis shows that the nonlinear coherent
model of the DL in the presence of pumping provides quali-
tative and quantitative explanation of the main characteristic
features of the DL fromA.a These include the kinetics of
Here time decay, the nonlinear dependence on the intensity of the

stimulating light, and the same time trend for all the emission

spectral components.
" Zs1+ Py 39) The account of pumping in the model due to the process

a[yZ2— (2y—1)zg+y]] of irradiation, and the nonlinear character of the quantum

yield of the photosystem, results in the nonlinear dependence
anda is determined in Eq(18). The numerical calculations ©f the quantum yield of the DL on the dose of irradiation. At
of Eq. (38) with the data forz, taken from relatior(23), for relatlv_ely low intensities of the |IIun_1|nat|ng I|gh'_[, the quan-
the parameter values that were used above for the fit of thi/M Yield of the DL monotonously increases with dose, and
experimental data, are shown in Fig 3. From this we see thagradgally rea_ches the saturguo_n: .At high intensities of the
at small time the functiori(7) linearly increases with time, !luminating light, the photoinhibition of the photosystem
being positive, so that it can be approximated f¢3s) COmMes Into play. As a result, the q“ar?t“m yield of the DL
~T',7. At large time,7= 7y, (Wherery is the characteristic  attains the maximum value at the optimum dose, but with
time when the steady state solution reaches the satu)atiojurther increase of the dose the quantum yield decreases

the functionf (7) reaches some maximum value and remain rom this optimum. value i some Iimiting[asynjptotica)l
constant,f(7)~T',=const. Therefore, the solution of Eq value. The theoretical results fit well the experimental data

(37) can be represented as on algaA.a.in the wide interval of dose and intensity of the
illuminating light.

du
E:_f(T)U. (37)

f(r)=aq zg

_ 2
u(r)=ug.e 1772 0<7r<rgy, ACKNOWLEDGMENT
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