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Delayed luminescence of biological systems arising from correlated many-soliton states
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The kinetics of the delayed luminescence arising from correlated coherent many-soliton states in low-
dimensional macromolecular systems, is calculated and shown to be different from the one arising from
independent soliton states. The correlation between coherent electron states is essential at relatively high levels
of excitation in the presence of very long macromolecules in a system. These conditions can be fulfilled in such
biological systems, like algaeAcetabularia Acetabulum.The cytoskeleton of this unicellular alga contains
macromolecular structures~actin filaments, microtubules, etc.! of the length of several hundreds angstroms and
more, in which many-soliton coherent states can exist. Indeed, the correlated coherent model is shown to give
better fit of the experimental data for this type of algae in a wide range of intensities of the stimulating light,
as compared with the model of noncorrelated solitons. The nonlinearity of the dependence of delayed lumi-
nescence intensity on the level of excitation increases with the increase of correlation between solitons.
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I. INTRODUCTION

The phenomenon of the delayed luminescence~DL!,
which consists of photoinduced light emission a long tim
~seconds and more! after illumination, has been proved t
exist not only in solid state systems, but in biological sy
tems as well@1#. It has been actively studied during the la
2 decades and a lot of experimental data have been acc
lated. Concerning bio-systems, these studies reveal a nu
of characteristic properties of this phenomenon, which
sensitive to the chemical, physical, and physiological stat
the system and can give the global information about
state of the organism@2–12#. Because of strong correlatio
between the properties of the DL emission and the biolog
state of systems, DL is regarded as a powerful tool for me
cal investigations, food, and water quality control, e
Among the common characteristics of DL in bio-systems
most essential are the following@11#:

~a! DL kinetics in a wide time interval satisfies the ph
nomenological Becquerel law, given by the hyperbolic tim
dependence:

I ~ t !5~a1bt!2a, ~1!

which becomes linear in a log-log scale;
~b! The various components of the emission spectr

have the same time trends, i.e., the same value of the hy
bolic parametera in Eq. ~1!;

~c! The initial intensity of DL, I (t50), depends on the
intensity of the stimulating light in a nonlinear way.

There are two basic hypotheses about the origin of
layed luminescence.
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The first one@13# considers the luminescence in phot
synthetic material as the visible sign of a minor imperfecti
in the primary photochemical charge separation, genera
by charge recombination. The decay can be connected
to a biequimolecular reaction and to the existence of a c
tinuum of kinetic states with decay constants exponentia
distributed; the latter explanation is consistent with the la
number of charge carriers and reaction pathways occurrin
photosynthesis@1#.

The second one asserts that the coherence~coherent states
and fields! plays an important role in the functioning of liv
ing matter~see, e.g.,@14#!, and, in particular, might be re
sponsible for the DL spectra of biological systems@15#. Ac-
cording to this hypothesis, in fact, the DL in biologic
systems originates from a fully coherent field, which is e
sential for the promotion and control of living processes.

Up to now neither of the two hypotheses has been abl
explain the main characteristic of DL. Both models, in fa
predict the hyperbolic law Eq.~1! with a equal to 1 or 2,
while according to experimental data, the value ofa, which
fits the data, varies for various systems and conditions
large interval~from 1 to 5!. Besides this, they are not con
cerned with the other two properties~b! and ~c! of DL.

Recent results of experimentally observed correlation
tween the DL and chloroplast organization@16# and analo-
gies in certain features of DL spectra from biological a
some solid-state systems@17# indicate that this phenomeno
in biological systems can be connected with the collect
electron states. On the other hand, in view of the long du
tion of DL and high physiological temperatures of bi
systems, it can hardly be connected with delocalized sta
such as conventional band electrons or excitons. Based
this, another model to explain the main properties of the
of simple biological systems has been suggested in@18#. It
takes into account that during the charge and energy tran
processes the nonlinear coherent self-trapped electron s
©2001 The American Physical Society02-1
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are formed in low-dimensional macromolecular structures
particular, the model assumes that the DL is connected w
the formation and dissociation of localized exciton and el
tron states~solitons and electrosolitons! which are much
more stable than the corresponding delocalized states,
can be created by the preillumination of the sample. T
model has been shown to be consistent with the main
tures of the DL in bio-systems. It also gives a qualitati
explanation and reasonably good quantitative fit of the
perimental results for the unicellular algaAcetabularia ac-
etabulum (A.a.! @18#. In the meantime, as it has been ind
cated in@18#, despite the goodx2 value achieved in a shor
time interval, at longer times the precision of the fit d
creases and the deviation of the theoretical and experime
time trends of the DL fromA.a. increases. This can be due
neglecting correlation between solitons in the model. As
will be shown below, the account of soliton correlation r
sults in more linear time trends of DL intensities in a log-l
scale at relatively high levels of excitation and kinetics rat
This gives higher precision of the theoretical fit of expe
mental data forA.a. as compared with our previous mode

II. THE MODEL

As it was mentioned in Sec. I, the long duration of DL a
its main properties in bio-systems indicate this phenome
can be connected with coherent electron states in macro
ecules. In a biological cell there is a large variety of lo
dimensional macromolecules as, for instance, alpha-he
polypeptide proteins, actin filaments, etc., whose structur
represented by the arrays of parallel quasi-one-dimensi
~quasi-1D! polypeptide chains formed by the periodical
placed peptide groups. The chains are characterized by
strong exchange and/or resonance interaction between
neighboring molecules, while the interaction between
chains is much weaker. From the point of view of electro
structure, these macromolecules are semiconductor
quasi-1D systems with the filled valence band and em
conduction band, separated by the gap of finite width@19#.

These characteristic properties of biological macrom
ecules favor the existence of coherent collective electron
exciton states, in general, and solitons in particular. The c
cept of molecular solitons or 1D polaron-type states, wh
participate in charge and energy transport during the m
bolic processes, was first suggested by Davydov
Kislukha @20#. It has been useful to explain numerous ph
nomena in biological systems@21,22# and some experimenta
evidence for soliton existence in biological systems has b
found @23#.

Here we consider the charge transfer processes in
tems, which produce photosynthesis. Photosynthesis t
place in chloroplasts, which include so called photosyste
~PSI!, that produces nicotinamide adrenine dinucleot
phosphate~NADPH! and has 730 nm maximum in the fluo
rescence spectrum, and photosystem II~PSII! that partici-
pates in the transport of electrons and produces molec
oxygen and has 680 nm maximum~see, e.g.,@1,24#!. The
initial step of photosynthesis is the photon absorption b
pigment system. The captured energy of the photon rap
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migrates to a specific protein complex~reaction center!
where it initiates electron transfer chemistry. Rapid cha
separation~;5 ps! occurs and a radical pair statePF is
formed ~lifetime ;10 ns!. Effective charge separation is in
creased by the secondary and tertiary chemical react
~electron transport chain! in PSI and PSII which work in
series of the overall scheme

H2O→ZP680QAQB@PQpool#→PCP700X→NADP1.

HereZ is the electron donor of the PSII reaction center,QA
andQB are the primary and secondary quinone acceptor
PSII, respectively,X is the primary electron acceptor of PS
the pool of plastoquinone molecules PQ and the plastocya
PC represent the first and the last component, respectivel
the charge transfer system that connects the two photo
tems, NADP1 is the oxidized form of nicotinamide adenin
dinucleotide phosphate. The pigmentsP680 and P700 are
special chlorophylla molecules, which act as primary elec
tron donors of photosynthetic reaction centers of PSII a
PSI, respectively. The complexes PCP700X andZP680QAQB
are PSI and PSII reaction centers, respectively. Bes
the group of the reaction center, PSII includes the lig
harvesting complex and the complex that releases molec
oxygen.

A. Self-trapped electron states in macromolecules

As it was mentioned above, the PS II photosystem part
pates in the transport of electrons, and includes transm
brane polypeptide chains with molecular mass greater t
600 kD.

Just in these macromolecules, as well as in micrototubu
and actin filaments in alpha-conformation, extra electro
can form electrosolitons@20,21#. When in the electron trans
fer chain an extra electron is transferred from a donor m
ecule to one of the subunits of the macromolecule, it affe
the nearest surrounding due to the exchange interaction
the nearest neighbors and electron-phonon interaction
hydrogen bonds along a chain. This results in the creatio
the local distortion of the chain which, in its turn, plays th
role of the potential well for the electron itself and leads
the self-trapping~autolocalization! of an electron. The dy-
namics of extra electrons in the self-consistent deforma
field is described by the system of nonlinear coupled eq
tions, which in the traveling wave approximation in the co
tinuum limit can be reduced to the nonlinear Schro¨dinger
equation@21#

i\
]C

]t
1J

]2C

]x2
12JGuCu2C5E0C, ~2!

with the nonlinearity parameterG, determined in the genera
case by the dimensionless electron-phonon coupling cons
g,

g5
g0

~12s2!
, g05

s2

2Jw
, s25

V2

Vac
2

, ~3!

and the spectral parameterE0 ,

E05JE
0

LF S ]C

]x D 2

22GuCu4Gdx. ~4!
2-2
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HereC(x,t) is the amplitude of the electron probability di
tribution, J is the exchange interaction with the neare
neighbors,s is the constant of electron-phonon interactio
w is the elasticity coefficient of the chain,w5MVac

2 /a2, Vac

is the sound velocity in the chain,M is the mass of a unit cel
anda is the equilibrium distance between periodically plac
monomers in the chain of the lengthLa.

The self-consistent deformation of a chain,r(x,t), caused
by the electron-phonon coupling, is proportional to the el
tron probability

r~x,t !5
x

w
uC~x,t !u2, ~5!

and has the energyW

W5
MVac

2

2a2 E
0

L

r2dx. ~6!

Therefore, the total energy of the excitation, which satis
Eq. ~2! and is bound with the deformation field, also includ
the energy of deformation

E5E01W. ~7!

In particular, in the case of one extra electron the nonline
ity parameter equals the electron-phonon coupling const
G5g. An exact analytical solution of Eq.~2! is given by the
function

Cs~x,t !5
1

2
Ag

exp@ i ~qx2Fs~ t !!#

cosh@g~x2Vt/a!/2#
, ~8!

which describes the self-trapped state called the soli
which moves together with the local distortion with a certa
velocity V,Vac to the opposite end of the macromolecu
Here and in what follows functionsF i(t) are the phases o
corresponding solutions, andq is the wave number, which is
connected with the velocity by the relationq5\V/(2Ja).

Substituting Eq.~8! into Eqs.~4! and ~7!, we determine
that the total energy of a soliton state is lower than the
ergy of the lowest delocalized state, which coincides with
energy of the conduction band bottom, by the valueEs @9,10#

Es~0!52
1

12
Jg0

2 . ~9!

In the case when there are two extra electrons with oppo
spins, they form a singlet bisoliton@25,26#, which describes
a bound state of two electrons localized within the sa
potential well created by the distortion of a chain. In th
case the nonlinearity parameter in Eq.~2! reads asG52g.
The bisoliton wave function is

Cbs~x,t !5Ag

2

exp@ i ~qx2Fbs~ t !!#

cosh@g~x2Vt/a!#
. ~10!

According to Eqs.~4!–~7!, the energy of a bisoliton at rest i

Ebs~0!52 2
3 Jg0

2 . ~11!
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If the number of extra electrons in a chain is essentia
bigger than one, the theoretical model predicts the existe
of coherent many-electron states@27,28#. At small values of
electron concentration such a state is described by Eq.~2!, in
which G52g, and the wave function satisfies the period
conditionC(x1 l ,t)5C(x,t). It accounts for the fact that in
the average per each periodl, there are two electrons with
opposite spins which, in the limit of a very large period, c
be approximated by the bisoliton function Eq.~10! @26,27#.
The period of functionl and concentration of bisolitonsd are
connected by a relationl 51/d. A periodical solution of Eq.
~2! is given by a cnoidal wave, the envelope of which
described by a periodic Jacoby function

Ccn~x,t !5Ag

2
E21~k!dnS g~x2Vt/a!

E~k!
,kD

3exp@ i ~qx2Fcn~ t !!#. ~12!

HereE(k) is a complete elliptic integral of the second kin
the modulus of whichk is determined by the space period
the function, and, hence, by bisoliton concentrationd51/l ,
according to the following relation:

gl52E~k!K~k!, ~13!

with K(k) being a complete elliptic integral of the first kind
The energy of the cnoidal wave per period, i.e., the ene
per bisoliton in a coherent superlattice, reads as

Ecn~0!52JE
0

l F S ]C

]x D 2

22g0uCu4Gdx. ~14!

Substituting the explicit expression of the wave function E
~12! into Eq. ~14! and carrying out the integration, we fin
that the energy Eq.~7! of such cnoidal wave is function o
the concentration of bisolitons

Ecn~0!52 2
3 Jg0

2@E~k!~22k2!1K~k!~12k2!#E23~k!.
~15!

The analysis of expression~13! shows that the inequality
takes place atl . l cr5p2/2g0. This means, there is som
critical value of bisoliton concentration

dcr5
2g0

p2
, ~16!

above which, atd.dcr , the cnoidal wave does not exis
because of the too strong repulsion between the electron
also follows from Eq.~15! that the energy gap that separat
the localized electron level from the delocalized states in
conduction band vanishes whend tends todcr .

B. Kinetics of the delayed luminescence

We assume the following general scheme of the proc
of delayed luminescence. Electrons released in the ion
centers of luminescence~the charge separation complexes!,
with a certain probability are self trapped in the macrom
2-3
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ecules. The luminescence arises from the decay of thes
calized states into the conductive electron band with the
lowing fast transition into the recombination centers, i.
ionized centers of luminescence. A comparison of the exp
mentally measured fluorescence and DL emission spe
@16# reveals no energy shift, therefore, we neglect the pr
ability of the direct transitions of electrons from the se
trapped states into reaction centers. The spatial argum
support this model as well: a soliton is localized within a fe
lattice sites in a macromolecule and can transit to the dis
reaction center via the conducting band by back react
The energy level diagram of this process is shown in Fig
According to the above, the electron-hole recombination p
cesses determine the intensity of DL

I 52
dn

dt
, ~17!

wheren, the number of the ionized reaction centers, is c
nected with the number of free electrons in the conduct
bandN and the number of electrons in localized~bi!soliton
statesn by the relation

n5N1n. ~18!

In a biological system~cells, organisms, etc.! there is a large
number of macromolecules, therefore the mean-field desc
tion is applicable and the following system of equations
valid:

dn

dt
52precNn, ~19!

dN

dt
5pdissn2precNn2plocN~n02n!, ~20!

FIG. 1. The energy level scheme of the DL in the presence
the self-trapped states. HereEr is the energy level of the reactio
center, andEs is the level of a self-trapped state;n is the number of
ionized reaction centers,N is the number of free electrons in th
conduction band, andn is the number of electrons in localize
~bi!soliton states;pdiss is the rate of~bi!soliton dissociation,prec is
the rate of electron-hole recombination at the reaction center,
ploc is the rate of electron localization.
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dn

dt
52pdissn1plocN~n02n!. ~21!

Here n0 is the number of available localized states, det
mined by the maximum available concentration of~bi!soli-
tons in a macromolecule:n052dcr , wheredcr is given by
Eq. ~16!; pdiss is the rate of~bi!solitons dissociation@29–31#,
prec is the rate of electron-hole recombination at the react
center, andploc is the rate of electron localization which i
determined by the energy of localization in the correspo
ing state

ploc5
Eloc

\
. ~22!

All rates are calculated per unit time.
In the case when solitons are noncorrelated~at very small

concentrations, in not long enough macromolecules, e!,
electrons localize in the independent~bi!soliton states, and
the probability of electron localization, according to Eqs.~9!
or ~11!, does not depend on soliton concentration~this cor-
responds to the model suggested in@18#!. In the opposite
case of strongly correlated coherent electrons the depend
of the energy of the localized level on the concentration
electrons is essential. In this latter case, which is the aim
the present study, the energy of electron localization is

Eloc5
1
2 @Edel~0!2Ecn~0!#5 1

3 Jg0
2F~k!, ~23!

whereEdel(0) is the electron energy in a delocalized sta
Ecn(0) is determined in Eq.~15!,

F~k!5
~11k1

2!E~k!K~k!1k1
2K2~k!23E2~k!

E3~k!K~k!
, ~24!

andk1
2 is additional elliptic modulus:k1

2512k2. At the con-
centrations of bisolitons lower than the critical value E
~16!, the relationk1

2!1 is fulfilled. In this case the complet
elliptic integrals take the asymptotic values@32#

E~k!'1, K~k!' log
4

k1
, k1

2!1, ~25!

and from Eq.~13! we get the explicit relation between th
additional modulus and bisoliton concentration:

k1
2'16 expS 2

g0

d D . ~26!

In the same limitk1
2!1 we find from Eqs.~24!–~25!

F~k!'S 11k1
22k1

2 log
4

k1
2

3

log
4

k1

D 'S 12
d

d0
D ,

~27!

whered05g0/6. Therefore, the probability of electron loca
ization takes the value

f

nd
2-4
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ploc5p0S 12
n

n0
D , ~28!

where

p05
Jg0

2

3\
, n52d, n052d0 . ~29!

The rate of~bi!soliton dissociationpdiss is much smaller than
the decay rate of band electrons@29#. Hence, the relationN
!n is fulfilled, which corresponds to the quasistationary
gime,

dN

dt
!

dn

dt
. ~30!

From Eqs.~19!–~21! and~28! in the approximation Eq.~30!
we get

N~ t !'
pdissn~ t !

precn~ t !1p0~n02n~ t !!F12
n~ t !

n0
G . ~31!

This together with the relation Eq.~17! determines the time
dependence of the number of ionized reaction centers

dn

dt
'2

pdissn
2

gn01n~122g!1gn2/n0

, ~32!

where the notation is introduced

g5
p0

prec
. ~33!

Integrating Eq.~32! with the initial conditionn(t50)5n0,
the following relation can be obtained:

pdisst5~12g!log
n0

n
1gn0S 1

n
2

1

n0
D2

g

n0
~n2n0!.

~34!

Equations~17!, ~32!–~34! determine the intensity and kine
ics of the delayed luminescence. It is convenient to introd
the dimensionless variables

t5pdisst, y5
n

n0
, x05

n0

n0
, I ~t!5

I~ t !

pdissn0
, ~35!

in which the system of equations for the intensity of D
takes the suitable for numerical study form of:

I ~t!5
x0

2y2

x0y1g~12x0y!2
, ~36!

t5~2g21!log~y!1
g

x0
S 1

y
21D2gx0~y21!. ~37!

Recall the DL within the noncorrelated model@18# is de-
scribed by the system of equations
03190
-

e

I nc~t!5
x0

2y2

x0y1g~12x0y!
, ~38!

t5~g21!log~y!1
g

x0
S 1

y
21D ~39!

that formally coincide with the equations, obtained in@33#
for crystallophosphors, and which are valid in a more gene
case for systems possessing the band structure with the
lectivised electron/exciton states.

Analysis of Eqs.~36! and ~37! shows that the kinetics o
the DL, as in our previous model@18#, depends on the two
basic parameters:~i! on the kinetics rateg, determined by
Eq. ~33! as the ratio of the characteristic rates of the loc
ization and recombination processes, and~ii ! on the level of
excitation,x05n0 /n0.

According to Eqs.~36! and ~37!, the initial intensityI 0
5I (t50) in the general case is a nonlinear function of t
level of excitationx0:

I 05
x0

2

x01g~12x0!2
, ~40!

which becomes linear in the limit of zero values ofg, only.
The dependence of the initial intensity on the level of ex
tation x0 for various kinetics ratesg!1 is shown in Fig. 2.
Indeed, the experimental study of the DL of the biologic
systems reveals the nonlinear dependence ofI 0 on the inten-
sity of the stimulating light@11#. For a comparison, this de
pendence within the noncorrelated model Eqs.~38! and~39!
is shown in Fig. 3. At small values of the kinetics ratesg
!1 ~not shown in the figures! both models predict similar
behavior ofI 0(x0). Increasing the value ofg, the deviation
between the two models increases and is significant eve
g,1. The bigger the value ofg, the bigger the difference
between the correlated and noncorrelated models. This
pendence within the former model atg@1 is given by a
nonlinear curve with the saturation, while it can be appro
mated by a linear dependence in a wide interval of 0<x0
,xcr,1 within the latter model~compare Figs. 2 and 3!.

FIG. 2. Theoretical dependence of the initial value of the DL
the level of excitationx0 and the kinetics rateg within the corre-
lated model, as given by Eqs.~36!–~37!.
2-5
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BRIZHIK, SCORDINO, TRIGLIA, AND MUSUMECI PHYSICAL REVIEW E64 031902
The difference between the two models is also revealed
comparison of the time trends of the intensity of DL in lar
time intervals~see below!.

It is worth noting that while for most of the convention
solid-state systems the excitation level practically alwa
reaches saturation, i.e.,x051, the stimulating light used in
our study of biological systems is of low intensity, therefo
in this latter case the most probable is the regimex0,1. For
the sake of clarity the dependence of the DL decay accord
to Eqs.~36! and ~37! on the excitation levelx0 is shown in
Fig. 4.

As in our previous model@18#, different components o
the emission spectrum correspond to electron transit
from different energy levels of electrons in the conducti
band. Hence, in the first approximation every compon
should obey Eqs.~36! and~37! with the same value ofg, and
therefore, the time trends of various components of the em
sion spectrum should be identical. Indeed such behavior
been observed experimentally in@16# for the emission spec
tra of A.a. samples.

III. COMPARISON WITH EXPERIMENTAL DATA

We have applied our theoretical model to explain some
the experimental data on the DL of unicellular algaA.a,

FIG. 3. Theoretical dependence of the initial value of the DL
the level of excitationx0 and the kinetics rateg, within the noncor-
related model, as given by Eqs.~38! and ~39!.

FIG. 4. Theoretical dependence of the DL decay on the exc
tion level x0 according to Eqs.~36!–~37!. Curves are calculated a
the kinetic rateg510, and different values forx0 : x051 ~solid
line!, x050.7 ~dashed line!, andx050.4 ~dotted line!, respectively.
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which seems to be a system admitting the existence of
related self-trapped electron states. In particular, inA.a there
are very long macromolecules, like actin filaments and m
crotubules, which form the cytoskeleton of cells@34–36# and
are responsible for the motility of organelles and the strea
ing of cytoplasma in the whole. These microfilaments ha
largely variable length from 10–20 to a few hundreds
subunits; they have a double-chain helical structure@37#, and
in the presence of the fimbrin protein they are bundled
gether into parallel arrays. These macromolecules are g
candidates for a system in which a large number of co
lated electrosolitons can be excited under certain conditio

Experiments consisted of illuminating the sample, co
sisting of anA.a.cell placed in a plastic Petri dish filled with
artificial sea water, with a short light pulse~less than 3 ms! of
selected wavelength and measuring the time dependenc
the number of photons emitted. In the results reported be
we used stimulating light of 450 nm at the maximum inte
sity I max52.431016 photons/cm2/s. The illumination was
obtained filtering a flash lamp~Metz 45CL1! with a broad-
band filter ~40 nm full width half maixmum, Andover
110FA40!. Starting from this maximum value of illumination
intensity, reduced intensitiesI st of the stimulating light were
obtained by using metallic neutral density filter~Andover
No. FN46!. In particular, we used as stimulating lightI st the
values 100%, 70%, 50%, 20%, 10% of the maximum inte
sity I max. The experimental setup, materials, and method
described elsewhere@10,12,16#.

To apply the model to experimental data, it is necessar
estimate the numerical value ofg. Using the parameter val
ues for polypeptides@22# we get from Eq.~29! that p0
'1011 s21. The characteristic rate of charge recombinati
prec varies in the interval from 109 to 1011 s21 @1#. Substi-
tuting these values in the definition Eq.~33!, we get g
51 – 100.

According to our experimental data, the total number
photons emitted depends on the intensity of the imping
photons in a nonmonotonous way@38#, reaching some satu
ration value. In the current experiments with algae the ma
mum intensity of the stimulating light 100%, i.e.,I st5I max,
was lower than the saturation value shown in Fig. 4@38#,
which corresponds to the excitation levelx051. So, using
the data of Fig. 4, Ref.@38# and starting with some value o
the impinging photons corresponding to saturation, the v
ues of the excitation levelx0 for the intensities used hav
been estimated. Next, from the relation between the value
I 0 andx0 for any two intensities of impinging light the est
mate ofg has been obtained, using relation~38!. In order to

-

TABLE I. Range of variability of the excitation levelx0 at the
different intensities of the stimulating lightI st .

I st x0

100% 0.76– 0.85
70% 0.66– 0.77
50% 0.59– 0.69
20% 0.35– 0.45
10% 0.22– 0.29
2-6
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FIG. 5. Time trends of the intensities of DL fromA.a. at different intensities of the stimulating lightI st . Symbols show normalized
experimental data, solid and dashed lines correspond to theoretical fit within the coherent correlated and noncorrelated models, re
at g510, for the following values ofI st andx0: ~a! I st5I max, x050.85; ~b! I st50.70 I max, x050.71; ~c! I st50.50 I max, x050.62; ~d! I st

50.20 I max, x050.35;~e! I st50.10 I max, x050.22. In the figures where the error bars are not reported, the errors are as large as the
the marker.
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take into account all causes of error we considered an un
tainty of 20% on the starting point of the evaluation proc
dure. From this analysis determined that the maximum int
sity of the stimulating light,I st5I max, corresponds tox0
values in the interval 0.76<x0<0.85 and correspondinglyg
should vary in the interval 6,g,12. Table I reports the
range of variability of thex0 values at the reduced intensitie
used in the experiment.

Our calculations for the DL kinetics forA.a. at a stimu-
lating light of 450 nm show that a reasonably best fit~re-
ducedx2 values ranging from 1.6 to 3.8! of the experimental
data at the five different intensities of the impinging light
03190
er-
-
n-

the whole time interval of measurements is obtained ag
510, with pdiss55.2 s21. These results are represented
Fig. 5: symbols show the experimental data normalized
the highest value of the initial intensity, and solid and dash
lines correspond to the fit within the correlated and nonc
related@18# theoretical models, respectively.

IV. CONCLUSION

Both mechanisms of the DL, suggested in@18# and in the
present paper, are based on the assumption that the pho
duced light emission of biological systems is connected w
2-7
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the self-trapped electron states that provide the charge
energy transfer processes. In particular, in green plants
an emission is connected with the processes occurrin
chloroplasts, and is related to the presence of self-trap
soliton levels in macromolecules forming the photosyst
and the cytoskeleton of a cell. Accordingly, a correlation b
tween the DL and chloroplast organization has been exp
mentally observed inA.a. @16#. The preliminary results of the
application of our model to the DL from bio-systems that
not possess photosystems, in particular, from yeast,
show satisfactorily good agreement~this work is in
progress!.

Worth noting, the two mechanisms of the DL, discuss
here, can complement each other. Realization of one or
other depends on the biological system and the corresp
ing conditions. Both mechanisms assume the DL is c
nected with the presence of self-trapped electron state
macromolecules, where one model accounts for the non
related soliton states, and the present one accounts fo
correlated ones. One of the reasons of the correlated be
ior, like in unicellular algaA.a., and less important or negli
gibly small in other systems with shorter macromolecul
Another reason can be due to the state of the metabolic
tivity of a system that determines the number of~bi!solitons
and the level of their coherence.
-
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The above analysis shows that the nonlinear cohe
model of the DL provides a qualitative and quantitative e
planation of the main characteristic features of the DL sp
tra from A.a. These include the kinetics of time decay, th
nonlinear dependence on the intensity of the stimulat
light, and the same time trend for all the emission spec
components. In addition, the correlated model gives hig
precision of the theoretical fit of experimental data forA.a. in
the wide interval of intensities of the stimulating light and
the whole time interval of experimental measurements,
compared with the noncorrelated model. The correlation
tween the DL and the state of the organism is easily
plained within this model. The change of the physiologic
conditions affects the processes of charge transfer in
whole, and electrosoliton transfer in particular, which is
flected in the change of the parameterg, and hence, in the
change of the time trend of DL. When the changes in
organism are reversible, the changes of the DL spectra
reversible andvice versaat the irreversible change the spe
trum is not recovered@10,12#.
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