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Abstract. By considering an exciplex system consisting of collective molecules in interaction with both the 'pumping' 
fields and the biophoton fields, the two-level exciplex model and the three-level exciplex model are presented. They 
are useful for the investigation of the quasi-stationary behaviour of biophoton emission, and biophoton emission as 
a dynamic process in the presence of external perturbations, Our theoretical results predict a series of nonlinear 
effects, such as chaos, fractal behaviour, and non-equilibrium phase transition. These effects characterize the coher- 
ence nature of living systems. In our approaches, there are two important quantities f a n d  x, which can be used to 
mark the working points of the two-level and three-level exciplex systems. All the influences of external perturbations 
on the exciplex systems, e.g. change of temperature, the addition of agents, exposure to light, etc., can be interpreted 
as shifts of the working points of the systems, leading to a diversity of nonlinear response of biophoton emission. In 
addition, the agreements of the theoretical results and the corresponding experimental observations on biophoton 
emission from biological systems in the presence of external perturbations are demonstrated. 
Key words. Exciplex formation; two-level exciplex model; three-level exciplex model; chemical potential; pumping 
field; collective molecules; chaos; fractal behaviour; non-equilibrium phase transition; working point. 

Introduction 

'Biophoton emission' is now a topical field in contempo- 
rary science 33, 65, 66,102. It concerns weak light emission 
from biological systems, with an intensity of the order of 
a few up to some hundred photons per second and per 
square centimeter of surface area. 
The origin of biophoton research can be traced back to 
A. G. Gurwitsch 2~, 28.48 He performed various experi- 
ments on 'mitogenetic radiation' with the aid of biologi- 
cal detectors. Gurwitsch claimed that the most funda- 
mental biological function, namely cell division, is 
triggered by a very weak photocurrent originating from 
the cells themselves. Since biological detector systems 
found little support in the scientific world, and because of 
the unavailability of sufficiently sensitive technical equip- 
ment at that time, no generally accepted conclusion on 
mitogenetic radiation was reached for quite a long peri- 
od. 

In 1955 Colli et al. 1~ succeeded in proving the existence 
of photon emission from cereals by using a photomulti- 
plier tube. The photons were regarded as visible radiation 
between 390 and 650 nm with intensities of some hun- 
dred photons/(s �9 cm2) .  

In the 1960s most of the research work on bio- 
photon emission was performed by Russian scien- 
tists 4o, 64,1 o7,1 ~4 who measured the biophoton emission 
from about 90 kinds of biological samples, including 
yeast, frog nerve and mouse liver, again using photomul- 
tipliers. 
In the last fifteen years, essential progress in this field 
has been accomplished, involving the following topics: 
the source of the b i o p h o t o n s  2 ' 3 ' 4 2 , 6 ~  their 
correlations with biological, biophysical and biochemi- 
ca• processes 34, 39, 65, 66, 84, 88, 93, 94, 101, 113  the temper- 

ature dependence ~~ the spectral distribu- 
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t i o n  30, 85, s9,  92, 95, 9 8  t h e  optical transparency 4, 49, 7 2  

the influence of external factors ~3, 52, 73, 74, 104, the pho- 
tocount statistics 37, 70, 74, 75, the relaxation dynamics after 
excitation 5- 8, 2~, 29, 41, 43, 50, 55, 56, 61, 70, 74, 76, 77, 91, 105 

and the coherence of swarming 16,17, s 8. Currently, bio- 
photon research has developed to a stage of modem anal- 
ysis, including the detection technique 30- 32, 54, 70, 88 the 
search for mechanisms 9, 44, 57, 7s- 80 theoretical descrip- 
tions 21,43,45-47, 70, 74, 76, 77, and possible applica- 
tions 14"'19,38'87'90'100'106'110'111 Recently, the cur- 

rent status and prospects of biophoton emission have 
been extensively reported in a number of review arti- 
cles 65, S 1, 82, 99 and books 33, 66,102 .  

A variety of experimental observations give evidence that 
biophotons originate from a delocalized coherent elec- 
tromagnetic field within living matter 18. As a generator 
of this field, living matter displays an energy-level distri- 
bution characterized by the fv = constant-rule, which 
means that in the ideal case (enough 'pumping'  energy is 
always available) all the relevant excited states of living 
matter are occupied with about the same probability, 
independent of the excitation energy 7~ 74, 75, 82. The 
f~ = constant-rule governs a non-equilibrium phase tran- 
sition between a 'chaotic' and an 'ordered' regime 21' 75 
Around the critical point of this phase transition coher- 
ent radiation of a multi-mode biophoton field induced by 
collective bioradiators can become stabilized. The coher- 
ence of biophoton emission can be understood in terms 
of the emission of the phase-locked and mode-locked 
biophotons of living systems in their quasi-stationary- 
state operations 21, 29. A sufficient condition for coher- 
ence is the hyperbolic relaxation after ergodic ex- 
citation 5 - s, 21, 29, 4 ~, 5 o, 55, 56, 6 t, 77, 91,105 which follows 

from a coherent nonlinear coupling among the collection 
of molecules within living matter ~' 24, 25,109. The coher- 
ence of biophotons from a swarm of Daphnia can be 
analysed in terms of an interference pattern of swarm- 

ing 16,17, 58, which can be described well by a destructive- 
interference model 83 as a consequence of Dicke's theo- 
ry11,12. The low intensity of  biophoton emission can be 
explained in terms of the fairly high degree of coherence 
of non-classical light 15, 20, 53, 63,.103 with very high sig- 
nal/noise-ratio 22, 23,112 The essential source of bio- 
photon emission may be displayed by the exciplex sys- 
tem 26'51'~~ in particular by the exciplexes of 
DNA 2, 3, 42, 60, 67- 69, 86 

More and more, the experimental results indicate that 
biophoton emission displays a non-linear response to 
external perturbations, where a typical example that has 
already been considered is the non-linear temperature 
response of biological systems as demonstrated by low 
level luminescence of cucumber seedlings v l. 
In the present paper we report the recent results of theo- 
retical research on the non-linear response of biophoton 
emission to external perturbations, including chaos and 
phase transition in biophoton emission. Specifically, we 
study the fractal behaviour in biophoton emission start- 
ing with the two-level exciplex model and then consider 
the non-equilibrium phase transition with the aid of the 
three-level exciplex model. In addition, we show the 
agreement of the theoretical results and the correspond- 
ing experimental observations on biophoton emission 
from biological systems in the presence of external per- 
turbations. 

Exciplex models 

Let us consider exciplex formation of  a biomolecular 
system, which is a very common process in living mat- 
ter 26, 51, 10 s. Figure 1 (a) gives a representation of its po- 
tential energy profiles as a function of the separation of 
monomers. The potential curves ~ *  and ~ represent the 
bound excited state and the repulsive ground state, re- 
spectively. The radiative behaviour of  such a system may 

- - ~ - - - - - -  I*C3> 

D 

(a} (b) 
Figure 1. a Representation of the potential energy profiles of a 
biomolecular system with exciplex formation, where 5"* and Z represent 
the bound excited state and the repulsive ground state, respectively. E: 

�9 ! - .... 

(el (d) 
exciplex energy, D: distance of monomers, b The diagram of the exciplex 
model, c Simplified three-level system�9 d Further simplification to a two- 
level system. 
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be simplified to that of a four-level laser (the exciplex 
model .5) as shown in figure 1 (b). The exciplex model 
describes the biophoton emission process as follows. The 
molecules from the lowest level ]e l )  are pumped into 
state lee), which is an arbitrary excited state confined 
within the potential curve Z*. The pumping energy sup- 
ply is maintained by the metabolism (glycolysis, ATP, 
etc.), and even direct pumping with sunlight provides an 
inexhaustible source 81. One may imagine that the energy 
supply originates from a 'pumping field'. From state lee) 
the molecules then decay very rapidly through a non-ra- 
diative transition to state [~2) which is a metastable state 
having a long lifetime. Thus the pump effectively trans- 
fers molecules from [al)  to ]~2) through [~e). From 
state [~2) the molecules decay under photon emission to 
state 1~3). One can see from the exciplex model that the 
main biophoton emission follows from the transition 
from [~2) to 1~3)- However, in general, the radiative 
transition from [a2) to [~1) is also possible. After the 
molecules arrive in state [~3), most of  them may relax 
down through a non-radiative transition into state [~1), 
ready to be pumped again to [~o), while the rest may be 
pumped immediately by another 'pumping field' t ~ [ae). 
Note that 1~3) should be considered as an arbitrary state 
on the potential curve 55, which can take all possible 
values of vibrational energy of the lattice system of 
biomolecules s 1. 
The above-described understanding of biophoton emis- 
sion seems to indicate a four-level system. However, the 
four-level system can usually be simplified to a three-level 
system. In fact, the transition ] ~ 1 ) ~  1 ~ ) ~  ]~2) under 
consideration can be effectively simplified to 
[cq) ~ [a2). So, in our approach, only three levels ([cq), 
]e2) and ]as)) need to be taken into account, as shown 
in figure 1 (c), which may be regarded as a three-level 
exciplex model. Provided that the ]e3) state is very close 
to the ]al)  state, one can arrive at the two-level exciplex 
model, as shown in figure 1 (d). This model ignores some 
details, but it can be solved exactly and has significance 
in research on many problems I. 

Chaos and fractal behaviour of biophoton emission 

In this section we study the chaos and fractal behaviour 
of biophoton emission using the two-level exciplex model 
as shown in figure 1 (d). I f  a system consisting of N o units 
of a biopolymer, for instance base-pairs in DNA, rests 
in a stationary state, this always leads to N 1 unexcited 
monomers and N z exciplexes such that 

Ul + 2Nz = No. (1) 

For simplicity we assume that the unexcited monomers 
are subject to the mean thermal energy kT, whereas the 
excited molecules have to be assigned to a chemical po- 
tential #. In a stationary state a general energy balance 
equation holds 

N l k T  + N2(# + C1) = CoNo, (2) 

where Ca is the energy dissipated over the system per 
C1 

exciplex formation. For # = 0 we have Co - 2 - kT, 

representing thermal equilibrium. The interaction be- 
tween radiation and matter is described by Einstein's 
famous balance equation in the form 

P = hv[AN2 + (N2 - N1)pB], (3) 

where p is the radiated energy density and A and B are 
the Einstein coefficients of spontaneous and induced 
emission, respectively. Thus we have 

pB xp - 1 . (4) 
f -v-=A = \ kT ] 

By use of Eq. (4) and the abbreviations 

a F ['hv - #~ ]-1  
, (5 )  

NI C1 + # - 2 Co 
y = - -  = , (6) 

N 2 C o - kT 

we obtain the iteration equations: 

[1 +f~(1 - y,)], (7) f~+l + 
yi -t- z 

f/+l 
y ~ + 2  f~ 

Y i +  1 : Yi + 
# + C 1  2 f + l  

kT 

(8) 

where fl = ANo hv At and i = 0, 1, 2 . . . .  denotes a consec- 
utive number of points in the time-evolution of the sys- 
tem. 
For any set of fo and Yo, the dynamic behaviour of 
photon emission is determined, provided that (# + Ct) is 
known. 
Since At can be chosen freely, we can set fl = 1 without 
losing general validity. Let us assume # + C t to be 
independent of time, then the photon intensity 

f~+l-f~ 
/~ a : - - ,  displays a fractal behaviour 62, since the 

B 
quantity r does not depend explicitly on At. Figures 2 
and 3 display an example where the fractal behaviour 
becomes obvious. Every emission pattern can be truth- 
fully described by using Eqs (7) and (8), as shown in 
figures 2 and 3. 

1 
An attractor of the system is y = I + f ,  since in that case 

fl + 1 -- ft (Eq. (7)) and consequently y~ + 1 = Y~ (Eq. (8)). 
As the system is an open one, it is subject to maximum 
entropy under the constraint of the stationarity of both 
b = 0 and exciplex number N 2 ---constant. So for 

~ - P  ./po = 0 and taking into account 

N1 A 
N z pB + 1 (9) 
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Figure 2. a Photocount  rate of soybean seedlings during the course of 
time from 250 x 200 ms ( =  50 s) to 90 s in a preset t ime interval At of 
200 ms. b Calculated fcvalues  from fig. 2a, where f~ has  been taken as a 
measure of the count rate at  t ime t i. c Calculated y~-values from fig. 2 b, 
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by use of formula (7). d cq = - -values according to formula 
kT 

(8) by use of t h e f  i- and ycvalues of figs 2b  and 2c. It turns out  that  ~ 
stabilizes around the value 0, indicating highest sensitivity of  the system 
around f = 1 and y = 2. 

from Eq. (3), and then substituting # from Eq. (4) into 

Eq. (2), we get 

pB 

N2 kT _ A . (10) 

N~176 1 +  1+~-~+ ~ + In 

Differentiating with respect to p (or ~ )  yields 

0 N2kr  1 -  0 

which takes the value zero only for 

(11) 

f = p B  = 1, (12) 
A 

o r  

y = 2 .  (13) 

This indicates that the system stabilizes, as soon as 
enough energy is available, around a state with f = 1 
(or y = 2), where one half of the molecular units are 
unexcited and the other half are in the excited exciplex 
state. 
From Eq. (8) we get the differential equation 

(#  + C~ 2~ dy _ df (/.4) 
kT J y + 2 f .4_ f 2 ,  

with a solution in the form 

(2j) 
# + C 1  2 =  

kr  In (2 + y) 
(is) 

1 
For the case of a stationary state, where y =  1 + 7'  the 

J 

term(/~+ClkT 2)follows the f-dependence as hown in 

figure 4. 
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relations remair~ as they are in fig. 2, showing evidence of fractal be- 
haviour of biophoton emission with respect to At, 

Around Y + C1 2 = 0, which is obtained f o r f  = 1, the 
k T  

system becomes subject to a negative feed-back coupling, 
since 

d f > 0  for f > l ,  (16) ,/y 

and 

d f  
---~ < 0  for f < 1 .  (17) 
dr 

This means that as soon as f increases above the 
threshold f f >  1), y increases too, indicating a process of 
stimulated emission of radiation. The system gets deex- 
cited by its own photon emission. On the other hand, 
below threshold ( f <  1) a further decrease o f f  results 
again in an increase of y, opening the possibility of higher 
absorbance of the system. If enough energy is available, 
it will induce a decrease of y, resulting at the same time 
in an increase of f as long as f <  1. 
Let us apply this model to a concrete case, where Acetab- 
ularia have been poisoned with different concentrations 

o.6- 

0.5 t 

/ -0.2- 

-0 ,6  

-1.0 I 

0 1 2 

f 

(expressed here in terms of Figure4. The chemical potential 
~+c1 

a = -~kT-- - 2) depends sensitively on the f-value. At f =  1, ~ changes 

its sign, thus providing a negative feed-back coupling (see text and formu- 
lae (14) and (15)), 

of atrazine. It turns out that the photon re-emission of 
AcetabuIaria ('delayed luminescence') after light illumi- 
nation reacts sensitively to exposure to a poison, e.g. it 
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Figure 5. a, b Acetabularia which are treated with different concentra- 
tions of a poison display different excitation after exposure to white-light 
illumination (detailed description of the experiments, see reference 56). 
From the measured curves the f-values can be calculated, where for f~ 
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(the first value after excitation) the values of table 1 for different concen- 
trations of the poison in two series of measurements have been ob- 
tained s6 

Table 1 

Series of measurements fl-experimental Concentration 
[~g/ll 

1 144.62 0 
4615.2 200 

44774.96 1000 
99 846.01 4000 

2 158.45 0 
148.08 0.7 
227.31 7.9 
950.28 60 

5586.77 194 
69328.17 4840 

increases considerably and immediately after the addi- 
tion of atrazine (see table 1 and fig. 5). 
The experimental data I~ (photon intensity at time h, 
i =  1, 2,. . .)  can be used for evaluation of fi, where 

=//-~. This provides that the relaxation of the system f, 

arrives finally at f~  =-1. From fi we obtain Yi 
(i = 1, 2,...), where Eq. (7) is used. Then the values 
(~ + c1) 

are calculated, where the set f~, Yl (i = 1, 2 . . . .  ), 
k T  

which is obtained from Eq. (8), is inserted into Eq. (8). 
These values can be examined, in order to get some crite- 
ria for the validity of the model, e.g. the relation 

(~ + C1) 
2 ~ 0. O n  t h e  o t h e r  h a n d ,  t h e  t r a n s f o r m a t i o n  

k T  
of the experimental values into the parameters of the 
chaos-model serves as a basis for modelling the effect of 
the agent. This procedure does not lead to an unequivo- 
cal description of the efficacy of the poison. However, 
one can find a way of understanding it in very simple 
terms which can be more and more improved after exper- 
imental re-examination. 
As is already known, delayed luminescence follows a 
hyperbolic relaxation behaviour (see, for instance, 
ref. 66), This means that 

Ji < (i + io )% (18) 

where fi is a constant. 
From Eq. (18) we get, after a straightforward calcula- 
tion, 

( = i + i o  

in i + 1 +  

By the use of the experimental data, approximate values 
of/~ and io are obtained. Table 2 shows these values. In 
figure 6 the dependence of/3 on the concentration c of the 
poison is displayed. 



Renews 

2.2- 

2.0- 

1.8- 

1.6- 

1.4- 

1.2- 

1,0 
-1.5 

Experieatia 48 U992), Birkh/iuser Verlag, CH-4010 Basel/Switzerland 

3'  " t - t  J -0.5 015 ~.s 215 a'.5 
log conzentrat ion [/~g./l] 

Figure 6. The values fi according to formula (19) display a linear increase 
with increasing concentration c of the poison. This indicates a continuous 
loss of the degree of coherence in the system with increasing e. 

Table 2 

Series of fl • Aft i 0 Concentration 
measurements [gg/1] 

1 1.187 • 0.304 1t 0 
2.0699 + 0.543 f I 200 
2.164 __ 0.357 ll  1000 
1.793 + 0.496 11 4000 

2 1.223 + 0.367 12 0 
1.235 _.+ 0.272 11 0.7 
1.412 + 0.182 11 7.9 
1.687 + 0.395 11 60 
1.856 + 0.233 11 194 
2.008 + 0.261 11 4840 

Table 3 

Series of f:theoretical a Concentration 
measurements [P-g/l] 

1 143.1 59.2 0 
4617.8 110.1 200 

44696.7 143.6 1000 
99563.7 155.4 4000 

2 155.04 60.4 0 
148.9 59.8 0.7 
227.3 66 7.9 
954.1 86.9 60 

5804.6 113 194 
69137.1 150 4840 

The results show that the poisoning immediately induces 
an increase offl, indicating a considerable decrease of  the 
degree of  coherence within the system. 
However, there must be a connection to the strong in- 
crease of the f-values by the addition of atrazine. Conse- 
quently, it may be worthwhile to simulate the increase of 
photon re-emission during the exposure to light illumina- 
tion, and not only after switching off the external light 
source. A rather reasonable method has been used for 
describing this effect in terms of Eqs (7 and 8). Of course, 
we can alsways write 

1 -~ i  
y + = l +  f~ , (20) 

1075 

where 6~ represents a measure of the deviation ofy~ from 

its attractor y~ = 1 + -.1 Since at the beginning and at the 
f, 

end of light exposure we can simply assume that y~ 
takes the value of its attractor, the Gaussian-like devia- 
tion 

a, =f, exp ( (i +_ io) 2'~ 2~ 2 / (21) 

may account for the occupation of excited states by ab- 
sorption of light. The lower the value of a, the faster and 
more cooperative is this effect. One may expect that there 
will be a positive correlation between fl(c) and +r(c). This 
is actually the case. Table 3 shows the values of a which 
have to be chosen in order to get the final valuesf(c) for 
different concentrations. In figure 7 some examples have 
been displayed. Immediately after poisoning, the biolog- 
ical system needs a longer time to store the absorbed 
light, while after switching off the external source, the 
coherent rescattering of light within the system is signifi- 
cantly lowered compared to that in the untreated system. 
In both cases the distribution of light and its interac- 
tion with the exciplex system become more and more 
diffused. 

Non-equilibrium phase transition in biophoton emission 

In this section we investigate the non-equilibrium phase 
transition in biophoton emission using the quantum the- 
ory of the interaction of radiation with matter. Let us 
consider the three-level exciplex system as shown in fig- 
ure 1 (c) and assume that the system consists of  N 
molecules, which occupy a region which is small com- 
pared to the wavelength of the relevant radiation (the 
Dicke model x2). The system interacts with two pumping 
fields of the resonance frequences f21 and f2 2. The Hamil- 
tonian describing the interaction can be written in the 
rotating-wave approximation in the form (h = 1)' 

3 
H = Y~ o)iAil 4- (G1A12 e-iolt 4- G2A32 e-lf~2t + HC), 

i=1 

(22) 

where co i and Ai: = Zf= 1 ICtl)k k(efl (i,j = 1, 2, 3) repre- 
sent the energy levels of  the system and its collective 
operators, respectively, and G 1 and G z are the RaN fre- 
quencies of the two pumping fields. The master equation 
of the density operator p of the system is then expressed 
by 

~P i[H, p] + + + (23) & 

where the last four terms describe, respectively, 1) the 
molecular decays and the influences of thermal fields, 2) 
the absorptions, 3) the nonradiative transitions between 
IS2) and Ic%), and 4) the influence of the heat bath, 
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Figure 7. a According to the exciplex model, the @values follow under 
light-exposure formula (21), where i 0 (=  25) is fixed, while ~ depends on 
the concentration c of the poison according to table 3. Starting with 
f l  = 1, the @values determine y= according to formula (20), thus yielding 
fl + i according to Eq. (7). Again 6 i + i can be deduced from equation (21), 
and so on. For c = 0, one obtains f~ and Yl of fig. 7a. b After switching 
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off the lamp, the fcvalues according to Eq. (7) follow the experimentally 
observed data. The ycvalues, representing the ratio of unexcited to excit- 
ed exciplex-states, are drawn in the lower part. e, d The same as in 
figs 7 a, b with the exception that the Acetabularia have been poisoned 
with 4840 [lag/l] atrazine. 
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which can be given by 

t3~t b = -- ]11 [mll(2A21 pA2~ - A21 P - pA21) eiCOl 

- ]11 Imll (2A12 pAa2 - A~2 p - pA~2) e -Z*' z 

- -  ]12 ]m 2 [ (2 A23 pA23 -- A23 p - pA~3) e ~*~ .~9 

- - 7 2  Ira2[ ( 2 A 3 2  pA32 -- A22 p - pA22)  e - I~  (24)  

where 7~ and ]12 are the coefficients of single-molecular 
spontaneous emission from 1~2> to la l )  and from la2> to 
[a3), and ml = [mile i~' are the bath parameters 35't~2 
such that ]mil2<_ ni(nl + 1) with ti~ as the mean photon 
numbers of the thermal fields corresponding to frequen- 
cies O~. The master equation (23) in the presence of the 
heat bath is :obtained for the first time, to our knowledge. 
When we put m~ = 0, the master equation reduces to the 
form obtained previously 2a. 
Under the secular approximation, one can get the steady- 
state solutions of Eq. (23) in the form 

1 /v m 
Ps=-~  Z Y~ x -m[m,n)~n ,  rnl, (25) 

re=On= -m, -m+ 2,... 

where C is the normalization constant, [m,n) are the 
collective states, and x is a parameter related to all fac- 
tors of the three-level exciplex system interacting with 
both the pumping fields and the biophoton fields�9 
By using the steady-state solutions (25) the molecular 
populations in the excited state [e2) and their fluctua- 
tions can be obtained in the form 

( A 2 2 ) s  = 1 ( E ) s  ' (26) 

and 

1 ( E / ) s  1 2 t = g - ~ (E ) s  + g ( E ) s ,  (27) 

where 

1 N 
( E k ) s  = ~ 2 m ~ (m + 1) x -~ (k = 1, 2, 3, . . . ) .  (28) 2. 

m = O  

In particular, at x = 1, one has 

N 
( A t l )  = ( A 2 2 )  --- ( A 3 3 )  --- ~-  (for any N),  (29) 

and 

0 -2 1 3. 
lira - . (30) 

N - ~ N  2 18 

Both the fractional populations (Azz>s/N and the rela- 
tive fluctuations a22/N 2 as functions of  the parameter x 
are shown in figure 8. For the analytical and numerical 
results obtained here one can execute the discussion as 
follows: 
1. There are the quasi-stationary excited states of 

molecules in the region x < 1, in particular, for 
N ~  ~ the fractional population ( A z z ) s / N  in the ex- 
cited state 172> is �89 and the relative fluctuation a~/N z 
is finite and non-zero. It is characteristic of  coopera- 
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Figure 8. The quasi-stationary fractional populations <A~z)s/N and 
their relative fluctuations a2/N 2 as functions of the parameter x, where 
92 = 2 and 02 = �89 correspond to the experimental data ~6. The dashed 
curves represent the non-equilibrium phase transitions at x = 1, for 
N ~  co, The critical behaviour agrees with that of Eq. (12) and Eq. 
(29), 

0.08- 

0.06- 

fivity of biological systems as open systems far away 
from thermal equilibrium. Therefore, this region may 
be regarded as a 'cooperative region' (or an 'ordered' 
regime). 
In the region x > 1, both the fractional population in 
the excited state [~2) and the corresponding relative 
fluctuation tend to zero for N ~  0% which means that 
the molecules behave as a group of individuals with- 
out any correlation with each other. Therefore, this 
region may be considered as an 'individual region' (or 
a 'chaotic' regime). 
In the limit N-+ ~ ,  both the fractional population in 
the excited state [a2) and the corresponding relative 
fluctuation show a discontinuous behaviour through 
x = 1, which may be considered as a non-equilibrium 
first-order phase transition at the critical point x = 1. 
At this point, the molecular populations are equally 
divided among the three states for any value of N, as 
has been shown in Eq. (29), which agrees with the 
result obtained in the case of  the two-level exciplex 
model (see Eq. (12)). 

Furthermore, the quasi-stationary intensity of biophoton 
emission, corresponding to transitions from 1~2) to both 

1 2 3 
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[~l) and I%) ,  can be given by 

I = ( A 2 1 A t 2 ) s  + (A23A32)s 

= ~ [(3 N + 5) ( E ) s  - 2 ( E 2 ) s ] ,  (31) 

and its limiting values read 

2Lm >-= (32) 
, x > l  

Obviously, in the region x _< 1 the intensity is proport ion-  
al to N 2 for large values of  N, which exhibits a phase- 
locking in the sequences of  molecules in the exciplex 
system s 1. Above the threshold x = 1, the intensity varies 
as N and the system behaves as a group of  individuals 
radiating independently. One can see again that  the 
threshold x = 1 marks  a phase transition f rom an or- 
dered to a chaotic regime. The NZ-dependence of  bio- 
photon intensity has been found to be supported by ex- 
periment 29. 
At  the threshold x = 1, the spectral distribution of  bio- 
photon emission, corresponding, for instance, to the 
transition f rom [e2) to I%) ,  can be written as 

S (co - fa2) 
O9 

= 72 5 dr (A23 (~) Aa2) s exp [ -  i(co - f22) z] + H C .  
0 

(33) 

Eq. (33) results in a symmetrical  structure with five 
peaks 21 located at the frequencies 

c o - - f 2 2 = 0 ,  + G ,  + 2 G ( G = ~ + G 2 ) ,  

which is found to be consistent with some experimental 
observations 59 
The coherence of b iophoton fields can be understood 
f rom the normalized second-order intensity correlation 
function defined by 36 

<:i,O + ~)f~(t): > 
gl})(z) = ( ~ + ~  (L(j(t~ " (34) 

We are interested in the steady-state correlation function 
g(2) (0 ,  u , ) in particular, in 

( A 2 3  A32 A3z Az3)s (35) 
g ~ ( o )  = < & ~ A ~ > ~  ' 

(A23  A21 A 12 A32)s (36) 
g(2~ (0) = (A23 A32)  s (A21 A l z ) s  " 

One can get the analytical expressions 2, for ~2) gzz (0) and 
g(2~ (0) with respect to ( E k ) s ,  and their limiting values 
read 

~'1.2,  x < l  

2i+m g~222 ) (0) = i 1.6, x = 1, (37) 
k2 .0 ,  x > 1 

~'1.2, x < i 

1Lm (0) = 1 ~  x = 1 
L2.0, x > 1 
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Figure 9. Steady-state normalized second-order intensity correlations 
g~ (0) and g~)(0) as functions of x. Data same as in fig. 8. 

The plots of  g{222 ) (0) and g~2~ (0) as functions of  x are 
shown in figure 9. In the region x > I and for N ~ 0% the 
value of gC2~ (0) = ~21"(2)(0) = 2.0 makes  the emitted field 
fully incoherent. This is a manifestat ion of the fact that  
the molecules tend to independent radiation in this re- 
gion. In the region x < l  and for N - + 0 %  one has 
g(Z) ( 0 ) =  g(2~(0)= 1.2, which means that  the emitted 22 
field has quite a high degree of  coherence. At the critical 
point  x = 1, the value of  g(222 ) (0) = 1.6 indicates a par-  
tially coherent field, while the value of  g(22)(0)= 0.8 
represents a non-classical field with an antibunching 
effect. By the way, the antibunching effect has already 
been observed in the experiments on biophoton emis- 
sion 74, 82 

In order to study the dynamic behaviour of  the system 
after excitation, one can write down the mot ion  equation 
for ( E ( t ) ) ( =  2 ( A z 2 ( t ) ) ) ,  starting f rom Eq. (23), in the 
form 

d 
dt ( E ( t ) )  = a - b ( E ( t ) )  + x o ( E  z ( t ) ) ,  (39) 

where a and b are the parameters  of  the system and 
X o < 0 ,  X o = 0 ,  x 0 > 0  correspond to x < l ,  x = l ,  
x o > 1, respectively. Evidently, for the cooperative re- 
gion (x o < 0), the critical point (x o = 0), and the individ- 
ual region (Xo > 0), the system displays different dynam- 
ics. 
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Considering the cooperative region and using the decor- 
relation approximation, one gets from Eq. (39) that 

d 
(Az2 (t)) = a - c (A22 (t)) - 2 [Xo[ (A22 (t)) z , (40) 

with c as a parameter of the system. 
Furthermore, the intensity emitted by the system after 
excitation is given, in terms of photocount rate, by 

d 
I(t) = -- ~ (A22 (t)) + Is,  (41) 

where Is describes the non-zero stationary intensity as 
t ~ oo. One can get from Eqs (40, 41) that 

I ( t ) = R c s c h E ( t @ R  R)-Asech2(t+\ ~A J T A ] +  Is '  (42) 

where R, T R, TR, A, T A and r a are the parameters of the 
system 21. In Eq. (42), R-term and A-term describe the 
photon emission and absorption, respectively. Provided 
that the absorption term can be neglected, expanding 
Eq. (42) leads to the approximation: 

I1 
I(t) - (t + TR) ~ + Is'  (43) 

where I s is related to the initial intensity, and fl = 2 + 6 
with 6 as a small quantity. Eq. (43) displays a hyperbolic 
decay (see, for instance, ref. 81). 
Figure 10 shows a comparison of the dynamic decay ac- 
cording to the theoretical formula (42) and that obtained 
in the experimental results. From figure 10, ZR, which 
reflects a certain coherence time of the biophoton field, 
can be estimated to be of the order of I s and then Ix01 
is of the order of 10 -3 s - t .  These results indicate that 
there is high-degree coherence within the biological sys- 
tems and that they emit biophotons in such a way that 
their working points are around the threshold x = 1. 
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Figure 10. Comparison of biophoton decay behaviour between theoreti- 
cal formulation Eq. (42) and the experimental results from rye grains 
which are excited initially by white-light-illumination. The measured in- 
tensities range from about 200-800 rim. 
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Concluding remarks 

In this paper, using the exciplex models, we study the 
nonlinear effects in biophoton emission, such as chaos, 
fractal behaviour and non-equilibrium phase transition. 
These effects as responses of biophoton emission to ex- 
ternal perturbations characterize the coherence nature of 
living systems. There are two important quantities in our 
approaches: 

f (for the two-level exciplex model), 
x (for the three-level exciplcx model). 

They play the roles of working points of two-level and 
three-level exciplex systems interacting with both the 
pumping and biophoton fields, respectively. 
In our models, the influences of external perturbations 
on the exciplex systems, e.g., the change of temperature, 
the addition of agents, the exposure to light, etc., can be 
interpreted as shifts of the working points ( fo r  x), lead- 
ing to the presence of various kinds of nonlinear effects, 
as have been discussed above. 
However, usually the living systems work within a very 
narrow region of variations of the parameters f or x 
around f =  1 or x = 1, which marks a critical point of 
non-equilibrium phase transition between an 'ordered' 
and 'chaotic' regime. Around the critical point biopho- 
tons display a diversity of their aspects, for instance, their 
photon statistical properties involve both partial coher- 
ence (g~2~ (0) = 1.6) and non-classical coherence 
(-(1) (0) = 0.8). Such a diversity of behaviours of biopho- 
tons from living systems remaining at a phase-transition 
threshold guarantees the optimal flexibility of living tis- 

81  sues 

1 Bullough, R. K., Conceptual models of co-operative processes in 
nonlinear electrodynamics, in: Nonlinear Electrodynamics in Bio- 
logical Systems, pp. 347-392. Eds W. R. Adey and A. E Lawrence. 
Plenum Press, New York and London 1984. 

2 Chwirot, Vr B., New indications of possible role of DNA in ultra- 
weak photon emission from biological systems. J. PI. Physiol. 122 
(1986) 81-86. 

3 Chwirot, W~ B., and Dygdala, R.S., Ethidium bromide-induced 
changes in intensity of ultraweak photon emission from microsporo- 
cytes of larch in selected stages of development. J. PI. Physiot. 134 
(1989) 762-765. 

4 Chwirot, W. B., and Dygdala, R.S., Light transmission of scales 
covering male influorescence and leaf buds in larch during mi- 
crosporogenesis. J. P1. Physiol. 125 (1986) 79-86. 

5 Chwirot, W. B., Dygda/a, R. S., and Chwirot, S., Optical coherence 
of white-light-induced photon emission from mierosporocytes of 
Larix europaea. Cytobios 44 (1985) 239-249. 

6 Chwirot, W. B., Dygdala, R. S., and Chwirot, S., Quasi-monochro- 
matic-light-induced photon emission from microsporocytes of larch 
shows oscillating decay behaviour predicted by the electromagnetic 
model of differentiation. Cytobios 47 (1987) 137-t46. 

7 Chwirot, W. B., Ultraweak photon emission and anther meiotic cycle 
in Larix europaea (Experimental investigation of Nagl and Popp's 
electromagnetic model of differentiation). Experientia 44 (1988) 
594 - 599. 

8 Chw/rot, B. W., Ultraweakluminescencestudies ofmicrosporogene- 
sis in larch, in.' Recent Advances in Biophoton Research and its 
Applications, pp. 259-285. Eds F. A. Popp, K. H. Li, and Q. Gu, 
World Scientific, Singapore, New Jersey, London, Hong Kong 1992. 

9 Cilento, G., Photobiochemistry without light. Experientia 44 (1988) 
572-576. 



1080 Experientia 48 (1992), BirkhS.user Verlag, CH-4010 Basel/Switzerland Renews 

10 Colli, L,, Facchini, U., Guidotti, G., Dugnani-Lonati, R., Orsenigo, 
M., and Sommariva, O., Further measurements on the biolumines- 
cence of the seedlings. Experientia I1 (1955) 479-481. 

11 Crubellier, A., Liberman, S., Pavolini, D., and Pillet, P., Superradi- 
ance and subradiance: I. Interatomic interference and symmetry 
properties in three-level systems. J. Phys. B: Phys. 18 [1985) 3811- 
3833. 

12 Dicke, R. H., Coherence in spontaneous radiation processes. Phys. 
Rev. 93 (1954) 99-110. 

13 Dobrowolski, J.W., Borkowski, J., and Szymczyk, S., Preliminary 
investigation of the influence of laser light on the bioluminescence of 
blood cells: Laser stimulation of cumulation of selenium in tomato 
fruit, in: Photon Emission from Biological Systems, pp. 211- 
218. Eds B. Jezowska-Trzebiatowska, B. Kochel, J. Slawinski and W 
Strek. World Scientific, Singapore 1987. 

14 Dobrowolski, J. W, Ezzahir, A., and Knapik, M., Possibilities of 
chemiluminescence application in comparative studies of normal 
and cancer cells with special attention to leukemic blood cells, in: 
Photon Emission from Biological Systems, pp. 170-183. Eds B. Je- 
zowska-Trzebiatowska, B. Kochel, J. Slawinski and W. Strek. World 
Scientific, Singapore 1987. 

15 Eberly, J.H., Mandel, L., and Wolf, E. (Eds), Coherence and 
Quantum Optics VI. Plenum Press, New York and London 
1989. 

16 Galle, M., Neurohr, R., Altmann, G., Popp, F.A., and Nagl, W, 
Biophoton emission from Daphnia magna: A possible factor in the 
self-regulation of swarming. Experientia 47 (1991) 457-460. 

17 Galle, M., Population density-dependence of biophoton emission 
from Daphnia, in: Recent Advances in Biophoton Research and its 
Applications, pp. 345-356. Eds F. A. Popp, K. H. Li and Q. Gu. 
World Scientific, Singapore, New Jersey, London, Hong Kong 
1992. 

18 del Giudice, E., Doglia, S., and Milani, M., Ordered structures as a 
result of the propagation of coherent electric waves in living systems, 
in: Interactions between Electromagnetic Fields and Cells, pp. 157 
169. Eds A. Chiabrera, C. Nicolini and H. P. Schwan. Plenum Press, 
New York and London 1985. 

19 Grasso, E, Grillo, C., Musumeci, E, Triglia, A., Rodolico, G., Cam- 
misu!i, E, Rinzivillo, C., Fragati, G., Santuccio, A., and Rodolico, 
M ,  Photon emission from normal and tumour human tissues. Expe- 
rientia 48 (1992) 10-13. 

20 Grochmalicki, J., and Lewenstein, M., Are squeezed states neces- 
sary? A case study of photon detection based on quantum interfer- 
ence. Phys. Rep. 208 (1991) 189 265. 

21 Gu, Q., Quantum theory of biophoton emission, in: Recent Ad- 
vances in Biophoton Research and its Applications, pp. 59-112. Eds 
F. A. Popp, K. H. Li and Q. Gu. World Scientific, Singapore, New 
Jersey, London, Hong Kong 1992. 

22 Gu, Q., Squeezing in one-atom masser. Chin. J. Lasers 17 (1990) 
352-356. 

23 Gu, Q., Novel features in photon statistics from a single-mode laser. 
Science in China A33 (1990) 1460-1468. 

24 Gu, Q., Some nonlinear effects in superradiance (review). Chin. J. 
Quantum Electron. 4 (1987) 107 121. 

25 Gu, Q., The ultraweak photon emission from biological systems 
(review). Chin. J. Quantum Electron. 5 (1988) 97-108, 

26 Gueron, M., Eisinger, and Lamola, A. A., Excited states of nucleic 
acids, in: Basic Principles in Nucleic Acid Chemistry, pp. 311- 
398. Ed. Paul O. P. Tso. Academic Press, New York and London 
1974. 

27 Gurwitsch, A. A., Mitogenetic radiation as an evidence of nonequi- 
librium properties of living matter, in: Recent Advances in Biopho- 
ton Research and its Applications, pp. 457-468, Eds F. A. Popp, 
K. H. Li and Q. Gu. World Scientific, Singapore, New Jersey, Lon- 
don, Hong Kong 1992. 

28 Gurwitsch, A.G., Die Natur des spezifischen Erregers der 
Zellteilung. Arch. Entw. Mech. Org. 100 (1923) 11-40. 

29 Ho, M. W., Xu, X., Ross, S., and Saunders, P. T., Light emission and 
rescattering in synchronously developing populations of early 
Drosophila embryos: Evidence for coherence of the embryonic field 
and long range cooperativity, in: Recent Advances in Biophoton 
Research and its Applications, pp. 287-306. Eds E A. Popp, K. H. 
Li and Q. Gu. World Scientific, Singapore, New Jersey, London, 
Hong Kong 1992. 

30 Inaba, H., Shimizu, Y., Tsuji, Y., and Yamagishi, A., Photon count- 
ing spectral analyzing system of extra-weak chemi- and biolumines- 
cence for biochemical applications. Photochem. Photobiol. 30 (1979) 
169-175. 

31 Inaba, H., Yamagishi, A., Takyu, C., Yoda, B., Goto, Y., Miyazawa, 
T., K aneda, %, and Saeki, A., Development of an ultra-high sensitive 
photon counting system and its application to biomedical measure- 
ments. Opt. Lasers E. 3 (1982) 125-130. 

32 Inaba, H., Super-high sensitivity systems for detection and spectral 
analysis of ultraweak photon emission from biological cells and 
tissues. Experientia 44 (1988) 550 559. 

33 Jezowska-Trzebiatowska, B.,~ Kochel, B., Slawinski, J., and Strek, W. 
(Eds), Photon Emission from Biological Systems. World Scientific, 
Singapore 1987. 

34 Johnson, R. G., and Haynes, R. HI, Evidence from photoreaction 
kinetics for multiple DNA photolyases in yeast (Saccharomyces cere- 
visiae). Photochem. Photobiol. 43 (1986) 423 428. 

35 Joshi, A., and Puri, R. R., Steady-state behavior of three-level sys- 
tems in a broadband squeezed bath. Phys. Rev. A45 (1992) 2025 
2030. 

36 Kennedy, T. A. B., Quantum theory of cross-phase-modulational 
instability: Twin-beam correlations in a X ~3~ process. Phys. Rev. A 44 
(1991) 2113-2123. 

37 Kochel, B., Grabikowski, E., and Slawinski, J., Analysis of photon- 
counting time series of low level luminescence from wheat leaves at 
high temperatures, in: Photon Emission from Biological Systems, 
pp. 86-109. Eds B. Jezowska-Trzebiatowska, B. Kochel, J. Slawinski 
and W. Strek. World Scientific, Singapore 1987. 

38 K6hler, B., Lambing, K., Neurohr, R., Nagl, W, Popp, E A., and 
Wahler, J., Photonenemission Eine neue Methode zur Erfassung 
der 'Qualit/it' yon Lebensmitteln. Deutsche Lebensmittel-Rund- 
schau 87 (1991) 78-83. 

39 Koga, K., Sato, T., and Ootaki, T., Negative phototropism in the 
piloboloid mutants of Phycomyces blakeslecanus. Planta 162 (1984) 
97-103. 

40 Konev, S. V., Lyskova, T. I., and Nisenbaum, G. D., Very weak bio- 
luminescence of cells in the ultraviolet region of the spectrum and its 
biological role. Biophysics 11 (1966) 410-413. 

41 Lambing, K., Biophoton Measurement as a supplement to the con- 
ventional consideration of food quality, in: Recent Advances in 
Biophoton Research and its Applications, pp. 393-413. Eds E A. 
Popp, K. H. Li and Q. Gu. World Scientific, Singapore, New Jersey, 
London, Hong Kong 1992. 

42 Li, K. H ,  Coherent radiation from DNA molecules, in: Recent 
Advances in Biophoton Research and its Applications, pp. 157-195. 
Eds F. A. Popp, K. H. Li and Q. Gu. World Scientific, Singapore, 
New Jersey, London, Hong Kong 1992. 

43 Li, K. H., ~ind Popp, E A., Non-exponential decay law of radiation 
systems with coherent rescattering. Phys. Lett. A93 (1983) 262- 
266. 

44 Li, K. H., Physics of open systems. Phys. Rep. i34 (1986) 1-85, 
45 Li, K.H.,  Popp, F.A., Nagl, W., and Klima, H., Indications of 

optical coherence in biological systems and its possible significance, 
in: Coherent Excitations in Biological Systems. Eds H. Fr6hlich 
and E Kremer. Springer Verlag, Berlin, Heidelberg, New York 
1983. 

46 Li, K. H., and Popp, F.A., Dynamics of DNA excited states, in: 
Molecular and Biological Physics of:Living Systems, pp. 31 -52. Ed. 
R. K. Mishra, Dordrecht, Boston and London 1990. 

47 Li, K. H., Coherence in physics and biology, in: Recent Advances in 
Biophoton Research and its Applications, pp. 113 155. Eds F. A. 
Popp, K. H. Li and Q. Gu. World Scientific, Singapore, New Jersey, 
London, Hong Kong 1992. 

48 Lipkind, M., Can the vitalistic entelechia principle be a working 
instrument (The theory of the biological field of Alexander G. Gur- 
witsch), in: Recent Advances in Biophoton Research and its Appli- 
cations, pp. 469-494. Eds E A. Popp, K. H. Li and Q. Gu. World 
Scientific, Singapore, New Jersey, London, Hong Kong 1992. 

49 Mandoli, D. F., and Briggs, W. R., Optical properties of etiolated 
plant tissues. Proc. natl Acad. Sci. USA 79 (1982) 2902 2906. 

50 Mathew, R., and Kumar, S., The non-exponential decay pattern of 
the weak luminescence from seedlings in Cicer arietinum L. stimulat- 
ed by pulsating electric fields. Experientia 48 (1992) in press. 

51 McCullough, J. J., Photoadditions of aromatic compounds. Chem. 
Rev. 87 (1987) 811-860. 

52 Mei, W.P., Ultraweak photon emission from synchronized yeast 
(Saccharomyces cerevisiae) as a function of the cell division cycle, in: 
Recent Advances in Biophoton Research and its Applications, 
pp. 243-258. Eds E A. Popp, K. H. Li and Q. Gu. World Scientific, 
Singapore, New Jersey, London, Hong Kong 1992. 

53 Meystre, P., and Wails, D. F. (Eds), Nonclassical Effects in Quantum 
Optics. American Institute of Physics, New York 1991. 



Reviews Experientia 48 (1992), Birkh/iuser Verlag, CH-4010 Basel/Switzerland 1081 

54 Mieg, C., Mei, W. P., and Popp, E A., Technical notes to biophoton 
emission, in: Recent Advances in Biophoton Research and its Appli- 
cations, pp. 197-206. Eds E A. Popp, K. H. Li and Q. Gu. World 
Scientific, Singapore, New Jersey, London, Hong Kong 1992. 

55 Musumeci, E, Triglia, A., Grasso, E, Experimental evidence on 
ultraweak photon emission from normal and tumour human tissues, 
in: Recent Advances in Biophoton Research and its Applications, 
pp. 307-326. Eds E A. Popp, K. H. Li and Q. Gu. World Scientific, 
Singapore, New Jersey, London, Hong Kong 19921 

56 Musumeci, E, Godlewski, M., Popp, E A., and Ho, M. W., Time 
behaviour of delayed luminescence in Aeetabularia aeetabulum, in: 
Recent Advances in Biophoton Research and its Applications, 
pp. 327-344. Eds E A. Popp, K. H. Li and Q. Gu. World Scientific, 
Singapore, New Jersey, London, Hong Kong 1992. 

57 Nagl, W, and Popp, E A., A physical (electromagnetic) model of 
differentiation. Basic considerations. Cytobios 37 (1983) 45-62. 

58 Neurohr, R., and Galle, M., Die Kommunikationsffihigkeit yon Zel- 
len. Natur- und Ganzheits-Medizin 4 (1991) 28-33. 

59 Neurohr, R., Non-linear optical properties of delayed luminescence 
from cress seeds, in: Recent Advances in Biophoton Research and its 
Applications, pp. 375-392. Eds E A. Popp, K. H. Li and Q. Gu. 
World Scientific, Singapore, New Jersey, London, Hong Kong 
1992. 

60 Niggli, H. J., Ultraweak photons emitted by cells: biophotons. J. 
Pbotochem. Photobiol. B: Biol., in press. 

61 Niggli, H., Biophoton re-emission studies in carcinogenic mouse 
melanoma cells, in: Recent Advances in Biophoton Research and its 
Applications, pp. 231-242. Eds F. A. Popp, K. H. Li and Q. Gu. 
World Scientific, Singapore, New Jersey, London, Hong Kong 
1992. 

62 Peitgen, H. O., and Saupe, D. (Eds), The Science of Fraetal Images. 
Springer Verlag, New York, Berlin, Heidelberg, London, Paris and 
Tokyo 1988. 

63 Pike, E. R., and Walther, H. (Eds), Photons and Quantum Fluctua- 
tions. Adam Hilger, Bristol and Philadelphia 1988. 

64 Popov, G. A., and Tarusov, B. N., Nature of spontaneous lumines- 
cence of animal tissues. Biophysics 8 (1963) 372. 

65 Popp, E A., Cilento, G., Chwirot, W.B., Galle, M., Gurwitsch, 
A.A., Inaba, H., Li, K.H.,  Mei, W. P., Nagl, W., Neurohr, R., 
Schamhart, D. H. J., Slawinski, J., and van Wijk, R., Biophoton 
emission (Multi-author Review). Experientia 44 (1988) 543- 
600. 

66 Popp, F. A., Li, K. H., and Gu, Q. (Eds), Recent Advances in Bio- 
photon Research and its Applications. World Scientific, Singapore, 
New Jersey, London, Hong Kong 1992. 

67 Popp, E A., Nagl, W, Li, K. H., Scholz, W., Weing~irtner, O., Wolf, 
R., Biophoton emission: New evidence for coherence and DNA as 
source. Cell Biophys. 6 (1984) 33-52. 

68 Popp, F. A., Biologic de la Lumi~re. Marc Pietteur, Editeur, Liege/ 
Belgique 1989. 

69 Popp, F. A., and Deny, J., Biophotonen-Information und Chaosthe- 
orie, in: Ganzheitsmedizin, pp. 53-66. Ed. H. Stacher, Facultas- 
Universitg.tsverlag, Wien 1991. 

70 Popp, E A., Ruth, B., Bahr, W., B6hm, J., Gross, P., Grolig, G., 
Rattemeyer, M., Schmidt, H. G., and Wulle, P., Emission of visible 
and ultraviolet radiation by active biological systems. Coll. Phenom- 
ena 3 (1981) 187-214. 

71 Popp, E A., Li, K. H., and Nagl, W, A thermodynamic approach to 
temperature response of biological systems as demonstrated by low 
level luminescence of cucumber seedlings. Z. Pflanzenphysiol. 114 
(1984) 1-13. 

72 Popp, F. A., Photon-storage in biological systems, in: Electromag- 
netic Bio-Information, pp. 123-149. Eds E A. Popp, G. Becker, 
H. L. K6nig and W. Pescerka. Urban & Schwarzenberg, M/inchen, 
Baltimore 1979. 

73 Popp, E A., Bericht an Bonn. (Verlag f/Jr Ganzheitsmedizin), Essen 
1986. 

74 Popp, E A., Li, K.H.,  Mei, W. P ,  Gatle, M., and Neurohr, R., 
Physical aspects of biophotons. Experientia 44 (1988) 576- 
585. 

75 Popp, E A., Principles of quantum biology as demonstrated by ul- 
traweak photon emission from living cells. Proc. Int. Conf. Lasers 
'85, Las Vegas 1985. Am. Soc. Quantum Optics and Electronics 
1985. 

76 Popp, E A., On the coherence of uhraweak photoemission from 
living tissues, in: Disequilibrium and Self-Organization, pp. 207- 
230. Ed. C. W. Kilmister. D. Reidel Publishing Company, Dor- 
drecht, Boston, Lancaster, Tokyo 1986. 

77 Popp, E A., and Li, K. H., Hyperbolic relaxation as a sufficient 
condition of a fully coherent ergodic field, in: Recent Advances in 
Biophoton Research and its Applications, pp. 47-58. Eds E A. 
Popp, K. H. Li and Q. Gu. World Scientific, Singapore, New Jersey, 
London, Hong Kong 1992. 

78 Popp, E A., and Nagl, W., A physical (electromagnetic) model of 
differentiation. Applications and examples. Cytobios 37 (t983) 71 - 
84. 

79 Popp, E A., Biologie des Lichts. Paul Parey Verlag, Berlin, Hamburg 
1984. 

80 Popp, F. A., and Nagl., W., DNA conformations. Towards an under- 
standing of stacked base interactions: non-equilibrium phase transi- 
tions as a probable model. Polymer Bull. 15 (1986) 89-91. 

81 Popp, F. A., Coherent photon storage of biological systems, in: Elec- 
tromagnetic Bio-Information, 2rid edn, pp. 144-167. Eds F.A. 
Popp, U. Warnke, H.L. K6nig and W. Peschka. Urban & 
Schwarzenberg, M/inchen, Wien, Baltimore 1989. 

82 Popp, F.A., Some essential questions of biophoton research and 
probable answers, in: Recent Advances in Biophoton Research and 
its Applications, pp. 1-46. Eds F.A. Popp, K. H. Li and Q. Gu. 
World Scientific, Singapore, New Jersey, London, Hong Kong 1992. 

83 Popp, F. A., Some remarks on biological consequences of a coherent 
biophoton field, in: Recent Advances in Biophoton Research and its 
Applications, pp. 357-376. Eds E A. Popp, K. H. Li and Q. Gu. 
World Scientific, Singapore, New Jersey, London, Hong Kong 1992. 

84 Quickenden, T. I., and Tilbury, R. N., Growth dependent lumines- 
cence from cultures of normal and respiratory deficient Saccha- 
romyces cerevisiae. Photochem. Photobiol. 37 (1983) 337-344. 

85 Quickenden, 22 E., and Hoe, S. Q., The spectral distribution of the 
luminescence emitted during growth of the yeast Saccharomyces 
cerevisiae and its relationship to mitogenetic radiation. Photochem. 
Photobiol. 23 (1976) 201-204. 

86 Rattemeyer, M., Popp, E A., and Nagl, W., Evidence of photon 
emission from DNA in living systems. Naturwissenschaften 68 
(1981) 572-573. 

87 Rohner, E, Biophoton emission as an indicator of 'biological quali- 
ty', in: Recent Advances in Biophoton Research and its Applica- 
tions, pp. 415-419. Eds E A. Popp, K. H. Li and Q. Gu. World 
Scientific, Singapore, New Jersey, London, Hong Kong 1992. 

88 Ruth, B., Experimental investigations on ultraweak photon emis- 
sion, in: Electromagnetic Bio-Information, 2nd edn, pp. 128-143. 
Eds E A. Popp, U. Warnke, H. L. K6nig and W. Peschka. Urban & 
Schwarzenberg, M/inchen-Wien-Baltimore 1989. 

89 Ruth, B., and Popp, F. A., Experimentelle Untersuchungen zur ul- 
traschwachen Photonenemission biologischer Systeme. Z. Natur- 
forsch. C3I (1976) 741 745. 

90 Schamhart, D. H. J., and van Wijk, R., Photon emission and the 
degree of differentiation, in: Photon Emission from Biological Sys- 
tems, pp. 137-152. Eds B. Jezowska-Trzebiatowska, B. Kochel, J. 
Slawinski and W Strek. World Scientific, Singapore 1987. 

91 Scholz, W., Staszkiewicz, U., Popp, F. A., and Nagl, W., Light-Stim- 
ulated ultraweak photon reemission of human amnion cells and 
Wish cells. Cell Biophysics 13 (1988) 55-63. 

92 Shen, X., Han, X ,  Tian, J., Zhao, F., Xu, L., and Li, X., Sponta- 
neous luminescence from soybean Rhizobium bacteroids. FEMS Mi- 
crobiology Lett. 81 (1991) 335-340. 

93 Slawinska, D., and Slawinski, J., Biological chemiluminescence. Pho- 
tochem. Photobiol. 37 (1983) 709-715. 

94 Slawinska, D., and Slawinski, J., Lowqevel luminescence from bio- 
logical objects, in: Chemi- and Bioluminescence, pp. 495-531. Ed. 
J. G. Burr. Marcel Dekker, Inc., New York, Basel 1985. 

95 Slawinska, D., and Polewski, K., Spectral analysis of plant chemilu- 
minescence: participation ofpolyphenols and aldehydes in light-pro- 
ducting relations, in: Photon Emission from Biological Systems, 
pp. 226-247. Eds B. Jezowska-Trzebiatowska, B. Kochel, J. Slawin- 
ski and W. Strek. World Scientific, Singapore 1987. 

96 Slawinski, J., and Popp, E A., Temperature hysteresis of low level 
luminescence from plants and its thermodynamical analysis. J. Pl. 
Physiol. 130 (1987) 111-123. 

97 Slawinski, J., Luminescence research and its relation to ultraweak 
cell radiation. Experientia 44 (1988) 559-571. 

98 Slawinski, J., Grabikowski, E., and Ciesla, L., Spectral distribution 
of ultraweak luminescence from germinating plants. J. Luminesc. 
24/25 (1981) 791-794. 

99 Slawinski, J., Present status and prospects of PEBS' investigations, 
in: Photon Emission from Biological Systems, pp. 5-21. Eds B. 
Jezowska-TrzeNatowska, B. Kochel, J. Slawinski and W. Strek. 
World Scientific, Singapore 1987. 



1082 Experientia 48 (1992), Birkh/iuser Verlag, CH-4010 Basel/Switzerland Renews  

100 Smith, C. W, Jafary-Asl, A. H., Choy, R. Y. S., and Monro, J. A., 
The emission of low intensity electromagnetic radiation from mtflti- 
ple allergy patients and other biological systems, in: Photon Emis- 
sion from Biological Systems, pp. 110-126. Eds B. Jezowska-Trzebi- 
atowska, B. Kochel, J. Slawinski and W. Strek. World Scientific, 
Singapore 1987. 

i01 Sweeney, B. M., The loss of the circadian rhythm in photosynthesis 
in an old strain of Gonyaulaxpolyedra. PI. Physiol. 80 (1986) 978 
981. 

102 Swinbanks, D,  Body light points to health. Nature 324 (1986) 203. 
103 Tombesi, P., and Pike E. R. (Eds), Squeezed and Nonclassical Light. 

Plenum Press, New York and London 1989. 
104 Tryka, S., and Koper, R., Luminescence of cereal grain subjected to 

the effect of mechanical loads, in: Photon Emission from Biological 
Systems, pp. 248-254. Eds B. Jezowska-Trzebiatowska, B. Kochel, 
J. Slawinski and W. Strek. World Scientific, Singapore 1987. 

105 van Wijk, R., and van Aken, H., Spontaneous and light-induced 
photon emission by rat hepatocytes and by hepatoma cells, in: Re- 
cent Advances in Biophoton Research and its Applications, pp. 207- 
229. Eds E A. Popp, K. H. Li and Q. Gu. World Scientific, Singa- 
pore, New Jersey, London, Hong Kong 1992. 

106 van Wijk, R., Regulatory aspects of low intensity photon emission. 
Experientia 44 (1988) 586-593. 

107 Veselowskii, V. A., Sekamova, Y N., and Tarusov, B. N, Mecha- 
nism of ultraweak spontaneous luminescence of organisms. Bio- 
physics 8 (1963) 147. 

108 Vigny, P., and Duquesne, M., On the fluorescence properties of 
nucleotides and polynucleotides at soom temperature, in: Excited 
States of Biological Molecules, pp. 167-177. Ed. J. B. Birks. J. Wi- 
ley, London 1976. 

109 Wolkowski, Z. W., Hierarchical aspects of synergy and coherence in 
biological systems, in: Photon Emission from Biological Systems, 
pp. 22-50. Eds B. Jezowska-Trzebiatowska, B. Kochel, J. Slawinski 
and W. Strek. World Scientific, Singapore 1987. 

110 55anbastiev, M. I., On some applied-medical aspects of biophotons, 
in: Photon Emission from Biological Systems, pp. 184-198. Eds B. 
Jezowska-Trzebiatowska, B. Kochel, J. Slawinski and W. Strek. 
World Scientific, Singapore 1987. 

111 Yoda, B., Goto, Y., Saeki, A., and Inaba, H., Chemiluminescence of 
smoker's blood and its possible relationship to cigarette smoke com- 
ponents, in: Photon Emission from Biological Systems, pp. 199- 
210. Eds B. Jezowska-Trzebiatowska, B. Kochel, J. Slawinski and W. 
Strek. World Scientific, Singapore 1987. 

112 Yuen, H. P,, Nonclassical light, in: Photons and Quantum Fluctua- 
tions, pp. 1-9. Eds E. R. Pike and H. Walther. Adam Hilger, Bristol 
and Philadelphia 1988. 

113 Zevenboom, W., and Mur, L. C., Growth and photosynthetic re- 
sponse of the cyanobacterium Microcystis aeruginosa in relation to 
photoperiodicity and irradiance. Archs Microbiol. 139 (1984) 232- 
239. 

114 Zhuravlev, A. I., Tsvylev, O. P., and Zubkova, S. M., Spontaneous 
endogeneous ultraweak luminescence of the mitochondria of the 
rat liver in conditions of normal metabolism. Biophysics 18 (1973) 
Ii01. 

0014-4754/92/11-12/1069-1451.50 + 0.20/0 
�9 Birkh/iuser Verlag Basel, 1992 

P h o t o n  emis s ion  o f  p h a g o c y t e s  in re lat ion to s tress  and d i sease  
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Abstract. Phagocytes ,  the first-line cells of  the body ' s  defence mechan i sms  against  invad ing  pathogens ,  kill micro-  
o rgan isms  by means  of  lysosomal  degradat ive  enzymes and  highly toxic reactive oxygen intermediates .  The reactive 
oxygen c o m p o u n d s  are produced,  in a process called the ' respi ra tory  burs t ' ,  by  the N A D P H  oxidase complex  in  
p lasma membranes ,  a n d  by  myeloperoxidase  in phagolysosomes  after degranula t ion .  These processes generate  
electronical ly excited states which,  on  re laxat ion,  emit  pho tons ,  giving rise to phagocyte  chemi luminescence  (CL). 
This  paper  describes the condi t ions  for the m e a s u r e m e n t  of  CL, and  reviews the activity of  phagocytes  f rom 
indiv iduals  u n d e r g o i n g  stress or disease. The  capabi l i ty  of  phagocytes  to emit  pho tons  reflects r emarkab ly  well the 
pa thophys io logica l  state of  the host.  In  m a n y  cases even the m a g n i t u d e  of  the stress, the presence of  a pa thogen  in 
the body,  or the activity of  the disease can  be est imated.  Physiological  changes,  e.g. in  the reproduct ive  cycle, can  also 

be predicted. 
Key words'. Chemi luminescence ;  phagocyte ;  stress; disease. 

Introduction 

Phagocy tos ing  leukocytes  cons t i tu te  the first line of  the 
body ' s  defence m e c h a n i s m  agains t  i nvad ing  microb ia l  
pa thogens .  Neu t roph i l s  ( po lymorphonuc l ea r  leukocytes,  
P M N L )  are the first cells to invade  a site o f  i n f l a m m a t i o n  
fol lowing an  infect ion.  In  an  i n f l a m m a t o r y  response the 
neut rophi l s  are followed later by  act ivated monocytes ,  
mac rophages  and  - especially in the case of  parasi t ic  

infect ion - also by eosinophils .  
Phagocytes  kill mic roorgan i sms  by me an s  of  lysosomal  
degradat ive  enzymes,  such as proteases,  an d  highly toxic 
reactive oxygen metabol i tes .  Ki l l ing processes can  take 

place inside the cell in phagolysosomes  as well as outs ide 

the phagocyte.  
In  a process called the ' resp i ra tory  burs t '  act ivated 
phagocytes  reduce molecular  oxygen to superoxide via a 
special e lectron t r anspor t  system (NADPH-ox idase ) .  Su- 
peroxide radicals form hydrogen  peroxide in a d ismutase  
react ion catalyzed by the superoxide d ismutase  enzyme 
(SOD).  H y d r o g e n  peroxide serves as a subst ra te  for the 
myeloperoxidase  (MPO)  react ion,  in which a variety of  
highly toxic metabol i tes ,  inc lud ing  hypochlor i te ,  are gen- 
erated. These processes p roduce  electronical ly excited 


