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Summary. By comparing the theoretically expected results of photon emission from a chaotic (thermal) field and those 
of an ordered (fully coherent) field with the actual experimental data, one finds ample indications for the hypothesis 
that 'biophotons' originate from a coherent field occurring within living tissues. A direct proof may be seen in the 
hyperbolic relaxation dynamics of spectral delayed luminescence under ergodic conditions. 
A possible mechanism has to be founded on Einstein's balance equation and, under stationary conditions, on energy 
conservation including a photochemical potential. It is shown that the considered equations deliver, besides the 
thermal equilibrium, a conditionally stable region far away from equilibrium, which can help to describe both 
'biophoton emission' and biological regulation. 
Key words. Photobiology; bio-communication; thermal radiation; spontaneous chemiluminescence; coherent radia- 
tion fields; exponential and hyperbolic relaxation; photochemical potential; phase transition phenomena; Bose 
condensation. 

Introduction 

Although the mechanisms of bioluminescence are still 
not completely known, there are ample indications that 
this intermittent light emission of at least 108 photons/s 
has some informational significance 1, 20, 32. 
As well as in this more or less curious phenomenon of 
common 'bioluminescence' which seems to be confined 
to evolutionarily underdeveloped systems, photons play 
a fundamental role in a variety of important biological 
functions, namely photosynthesis 9, z3, 33, phototaxis and 
phototropism 21, 22, 59, photoperiodicity 3, 7, 57, photore- 
activation 14, 19, 3o and, last but not least, seeing 6' 18, 36 

M o r e  a n d  m o r e  the  i n t e r r e l a t i o n s  b e t w e e n  all these  p h o -  
tobiological f ields are  becoming ev iden t  24, 25, 51, 58, 63 

T h e  very  ex is tence  o f  these  p h e n o m e n a  obl iges  us  to  give 

t h o u g h t f u l  c o n s i d e r a t i o n  to the  b io log ica l  ro le  o f  ' low-  

level l u m i n e s c e n c e '  wh ich ,  as the  top ic  o f  th is  mul t i -  

a u t h o r  review,  is d i scussed  he re  f r o m  severa l  p o i n t s  o f  

view. 

I t  is the  ve ry  low in tens i ty ,  r a n g i n g  f r o m  a few p h o t o n s /  

(s .  e m  2) u p  to  some  h u n d r e d s  t h a t  p r o v o k e s  the  p reva -  

l en t  o p i n i o n  t h a t  th i s  ' u l t r a w e a k  p h o t o n  emi s s ion  f r o m  

l iv ing t i ssues '  (PE,  w h i c h  is ac tua l ly  a q u a s i - c o n t i n u o u s  
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photon current from all active tissues) can be only due to 
a spontaneous chemiluminescence without peculiar im- 
portance. This common view is based on both the 'imper- 
fection theory' 64, according to which PE originates from 
metabolic aberrations, and on the fact that chemically 
excited states tend to fall back into thermal equilibrium 
by dissipation of their non-thermal overshoot energy 50. 
However, this point of view is too simple to be in line 
with the experimental results. In order to clarify the dis- 
cussion, we should like to oppose to this 'chaos theory' 
of low-level luminescence a completely controversial 'co- 
herence hypothesis'. The latter claims in very general 
terms that 'biophotons'  are released from a fully coherent 
electromagnetic field which serves as a basis for commu- 
nication in living tissues. 
By comparing the expectations of  these controversial 
hypotheses with the actual experimental results, 
1) we may obtain indications of the real nature of the 
phenomenon of PE and its biological significance, 
2) we are able to propose a mechanism that is not only 
able to explain the phenomenon of PE, but also links the 
different biological functions that may be governed by 
photon interactions into a common pattern. 
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Some recent experimental results 

By way of explaining the rationale behind our approach, 
let us look at some examples of recent experiments, one 
type concerning the interaction between organisms and 
between cells, the other reflecting directly the coherence 
of the emitted signals in terms of photocount statistics. 
The experiments were performed with the aid of a single- 
photocount detector which has been described in detail in 
former papers (see, for instance, Popp et al. ~1). 
Daphnia magna Straus (Crustacea, Phyllopoda) were put 
in darkness into water of 18 ~ within the quartz cuvette 
of  our measuring equipment 4t. The numbers n of  daph- 
nia were altered from 1 to 90, always selecting animals of 
about equal size. After each alteration the intensity of the 
photon emission I (counts/s) was registered. The results 
are displayed in figure 1. In order to compare I (n) with 
expected intensities, we calculated a theoretical curve 
I o (n) by supposing highest possible self-absorption with- 
in the system, taking into account at the same time the 
fact that each daphnia would contribute, on the average, 
always the same intensitiy i o, if no distance-dependent 
interaction between daphnia took place. Thus we have: 

I0 (n) = ~ F -  (1 - exp ( - ~ ) ) ,  

where F is the frontal water-covered surface area of the 
cuvette, and f represents the highest possible cross-sec- 
tional area of a daphnia (0.04 cm2). i 0 was calculated 
from the linear branch of the actually measured curve. 
Figure 1 shows that instead of I o (n) a growth-curve-like 
dependence of biophoton emission I (n) is observed. This 
result has been confirmed by similar experiments with 
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Figure i. After insertion of n daphnia (n = 1, 2, ..., 90) into the cnvette 
in the dark chamber, the biophoton emission (in counts/s) does not follow 
the expected I 0 (n)-curve, where a constant contribution per daphnia and 
the highest possible self-absorption is taken into account. Actually, a 
significantly different growth-curve-like biophoton intensity I (n) (lower 
curve) is observed. 

larvae of Chironomus (tumii) and even by investigations 
on moss samples which were separated in different cu- 
vettes in the dark chamber of  th e equipment up to dis- 
tances of 16 cm. Even' then the photon intensity o f  the 
whole system was significantly different from its single 
parts, taking always into account a possible selfabsorp- 
tion within the system under investigation. In contrast, if 
after excitation of one of the moss samples with light the 
afterglow is observed, one is obliged to introduce a time- 
dependent self-absorption of the single systems in order 
to describe the total emission in terms of the partial 
emissions and absorptions of the single separated plant 
structures (fig. 2). 
These results indicate a resonance-like long-range inter- 
action between the animals and the plants, correlated to 
their biophoton emission. 
In a second experiment of this class, instead of daphnia 
in water, human cells in colorless medium at 37 ~ were 
used as the subject of investigation. Since the self-emis- 
sion of photons is rather weak in that case, the cell pop- 
ulations of different cell densities Q were exposed to a 
3-rain white-light illumination ofa  150 W-tungsten lamp. 
The reemitted light was recorded and the decay curve of 
this afterglow was evaluated from 0.7 to 55 s after the end 
of excitation. Every sample was irradiated and measured 
three times consecutively; cells were stirred continuously 
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Figure 2. If one compares the photon intensity 11 (t) of a moss sample I, 
placed in a cuvette at a distance of 20 cm from the photomultiplier, with 
the intensity 12 (t) of just this moss sample together with a second moss 
sample II, placed only 4 cm from the photomultiplier away, one expects 
12 (t) = 11 (t)- (1 - e) + I 0, where I 0 is the intensity of the additional sec- 
ond sample and �9 represents a constant absorption coefficient of this 
second sample. Figs 2a and 2b display the e-values of two consecutive 
experiments, calculated from the measured values I~ (t), 12 (t) and It, 
where the sample I was always 0.5 s exposed to a 2000mcd-LED-red- 
light-illumination before measurement. The time-dependence of e is a 
further indication that photons are exchanged between the systems under 
investigation. Sample II works here like a time-dependent active optical 
material. 

in medium. In order to avoid systematic errors, the cell 
numbers were altered randomly. The decay curves show 
a much better agreement to a hyperbolic law than to an 
exponential one. 
With a correlation coefficient of 0.99 the relaxation of I 
can be fitted according to the formula 

I = A( t  + to) - •  /c 

where A, to and ~: are constant, and t is the time running 
from 0.7 s on. While A and t o can be kept constant  for all 
cell densities under  investigation (ranging from 0.1 to 
50.106 cells/ml), ~c turns out to depend systematically on 
~. Figure 3 displays a typical case of amnion cells (lower 
curve) and of a malignant  form Of amnion cells, namely 
wish cells (upper curve) which exhibits just the opposite 
dependence of ~c (0) as the non-mal ignant  cell population. 
The three measurements at the right side of figure 3 cor- 
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Figure 3. The decay parameter of the hyperbolic approximation - (from 
1 . 

I = A(t + to) -=, see text) that is adjusted to the relaxation dynamms of 
the afterglow of different cell suspensions after exposure to weak white- 
light illumination in dependence on the cell density. The lower curve 
displays the behavior of normal amnion cells. Just opposite dependence 
exhibit the corresponding malignant wish cells (upper curve). The three 
measurements at the right side of fig. 3 correspond to the nutrition medi- 
um alone. 

respond to the nutr i t ion medium alone. These diametri- 
cally opposed behaviors of normal  and malignant  cell 
populations have been found to be of quite general na- 
ture, including cell populations of plants, animals and 
human  tissue. At the same time, they show evidence of 
long range interactions between cells at distances which 
are at least one order of magnitude higher than the size 
of a single cell. 
In  a second series of experiments we tried to establish the 
coherence of biophotons by photocount  statistics (PCS- 
experiments, see Arecchi 2). 
As has been discussed in previous papers 28, 41, 44, 46, the 

problem of examining the coherence of b iophoton emis- 
sion is the unknown  number  M of the degrees of free- 
dom. M increases with the number  of modes under  exam- 
ination as well as with the sampling time A t within which 
the photons are always counted. 
In the case of a fully coherent stationary photon field, the 
probabili ty p (n, A t) of registering n = 0, 1,2 . . . .  photons 
within the preset time interval At  is Poissonian for all  

values of M, while an ideal chaotic stationary field is 
subject to a geometrical distribution, but  only in case of 
M = 1. With increasing M, p (n, A t) of the chaotic field 
approaches more and more closely the Poissonian distri- 
but ion of the fully coherent field. Hence, the agreement 
of p (n, At) with a Poissonian distribution is an indica- 
tion of either a coherent or a high-M-value chaotic field. 
In  order to elucidate this point  further, we altered At, 
and the spectral band-width A M by using longpass fil- 
ters, where p (n, A t) was calculated from the measured 
count rates of the subjects under  investigation, in a quasi- 
stationary state. In  15 experiments with one thousand 
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Figure 4 a. For the dark count rate of the photon detector the expected 
deviation of its photocount statistics p (n, A t) from a Poissonian distribu- 
tion (expressed in terms of the &value, see text) is observed: O increases 
with increasing sampling time interval At. (d(100ms)= 0.61 + 0.12, 
d (200 ms) = 1.19 + 0.18, d (500 ms) = 2.09 + 0.40). This indicates the 
chaotic nature of the noise-source. Fig. 4 a displays the 6-values of the 15 
control experiments to figs 4b and 4c, based on 200 measuring values. 
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Figure4b. Compared to the b-values of the dark count rate 
(6 = 2.09 + 0.4 for At = 500 ms) the d-values of biophoton emission 
from cucumber seedlings (... + .. .) are much lower (6 = 0.19 + 0.11 for 
A t = 500 ms), indicating a much higher degree of coherence, If one limits 
the spectral bandwidth with the aid of a longpass-filter RG 610 (Schott- 
Mainz) one does not get, as expected for a chaotic field, a larger deviation 
of p (n, A t) from the Poissonian distribution. In contrast, the agreement 
seems to become even better (6 = 0.06 + 0,31 for At = 500 ms), thus 
indicating again a high degree of coherence. 

measured values each, we compared p (n, A t) of the dark 
count rate with that of different samples of 7 day-old 
cucumber seedlings (Cucumis sativus). As a measure of 
agreement with the Poissonian distribution, one can take 
the value 

b ~ o.2 _ ( n }  

( n }  

where ( n )  is the average count number within the preset 
time A t, and o .2 its variance. 
Agreement with a Poissonian distribution is here ex- 
pressed as d = 0, while O > 0 as a bunching effect indi- 
cates a chaotic source, d < 0 means here that antibunch- 
ing takes place. As expected, the chaotic noise of  the 
equipment gives rise to increasing d with increasing A t. 
This behavior is displayed in figure 4a. However, the 
biophoton emission shows just the opposite b-depen- 
dence. Without filters, the mean value of d is 0.19, while 
that of  measurements performed with a longpass filter 
RG610 (Schott, Mainz) turns out to be 0 = 0 . 0 6  
(fig. 4b). In addition, the alteration of the measuring 
time interval A t does not considerably change the d-value 
(fig. 4c). Rather, one observes the tendency of decreasing 
d with increasing A t, leading in some cases to significant 
antibunching-effects (Nrs 1, 2, 5, 8, 14). 
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Figure 4c. In contrast to the dark-count rate of fig. 4a the biophoton 
emission - here from seedlings of Cucumis sativus - exhibits a tendency 
even to a lower 0-value with decreasing bandwidth and increasing A t. 
Like in fig. 4a, always 2000 measurement values are subject of the calcu- 
lation. The mean error, taking into account time-dependent variations of 
the equipment, is of the order 10 %. Hence, even antibunching effects (see 
experiment Nr. 1, 2, 5, 8, 14) are likely or even evident. This supports the 
hypothesis that the coherence of biophotons (corresponding to b = 0) 
originates from a counterbalance of bunching (d > 0) and antibunching 
(6 < 0) within the biological system. 
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Chaos and/or Order 

An ideal chaotic system is a thermal equilibrium system, 
while the alternative, namely a well-ordered state, is rep- 
resented by a fully coherent field. 
Let us therefore imagine a system composed of  matter 
and interacting photons, which is either a closed system 
at temperature T or, alternatively, represents an open 
system of  coherent states. 
The spectral as well as the total radiation intensity o f  an 
ideal chaotic system, corresponding to the 'black body 
radiation', is well known. It is the result of  maximum 
entropy under the constraint that, by random absorption 
and reemission of  photons from the interacting matter, 
the energy remains constant. Thus it represents a station- 
ary state that is in thermal equilibrium with its environ- 
ment. Actually, the radiation from electric bulbs, from 
the sun, or the infrared heat radiation from the human 
body are appropriate examples of  black-body radiation 
at different temperatures T. Since the time intervals for 
counting 'ultraweak' photon emission from living tissues 
are always many orders of  magnitude longer than the 
time of  thermal dissipation of  a photon from condensed 
matter in thermal equilibrium, the quasi-stationariness of  
PE should be governed by just the same quasi-thermal 
equilibrium as the infrared heat radiation from living 
tissues. 
However, this is by no means the case: figure 5 demon- 
strates that the spectral intensity of  PE, and consequently 
the probability f(2) of  occupying excited states of  energy 
hc 
~-, is by many, up to at least 40 orders of  magnitude 

higher than that of  thermal equilibrium radiation. In 
addition, in contrast to black-body emission f(2) exhibits 
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Figure 5. The probability f of occupying the (vacuum) phase space is for 
living systems completely different from that of a thermal equilibrium 
system (It, which follows a Boltzmann distribution). From the spectral 
intensity of 'low level luminescence' one calculates that f of living tissues 
lies 'far away from equilibrium' in the hatched zone, exhibiting (almost) 
no wavelength dependence (f ~ constant). 

(almost) no wavelength-dependence, or f(2) ~ constant. 
This rule f0L) -~ constant (fig. 5; see also references 39, 
41, 46, 52) corresponds to a stationary state with almost 
the same conditions as those of  thermal equilibrium, but 
exhibits one decisive change, namely the omission of  the 
constraint of  energy conservation. In other words; if a 
closed system in thermal equilibrium turns continuously 
into an open one, in which there is always enough (non- 
thermal) energy available, the Boltzmann law 
f(2) = exp ( -  hc/kT) turns into f(2) = constant. 
This interesting link between a closed and an 'ideal' open 
system does not  exclude the possibility that 
f(2) ~- constant is a casual consequence of  a spontaneous 
chemiluminescence. However, it is a necessary but not 
sufficient condition of  a phase-transition between a 
chaotic and an ordered regime in the optical 
range 39 -41 ,  46 

In order to exclude the randomness of  a rare spontaneous 
chemiluminescence, one might examine the temperature- 
response of  PE. If  we change the temperature T by a 

dT 
constant gradient di- '  we expect for the time-dependence 

of  intensity i (t) the relation 

( 8 i )  ( ~ i )  dT 
N ~ , P  . . . .  = ~ T ~ , ~  .. . .  ~ i -  (1) 

where all possible parameters e, B . . . .  are kept constant. 
This should be valid in particular for a spontaneous 
chemiluminescence, whose cross-section is simply a func- 
tion of  T. 
However, instead of  relation (1) we find an overshoot 
reaction (see fig. 6), which in general is typical for the 
temperature-dependence o f  physiological processes 5, r 
At  the same time this type of  non-linearity corresponds 
again to a phase-transition governed by the rule 
f(2)-~constant ,  as has been demonstrated in a recent 
paper 25 (see also next paragraph). 
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Figure 6. After adaption of cucumber seedlings to the dark chamber at 
a temperature T 1 = 19 ~ the temperature was increased to various tem- 
peratures T 2 within 1 h. Despite the constant T2, an overshoot reaction 
of photon emission is always observed. This characteristic dependence of 
PE is similar to that of various other physiological functions, indicating 
that 'biophotons' are either products or regulators of those processes. 
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The validity of (1) cannot, however, be completely ex- 
cluded in the case that heat penetrates in just such a way 

th dT �9 a t -d t  = f(t) as a possibly complicated function of time, 

reflecting some delay of heat conduction. Then some 
transparency of the tissue for photons, originating from 
the interior parts of the system, should occur. 
Consequently, the investigation of transparency becomes 
an important step in searching for the chaotic or coherent 
character of the luminescence. 
Measurements of transparency of disperse media as well 
as of cell layers have yielded evidence that PE itself in- 
duces an extinction coefficient that is at least one order 
of magnitude lower than that for comparable artificial 
light (fig. 7)45. 
This non-linear optical absorbance, which is supported 
by the surprising, similar results of Mandoli and 
Briggs 3 t, can again be traced back to a phase-transition 
with f(2) ~- constant 4.~ 45, thus reflecting a high degree 

\ 
_.E (rnm -1 ) 11 

1 P'cells ~ e o ~  

0 I i I I i I 
1 2 3 z~ 5 6 d(mm) 

Figure 7. The extinction coefficient E/d (ram -1) of sea sand (P, sand) 
and soya cells (P, cell) of various thickness d (mm) was first measured at 
2 = 550 nm in a Gilford 250 spectrophotometer, and then the E/d of 
photons emitted by cucumber seedlings, and passing through just the 
same layers of sand (C, sand) and cells (C, cells), respectively, was deter- 
mined. It can be seen that 1) the transparency of both artificial and 
"biological' light, increases with increasing thickness of the dispersive 
media, since E/d decreases with increasing d, and 2) the transparency to 
'biophotons' is at least two orders of magnitude higher than that to 
artificial light (of comparable wavelengths). 

(1988), Birkh~user Verlag, CH-4010 Basel/Switzerland 581 

of coherence 56'62. Consequently, the hypothesis of 
chaotic luminescence cannot be sustained. 
However, it remains unsatisfactory to present only indi- 
rect evidence of coherence. Interferometry, a powerful 
tool for studies in the usual range of light intensities, fails 
for photon emission from living systems, not only be- 
cause of the low intensities involved, but also because of 
the broad spectral band belonging to a many-mode field 
(see fig. 5). The only suitable method is the use of photo- 
count statistics (PCS)2, 35. It states that the probability 
p (n, A t) of counting n photons within a preset time inter- 
val A t follows a geometrical distribution in the case of a 
completely chaotic stationary one-mode field, whereas in 
the case of a fully coherent stationary field the probabil- 
ity always follows a Poissonian distribution. For a multi- 
mode chaotic field the situation becomes more compli- 
cated, since, with an increasing number of modes, its p (n, 
A t) may approach more and more the same Poissonian 
distribution as that of a fully coherent field. 
Because it is not possible to find a significant difference 
between the actually registered p (n, A t) and a Poissonian 
distribution 41, 4.6 either a coherent field or a chaotic field 
with at least M modes can be taken into consideration. 
We estimated the limit of M independent modes in a case 
where the PE was rather high and quasi-stationary, with 
the result M > 105 4.1, 46, This means that, within the 
range from about 200 to 800 nm, more than about 
100,000 independent modes (with rather small line- 
widths) should contribute to PE, if it originates from a 
chaotic spontaneous luminescence. This possibility can 
actually not be excluded. However, it requires completely 
different interpretations from those involved in the case 
where a small number of possible biochemical reactions 
is considered. It has to be assigned to a very large multi- 
plicity of  allowed optical transitions which are indepen- 
dent of each other. Almost each count reflects its own 
individual reaction. This again would, however, not ex- 
plain the temperature-dependence of PE or the extraordi- 
nary transparency of materials to PE. 
In order to find direct evidence of coherence, one has to 
change to non-stationary PCS 46. The basic idea is the 
following: if  a completely chaotic field is excited, it de- 
cays according to exponential relaxation-dynam- 
ics 8, 16, 17, 4.6, 6o. This exponential characteristic comes 
from a semi-group law 60, which provides a permanent 
loss of  the system's memory. Under just the same (ergod- 
ic) conditions, the exponential decay turns into a hyper- 
bolic one, as soon as a chaotic field changes into a coher- 
ent one. This holds not only for classical, but also for 
quantum description 27, 2s, 4-6 
To elucidate this important point, let us look at the sim- 
ple equation (2), which for x = 0 reflects the equality of 
potential energy xX of an oscillator with amplitude x (t) 
and its kinetic energy ~z. 

(XX)  = (1 + K ) ( ~ 2 )  (2)  
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Figure 8. Instead of an exponential decay (dashed line), living cell popu- 
lations (here tissue of Bryophyllum daigremontanum) exhibit a hyperbolic 
relaxation of photon intensity after exposure to white-light-illumination. 
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This holds for total as well as for spectral observation (here at 
676 + 10 nm). Under ergodic conditions, hyperbolic decay is a necessary 
and sufficient condition of coherent rescattering. 

F o r  tc 4: 0, we find a coherent restoring of  kinetic energy 
as potent ial  energy instead of  chaotic rescattering under 
ergodic conditions.  
The solution of (2)  for x = 0, i.e., x = x 0 exp ( -  t /r)  with 

as relaxat ion time, turns into the hyperbolic  law 
1 

x = x ' =  (t + to) -~  (3) 

for • 4: 0. Al though this relation does not  reflect any 
wavelength-dependence,  we have to examine the relax- 
a t ion dynamics of  PE for total  intensity as well as for 
spectral intensity, in order  to avoid confusion with a 
possibly hyperbolic  characterist ic of  the sum of  many  
exponential  decay-functions. 
In almost  all cases investigated so far a hyperbolic  decay 
could be confirmed 10, 41, 61. Thereby it does not  mat ter  
whether a total  or a spectral measurement  of  PE after 
white-light or monochromat ic  i l luminat ion has been per- 
formed. A n  example, for which an interference filter of  
A2 -~ 10 mm was used, is displayed in figure 8. The ex- 
periments of  Schamhar t  et al. and of  Chwirot  et al. indi- 
cate that  x is actually a measure of  cooperat ivi ty and of  
coherence within the cell popula t ion  10, 12, 61. Changing 

from white-light i l lumination to monochromat ic  excita- 
t ion seems to change the real tc into a complex constant ,  
giving rise to oscillations 12, ,1. 
I t  is worthwhile to note that  a chaotic chemiluminescence 
should n0t  react very sensitively to weak external influ- 
ences, while a fully coherent  field must  react in principle 
to all per turbat ions,  even of  low amplitudes.  Actually,  
rather  high sensitivities can be registered, as is demon- 
strated for instance in figure 9. Hence, we can conclude 
that  the hypothesis of  a fully coherent field for PE reflects 
the reality rather  better than the contrary  hypothesis of  
a chaotic chemi-luminescence. Table i sets out  all the 
opposing points.  

Some essentials of a possible model 

On a molecular  level it is unlikely, if  not  impossible,  that  
a coherent  pho ton  field originates from single uncoordi-  
nated luminescence events. Rather,  experimental  re- 
sults 11, 49 as well as some theoretical indica- 
tions26, 28, 37, 3s, 47 point  to biopolymers,  in par t icular  

exciplexes of  D N A ,  as the essential source of  a coherent 
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Figure 9. The biophoton emission (here in counts/s) during time (in s) 
can change significantly after addition of a poison (here diluted to a 
concentration of I : 105 in physiological salt solution, added at 250 s). In 
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contrast, the addition of the solvent (at 1400 s), never changed the inten- 
sity distinctly. 
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Table 1. Expected properties of a chaotic (spontaneous) luminescence field versus an ideal coherent (regulatory) field. The experimental results are 
italicized, where experimental evidence has been provided. 

Criterion Chaotic field Coherent field 

Localization 

Correlation to 
physiological or 
biological functions 

Temperature dependence 

Excitation-temperature 

Energy transport 

Sensitivity to 
external influences 

Photocount statistics 
for one mode 

Spectral decay behavior 
under ergodic conditions 

'Spontaneous' chemiluminescence 

'Imperfections' - no correlation - 

'Arrhenius'-plot (exponential kinetics) 

Near equilibrium (quasi black-body radiation) 

Diffusion-controlled 

Small 

Geometrical distribution 

Exponential 

Delocalized and factorizable electromagnetic field 

Correlation to many, if not all processes 

Non-linear reactions (overshoot-reactions, 
hysteresis-loops, etc.) 

Far away from equilibrium non-equilibrium-phase-transitions 

Cooperation phenomena: transparency, 
but also protection (absorbance) possible 

Possibly high 

Poissonian distribution 

Hyperbolic 

electromagnetic field within living tissues. For a finite 
two-level system (which appears as the most simple ap- 
proach), we obtain than consequently the balance equa- 
tion 

N 1 + 2 N 2 = N O (4) 

where N 1 and N 2 are the numbers of unexcited and 
excited exciplexes, respectively, and N o represents the 
total number of polymer units, e.g., base-pairs of DNA. 
The factor 2 accounts for the fact that always two molec- 
ular units, namely an excited and an unexcited one, form 
one excited exciplex (see, for instance, Birks 4). Although 
it appears likely that the exciplex groundstate in biologi- 
cal matter far from equilibrium is subject to coherent 
vibronic and/or soliton interactions 13, 15, 2s, 29 let us 
provide the most simple approach, namely a thermal 
dissipation. Hence, the groundstate kinetic energy is sim- 
ply N 1 �9 kT. 
The excited state is subject to a chemical potential p plus 
the energy C1 that flows permanently to other units in- 
cluding cytoplasm etc. Consequently, we get for a sta- 
tionary state the balance equation 

N l k T  + N 2 ~  + C1) = Co 'No  (5) 

where Co accounts for the total free energy per molecular 
unit. For the limit of  thermal equilibrium we have for 
instance # - 0 and C o = (1/2)C 1 = kT. 
Besides (4) and (5), Einstein's formula (6) is valid, where 
eq. (7) describes the radiation density within the system, 
and A, B are the Einstein coefficients of spontaneous and 
induced emission, respectively. 

0 = ~c (AN2 + (N 2 _ N1 ) 0 B) (6) 

The energy hc/2 corresponds to the exciptex transition. 
Consequently we have also C 2 = hc/2. Let us fix it here 
as a further parameter. 

Since 0 is a measure of the intensity of PE, the question 
becomes important whether stable regions at/~ + 0 occur 
besides o f / t  = 0 and thermal equilibrium (with 0 = 0). 
Figure 10 demonstrates that we actually obtain a zone of 
conditional as well of unconditional stabilities, which 
may work as the basis of biological evolution. At about 

f(2) N 2  = ~ 1 we obtain different branches of feedback- 

coupling, following equation (8), which is result of 
eqs. (4-  7). 

0 = ~ f l  1 (1 + (1 - If) exp(~) _ 1 ) (8) 
2 + ?  

hc 
where f l =  ~ - .  N o ' A  

C 2 - r 
x - -  

KT 

Table 2 displays all the possible cases of eq. (8) (see also 
figures 10 and 11). 
We may now discuss the consequences of cases I and II. 
I a corresponds to thermal equilibrium which obviously 
does not describe the real situation. Consequently we are 
concerned either with I b and/or I Ib ,  since the actual 
d > 0 is much higher than that of  equilibrium states. 

hc 
Since/~ is actually of the order C2 -~ ~-, we have to take 
into account case II  a, too. 
This corresponds to a metabolic 'feeding' of excited 
states, either by photon transfer or chemical 'pumping'. 
Since in this region of / l  -~ C2 the PE-characteristics are 
sensitively dependent on overshoot or undershoot o fp  as 
compared to Cz and f versus 1, this region is subject to 
very sensitive feed-back coupling, which is conditionally 
stable. As has been shown in previous papers, photon 
storage, for instance, corresponding to the formation of 
excited exciplexes, lowers/t at the same time. Therefore 
we have to turn to case III  b. Increased emission, on the 
other hand, lowers f in such a way that case II  a results, 
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Figure 10. 'Far  away' from thermal equilibrium there is a conditionally 
stable region of photon emission from exciplex-polymers at f -~ 1 and 
C 2 ~-/2. The change of photon emission or photon trapping (storage) 
depends on /2. This dependence is displayed for values f < 1 (f = V2, 
fig. 10a), f =  1 (fig. 10b), and f >  i ( f =  2, fig. 10c). It demonstrates the 
stability discussed in the text and table 2. 

which may return to I b, III  a, by pumping, or even III  b, 
which would again result in II a. 
The time-dependence of eq. (6) can be taken into account 
by means of Q = OAt, with At as a preset small time 
interval, and by coupling of eqs. (5) and (6). The solution 
is then uniquely determined after 1) specification of the 
initial values f = Nz/N z and Q, 2) the determination of 
the parameter Co/kT and 3) the iteration of these equa- 
tions. 
By use of this method which is very common now in the 
framework of the so-called 'deterministic chaos', one 
finds agreement with all the conclusions just drawn from 

Figure 11 a. The intensity of biophoton emission in the course of time (in 
arbitrary units) according to our thermodynamical model. As initial con- 
ditions are chosen: 

= 1,1 A/B; N2/N 1 = 1.1; Co/kT = 1.1; h v . N  0 -BAt  = 10 -2 . 
The intensity approaches a stable stationary state of final emission. 
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Figure 11 b. The same as in fig. 11 a with the only difference that at t = 0 
for Co/kT = 0.99 has been chosen. Now, the intensity fluctuates accord- 
ing to a chaotic regime. 

Table 2 

/2 f 0 Case 

- 0 < 1 ~ 0 I a quasi-thermal 
1 > 0 Ib  quasi-coherent 

_ C z < 1 < 0 II a pumping 
>~ 1 > 0 II b coherent emission 

> C z ~> 1 ~ 0 I l i a  storage 
< 1 > 0 III  b degradation 

4-_ ~ > 0 IV quasi-crystalline 

the stationary equations. In particular, regions of 'chaos' 
and 'order'  can be distinguished. The figure 11 displays 
an example of a stable region, where the photon intensity 
after excitation runs into a stationary state with weak but 
final amplitude, and in comparison an example of an 
unstable state not far away from this stable one, where 
the same initial conditions but one have been chosen. 
It is worthwhile to note that cases I and IV have to be 
included among the possible cycles of feedback-coupling, 
at least on a long-time scale. The region I there corre- 
sponds to the region of cell division (growth), while the 
case IV can be assigned to states of high differentiation. 
All these correspondences to biological functions have 
been discussed elsewhere 34' , 2 - 4 ,  
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