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Abstract

By use of coincidence measurements on “ultraweak” photon emission, the photocount statistics (PCS) of artificial visible
light turns out to follow—as expected—super-Poissonian PCS. Biophotons, originating from spontaneous or light-induced
living systems, display super-Poissonian, Poissonian and even sub-Poissonian PCS. This result shows the first time evidence o
non-classical (squeezed) light in living tissues2002 Elsevier Science B.V. All rights reserved.
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1. Introduction neous photon emission originates from radical reac-
tions within the cells, but proof for that is still lack-
ing. A group of German physicists, starting in 1972

Gurwitsch was the first in 1922 to show evidence s . .
at the University Marburg, followed an opposite hy-

of a weak but permanent photon emission of a few o L o .
countg(scn?) in the optical range from biologi- pothesis, i.e., that “biophoton emission” as subject of

cal systems, pointing out that it stimulates cell divi- quantum optics has to be assigned to a coherent pho-

sions [1]. After periods of neglect and even disregard, tonfl_eld within the living sy_ste_m, resp0n5|ble1_‘or|ntra_-
small groups in Russia, Australia, China, Italy, Japan and intercellular communication and regulation of bi-

Germany, Poland, and the USA rediscovered “ultra- ological functions such as biochemical activities, cell
weak light emission” from living tissues by use of growth and differentiation [3]. In order to examine this

modern photomultiplier techniques, after the second E_ypohthe&s, co_ns!der thatg has be:janbshswn [gi\ﬂ‘that
world war [2]. While there is now agreement about r:Op otonl_lfnrlssmnd_((:jan fe tracek_ ac tr? as
the universality of this effect for all living systems, no the most likely candidate or working as the (m_am)_

agreement has been achieved in the area of interpre-source' and that delayed luminescence (DL), which is

tation. Most of these groups believe that this sponta- the long-term aft(_arglqw of_hvmg systems after expo-
sure to external light illumination, corresponds to ex-

cited states of the biophoton field. When they relax in
* Corresponding author. dark_ness contingou_sly into the quasi-stationar_y s_tates
E-mail address; a0221@rrz.uni-koeln.de (F.A. Popp). of biophoton emission, DL follows a hyperbolic-like
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relaxation function rather than an exponential one, in- _ Photon
dicating under ergodic conditions a fully coherent field PM 1 s lificr e |—> Counting
[5,6], and that both DL and biophoton emission dis- I° CooLER System
play identical spectral distribution. They have in com- sample | € i
mon the Poissonian photocount statistics (PCS), at oM 2 Fast_ Diseri-

least down to preset time intervals as low as86. ampter] Tl computer

In addition, all the correlations between DL or
biophoton emission and biological functions such as Fig. 1. Two-channel photon counting system.
cell growth, cell differentiation, biological rhythms,
and cancer development, turned out to be consistent H
with the coherence hypothesis but could be only rather | | | | | |

poorly explained in terms of radical reactions. Chal"';' !
However, as soon as it became more and more | {4 54 T Avttd clac) foac| PO

likely that living systems are governed by coherent | | | | | | Chame 2

states (at least of the biophoton field), the idea came up n2(At)

that not only coherent states but also squeezed states

may play a role in biological regulation [7]. This is I I | |

a consequent and progressive conclusion since bio- T+ At

logical “optimization” may make use of quantum ef- o o _

fects just in the “ultraweak” range of intensities where Flg. 2. The registration of coincident counts depending on the counts
. in the two channels.

squeezed states can exist at all. They are to some extent

derivatives of coherent states in the “low level” region

of photon numbers. In this Letter, we show experimen- X

tal evidence of squeezed states in living systems using P&€n described elsewhere [8,9].

the same methods as for registering photocount statis- "€ number of coincidences in the preset time
tics. interval At is then

Coincidence
Channel Z(At)

pared toAz. More details about the equipment have

Z(At)=n2At(1—1/(t + A1))(1— p(0, A7), (1)

whereny is the number of counts in the reference
channel during the timetz (1 — t/(t + Art)), where
the gate is open, ang(0, At) is the time average

In a dark chamber two photomultipliers (EMI 9558 probability overAt of measuring no photonin channel
QA, selected types, PM 1 and PM 2) cooled down to 1 always within the time interval\it. SinceZ andna
—30°C work as two independent detectors, channels 1 are known, the method allows us to measpi(@, At)
and 2. The radiating source is placed in a position that with high accuracy.
both multipliers record about the same count rate of It is evident from (1) that - p(0, At) takes the
emitted photons (Fig. 1). The details of the techniques value 1 at too high intensities of the source and takes
have been described elsewhere [8,9]. the value zero fornt = 0. At the same time, it is of

The photon counts in the two channels are always the orderAz, the coincidence rate gets much smaller
recorded during a preset time intervad. At the same than forr « Ar. We select a value = 10~° s, in or-
time the coincidence rate of photons between chan- der to avoid coincidences by rescattering or afterglow
nels 1 and 2 is registered according to the principle of effects from the dark chambesz is chosen around
Fig. 2. As soon as a single event in the counter chan- the order of ¥n, wheren is the intensity of the weak
nel (say channel 1) is registered, an electronic gate is photon source (1-fQountg's) such that the effect of
opened and—after a small delay time-every count 7 on the coincidence rate can be neglected throughout
of the reference channel (say channel 2) is registeredthis Letter.
as a coincident count if it happens betweerand Figs. 3(a) and (b) show a typical measurement of
T + At, wheret andt + At are both small com-  the dark count rate of 10 courits wherep(0) =

2. Materialsand methods
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Fig. 3. (a) Photocount statisticg (0), At) of the noise of the equip-
ment. The random coincidences are due to instabilities of the equip-
ment. At = 10~4 s. (b) Same as (a), butr =103 s.

1.0

1 — Z(Ar)/n2At has been plotted in dependency on
n1(A7).

In order to evaluate (0, A1) from quantum optics
and to compare it with the experimental results, let us
briefly summarize the essential steps [10].

By introduction of the creation operatet and the
annihilation operator which satisfy for photons the
boson communication relations

la,al=[a",at]1=0, [a,aT]=1, 2)
we have for number statés),
a*aln) =n|n), 3)
wheren is the photon number.

Using the displacement operator
D(a) =explaat —a*a) (4)
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and the squeeze operator

S(r) = exp(%r(az -~ (a+)2)> (5)
for realr, one can generate the states
o, r) = D () S(r)|0), (6)

where|0) is the vacuum state of.

These states are called coherent states fo0 and
squeezed states for£ 0.

The expectation values of photon numbearsn
these states are

)
The probability p(n, At) of measuringn photons

(n=0,1,2,...) in the fields of average numbéi)
is then

(n) = (ot,r|a+a|oc,r).

(n)"
((n) + 1+l ®)
for chaotic fields, as long as the coherence time
At.Incase off « Az, p(n) approaches a Poissonian
distribution [11].
For coherent fields we arrive at

pin) = exp(~(m) 0

and for squeezed fields we get

p(n) = (n!coshr) " exp(—(n) exp(2r)) (1 + tanhr)

p(n) =

9)

x (tanhr ”H2<M>, 10
(e i = e 10
whereH,, are Hermite polynomials.
In particular, forn = 0 we obtain
©=—2 (12)
P+
for chaotic fields,
p(0) =exp— (n>) (12)
for coherent fields, and
1+ tanhr
p(0) = (W) exp(—(n) exp(2r)) (13)

for squeezed fields.

Egs. (11)—(13) are useful for comparing the ex-
perimental results of the coincidence measurements
with the theoretical results of quantum optics in or-
der to find out whether the field under investigation is
chaotic, coherent, or squeezed.
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Fig. 4. p(0) of a micro-lamp displays the typical photocount statis-  Fig- 6. Unexplained photocount statistics of a leaf which may

tics of a classical source with a coherence tie Ax. quglngte from a chaotic source, a coherent or even a squeezed light
field with r < 0.
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Fig. 5. p(0) of a LED (Kingbright, RGB, 660 nm (GaAsP), current
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Fig. 4 displays the example of a micro-lamp (Fila- g os
ment lamp SLI-VCH, T1-3mm, current oscillating be-

tween 9.5 and 15.4 mA) witlil « Az. Consequently, 02:°
p(0) approaches a Poissonian distribution. Poissonian
Fig. 5 demonstrates the validity of (11) for the case c._oo"ismb““on — : )
of an LED at rather low intensities of a classical light <n>
source, wher@ > Ar. (b)

Fig. 6 shows the_eXpe“mentaKO) of a leaf_ (el' Fig. 7. (a) p(0) of the photon emission of the leaf of Fig. 6 that has
derberry,Sambucus nigra) that has been illuminated  peen illuminated by the LED of Fig. 5A7 = 10~4 s. (b) Same as

by external light and displays delayed luminescence (a), butar =103 s.
in darkness.

The experimentap(0) never falls below the Pois-
sonian distribution, indicating that in addition to a Figs. 7(a) and (b) demonstrate the case of the same
chaotic one, a coherent or a squeezed field (with0) leaf of Fig. 6 that is illuminated by the LED of Fig. 5
may be responsible. at the back such that only the emitted photons of
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for coherent and squeezed non-classical light. In no
case of artificial light sources it has been found a
o . p(0) < exp(—(n)). The exception of random coinci-
geometrical dences of the dark count rate are certainly due to in-
distribution yese .

4 stabilities of the equipment. They play no role for
the whole investigation. On the other hand, biologi-
cal systems are certainly able to emit photons follow-

1.00

056 ° Polssonian ing p(0) < exp(—(n)). The only possible explanation
X can be given in terms of non-classical (squeezed) light,
0451 - - . v since as well chaotic, as coherent light sources or su-
<n> perposition of them never lead to sub-Poissonian pho-
@ tocount statistics.

It is worthwhile to note that this kind of investiga-
tion provides a new and most powerful tool of investi-
° . gating biological tissues.

°
o
%o

o geometrical
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