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During the past decade, extensive research has been

carried out to utilize the unique characteristics of

laser light. Mainly the high intensity, short pulse
and small divergence of the laser beam have been made

use of, and some of the results are briefly summarized

here. The effect of the coherence of actinic light on
the primary photochemical charge separation is discussed

in some detail.

INTRODUCTION

A brief survey of the most recent reviews, monographs and congress

reports on the rich and complex subject of the photophysics of

photosynthesis reveals that the use of lasers has opened up new
I-5

and highly exciting avenues in this fiels Many of the topics

of current interest owe their existence to the application of

laser techniques providing characteristics of actinic and measuring

light which are not available with conventional light sources.

Because of the vast number of relevant papers, we shall confine

ourselves to selected topics and to a reasonable amount of the

available information.

i. ULTRAFAST AND MULTIPHOTONIC PROCESSES

The successful production of shorter light pulses and higher

powers, especially after 1975, encouraged several laboratories to
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carry out research into hitherto unexplored regions relating to

primary events. With ver[ short sinqle excitinq pulses, it is pos-

sible to study time-resolved kinetics of fluorescence rise time

and decay (the dynamics of exciton transfer) and the dynamics of

the early steps of charge separation. At veryLhighexcitinq, light

intensities, a number of different non-linear phenomena appear,

which depend among others on the pulse duration; an example is bi-

molecular exciton-exciton annihilation.

Let us consider a few examples. Fluorescence spectroscopic
5

studies were surveyed quite recently Energy transport character-

istics have been determined from fluorescence life time and quan-

tum yield6, and from delayed luminescence7. The use of shorte

flashes led to successful study of the primary photochemical

charge separation in photosystem-2, and to the establishment of the
8

role of pheophytin-a as primary acceptor in the reaction center

Photosystem-2 reactions have been studied by laser flash-induced
9

150 ns luminescence Since the processes in the reaction centers

are very fast, 5-50 ps pulses should be used in order to prevent

(or at least reduce) the change of the photochemical state of the
i0

centers during the flash excitation With very intense exciting

pulses, a "photosynthetic reaction center parameter" has been sug-

gested for discrimination between "photosynthetic" and "non-linear"
II

regions The non-linear chlorophyll-a absorption has been found
12

to depend on the organization of the chlorophyll-a The yields

of both fluorescence and photochemical reaction products should

depend on the excitation intensity13. It must be borne in mind

that the effects of ultrafast and extremely intense pulses are not

directly related to in vivo processes which occur with continuous

excitation and moderate light intensity under physiological

conditions.
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2. RE-REDUCTION OF THE PRIMARY DONOR IN PHOTOSYSTEM-2 IN

221

THE NANOSECOND TIME RANGE FROM ABSORPTION CHANGE

The very small divergenc9 and effective focusing of the laser beam

opened up the way for the study of very fast absorption changes.

A brief description of the problem may be given. In recent years,

sound evidence has accumulated in favor of the role of pheophytin-

-a (Pheo) as the electron acceptor between P680 (a special chloro-

phyll-a) and Q (a plastoquinone molecule) 8. According to the new
+ Phe,concept, the primary charge separation is P680PheoP680

+
followed by the re-reduction of P680 to P680" The main phase of

this process at physiological temperatures is in the ns time range.

Until a few years ago there was only indirect evidence of the

existence of the ns phase, based upon the hypothesis that chloro-

+
phyll-a fluorescence is quenched by P680 It has long been known

that the absorption spectrum of P680 depends on its redox state

(its name is derived from the location of the absorption peak ex-

hibiting maximum change on oxidation-reduction). Direct evidence

+
of the ns re-reduction of P680 requires determination of the ab-

sorption kinetics at 680 nm in the ns time range, in contrast to

the indirect evidence from fluorescence measurements. The absorp-

tion changes cannot be measured without the use of special lasers,

for the following reasons. In order to obtain well-defined initial

conditions, saturating actinic flashes of high intensity should be

used, which lead to intense prompt fluorescence with maximum in-

tensity at around 680 nm (and are also highly scattered by the

sample), a region where the absorption changes are to be measured.

No optical filtering is possible, and therefore the absorption

changes cannot be measured in the ns time range. Even modulation
13

of the measuring light allows measurements only in the s range

There is another maximum change in P680 absorption at around 820 nm.

However, even in this spectral region ns time resolution cannot be
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14
attained with a conventional measuring beam. Mathis and van Best

suggested the use of a CW-operated gallium aluminium arsenide

injection laser as measuring light source. The very thin beam of

this laser allows decrease of the solid angle of light collection

by the photodetector, so that only a very small amount of fluores-

cence and scattered light reaches the detector. The (i0 mW) mea-

suring light does not disturb the dark adaptation of the sample,

but its intensity is high enough to ensure the low photon noise

level of the beam. The avalanche photodiode detector meets the

requirements of the measurement: it has a high quantum efficiency

(85% at 820 nm), wide-band amplification, low noise and a fast

rise time, without a post-impulse tail. A block diagram of the

apparatus (after14) is shown in Figure I. The main phase of the

+
re-reduction of P680 (with 30 ns half time) has been observed with

this apparatus. A similar set-up was later used with repetitive

actinic flashes and the results led to the assumption that the

+
rate of reduction of P is different in the different S states

680
"5

of the O2-evolving complex This assumption was corroborated by

2 5

FIGURE Apparatus for the measurement of absorption changes
after laser flash excitation in the 20 ns i0 s
time range (froml4). laser diode (820 nm),
2 exciting laser flash, 3 cell, 4 diaphragm,
5 interference filter, 6 avalanche photodiode,
7 30 MHz amplifier, 8 delay line, 9 digitizer,
i0 averager
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the results of direct experiments For measurement of the depen-

dence of the reduction kinetics on the number of actinic flashes,

the signal to noise ratio and other characteristics were improved.

The kinetics in the S
O

and S states is monophasic (half time

20 ns), and in S
2

and S
3

states biphasic (half times 50 and 300ns).

All these new measurements contributed to a better understanding

of the function of the O2-evolving system.

3. COHERENT EXCITATION AND THE UTILIZATION OF LIGHT ENERGY

IN THE PHOTOSYNTHETIC PRIMARY PROCESSES

The most significant property of laser light is the coherence,

since high intensity, a short pulse, a small devergence and a high

monochromaticity can in principle be produced with conventional

light sources (though with much difficulty in practice), whereas

coherent light can never be. An__y specific biological effect of

laser light can therefore be attributed to the coherence. We de-

cided to study the effect of the coherence of light on the utili-

17
zation of light in photosynthesis We do not know of any other

attempt to investigate the biological effects of coherence, and we

therefore report our studies in some detail. We presume that the

ability of a photosynthetic organism to differentiate betweer co-

herent and incoherent light is based upon the coherence-dependent

photon distribution of actinic light. Since the pthotosynthetic

units (PSU-s) (fairly well separated parts of the pigment system

as concerns the uptake of light energy) cannot use more than one

photon during their turnover time (about ms), independently of

the actual number of incident photons (i.e. the function of a PSU

is similar to that of a photon counter), it can be assumed that

the utilization of light depends on the photon statistics. For

differences in photon statistics to be attained within the space-

-time volume determined by the size and the turnover time of the

PSU (or the time of illumination, if this is shorter), we need
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FIGURE 2 Probability of detection of n photons for M
(BE distribution) and M (P distribution).

Average intensities are equal <n> 2)

light with a phase cell (coherence volume) including this space-

-time volume. This condition iS easily met for the spatial coher-

ence, as the PSU is several orders of magnitude smaller than the

volume relating to the spatial coherence. However, the temporal

coherence can be ensured with lasers only.

a) Photon distribution and coherence. For a closer consider-

ation of the conditions of finding the expected effect, we summa-

rize the properties of photon distribution in relation to the

coherence.

Mande118 states that the probability of finding n bosons

(photons) over a number of phase cells M (M > i) is

n
(n + M) )-n <>-Mp(n,<nm,M) (j) (I +

n>
(I + (i)
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where <n> is the expectation value (average number) of the number of

photons. This equation gives Bose-Einstein (BE) distribution for

M i, and Poisson (P) distribution for M = These distribu-

tions are shown for <n> 2 (for the same average intensity) in

Figure 2. It is worth remembering that both for few and for many

(e.g. n 0.i and 7) photons the probability is higher when M i.

This fact is important in the photon counter model of the PSU.

A more practical form of equation (I) is obtained if time

19
parameters are introduced. Bedard gives

2T 2/[2_T 2T]M (c c + exp(- We
(2)

i.e. M depends on the exposure time T, and the coherence time c"
If this expression is substituted into equation (i), we obtain the

relation between photon distributions and coherence.

To find the range of T/
c

values in which the BE distribution

gOes over to P, the standard deviation of (i)

2 <n> (i +

should be plotted versus T/c. If T/c1, virtually BE distribu-

tion is observed whereas when T/ >> the distribution is Virtu-
c

ally P. Figure 3 shows that the transition of the distribution

from BE to P is practically complete when T/% is varied within

i-2 orders of magnitude on either side of I. In other words, a

photodetector having a surface area smaller than the coherence

area will "feel" BE or P photon distribution for coherent or inco-

herent light, respectively.

b) A phgton counter model of the photosynthetic unit. For the

sake of simplicity, let us suppose that there is no ransfgr of
elgcrgnic ex.citation.energy between the PSU-s. As mentioned ear-

lier, a PSU cannot utilize more than one photon until its turnover

time is completed. If it absorbs n photons, n-I photons will be

reemitted as fluorescence; if the probability of this event is p(n),
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FIGURE 3 Dependence of the relative standard deviation of
the distribution function (eq. (i)) on the ratio
of the exposure time (T) and the coherence time ()

c

the total number of photons used in fluorescence is F= (n-l)p(n),
n=2

or, after minor transformations, F p(0) + <n>-l. The relative

fluorescence yield is dF/d<n>. For a rectangular exciting

light pulse, <n >= It (I is the rate of excitation in number of

photons per unit time, while t denotes time). From equations (I)

and (2), the time-dependence of the fluorescence yield (induction)

can be obtained for BE and P statistics:

p 1- exp(-It) and BE I- i/(i + It)
2

(3a,3b)

As illustrated in Figure 4, the half rise time is about 60% greater

and the initial slope is smaller for P statistics than for BE. A

comparison of the complementary areas shows that in the range

It< 3 the photosynthetic energy conservation is more effective in

the case of P distribution.
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FIGURE 4 Fluorescence induction curves of the photosynthetic
unit for Bose-Einstein and Poisson distributions of
the exciting light. I is the rate of excitation;
t denotes time.

If energy transfer occurs (and in fact it does), the excitons

originating from the excess number of photons F p(0) + <n>
can migrate to neighboring PSU-s with probability . A PSU having

c neighbors receives no excitons from them with a probability

(I )c[p(0) + <n>- I]
since the individual misses are indepen-

dent events. Receiving at least one exciton via energy transfer

results in a charge separation only if the reaction center of the

receiver PSU is open, and therefore the probability of a charge
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FIGURE 5 Relative photon utilization of the photosynthetic
units for Bose-Einstein and Poisson distributions of
the exciting light on different couplings of the
units (a i: no coupling, no energy transfer;
a < i: coupling of neighboring units)
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separation due to the energy transfer is p(0)[i-(i-)c(p(0)+<n-l)]
A PSU absorbs at least one photon with a probability p(0), and

thus the overall photon utilization is

A -p(0)(I _[p(0) + It- i]
(4)

Figure 5 shows the relative values of this function for BE and P

distributions at several a (I _)c values as a function of It.

For isolated PSU-s (when a and there is no energy transfer)

at It =2, the difference is 30% for the two distributions; in

coupled units the difference decreases and becomes less than 10%

(independently of It) when a < 0.5

c) Exper.mental. In order to check the above predictions, a

light source is needed having variable coherence time (in the us-ms

range) with constant intensity and geometry of illumination. These

requirements are met if the light of a He-Ne laser operating in a

single TEM-00 mode is passed through a rotating ground glass disc

20
The frequency spectrum of the scattered laser light is Gaus-
21

sian and characteristic of the thermal light, but its coherence

time is much longer. The coherence time of this pseudo-thermal

light source can be varied by changing the linear velocity (v) of
17

the illuminated area on the rotating disc

R
c a v

Where R is the distance between the sample and the disc,is the

wavelength of the light and a is the average diameter of the scat-

tering grains of the ground glass. By measuring he average half-

-times of the intensity fluctuations, we found that the coherence

time of our light source could be varied in the range 10
-5

i0
-I

S.

17
Using a phosphoroscope we measured the chlorophyll fluorescence

induction and delayed fluorescence of green plant leaves, green

algae and spinach chloroplasts in the s and ms time ranges. With

a given illumination time, the coherence time of the pseudo-thermal
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light source was varied between the two limiting photon distribu-

tions and the results were compared. The illumination time was

decreased down to 50 s, the lower limit of our instrument.

The experiments gave negative results: no significant differ-

ences could be observed. This may be ascribed to the coupling of

the PSU-s, which leads to a decrease of the predicted effects of

the different statistics. The experiments gave positive results

too: from equation (4) we can estimate the value of , the proba-

bility of transfer between the PSU-s. The statistical error of our

experiments was about 5%; with this error, taking four neighbors

into account (c 4), the transfer probability is at least 0.3.

Though this is indirect evidence of transfer, it may be of inter-

est, for it is independent of the other (also indirect) evidence.

REFERENCES

i. Light Reaction Path of Photosynthesis edited by F. K. Fong
(Springer Verlag, Berlin, Heidelberg, New York,1982)

2. G.RENGER, Photosynthesis, Biophysics,edited by W. Hoppe,
W. Lohmann, H. Markl, H. Ziegler(Springer Verlag, Berlin,
Heidelberg, New York, Tokyo, 1983) p. 515

3. Photosynthesis, edited by Govindjee (Academic Press,
New York, 1982)

4. Advances in Photosynthesis Research, edited by C. Sybesma
(Martinus Nijhoff/Dr W. Junk Publ., The Hague, 1984). I. MOYA, Time-resolved Fluorescence in Photosynthesis,
Time-resolved Fluorescence Spectroscopy in Biochemistry...and
biology, NATO ASI Series A: Life sciences, Vol. 69, edited by
R. B. Cundall, R. E. Dale (Plenum Press,New York, London,
1983) p. 755

6. L. B. RUBIN, B. N. KOWATOVSKY, O. V. BRAGINSKAJA, V. Z. PA-
SCHENKO, H. PAERSHKE, V. B. TUSOV, Mol. Biol., (Moscow)
14, 575 (1980)

7. V. I. GODIK, A. YU. BORISOV, Biochim. Biophys. Acta, 590, 182
(1980); L. N. M. DUYSENC, Prompt and Delayed Fluorescence
from Photosystem-2, Oxygen-evo!yin9. System of Photosynthesis
(Acad. Press Japan Inc., 1983) p. 3

8. V. V. KLIMOV, A. A. KRASNOVSKY, Phots[nthetica __15, 592
(1981); Biofizika (Moscow) 2__7, 179 (1982); V. V. KLIMOV,
S. I. ALLAKHVERDIEV, V. A. SHUVALOV, A. A. KRASNOVSKY,



USE OF LASERS IN PHOTOPHYSICAL RESEARCH 231

Dokl. Akad. Nauk SSSR, 263, I001 (1982)
9. L. N. M. DUYSENS, A. SONNEVELD, Photoelectrochemical and

Photobiological Processes, Proc. EC Contractors’ Meeting,
Brussels, 1982, Vol. 2, Series D Solar Energy R and D in the

EUropean community edited by D. O. Hall, W. Palz and D. Pir-
rwitz (D. Reidel Publ. Co., Dordrecht, 1983) p. 188

10. J. DEPREZ, A. DOBEK, N. E. GEACINTOV, G. PAILLOTIN,
J. BRETON, Biochim. Biophys. Acta, 725, 444 (1983)

ii. S. A. ACHMANOV, A. YU. BORISOV, R. V. DANIELUS, R. A. GADONAS,
V. S. KOZLOWSKI, A. S. PISKARKAS, A. P. RAZJVIN,

Studio. Biophs. 7_7, (1979)
12. B. VOIGT, D. LEUPOLD, B. HICKE, P. HOFFMANN, Studia Biophys.,

75, 93 (1979); B. HIEKE, P. HOFFMANN, D. LEUPOLD, S. MORY,
J. SCHOTTE, Photosynthetica, 13, 37 (1979); B. HIEKE; D. S.
MATORI, B. VOIGT, D. LEUPOLD, Biol. Resch., 17, 194 (1979);
D. MAUZERALL, Photochem. Photobiol., 29, 169 (1979)

13. G. RENGER,H.-J. ECKERT, H. E. BUCHWALD, FEBS Lett., 90,
I0 (1978)

14. J. A. VAN BEST, P. MATHIS, Biochim. Biophys. Acta, 503,
178 (1978)

15. K.BRETTEL, H. T. WITT, Photobiochem. Photobiophys., 6,
253 (1983)

16. K. BRETTEL, E. SCHLODDER, H. T. WITT, Advances in Photosyn-
thesis Research,edited by C. Sybesma (Martinus Nijhoff/
Dr. W. Junk Publishers, The Hague, 1984)

17. P. MAROTI, A.RINGLER, L. VIZE, L. SZALAY, Acta Phys. Chem.
Szeged, 23, 155 (1977); P. MARTI,Thesis, Szeged (1981)

18. L. MANDEL, Proc. Phys. Soc., 72, 1037 (1958)
19. G. BEDARD, J. CHANG, L. MANDEL, Phys Rev., 160, 1496 (1967)
20. W. MARTINSSEN, E. SPILLER, Am. J. Phys., 32,919 (1964)
21. E. ESTES, M. NORDUCCI, A. TUFT, J. Opt. Soc. Am., 61, 1301

(1971)


