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We have investigated the extent of energy transfer among Photosystem I1 reaction centers in Chioreila 
vulgaris. The cells show typical non-exponential fluorescence induction kinetics in the presence of the 
herbicide 3-(3,4-dichlorophenyl)-l,l-dimethylurea. We used single-turnover flashes to determine effective 
absorption cross-sections for Photosystem II reaction centers 0RCII) in cells which were simultaneously 
illuminated with a continuous background light. We varied the background irradiunce to control the fraction, 
¥, of the total RCII closed at the time of a flash. We found that the absorption cross-section per RCII was 
almost completely independent of ¥. Relative oxygen flash yields measured at low laser flash energies were 
similarly unaffected when RCll were closed with the background light. We simultuneomdy measured iaseer 
flash energy saturation curves for oxygen production and for the increase in fluorescence quantum yield 
measured 30/ts after the laser flash. The oxygen and fluorescence saturation curves were almost identical. 
We condude from these results and appropriate theoretical calculations that the difference in the probabili- 
ties for escape of excitation energy at open and dosed RCII is small (under 0.25). No matter how many 
RCII share a common antenna, closing RCII does not greatly change the absorption cross-section of the 
remaining open RCII. Either the probability for escape from closed traps is small, or the probabilities for 
escape from open and closed traps are nearly equal. 

Introduction 

The vast majority of the photosynthetic pig- 
ments in plants function to absorb light and trans- 
fer the energy to reaction centers (RC): sites where 
the photochemical reactions of photosynthesis oc- 
cur. RCs are generally present in the photosyn- 
thetic apparatus in the ratio of 1 RC per 100-500 
total pigment molecules [1-7]. Functional antenna 
sizes for RCI  or RCII  have been approximated 
from relative rates of photochemical reactions 

Abbreviations: RCII, reaction center of Photosystem II; RCI, 
reaction center of Photosystem I; DCMU, 3-(3,4-dichloro- 
phenyl)-l,l-dimethylurea; Yo2 relative oxygen flash yield; Chl, 
chlorophyll. 

[5,6,8,9] or determined directly from measure- 
ments of absorption cross-sections [10-12]. Func- 
tional antenna sizes range from 50 to 400 pigment 
molecules, depending on the RC, organism and 
growth conditions [5-12]. 

There are now several lines of evidence suggest- 
ing that more than one RCII  may share a common 
pool of antenna molecules. Experimental support 
for such 'multi-units '  comes from measurements 
of fluorescence induction [9,13-18] and the effects 
of added fluorescence quenchers [19,20], changes 
in fluorescence yields measured on the nano- and 
picosecond time-scales [21-23], rates of 0 2 pro- 
duction [6,14,24], and effective absorption cross- 
sections [12]. Typically, 3-5  RCII  are believed to 
share an antenna [9,12-14,23-25]. 
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The major physiological effect of the organi- 
zation of RCII and their antennae into multi- 
centered units is believed to be manifest when 
some fraction of the RCII in the unit are 'closed' 
and unable to use absorbed light energy for photo- 
chemistry. Under these conditions it has been 
thought [9,13,14,17,20.24] that light energy arriv- 
ing initially at the closed RCII can continue on to 
be used by other open RCII in the unit. Thus, the 
effective absorption cross-section for an open RCII 
should increase as the fraction of closed RCII in a 
unit increases. Evidence in support of such energy 
exchange among RCII derives from experiments 
in which the rate of some photochemical reaction 
(e.g., 02 production or changes in fluorescence 
yield) is related to the fraction of open RCII 
[13-18]. These experiments are usually performed 
with an inhibitor, such as DCMU, present to 
block secondary electron transfer events [4,5,8,9, 
13-18,24,25]. In general, the probability for en- 
ergy transfer among RCII derived from such mea- 
surements is quite high (over 0.7) [25]. 

We have recently described the results of 
experiments in which we measured the flash en- 
ergy saturation behavior of 02 yields from algae 
illuminated with single-turnover flashes of laser 
light [10-12]. We found that the data were well 
described by the cumulative one-hit Poisson distri- 
bution. This result, obtained in the absence of 
herbicides, implies that the absorption cross-sec- 
tion for open RCII does not change greatly as the 
fraction of closed RCII in the sample increases. 

In this report we describe the results of several 
experiments to test whether closing some fraction 
of the RCII present in Chlorella cells influences 
the effective absorption cross-section for the re- 
maining open RCII. We find that the measured 
absorption cross-section is almost completely 
independent of the fraction of closed RCII. A 
strong conclusion based on our results is that the 
difference between the rates of quenching of exci- 
tation energy at open and at closed RCII is small. 

Materials and Methods 

We grew batch cultures of the green alga Chlo- 
rella vulgaris at 20°C in continuous light from 
fluorescent lamps [10]. We collected cells by 
cenrifugation and resuspended the cells in fresh 
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growth medium. We determined Chl concentra- 
tions from the absorbance of ethanol extracts of 
the cells and the equations of Wintermans and 
DeMots [26]. For all the experiments described in 
this report, we used suspensions of cells (Chl 
concentrations between 50 and 100/~M, see figure 
legends) which had settled onto the surface of the 
bare Pt electrode of the 02 polarograph [10]. The 
settled cells covered less than 50% of the electrode 
surface. Growth media supplemented by 10 mM 
NaHCO 3 flowed at 5-10 ml/min over the dialysis 
membrane covering the cells. 

We measured flash energy saturation curves for 
02 production in the absence of background il- 
lumination as described previously [10,11]. To de- 
termine the effects of background irradiance on 
absorption cross-sections, we illuminated the cells 
with two sources of light. The first was the train 
(0.5 or 0.2 Hz, see figure legends) of 596 nm, 0.5 
/ts (total duration) flashes of light from a 
flashlamp-pumped dye laser (Phasar DL2100C). 
The second was a continuous 580 nm or 650 nm 
(see figure legends) background light from a 500 
W projection lamp filtered with combinations of 
bandpass and interference filters. We varied the 
background irradiance by changing the lamp volt- 
age. The laser and the continuous light were 
directed onto the algae with a dual-armed fiber- 
optics light pipe with the common end positioned 
3 mm above the Pt electrode surface. 

We performed simultaneous measurements of 
02 flash yields Yo2 and fluorescence yields 
(A~(F30)) as described previously [11]. All Yo2 
were calculated as the ratio of the 02 yield of the 
first attenuated flash to the yield of saturating 
steady-state flashes. 

We measured room-temperature fluorescence 
induction kinetics from cells on the Pt electrode 
illuminated with continuous light. We obtained 
580 nm light from the output of a 6 V 
tungsten-iodide lamp which we focused through 
bandpass and interference filters into one arm of 
the fiber-optics light pipe. We initiated illumina- 
tion via an electromechanical shutter (Vincent As- 
sociates.) with an opening time less than 1 ms. We 
collected fluorescence from the algae with the 
common end of the light pipe and presented it, via 
the second arm of the light pipe, to a photomulti- 
plier tube (Hamamatsu R262) protected with long 
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pass (over 660 nm) filters and a 680 nm inter- 
ference filter. The converted photomultiplier cur- 
rent was captured with a Biomation 802 digitizer 
and read out on a strip chart recorder. The re- 
sponse time of this apparatus was 0.3 ms. 

We dark-adapted the Chlorella cell suspensions 
for 25 min prior to the start of the fluorescence 
induction experiments. We added DCMU from an 
aqueous stock solution to the suspensions after the 
dark-adaptation period. We then placed the cell 
suspensions on the electrode surface. After an 
additional dark period during which the cells set- 
tled onto the Pt electrode surface (times between 2 
and 30 min gave identical results), we illuminated 
the cells and recorded the fluorescence induction 
kinetics. We performed all manipulations prior to 
actinic illumination in complete darkness. 

We calculated flash energy saturation curves 
using a modified verson to the iterative semianni- 
hilation algorithm of Mauzerall [23] as described 
in the Appendix. 

Results and Conclusions 

Fluorescence induction 
The extent of energy transfer among RCII is 

commonly estimated from the analysis (Fig. 1) of 
the rise in fluorescence yield observed when dark- 
adapted, DCMU-poisoned cells of chloroplasts are 
illuminated with continuous light [9,13-18,25]. The 
data shown in Fig. 1 confirm the results re- 
peatedly obtained by others [5,9,13-18,25,27-30]. 
We also see no substantial contribution of a slow 
component to the fluorescence rise kinetics (Fig. 
la). This component has been reported to be small 
(about 15% [271) or absent [20] in Chlorella. 

A semilogarithmic plot of the fraction of the 
total area above the fluorescence rise curve re- 
moved during the induction process ('area', Fig. 
1B) shows that in Chlorella, similar to many other 
reports [5,8,9,13-18,30]. 'area' growth is not a 
first-order process, but instead accelerates with 
time. Melis and co-workers [8,9,15-17] have in- 
ferred from similar data that the effective absorp- 
tion cross-section for an open RCII increases 3- to 
5-fold as RCII close during induction. However, 
the assumption that the fluorescence yield on this 
time-scale is exclusively controlled by the redox 
state of RCII is a potential source of error (see 
below). 
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Fig. 1. Kinetic analysis of the increase in fluorescence emission 
from C. vulgaris cells illuminated at room temperature in the 
presence of DCMU. Dark-adapted cells (Chl/cell = 0.36 fmol, 
Chl b/Chl a = 0.26) were suspected at a Chl concentration of 
70 /~M in growth medium containing 14 /~M DCMU. The 
actinic irradiance (580 nm) was 2-1015 quanta /cm 2 per s. 
Fluorescence emission was measured at 680 nm. (A) Plots of 
the kinetics of the increase in relative fluorescence yield ( F  v, 
closed circles) and of the growth in relative area above the 
fluorescence rise curve ('area', open circles) during continuous 
illumination of dark adapted cells. In this measurement, the 
ratio of the initial minimal value of the relative fluorescence 

yield (F0) to the final maximal value (Fro) was: Fm/F o = 3.6. 
F m was constant for at least 10 s of continuous irradiation. (B) 
A semi-logarithmic plot of the kinetics of the increase in 'area' 
shown in A). (C) A plot of F v as a function of 'area'. The data 
are from (A). The solid curve through the data was calculated 
using Eqn. 1 with p = 0.55 as described in the text. 

The common estimate of the extent of energy 
transfer among RCII is obtained from the fit of 
the variable fluorescence (Fv) to Eqn. 1 [13, 
14,18,25]: 

F~ = (1 - p ) q / ( 1  - pq) (1) 

where q is the fraction of closed RCII and p, the 
'connection factor' [13,18,25], is the probability 
for the transfer of an excitation encountering a 
closed RCII to another RCII. The correction for p 



introduced by Paillotin [25,31,32]: 

? =p(Fm/(Fm + Fo)) (2) 

is of doubtful value, since it is based on the 
assumption that F v arises solely from an increase 
in exiton lifetime on closing RCII .  Recent mea- 
surements of fluorescence lifetimes contradict this 
assumption [33,34]. 

Using the assumptions stated previously, a fit 
of Eqn. 1 to the plot of F v vs. 'area '  ( =  q) will 
yield a value for p. The best fit of our data (Fig. 
1C) gives p = 0.55. 

Our intention here is to show that our strain of 
Chlorella and our measurements of fluorescence 
induction kinetics yield results quite analogous to 
those obtained by others using a variety of 
organisms [4,5,8,9,13-25]. We will now contrast 
these results with results obtained using a far more 
direct measurement of RCII  photochemistry and 
antenna size. 

Flash saturation curves 
Another approach to this problem, which we 

will use in the remainder of this report, uses 
single-turnover flashes of light rather than con- 
tinuous illumination, avoids the use of herbicides, 
and directly measures the product of RCII  photo- 
chemistry, 02 . We shall use the terms defined as 
follows. T is the number of RCII  that share an 
antenna. The T RCII  plus their antenna comprise 
a Unit. oo is the total absorption cross-section 
(RC plus antenna) for the Unit at the wavelength 
of the assaying laser flash, o = % / T  is the absorp- 
tion cross-section per RCII .  An RCII  is 'open '  if it 
can perform photochemistry when visited by an 
excitation and is 'closed' if it cannot. "r is the 
fraction of the total RCII  in a sample which are 
open at the time of a flash. We define A as the 
probability that an excitation encountering a 
closed RCII  can escape to a location in the Unit 
where it has an equal probability of finding any 
RCII  in the Unit, i.e., it is as random as the 
original excitation. B is the similarly defined 
probabili ty of escape from an open RCII.  We 
assume that the probabilities A and B are inde- 
pendent of y. 

The definitions of A and B allow use to the 
simple algorithm described in the Appendix to 
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calculate the fate of excitations absorbed in Units 
in which some fraction of the RCII  are closed. 
Note that the detailed path of the excitation is 
ignored. The statement A = 0 does not necessarily 
imply than an excitation encountering a closed 
RCII  cannot leave the RCII  or its vicinity; only 
that the excitation does not encounter another 
RCII  during its lifetime. Likewise, the values of A 
and B imply nothing about the number of times 
an excitation may visit the same RCII,  be it open 
or closed. The probability of escape of an excita- 
tion from a RCII  is a concept whose apparent 
simplicity is rather deceptive. It is similar to the 
problem of diffusion to an imperfect sink. Collins 
and Kimball [36] have shown that in this case the 
picture of the escape probability as a reflection 
coefficient is inconsistent. Thus the need for the 
specific definitions given above. 

In general, the flash saturation behavior for a 
product of RCII  photochemistry (e.g., 02) will 
depend on the values of T, A and B. However, if 
A = B, the relationship between flash energy and 
flash yield is very close to the cumulative one-hit 
Poisson distribution [10,23]. Assuming uniform 
illumination conditions and antenna sizes. 

Y = 1 - exp( - ep%E/T ) (3) 

where Y is the relative yield of the measured 
product of RCII  photochemistry and E is the 
energy density (quanta /area)  at the sample of the 
single-turnover, monochromatic flash. ~ is the 
quantum yield for primary photochemistry by an 
open RCII.  Eqn. 3 is valid, as long as A = B, for 
any T, from the separate package case ( T =  1) to 
an infinite matrix. In practice, the fit of Eqn. 3 to 
experimentally determined values for some prod- 
uct of RCII  photochemistry, such as O 2 flash 
yields, gives 0o2 = ~o, the effective absorption 
cross section per RCII  as assayed by (in this case) 
02 production. Since ~ > 0.95 [37-39]. Oo2 = o. 
Measurement at steady-state flash excitation en- 
sures that one measures an average overall S states. 

If A 4: B, Eqn. 3 will not describe the flash 
saturation behavior of Yo2- The shape of the 
saturation curve will now depend on the values of 
T, A and B [23]. Fig. 2A shows curves calculated 
(using the iterative method described in the Ap- 
pendix) for various values of T (curves '1') and A 
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Fig. 2. Effects of energy t ransfer  a m o n g  R C I I  on  the shape  of 

the f lash sa tu ra t ion  curve  for 02  product ion.  (A) Calcu la t ion  

of flash sa tura t ion  curves for different  values of T and  A. 

Curves  '1 ' :  o = 0 . 3 ,  A = 0 . 9 ,  B = 0 ,  and  f rom r ight  to left 
T=1,2 ,4 ,10 ,50.  Curves  '2 ' :  T = 4 ,  o = 3 0 ,  B = 0 ,  and,  f rom 

r ight  to left, A = 0,0.25,0.50,0.75,1.0. No te  tha t  the different  

values  for o s imply  shif t  the curves  a long  the f lash energy axis. 

(B) A fit of  ca lcu la ted  flash sa tura t ion  curves to O 2 flash yield 
data .  The  da ta  were ob ta ined  f rom Chlorella cells ( C h l / c e l i  = 

0.40 fmol,  Ch l  b/Chl a = 0.31) i l lumina ted  by  a t ra in  of 596 

n m  laser  f lashes (0.5 Hz) in the absence of any  con t inuous  

b a c k g r o u n d  i l luminat ion .  The  Chl  concen t ra t ion  of the cell 

suspens ion  was 90 #M.  A relat ive laser  flash energy of 1.0 
cor responds  to 1.11014 q u a n t a / c m  2. Solid curve: o02 = 95 ,~2, 

A = B = 0. Dashed  curve: T = 4, 002 = 95 .~2  A = 0.25, B = 0. 

Do t t ed  curve: T =  50, Oo2= 95 4 2 , A = 0.10, B 0. 

(curves '2'). For clarity in these calculations, and 
for comparison with previous work which has 
ignored B, we have set B = 0. We shall specifi- 
cally consider this important parameter separately 
(vide infra). 

The calculated curves plotted in Fig. 2A show 
that the effect of increasing either A or T is to 
produce flash energy saturation curves which are 
sharper than the exponential behavior described 
by Eqn. 3. This behavior reflects the rather small 

increase in absorption cross-section per open RCII  
as RCII  are closed during the flash. The curves in 
Fig. 2A are indistinguishable at low values of oE. 
At these flash energies, Units absorb either one or 
no photons during a flash. The effects of energy 
transfer among RCII  can only be observed when a 
Unit absorbs more than one photon during a 
flash. 

Fig. 2B shows flash saturation data for Yo2. As 
we have previously reported [10,11], the data are 
well fit using Eqn. 3. The solid curve in Fig. 2B 
was calculated using Eqn. 3 with 002 = 95 ~2. 

We have previously noted [10,23] and Paillotin 
et al. [32] have more recently commented, that the 
flash saturation curves are only weak functions of 
T or A. It is possible to fit the data shown in Fig. 
2B reasonably well using a range of values for T 
and A. For example, we calculated the dashed 
curve in Fig. 2B using T = 4 and A = 0.25 and the 
dotted curve with T =  50 and A- -0 .1 .  For both 
curve, 002 = 95 /[2. In general, reasonable fits to 
the data can be obtained for T <  10 provided 
TA ~ 1. For T >  10, good fits can be obtained 
only if A < 0.1. Irrespective of the value of T, we 
cannot obtain good fits to the data using any 
value for A greater than 0.35. 
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Fig. 3. The effects of ' c losed '  R C I I  on the shape  of the flash 
sa tu ra t ion  curve  for O z product ion.  For  all  three famil ies  of  
curves,  T = 4 and  B = 0. Curves '1':  o = 30, A = 0.25. Curves  

'2 ' :  o = 3.0, A = 0.50. Curves  '3 ' :  o = 0.10, A = 0.95. Solid 
curves  were ca lcu la ted  using y = 1.0, dashed  curves using , / =  
0.50, and  do t ted  curves using ~, = 0.05. The  relat ive m a x i m u m  
yield for all curves  has  been normal ized  to unity.  



Flash saturation in the presence of closed RCII 
From the preceding disuccion it is clear that if 

B = 0 and A > 0 the effective absorption cross- 
section per open RCII  will increase as the fraction 
of closed RCII  in a Unit increases. Thus, we 
expect that flash saturation curves measured un- 
der conditions where only a fraction, y, of the 
RCII  in a sample are open at the time of the flash 
will show the increase in a. 

The calculated curves shown in Fig. 3 demon- 
strate the expected magnitude of this effect in the 
case where T = 4 and B = 0. The three families of 
curves were calculated using different values for A 
(from left to right, A -- 0.25, 0.50, 0.95). A family 
of curves (solid, dashed and dotted) was calcu- 
lated for each A using different values for ,/ (1.0, 
0.5 and 0.05, respectively). All curves have been 
renormalized to a maximum flash yield of unity. 

For any value of A, the calculated flash satura- 
tion curves are displaced to lower flash energies as 
y decreases. The magnitude to which the calcu- 
lated curves are displaced depends on the values 
of y, A and T. Furthermore, the shift to lower 
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flash energies is exhibited over the entire curve 
and is not confined to the region near saturation 
(as is the case for the curves shown in Fig. 2). 
Thus, the comparison of flash saturation curves 
for RCII  photochemistry measured under condi- 
tions where 1, is varied experimentally can provide 
a sensitive test for the presence and magnitude of 
energy transfer among RCII .  

Effects of background illumination 
We have determined the flash saturation behav- 

ior for Yo2 measured in the presence of a continu- 
ous background illumination which we adjusted to 
control the fraction of open RCII  at the time of a 
laser flash. The data shown in Fig. 4 describe our 
experimental conditions. 

The closed circles in Fig. 4A show the relative 
rate of steady-state photosynthetic 02 production 
(P/Pmax) by Chlorella cells illuminated with a 
continuous 650 nm background light. The trian- 
gles represent values for the relative 02 yield 
(Y/Ymax) produced by the cells when exposed to a 
saturating, single-turnover laser flash superim- 
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function of P/Pmax. The arrows in (A) and (B) indicate points at which the O 2 flash saturation data  shown in Fig. 5C,D were 
obtained. 
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posed on the continuous background illumination. 
Both P/Pmax and Y/Ymax a r e  plotted as functions 
of the irradiance of the continuous 650 nm back- 
ground light. The data in Fig. 4A are replotted in 
Fig. 4B as Y/Ymax vs. P/Pmax" 

Values for Y/Ymax increase at low irradiance as 
the rate of PSII excitation by the background light 
becomes sufficient to overcome the dark relaxa- 
tion of the O2-evolving system [40]. This effect is 
caused by the relatively slow rate of excitation (0.5 
Hz) provided by the laser. Flash yields remain 
high during the linear portion of the photosynthe- 
sis-irradiance curve, then decrease as photosynthe- 
sis becomes light-saturated. The relationship be- 
tween Yo2 and continuous O 2 production (Fig. 
4B) is far from linear. This is because the turnover 
time for widely separated (more than 0.1 s) single 
turnover flashes (about 0.5 ms) is much shorter 
than that for the total throughout of photosynthe- 
sis. The data in Fig. 4 indicate that the slow 
turnover time is at least 5-times as long (about 3 
ms) as the flash turnover time. Thus, rates  for 
continuous 02 production will be nearly light- 
saturated before large decreases in Yo2 can occur. 

Fig. 4 shows that we can use light alone (no 
herbicides) to adjust the fraction of RCII  open 
during the measurement of a flash saturation curve 
for Yo2. The three arrows in Fig. 4 show the values 
for Y/Ymax, P/Pmax, and background irradiance 
at which we measured the three sets of data shown 
in fig. 5C, D. 

Fig. 5 shows the results of two sets of experi- 
ments to test the effect of closing RCII  with 
continuous background irradiance on the light- 
saturation behavior of Yo2- The data shown in 
Fig. 5C, D were obtained from the experiment 
using 650 nm background light shown in Fig. 4. 
The data shown in Fig. 5A, B were obtained from 
a similar experiment using a 580 nm background 
light. 

Two sets of data are shown in Fig. 5A. Data  
obtained in the absence of any background il- 
lumination are shown by the crosses. The solid 
circles represent data obtained in the presence of 
a continuous dim 580 background irradiance 
(P/Pmax = 0.2) sufficient to produce maximum 
light-saturated Yo2 (Y/Ym~x = 1.0). The back- 
ground illumination has overcome the loss of S 3 
due to the low laser pulse frequency (0.5 Hz). 

Within experimental error the two sets of data are 
identical. Thus, the presence of a dim continuous 
background light does not of itself disturb the 
shape of the light-saturation curve for Yo2- 

Both sets of data shown in Fig. 5A are re- 
plotted as the closed circles in Fig. 5B. The open 
circles in Fig. 5B represent data obtained in the 
presence of a 580 nm background irradiance suffi- 
cient to close about 75% of the RCII  present 
(Y/Ymax = 0.25, P/Pmax = 0.9). 

The data shown in Fig. 5C were obtained under 
the conditions shown in Fig. 4 such that Y/Ymax 
= 1.0. These data are replotted in Fig. 5D as the 
solid circles. Data obtained for Y/Ymax = 0.3 and 
Y/Ymax = 0.07, P/Pmax = 0.98 are also shown in 
Fig. 5D as the crosses and open circles, respec- 
tively. 

It is clear from the results of the experiments 
shown in Fig. 5 that there is no large change in the 
shape of the flash saturation behavior of Yo~ 
when RCII  are closed by the presence of a back- 
ground illumination. Even when more than 90% of 
the RCII  are closed at the time of a flash (Fig. 
5D), the observed saturation behaviors are, to 
within the scatter in the data, the same. We con- 
clude that if B = 0, A is small. 

The calculated curves shown in Fig. 5 allow us 
to determine an upper limit for the value of A. In 
all four panels of Fig. 5, T = 4 and solid curves 
were calculated using A = 0, dashed curves with 
A = 0.25, and dotted curves with A = 0.50. The 
curves drawn through the data in Fig. 5A, C were 
fit to the data by adjusting the value for %2 used 
in the calculations. For these curves we have as- 
sumed 3' = 1.0 (all RCII  are open). Values of Oo~ 
obtained from these fits are 5-10% smaller when 
A > 0 t h a n w h e n  A = 0 .  

The curves shown in Fig. 5B and Fig. 5D were 
calculated using the values for %2 and A obtained 
from the fits to the data shown in Fig. 5A and Fig. 
5C, respectively. Values for y were determined by 
the measured values of Y/Ymax" 3' = 0.25 for the 
curves shown in Fig. 5B and 3 '=0 .07  for the 
curves shown in Fig. 5D. Thus all the parameters 
used to calculate the curves shown in fig. 5B and 
Fig. 5D are fixed by the initial fits to the data for 
3' = 1.0 and by the measured values for Y//Ymax" 
NO independently adjustable parameters are used. 

For both sets of experiments shown in Fig. 5, 
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Fig. 5. Effects of cont inuous background il lumination on 0 2 flash saturat ion behavior in Chlorella. (A) 0 2 flash yields measured 
f rom cells in the presence (closed circles, Y =  Ym~,) and in the absence (crosses, Y =  0.85 Ymax) of a cont inuous dim 580 nm 
background illumination. The laser flash frequency was 0.5 Hz for bo th  sets of data. The background irradiance was 6.9.1014 
q u a n t a / c m  2 s. A relative laser flash energy of 1.0 corresponds to 1.1.1014 q u a n t a / c m  2. Cells (Chl /cel l  = 0.33 fmol, Chl b / C h l  
a = 0.26) were suspended in growth medium at a Chl concentrat ion of 63/~M. Solid curve: T = 4, 002 = 81 ~2, A = B = 0, 1' = 1.0. 
Dashed curve: T = 4, Ooz = 77 A2, A = 0.25, B = 0, 1' = 1.0. Dotted curve: T = 4, 002, A = 0.50, B = 0, y = 1.0. (B) All the data from 
(A) are replotted as the solid circles. The open circles ( Y =  0.25 }'max) represent data obtained f rom the same cells used in (A), 
co-illuminated with a continuous,  bright (47-1014 q u a n t a / c m  2 per  s), 580 n m  background light. Laser flash frequency and energies 
are as in (A). The three curves were calculated as in (A) except that  1, = 0.25. (C) Laser flash energy dependence of Yo, from 
Chlorella co-illuminated with a cont inuous dim 650 nm background light (Y = Ymax)- Cells and Chl concentrat ion are the same as in 
Fig. 4. The background irradiance was 2.4-1014 quan ta / cm2;  the laser flash frequency was 0.2 Hz. A relative flash energy of 1.0 
corresponds to 1.1-1014 q u a n t a / c m  2 per  s. Solid curve: T =  4, 002 = 86 ,~2, A = B = 0, 1' =1.0.  Dashed curve: T =  4, o02 = 79 ,~2 
A = 0.25, B = 0, 1' = 1.0. Dot ted curve: T = 4, o02 = 79 ~2, A = 0.5, B = 0, 1' = 1.0. (D) Effects of cont inuous 650 n m  background 
il luminations of varied irradiance on the laser flash energy dependences of Yo2 from Chlorella cells. Laser flash frequency and 
energies are as in (C). Closed represent data  from cells co-illuminated with bright cont inuous 650 n m  light (23-1014 q u a n t a / c m  2 per 
s, Y = 0.30 Ym~)- Open  circles represent data from cells co-illuminated with very bright (110.1014 q u a n t a / c m  2 per s, Y = 0.07 Ymax) 

650 n m  light. The three curves were calculated as in (C), except t h a t  1' = 0.07. 

A = 0.50 clearly does not fit the data. A = 0.25 
appears to be an upper limit for A in both cases. 
Even for values of  T as low as 2, good fits could 
not be obtained with values of  A greater than 
0.35. We conclude from the experiments shown in 
Fig. 5, that if B = 0, A is small, i.e., less than 0.25 
if more than two RCII share an antenna. 

It has been suggested to us that our use of a 
strong background illumination to close RCII may 
have induced a decrease in the PSII antenna size 
through the reduction of the plastoquinone pool  
due to the strong light and resulting activation of 

a protein kinase [41,42]. The smaller PSII antenna 
size could have compensated for the anticipated 
increase in observed cross-section due to energy 
transfer. We note that for p .-~ 0.6, a substantial 
decrease (about 50%) in antenna size would be 
required to account for the results shown in Fig. 5. 
When changes in apparent RSII antenna size have 
been reported for green algae or isolated chloro- 
plasts from higher plants, they have been small 
(about 15%) [43-45]. Furthermore, such results 
have been obtained from experiments specifically 
designed to maximize changes in high and low 
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cont inuous  i r radiances  would  not  have op t imized  
the hypothes ized  differences  in PSII  an t enna  size. 

To test for  changes  in PSII  an t enna  size in- 
duced  by  the process  discussed above,  we mea-  
sured %2 in cells i l lumina ted  with a d im 580 nm 
ba ckg round  light (Y/Yma,,=l.O). W e  next  il- 
l umina t ed  these cells with a br ight  backg round  

light (Y/Ym,x = 0.1) and  remeasured  %2 af ter  30 
min,  in the presence of  the br ight  light. F inal ly ,  we 
decreased  the backg round  i r rad iance  to the origi-  
nal  low level and  measured  ao~ at  2 2, 30 and  60 
min  fol lowing the end of  the br ight  i l lumina t ion  
per iod.  Similar  to the results  shown in Fig. 5, we 
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F i g .  6 .  ( A )  L i n e a r  r e g r e s s i o n s  o n  t h e  l o w  l a s e r  f l a s h  e n e r g y  

portion of the data shown in Fig. 5B. Symbols and flash 
energies are the same as in Fig. 5B. The regressions on the data 
represented by the closed circles and by the open circles are 
shown as the solid and dashed lines, respectively. (B) Linear 
regressions on the low laser flash energy portion of the data 
shown in Fig. 5D. The symbols and flash energies are the same 
as in Fig. 5D and the regressions on the data represented by 
the closed circles, crosses, and open circles are shown as the 
solid, dashed, and dotted lines, respectively. (C) Calculated 
relationship between the apparent relative absorption cross- 
section measured at low laser flash energies and 7. The curves 
were calculated using T = 4, o = 1.0 and B = 0. The values for 
A and "r are shown in the figure. Relative cross-sections (+ 1 
S.D.) obtained from the regressions presented in (A) and (B) 
are shown by the solid circles and crosses, respectively. The 
data have been normalized so that at "/=1.0 the relative 
cross-sections are unity. 

could  f ind no difference among  any of the mea-  
surements ,  ei ther in the shape of  the flash sa tura-  
t ion curve or  in Oo~ (da ta  not  shown). 

The  phosphory la t i on  of  the Chl a/b l ight- 
harves t ing  pro te in  has been shown to be reversible 
wi th  a half- t ime,  in the dark,  of 5 - 1 0  rain 
[44,45,47]. Since we see no difference in %2 mea-  
sured before,  dur ing or  after  br ight  i l luminat ion,  
we conc lude  that  under  our  condi t ions ,  any 
changes  in PSII  an t enna  size due to reversible, 
l igh t - induced  pro te in  phosphory la t i on  events are 
smal l  (under  10%) and do not  s ignif icant ly  in- 
f luence the results shown in Fig. 5 or  conclusions  

der ived f rom them. 

Effects of long-lived quenchers 
In our  ca lcula t ions  we assume that  all the ex- 

c i ted  states created in a Uni t  dur ing  a flash decay  
independent ly .  If  pho tons  abso rbed  in a Uni t  
dur ing  the flash interact  in ann ih i la t ion  events 
before  encounter ing  RCII ,  or  form long-l ived 
quencers  [48-56],  our  calcula t ions  will overesti-  
mate  flash yields. However ,  b i -exci tonic  interac-  
t ions cannot  expla in  the flash sa tu ra t ion  behavior  
the observe in Fig. 5 because  the power  densi t ies  
of  our  flashes are too low. F o r  example ,  assume 
that  a Un i t  consis t ing of  four  R C I I  and their  
an t ennae  is i l lumina ted  with a 500 ns flash of 
energy equivalent  to three pho tons  abso rbed  per  
RCI I .  This  flash energy (which would  p roduce  
abou t  95% of  the m a x i m u m  flash yield) would,  on 
the average, excite the Uni t  once every 40 ns. This  
exci ta t ion  f requency exceeds the m a x i m u m  in viva 
f luorescence l ifet ime (about  2 ns [33-35])  by  a 
fac tor  of 20. Thus,  even for flash energies near  
sa tura t ion ,  there is no more  than  one pho ton  at 
any  t ime in such a Uni t .  

A n  a l ternat ive  poss ib i l i ty  is that  a single excita-  
t ion arr iving at a closed R C I I  can, with some 
probab i l i ty ,  form a long-l ived quencher  (e.g., a 
ca ro teno id  t r iplet  [52-56]).  We  note  that ,  if the 
p robab i l i t y  of  quencher  fo rmat ion  is high, this 
process  is equivalent  to the case where A is small :  
an exci ta t ion  arr iving at  a c losed R C I I  does not  
escape,  it e i ther  forms a quencher  or  is quenched.  
If  a quencher  is fo rmed  with low p robab i l i t y  and 
if m a n y  R C I I  form a Uni t ,  we might  expect  a 
decrease  in flash yield (relat ive to the case of no 
quenching)  to result  at flash energies near  satura-  
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tion when many excitations are present in Units in 
which most of the RCII are closed. We have tested 
for the possibility that our data have been in- 
fluenced by the presence of long-lived quencher 
formation in two ways. 

A low flash energies, where the population of 
quenchers should be negligible, flash yields are 
linearly proportional to flash energies [10]. Figs. 
6A and 6B show the data from Fig. 5 (panels B 
and D, respectively) with laser flash energies re- 
plotted on a linear scale. Linear regressions on the 
data are shown by the lines. The slopes obtained 
from the regressions yield values for ao2. In panel 
A, the solid line is the regression on the data 
shown by the closed circles (Y = 1.0) and the 
dashed line is the regression on the data shown by 
the open circles (~, = 0.25). Values for 002 ob- 
tained from the regressions are 73 + 3 ~2 and 
77 + 6 ,~2, respectively. 

Similarly, in panel B, the solid, dashed and 
dotted lines are the regressions on the data shown 
by the closed circles (7 = 1.0), the crosses (y = 
0.30), and the open circles (y = 0.07). Values for 
002 obtained from these regressions are 75 + 4, 
84 + 10 and 84 + 4 .~2, respectively. 

The solid curves in Fig. 6C show the expected 
relative change in o plotted as a function of y for 
the different values of A indicated. For these 
calculations, T =  4 and B = 0. The normalized 
results of the regressions plotted in Fig. 6A, B are 
also shown in Fig. 6C. Similar to the results 
presented in Fig. 5, the data do not support values 
for A greater than about 0.25. This result argues 
against quenching of excitations by long-lived 
quenchers formed at laser flash energies below 
saturation. 

In a second set of experiments to test for long- 
lived quencher formation, we measured the change 
in the fluorescence yield of a dim, blue test flash 
given 30 #s following the actinic laser flash 
(A~(F30)). 30/~s after a short flash all long-lived 
quenchers have decayed and RCII still remain in 
their closed state [48-50]. At this time the relative 
fluorescence yield is at its maximum [11,48-50]. 

Fig. 7 shows data from an experiment in which 
we simultaneously determined Yo2 and A~(F30) 
as functions of the intensity of the actinic laser 
flash as described in Materials and Methods. the 
flash saturation behavior of Yo~ is shown by the 
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Fig. 7. Laser flash energy dependence of Yo2 (closed circles) 
and A~(F30) simultaneously measured from Chlorella cells in 
the absence of background illumination. The laser flash 
frequency was 0.5 Hz. A relative laser flash energy of 1.0 
corresponds to 0.79.1014 quanta /cm 2. Cells (Chl/cell  = 0.70 
fmol, Chl b/Chl b = 0.37) were suspended in growth medium 
at a Chl concentration of 97 #M. The curve drawn through the 
data was calculated using eqn. 3 with 002 = 110 ,~2. 

closed circles in Fig. 7. The open circles represent 
data for A~(F30). The solid curve shows a fit of 
Eqn. 3 to the Yo2 data (Oo2 = 110 A2). We note 
that the saturation curves described by Yo2 and 
A~F30 are similar, but not quite identical at low 
flash energies. 

Yo2 directly measures the fraction of RCII which 
has been closed by the actinic flash. A~(F30) 
allows us to probe the uninhibited system under 
conditions where y is known and quenchers other 
than RCII are absent. Fig. 8 shows the data from 
Fig. 7 with A~(F30) plotted as a function of Yo2- 
A~(F30) is not a strictly linear function of Yo2" A 
fit of Eqn. 1 to these data yields p = 0.18 + 0.02. 
This fit is shown by the solid line and the 95% 
confidence limits are indicated by the dotted lines. 
The broken line corresponds to p = 0.55, the value 
obtained from the fit to the fluorescence induction 
data shown in Fig. 1. 

The low values for p we obtain from the data 
shown in Figs. 7 and 8 support our preceding 
conclusion that A is small and argue against any 
significant effect on our results due to long-lived 
quenchers. The sharp contrast between the data 
shown in Figs. 1C and 8 provides an indication of 
how the simplifying assumptions used in the fluo- 
rescence induction analysis can lead to serious 
(300%!) error. 
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Fig. 8. A~(F30) plotted as a function of Yo~- The data are 
from Fig. 7. The curves were obtained using Eqn. 1 and 
correspond to p = 0 (dashed), p = 0.18 (solid), and p = 0.55 
(broken). The two dotted curves show the 95% confidence 
limits on the fit to the data shown by the solid curve. 

Effects of escape from open RCII 
So far we have based our calculations and 

conclusions on  the assumpt ion  that excitations do 

not  escape from open traps (B = 0). Fig. 9 sum- 
marizes the effect that escape from open traps 

would have on our conclusions. For  all the curves 

shown in Fig. 9, T = 4 and  the solid and dashed 

curves correspond to V = 1.0 and  3' = 0.05, respec- 
tively. The three pairs of curves shown in panel  A 
were obta ined  using different values for A and  B. 
The curves have been displaced from one another  
along the flash energy (by varying o) axis for 
clarity of presentat ion.  In  panel  A, curves '1 '  were 
calculated using B = 0 and  A = 0.25, curves '2 '  

using B = 0.25 and  A = 0.50, and  curves '3 '  using 

B = 0.60 and  A = 0.75. 
All three of these curves provide fits compara-  

ble to those shown in Fig. 5 for A = 0.25 (which 
appears to be the upper  limit for A and B = 0). 
However, as B becomes larger, the difference be- 
tween A and  B needed for a comparable  fit 
becomes smaller. This is most  clearly demon-  
strated by the curves shown in Fig. 9B. The curves 
labeled '1'  were calculated using B = 0.93 and 
A - - 0 . 9 5  and  curves '2 '  using B = 0.93 and  A = 
0.99. Even though the difference in A is less than 
5%, curves '1'  could provide a reasonable fit to the 
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Fig. 9. Calculation of the effects of energy transfer from open 
RCII on the shape of the laser flash energy saturation curves. 
"¢ = 1.0 for solid curves and ,/= 0.95 for dashed curves. Curves: 
(A) ' I ' :  T= 4. o0.30, 

'2": T= 4,o = 3.0, 
'3': T= 4,o = 30, 

(B) ' I ' :  T= 4, o = 0.30, 
'2': T= 4,o = 30, 

da ta  shown in Fig. 

A = 0.25, B = 0. 
A = 0.50, B = 0.25. 
A = 0.75, B = 0.60. 
A = 0.95, B = 0.93. 
A = 0.99, B = 0.93. 

5; curves '2 '  could not. In 

general, we can only obta in  fits to our data when 
(1 - B ) / ( 1  - A )  < 1 .5 .  

In  light of the behavior  of the curves shown in 
Fig. 9, we can conclude from our measurements  
that the difference, A -  B, is small. The exact 
magni tude  of this difference depends on the value 
of B. If B is small, our data  permit  us to conclude 

that A < 0.25. If B is significantly larger than 0, 
A -  B may be considerable smaller than 0.25. 

Final ly,  it is clear that, even if many  RCII  share 
a n t e n n a  and  even if A is large, when B = A the 
effective a n t e nna  size available to open RCII  will 
not  change on closing RCII .  

D i s c u s s i o n  

Comparison of results obtained with continuous and 
flash illuminations 

Measurements  using cont inuous  or pulsed i l -  



lumination techniques to determine the presence 
and extent of energy transfer among RCII give 
very different results. In this report we have used 
the same assay (fluorescence) and organism (Chlo- 
rella) and have measured the 'connection parame- 
ter', p [13,18,25], using both continuous illumina- 
tion and short laser flashes. With continuous il- 
lumination we obtain a value for p (Fig. 1C, 
p = 0.55) that is 3-times greater than the value we 
obtain from the flash experiments (Fig. 8, p = 
0.18). A small value for p is implied in all the 
results we have obtained with single-turnover 
flashes of light. 

The interpretation of fluorescence induction 
kinetics is neither simple nor straightforward. The 
quantum yield of fluorescence is only indirectly 
related to RCII photochemistry and is known to 
be influenced by many factors other than the 
redox state of the reaction centers. A partial list of 
these includes: the physiological state of the 
organism [43,57], ion concentrations and fluxes 
[58-60], membrane potentials [60-63], and charge 
storage by the O2-evolving system [64,65]. The use 
of herbicides to prevent multiple turnovers by 
RCII introduces additional complications. There 
are reports that even high concentrations of 
DCMU do not completely stop electron transfer 
between RCII and the plastiquinone pool [28,29]. 
Furthermore, the presence of multiple acceptors in 
RCII may allow multiple turnovers in the pres- 
ence of inhibitors [66-68]. Diner and Delosme [69] 
have recently found that the low potential fluores- 
cence quencher (QL) is not associated with the 
transmembrane charge separation reaction in PSII, 
and is the result of a different photoreductive 
process in RCII. Finally, changes in the fluores- 
cence yield occur on relatively long time-scales 
when RCII remain closed in the presence of in- 
hibitors. Joliot and Joliot [70] have shown that, in 
the presence of DCMU, the fluorescence yield 
measured 3 ms after a saturating flash is 30-50% 
greater than the yield measured 20 #s after the 
flash. Our own observations comparing Fm/F o 
measured with continuous light with that mea- 
sured 30 #s after a saturating single-turnover flash 
suggest similar changes in yield. An equivalent 
effect is evident in the data of Deprez et al. [56]. 

All of the points listed above directly relate to 
the assumptions used in the analysis of fluores- 
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cence induction as shown in Fig. 1. Qualitatively, 
it is clear that, under normal conditions, the fluo- 
rescence yield rises when RCII are closed. How- 
ever, the exact quantitative relationships between 
the redox state of RCII and the yield of fluores- 
cence, which are required for the analysis, remain 
to be resolved. In general, saturation behavior 
with continuous light depends on turnover times 
which may themselves be functions of illumina- 
tion in photosynthetic systems. 

Joliot et al. [14] measured rates of O 2 produc- 
tion by Chlorella cells partially inhibited with low 
concentrations of DCMU and illuminated with 
dim light. Rates of 02 evolution were greater than 
expected from the fraction of open RCII (as as- 
sayed by a superimposed satuating flash). Joliot et 
al. interpreted this result as due to a nearly 3-fold 
increase in the antenna size for the open RCII 
when most of the RCII have been closed. In 
contrast, our direct measurements of Oo2 (Figs. 5, 
6) in Chlorella show no large changes, even when 
more than 90% of the RCII have been closed. The 
direct comparison of rates determined in continu- 
ous (or modulated) light and yields of single- 
turnover flashes can be troublesome. While flash 
yields measure instantaneous concentrations of 
donor and acceptor species, steady-state rates 
(continuous or modulated) measure throughput: a 
convolution of irradiance, absorption cross-sec- 
tions, quantum yields and turnover times of multi- 
ple components with some in pools. As such, a 
larger number of factors can adverselly influence 
the steady-state rates as compared to flash yields. 
It is interesting to note that when RCII are in- 
hibited noncompetitively (with ultraviolet irradia- 
tion), a linear relationship between the rate of 02 
evolution and the fraction of open RCII is ob- 
tained [14]. 

We believe that the differences between the 
conclusions derived from experiments using pulsed 
and continuous illumination result from the 
fundamental differences between the two tech- 
niques. Rates observed using continuous illumina- 
tion are necessarily complex convolutions of light 
absorption and reaction rates, turnover times, and 
often, the kinetics of unrelated processes. These 
complications can be eliminated or at least greatly 
reduced by the careful use of pulsed illumination 
conditions. 



246 

Energy transfer among RCII  
Our major conclusion from the experiments 

described in this report is that, regardless of the 
number of RCII in a Unit, the quantity A - B is 
small (less than 0.25 for T > 2). Thus there is no 
large change in quenching by RCII on conversion 
from the open to the closed state. Depending on 
the value of B, two extremes are obtained. 

If B = 0, closed RCII can quench excitations 
with high yield (in the sense that the excited states 
are not available to other RCII). Thus, although 
many RCII may share a large antenna, there is 
little energy exchange among the RCII. We re-em- 
phasize here that the conclusion that A is small 
does not necessarily imply either that the site of 
quenching is RCII or that there is no change in 
fluorescence lifetime when RCII are closed. 

If B > 0, there is energy migration among RCII 
in the Unit, even when all RCII are open. How- 
ever, if A --B,  open and closed RCII are almost 
equally effective quenchers, there is little change 
in antenna size available to open RCII when amny 
RCII in the Unit are closed. 

Recently, Haehnel et al. [33,34] have described 
time-resolved measurements of fluorescence life- 
times and amplitudes from algae and isolated 
chloroplasts. These measurements have shown that 
the major part of the increase in fluorescence yield 
observed when RCII are closed in the presence of 
DCMU is due to the increase in amplitude of 
long-lived component of fluorescence emission. 
They have interpreted their results as indicating 
that the extent of energy transfer among RCII is 
small [34]. We have found similar results in time- 
resolved, double-flash experiments in which RCII 
are closed by light in the absence of inhibitors 
[35]. 

The common expectation based on the matrix 
model for photosynthesis is that when a substan- 
tial portion of the RCII in a Unit are closed, the 
remaining open RCII will perceive an increased 
antenna. We emphasize that this result will occur 
only if there is a large difference between escape 
of excitations from open and closed RCII. Our 
result that A -  B is small means that, no matter 
how many RCII share an antenna and no matter 
how great the degree of energy transfer among 
RCII may be, closing RCII does not greatly in- 
crease the cross-section of the remaining open 
RCII. 

Paillotin et al. [32] have recently published a 
master equation theory to describe properties of 
photosynthetic domains. An important parameter 
in their model is the quantity R. They defined R 
as the ratio g o / K m ,  where K o is the total rate of 
deactivation of singlet excitons in a domain with 
all RCII open and K m is the rate all RCII are 
closed. Our result that A -  B is small is equiv- 
alent to the observation that R is small. The 
statement by Paillotin et al. that R = Fm/F o [32] 
rests on the assumptions that Fv and F 0 arise 
from the same process in PSII and that the only 
rate constant to change when RCII are closed is 
the decay constant for quenching. The recent pico- 
second fluorescence measurements [33-35] lend 
support to an alternative explanation, first pro- 
posed by Klimov et al. [72], that F v represents a 
recombination luminescence from closed RCII. In 
light of this possibility and the discussion in the 
preceding section, we note that a large value for 
Fm/F o does not necessarily imply a large value for 
R, and equating the two parameters is probably 
unjustified. 

Appendix 

Calculation of flash energy saturation curves 

We define a Unit to contain T RCI1. C is the 
number of the RCII in a Unit which are dosed. A 
and B are the probabilities of escape from closed 
and open traps as described in the text. We can 
calculate, by summing a series (as did Joliot and 
Joliot [13], a probability that an excitation is not 
trapped in a Unit having C closed traps: 

P - ( 1 -  A) C / T  (A1) 
1-  B + ( B -  A ) C / T  

If B = 0  

(1 -  A ) C / T  (A2) 
PA 1 -- AC/T  

and we recover the Joliots' equation. (Eqn. 1 in 
the text). If A = 0 

C/T (A3) 
P" 1 - B ( 1 - C / T )  



and if A = B 

P = C / T  (A4) 

there is no observable effect of the "escapes"! 
Unfortunately, Eqns. A1-A4 do not take into 

account the consecutive nature of trapping and 
escape. If we define the probability of escape with 
adequate care (see text), the fraction of RCII 
closed (C/T) is not constant during the measure- 
ment. It changes as each trial is attempted. Thus 
the above equations, although widely used, are 
inadequate. 

For these reasons we calculated flash energy 
saturation curves using a modified version of the 
iterative semiannihilation algorithm described by 
Mauzerall [23]. This calculation treats the proper- 
ties of a large ensemble of Units and calculates 
the cumulative effects of successive photons 
absorbed by a Unit. Using the parameters 
A, B,C,T and ~ as described previously, the itera- 
tive portion of the calculation is: 

(1) H =  E ( 1 -  B)(T- C)/T 
(2) e = eAC/r+ EB(r-  c ) / r  
(3) C=l~+C 

The first line calculates the newly closed RCII, 
H, as the product of the excitation E, the prob- 
ability of closing an open RCII (1 - B ) ,  and the 
fraction of open RCII (T-C) /T) .  Line (2) 
calculates the residual excitation as the sum of 
escape from closed (EAC/T) and from open 
(EB(T- C)/T) RCII. Line (3) updates the num- 
ber of closed traps. At the start of the calculation, 
E = 1 (the first excitation absorbed by a Unit) and 
C = (1 - •)T (the number of RCII already closed 
at the time of the flash). The calculation cycles 
until E is small (less than 0.005). The yield of the 
first photon absorbed by the unit, Y1, (in terms of 
newly closed RCII: C -  ( ( 1 -  ~,)T) is stored and 
the cycle is repeated using E reset to unity and 
the new value for C. Saturation curves are calcu- 
lated as the products YnPn. Pn, the probability that 
a Unit has absorbed exactly n photons during a 
flash, is calculated from the laser flash energy, the 
Unit absorption cross section, and the Poisson 
distribution [23,50]. All calculated curves are nor- 
malized to maximum flash yields of unity. 
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