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SUMMARY 

The fluorescent lifetimes of Chlorella and Porphyridium were measured by de- 
termining the emission time distribution of fluorescent photons following excitation 
by a flash lamp. A lifetime of o.6 4- o.2 nsec was determined for both species ex- 
posed to light of an average intensity less than I erg/sec per cm 2. No lifetime greater 
than I nsec with a relative yield greater than lO % was found. 

INTRODUCTION 

During the past decade, several measurements have been made of the fluor- 
escent lifetimes of various photosynthetic species 1-6. Two independent methods have 
been utilized, direct observation of a phototube output pulse following flash excitation 
and phase fluorimetry. In the older flash work, BRODY AND RABINOWITCH 1, by means 
of a moment analysis, obtain lifetimes of 1.2, 1.5, and 1.6 nsec for Anacystis, Porphy- 
ridium and Chlorella, respectively. Using phase fluorimetry, BUTLER AND NORRIS 4 
obtained a value of 0.6 nsec for the fluorescence of bean leaf. In each of these measure- 
ments, it was explicitly assumed that the fluorescent species had unique lifetimes. 
More recently, MURTY AND RABINOWITCH 5 have cast doubt on the validity of this 
assumption by observing a complex decay spectra of fluorescent species excited by 
a flash lamp. However, in recent phase fluorimetric measurements 6 at both low and 
high light intensities, lifetimes of from 0.44 to 1.15 nsec were observed with no indi- 
cation of significant contributions to the lifetimes by longer lived components. In 
order to clarify some of these discrepancies we have begun a study of fluorescent life- 
time measurements using an approach differing from each of the above studies. 

EXPERIMENTAL METHOD 

The Porphyridium cruentum were cultured in 3oo-ml erlenmeyer flasks under 
sterile conditions in an inorganic medium described by BRODY AND EMERSON 7. The 
Chorella pyrenoidosa were cultured in 25o-ml flasks containing the following salts 
(in g/l): Ca(NOa)2.4H20, 0.96; KC1, o.17; KH~PO4, o.17; FeCla.6H20, O.Oli; 
MgSO4"7H20, 0.34. Air containing 5 % COs was bubbled through the flasks which 
were illuminated by four 20 W white fluorescent rods. The Chlorella were harvested 
after 3-4 days and the Porphyridium after 1-2 weeks. The fluorescence measure- 
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ments were made on algae at a concentration such that  an absorbance of o. 7 was 
measured at the chlorophyll a absorption peak. 

The decay of fluorescence was measured using a method that  minimized the 
effects of electron transit time spread in photomultiplier tubes 8. This method measured 
the distribution of time intervals between the absorption of light and the emission 
of single fluorescent photons. In the case where no more than one fluorescence photon 
could be detected from a single excitation event the distribution of time intervals 
between excitation and emission is a direct manifestation of the fluorescence decay 
curve. Since these time intervals can be measured using the leading edges of phototube 
pulses, the dispersion introduced by using the entire phototube output is significantly 
reduced. For example, the time dispersion using leading edges of single photon pulses 
is approx. 0.4 nsec while the full width at half height of such pulses is approx. 3 to 
4 nsec on well designed fast phototubes. 

Fig. I is a schematic diagram of the experimental system. The electronic com- 
ponents are modified versions of those designed by SIMMS 9 for use with significantly 
larger signals. A short light pulse was provided by an air spark gap (approx. 0.2 mm) 
made with 2 tungsten needles. The time spectrum of this light source is shown in 
Fig. 2. I t  can be seen that  the lamp output has both a fast component decaying 
with a mean lifetime of I . i  nsec and a slower component with a lifetime of about 
4.5 nsec. The average light intensity delivered to the photosynthetic species was in 
all cases less than I erg/sec per cm 2. 

A fast, high-gain Amperex 56 AVP photomultiplier tube (S-II response) viewed 
the lamp directly and provided a zero-time signal at the beginning of the flash-lamp 
emission. The samples were irradiated with blue light through Coming 5-58 and 5-59 
filters. The fluorescence was detected using an Amperex 56 TVP (S-2o response) 
phototube through a Corning 2-6o sharp cut-off red filter. Neutral density filters were 
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Fig. I. Schematic diagram of the electronic appara tus  used in the measurement  of fluorescent 
lifetimes. (F = filter, L = flash lamp, S = sample cell.) 

Fig. 2. Time spectrum of the flash lamp. Da ta  from 2 independent  runs  are indicated by  I t  and × .  
The solid line represents the fit to the data  using as the lamp spectrum the function I(t) = 
ioe-t/Lz + e-t~4.5 and taking into account the electronic response of the apparatus .  
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also used when necessary to reduce the light output such that  a fluorescent photon 
would be observed in no more than 5 % of the excitation events. In a typical experi- 
ment this value was usually 1%. This low value minimizes to the same degree the dis- 
tortion of the decay time spectrum by  2 photon events. 

The anode signal from each tube was shaped by  a limiter circuit into a 25 nsec 
long, I V square pulse. These signals were then fed to a time-to-amplitude converter, 
the output of which was directly proportional to the time overlap of the two limiter 
signals. The output of the time-to-amplitude converter was stored in a Nuclear Data  
512 Channel Analyser which was gated by  single photons of a prescribed energy. This 
gating assured that  all limiter output pulses used for time determinations were of 
identical amplitude. The system was calibrated and its linearity checked by  inserting 
various known delays after one of the limiters. Fig. 3 shows that  the system was 
linear over a range of 2o nsec. 
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Fig. 3. The cal ibrat ion of the t ime-to-ampl i tude converter over the t ime range used in this ex- 
periment. 

The time resolution of the electronic system, measured using large light signals 
in each phototube, was approx. 0.2 nsec. Unfortunately, we were unable to obtain 
a light source with a decay time sufficiently short to measure directly the time reso- 
lution of the apparatus using single photon pulses in one phototube. In lieu of such 
short light sources, however, the single photon response of the equipment was de- 
termined by  calculating the electronic response from the observed response to light 
from a fast plastic scintillator and from the lamp flash. In this analysis both the lamp 
and the scintillator were assumed to have a rise t ime less than 0.2 nsec and an expo- 
nential decay. If this assumption concerning the rise times proves invalid, we will 
have attr ibuted dispersion to the phototube which more properly should have been 
assigned to the lamp or scintillator. This incorrect attribution, however, will little 
affect the analysis of the light emitted from fluorescent species. 

The determination of the single photon response can be done in a manner similar 
to that  used by  KOECHLIN 1°. Let G(t) be the single electron distribution function, 
i.e., the response of the phototube and electronics to a series of single photons arriving 
at the photocathode at a precisely determined time. The output of the system to 
a lamp with a delta function output would simply be G(t) ; the output to a lamp with 

. . . . .  Q o  v t t / " 

a finite emission time would be proportional to -o~J" G(t--t )F(t )dt,  where F(t ) is 
the photon emission probabili ty of the light source. Let Y(t) represent the observed 
response to a light source which decreases exponentially in the early portions of its 
decay. 

c O  o o  

Y ( t )  = ~ , tF ( t ' )G( t  - -  t ' )d t '  = ~ Xe -a t '  G( t  - -  t ' )d t '  
- - o o  - - o o  
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Integrating by parts and substituting z for I/2 we obtain: 

dY 
Y ( t )  = G(t)  - -  T - - -  

d t  

from which G(t)  can be obtained directly. Using the above equation G(t)  was found to 
be reasonably represented by a Gaussian, e -(t-to)~/2G~ where ~ = 0.4 5z o.I nsec 
(see Fig. 4). Because of the agreement between G(t)  determined from the lamp data 
and from the plastic scintillator, it appears that the assumption that the lamp had 
an extremely fast rise time was justified. 
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Fig. 4. The experimental ly determined phototube response to single photons. The solid line re- 
presents the Gaussian e (l-to)2/2(o.4) 2. Flash lamp data are indicated by  crosses and data  from a 
plastic scintillator by circles. 

Using this response function the best fit to the lamp output was found to be 
I ( t )  = I O  e -t/I"I @ e U4.s where t is measured in nsec. The accuracy on each decay con- 
stant is estimated to be IO % and on the normalization of the long lived component, 

O O /  3 /o. It  should be noted that although the long component of the lamp emission is 
not manifest until the lamp intensity has fallen to less than Io % of its initial value, 

3 /o of the lamp output is in the long lived component. approx, o o,/ 

RESULTS 

Fig. 5 shows data obtained for the C h l o r e l l a  f l y r e n o i d o s a  along with the pre- 
viously described lamp spectrum. Since the Chlorella fluorescence had no observable 
lifetime longer than the lamp, it was not possible to obtain the Chlorella decay con- 
stant directly. However, the lifetime could be determined by the delay in time of 
fluorescence light relative to that of the exciting lamp. Representing the lanlp out- 
put by 

I ( t )  - -  i o e - t / 1 . 1  @ e - t / 4 . 5  

the expected Chlorella fluorescence for a single component decay having a mean life, 
ZF, is calculated to be 

I I  4.5 [ IX 4 " 5 ]  
F ( t )  - -  c-t/1-1 -~ . . . .  e-t/4.5 - -  ~ e - t~  rF 

I . I  - -  rF 4 . 5 - -  rF I . I  ~ TF 4 .5- -~  TF 

where t is again in nsec. Modified by the phototube response function this gives the 
solid line in Fig. 5 for which a value of 0.6 nsec was used for zF. The data are sufficient 
for an accuracy of ~ 0.2 nsec on the value of Ty. Because of the close correspondence 
between the calculated curve and the data at long times, we can say that there is nor 
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long lived component of fluorescence present to an extent such that  the integrated 
output of that  component would exceed io % of the total fluorescence. 

As with the lamp, the fluorescence was detected at counting rates which varied 
by a factor of 5. No change was observed in the decay spectrum. Moreover, at these 
same counting rates, the fluorescence of uranine was measured and its lifetime found 
to be 4.2 ~2 o.2 nsec (see Fig. 5). These two checks indicated that  the measured life- 
times were not affected by distortions introduced from events in which two photons 
entered the counter from one light flash. 
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Fig. 5. The time spect rum of Chorella fluorescence. Two independent  runs  are indicated separately 
and correspond to the lamp runs  indicated by  • and × in Fig. 2. The solid line represents the 
fluorescence calculated using a lifetime vF = o.6 nsec, the short  dashed lines lifetimes of o. 4 and 
o.8 nsec. The average lamp excitation spect rum is indicated by  the long dashed line. Also shown 
in the top of the diagram are data  obtained with uranine showing a lifetime of 4.2 ± o.2 nsec. 

We also searched for a longer lived fluorescence component using the full photo- 
tube output and a sampling oscilloscope. To improve the intensity resolution, the 
sampling oscilloscope output was stored and integrated in a multi-channel analyser. 
We did not detect any long lived component. However, at the high voltages necessary 
to measure the fluorescence, we found distortions introduced into the spectra from 
secondary electron emission by the phototube dynodes. 

We also measured the fluorescence lifetime of Porphyridium cruentum. Data 
identical to that  shown for Chlorella were obtained. 

DISCUSSION 

Our value of o.6 ~2 o.2 nsec for Chlorella and Porphyridium lifetimes agrees 
within experimental error with previous phase fluorimetry measurements2,4,% How- 
ever, it is shorter than previous flash measurements. This may  be due to our use of 
lower intensities of light (no intensity data of previous flash work were available) or 
to the improved resolution possible from the timing measurements used in this work. 

One of the problems of fluorescence measurements has been the lack of agree- 
ment between observed lifetimes and lifetimes calculated from ratios of fluorescent 
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yields. Recent  measurements  of MURTY, CEDERSTRAND AND RABINOWITCH 11 gave a 
value of 5.9 for the fluorescence yield of chlorophyll a in ether relative to tha t  of 
Chlorella at an incident  light in tens i ty  of 600 erg/sec per cm~. Using a value of 0.34 
(see ref. 3) for the fluorescent yield of chlorophyll a in ether, the above ratio suggests 
a fluorescence lifetime of 0.9 nsec for Chlorella. This value is in reasonable agreement  
with our measured value for T of Chlorella considering the different light intensit ies 
used and possible var ia t ion of envi ronmenta l  condit ions for the Chlorella. I t  does not 
agree well with the two component  v da ta  of MURTY AND RABINOWITCH 5 in which 
greater than  50 % of the fluorescence appeared to have a lifetime of 5.6 nsec. 

In  conclusion, it is felt tha t  the data  presented here indicate only a single Chlo- 
rella or Porphyr id ium lifetime. No lifetime greater than  I n s e c  with a relative yield 
greater than  IO % of the total  is present. We cannot,  however, rule out the existence 
of 2 fluorescent species having lifetimes differing by  0.2 or o.3 nsec. Hence, these 
results cannot  be used to rule out the existence of 2 fluorescent species or 2 types of 
photosynthet ic  units.  

XOTE ADDED I~, ~ PROOF (Received September 2oth, 1967) 

CjOVINDJEE (private communicat ion) ,  repeat ing the work of MURTY el al. 11, 

reports tha t  he has been unable  to obta in  fluorescent yields in Chlorella greater than  
3 %- This gives an est imated lifetime closer to our measured value and that  de termined 
by  phase fluorimetry. 
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