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Intensity Dependence of the Fluorescence Lifetime of 
in vivo Chlorophyll Excited by a Picosecond Light Pulse 

Abstract. New data on intensity-dependent lifetimes indicate that all previous in 
vivo fluorescence studies of chlorophyll by picosecond techniques must be reinter- 
preted. Anomalously short lifetimes restlt from high-intensity effects due to exciton- 
exciton annihilation processes. Measurements in Chlorella pyrenoidosa with single- 
pulse, low-intensity excitation indicate a longer "true" lifetime of 650 ? 150 picosec- 
onds. 

We recently investigated the in vivo 
fluorescence yield of chlorophyll excited 
with a single 530-nm light pulse 20 psec 
in duration (1). On the basis of pre- 
viously reported "single-pulse" quan- 
tum efficiency measurements and new 
lifetime data presepted here, we con- 
clude that there is an alternative inter- 
pretation for all previous in vivo chloro- 
phyll fluorescence results obtained by pi- 
cosecond techniques. Previous studies 
(2-9) involved the use of high-intensity 
ultrashort pulses from mode-locked la- 
sers in conjunction with optical gate (2- 
4) or streak camera (5-9) detection. The 
observed lifetimes were considerably 
shorter than those previously obtained 
with nanosecond flashes (10-14) or those 
estimated on the basis of quantum effi- 
ciencies (15, 16). As these measurements 
are essential for understanding efficient 
energy migration processes of photosyn- 
thesis, it is important to interpret this 
anomaly. We have proposed (1) that the 
short lifetimes result from the use of a 
very high intensity mode-locked laser 
pulse train as an excitation source and 
subsequent exciton-exciton annihilation 
processes occurring within the photosyn- 
thetic unit (PSU). Beddard et al. (9) also 
considered the possibility of such anni- 
hilative collision processes, but arrived 
at the opposite conclusion. We believe 
this controversy can be resolved with the 
new lifetime data presented here. We 
demonstrate that variations in the life- 
time with excitation intensity are readily 
observed in single-pulse experiments 
and arise from the exciton-exciton anni- 
hilation processes within the PSU. We 
further determine that under single- 
pulse, low-intensity excitation the in 
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vivo chlorophyll a fluorescence decay 
time for Chlorella pyrenoidosa is 
650 + 150 psec, a much longer lifetime 
than previously reported for this species 
with picosecond techniques (5, 6, 9), but 
in agreement with earlier low-intensity 
measurements (10-12). 

Using a single pulse selected from a 
mode-locked Nd: YAG (Nd3+: yttrium 
aluminum garnet) laser by means of a lon- 
gitudinal-mode potassium dihydrogen 
phosphate (KDP) Pockels cell (17) and 
doubling its frequency in KDP, we ex- 
cited samples of C. pyrenoidosa with a 
20-psec pulse of 530-nm light. The 530- 
nm pulse is propagated over a long delay 
path to the sample, allowing diffraction 
to smooth spatial inhomogeneities. The 
beam expands to a diameter of 9 mm, 
and is truncated to a known diameter 
with uniform intensity across its radial 
profile by a 3-mm aperture placed on 
axis. A lens images this desired profile 
onto the C. pyrenoidosa sample cuvette. 
A beam-splitting mirror after the aper- 
ture directs a portion of the pulse to a La- 
ser Precision energy meter. Since the ra- 
dial profile is accurately known, the 
beam intensity for each shot can be cal- 
culated. The resulting fluorescence at 
700 nm was observed from the front of 
the cuvette using an S-20 Electro-Pho- 
tonics streak camera with modified Jf/ 
optics. An SSR 500-channel silicon vidi- 
con optical multichannel analyzer 
(OMA) was coupled through a lens to the 
streak camera so that the fluorescent 
streak could be conveniently displayed 
on an oscilloscope or chart recorder. The 
lifetimes reported here were calculated 
directly from the OMA's digital readout. 
Calibration has shown that the device is 

nearly linear over a range of 700. The ex- 
citation intensity required for recording 
is a function of the fluorescing sample. 
streak rate, optics, and slit width. With 
modified input optics and optimum cou- 
pling fluorescence from C. pyrenoidosa 
is recorded with a single 1-utj excitation 
pulse at 3 x 1014 photon/cm2; the time 
resolution (20 psec) is limited by the la- 
ser pulse duration. By increasing the in- 
put slit width of the streak cqrpera the 
sensitivity can be increased. but at the 
expense of resolution. The sample, C. 
pyrenoidosa (Sorokin's strain ICC No. 
1230), was prepared as described in (6). 

Fluorescence from C. pyrenoidosa is 
shown in Fig. 1, A to C. The excitation 
intensities are. respectively, 1014. 3 x 
1014, and 3 x 1015 photon/cm2. The fluo- 
rescence in these cases decays to the lle 
point in 375 ? 50, 175 ? 25, and 50 ? 10 
psec, respectively. In Fig. 1, A and B, 
the streak camera slits were opened by a 
factor of 2 for increased sensitivity (tem- 
poral resolution - 30 psec). Taking into 
account the relative slit widths, the rela- 
tive peak amplitudes were determined to 
be 1.0. 2.6, and 20, respectively. It is 
probable that in Fig. IC the initial ultra- 
fast decay is not fully resolved. All 
curves shown are nonexponential, and 
consequently the l/e point given here has 
no special significance other than as a 
measure of the rapid variation of the 
decay with intensity. A weak component 
of fluorescence with a decay time of 1.5 
nsec is also present. 

Previous picosecond experiments in- 
volved excitation intensities that were 
typically in the range 0.1 to 10 mj/cm2 
(3 x 1014 to 3 x 1016 photon/cm2 at 530 
nm). In C. pyrenoidosa the total cross 
section for absorption of the PSU is 
thought to be of the order of 100 A2 at 
530 nm (18), so that at the intensities 
found in these experiments the PSU is 
multiply excited. Under these conditions 
there is a high probability that two or 
more singlet excitons might interact and 
cause a decrease in both the observed flu- 
orescence lifetime and the quantum effi- 
ciency. Further complications arise be- 
cause of the use of a train of mode- 
locked pulses. In experiments with the 
optical gate (2-4) data are typically accu- 
mulated from all of the pulses in the 
train, while in those with streak cameras 
(5-9) fluorescence from a single pulse 
near the center of the train is typically ex- 
amined. As these trains consist of about 
100 high-intensity pulses, pulses exciting 
the sample before the pulse chosen for 
streak camera investigation may popu- 
late the reaction centers, leave a residual 
population of antenna chlorophyll mole- 
cules in the triplet state, or otherwise 
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change the system. Thereafter, singlets 
generated by the pulse to be examined in- 
teract with the altered system. 

The strongest evidence against these 
effects was the linear proportionality of 
fluorescence with intensity observed by 
Seibert et al. (2, 3). Beddard et al. (9) fur- 
ther showed that with pulse train ex- 
citation the fluorescence lifetime was 
constant over a decade variation in ex- 
citation intensity, an experimental obser- 
vation verified by us independently (19). 
Nevertheless, a reinvestigation of this 
point was prompted by the recent results 
of Mauzerall (18), who showed that the 
quantum efficiency of fluorescence emis- 
sion from C. pyrenoidosa decreases at 
high pumping intensities for 7-nsec ex- 
citation pulses and interpreted the de- 
crease in terms of a multitrap model of 
the PSU and exciton-exciton collisions. 
Consequently, Campillo et al. (1) repeat- 
ed these quantum efficiency measure- 
ments with a single pulse selected from a 
mode-locked Nd:YAG laser at in- 
tensities comparable to those in the pre- 
vious picosecond measurements. The re- 
sults showed a decrease in quantum effi- 
ciency with intensity, in agreement with 
the results of Mauzerall. The relative 
quantum efficiency (I1)//o (the quantum 
efficiency at intensity I divided by the 
quantum efficiency at low intensity) was 
observed to decrease at an energy den- 
sity of 1013 photon/cm2, reaching values 
of 0.8 at 6 x 1013 photon/cm2, 0.6 at 3 x 
1014 photon/cm2, 0.4 at 1015 photon/cm2, 
and 0.2 at 2 x 1016 photon/cm2. The func- 
tional form of this decrease is most inter- 
esting and is consistent with singlet-sin- 
glet annihilation processes according to 
the theoretical considerations of Mauzer- 
all (18), Goad and Gutschick (20), and 
Swenberg et al. (21). 

For single picosecond pulse excita- 
tion, bimolecular processes other than 
singlet-singlet annihilation appear to be 
unlikely. Singlet-triplet (22) annihilation 
should play no role because of the long 
time for triplet formation, while inter- 
action of singlets with charge states in 
the reaction center can be ruled out by re- 
cent experiments that show similar ef- 
fects in chromatophores without reaction 
centers (23). It is important to note here 
that the manner in which the excitons 
interact strongly reflects the network 
of chlorophyll-chlorophyll interactions 
within the PSU. Attempts (18, 20, 21) 
have therefore been made to fit the ob- 
served data to gain new insight into the 
topology of C. pyrenoidosa. Researchers 
have used a Stern-Volmer equation ap- 
proach with a term, -yssns2, added to re- 
flect the singlet exciton annihilation pro- 
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Fig. 1. OMA-oscilloscope displays of 700-nm 
fluorescent streaks from C. pyrenoidosa ex- 
cited with a single 20-psec, 530-nm pulse. 
Excitation intensities are (A) 10T4, (B) 3 x 
1014, and (C) -3 x 1015 photon/cm2. The 
measured 1/e points are (A) 375, (B) 175, and 
(C) <50 psec. The relative peak intensities 
were (A) 54, (B) 141, and (C) 540 counts, with 
a slit width setting in (C) of half that used in 
(A) and (B); see text. This variation in fluores- 
cence lifetime with intensity is consistent with 
singlet-singlet exciton processes occurring 
within the photosynthetic unit. (D) Train of 
calibration pulses generated by passing a 
single 530-nm pulse through two parallel mir- 
rors (reflectivity = 92 percent at 530 nm). The 
resulting train has a known exponentially 
decaying envelope function and can be used 
to calibrate the apparatus. Neutral density 
filters can be inserted between the mirrors or 
the mirror separation can be varied to alter 
the envelope decay rate. Using this scheme, 
we could verify that the OMA-streak camera 
response and streak rate were linear. The 
streak rate in (D), 115 psec per major division, 
was somewhat slower than that in (A) to (C) in 
order to display more of the pulses in the 
calibration train. The width of the pulses 
shown in (D) is limited by the resolution of the 
instrument at this streak rate. Observations of 
a single 530-nm pulse at the streak rate of (A) 
to (C) show that the width of the 530-nm pulse 
is 20 psec. 

cesses (yss is a bimolecular rate constant 
for singlet-singlet annihilation and ns is 
the singlet excited state population, 
which is proportional to the observed flu- 
orescence), and have averaged over inde- 
pendent PSU's with a Poisson distribu- 
tion of multiple excitations to show that 
a slow decrease in quantum efficiency 
with increasing intensity is to be ex- 
pected. It is important not to experimen- 
tally introduce additional effects that 
might cloud the data, such as non- 
uniform excitation. Since there is ex- 
cellent penetration of the C. pyrenoidosa 
lamellar substructure at an excitation 
wavelength of 530 nm because chloro- 
phyll a and chlorophyll b absorb poorly 
there, induced gradients in the absorp- 
tion causing a shading effect are avoided. 

The variation in fluorescence decay 
time with intensity reported here is, we 
believe, consistent with singlet-singlet 
annihilation. A Stern-Volmer equation 
describing such a process is simply writ- 
ten, dns/dt = -kns - yssns2, valid for 
time t > 20 psec. Here k is a character- 
istic decay rate constant related to trap- 
ping, intersystem crossing, and radiative 
losses (k = 1/r, where r is the fluores- 
cence lifetime). The solution for ns is non- 
exponential (21); however, the initial 
decay rate can be estimated from the 
Hartree approximation (24) dnsldt- 
-kns - (ysfsi)ns, where ns is the ini- 
tial density of excited states. Thus, the 
initial decay rate observed with a streak 
camera technique is Kobs . k + yssfis. To 
estimate Yss one must have specific infor- 
mation on the PSU geometry, such as di- 
mensionality. It is convenient to define 
rF= Yssfs/1, where F is independent of 
PSU geometry. With this simple formula- 
tion we obtain a reasonable fit to our 
data. We find that F- 1.5 x 10-5 cm2 
photon- sec-' and k = 1.25 x *09 sec-1, 
and hence r i 800 psec. An alternate ap- 
proach in estimating r involves using 
both streak camera data and the ob- 
served quantum efficiencies reported in 
(1). We assume that the relationship 
r T(1)/[b(I1)/0o] is valid at intensities 
< 1014 photon/cm2. Using this approach, 
we estimate r = 535 psec. We suspect 
that the Hartree approximation yields an 
estimate that is high because it neglects 
the presence of a distribution of multiple 
excitations within the individual indepen- 
dent PSU's. The quantum efficiency ap- 
proach is suspected to give a low esti- 
mate because of background radiation. 
Nevertheless, an average of these two 
approaches yields r ~ 650 + 150 psec. 
This value agrees well with earlier low- 
intensity measurements (9-11) and those 
estimated using quantum efficiencies (14, 
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15), but is much longer than values found 
in previous picosecond studies. This 
measurement of r should at some time in 
the future be performed at intensities be- 
low 1013 photon/cm2. This is at present 
beyond the capabilities of our apparatus. 

As previous picosecond studies in- 
volved excitation intensities exceeding 
1014 photon/cm2 [for example, Beddard 
et al. (9, 25) used I > 1015 photon/cm2 
and Yu et al. (4) and Seibert and Alfano 
(3) used I > 6 x 1014 photon/cm2], the 
data obtained must also reflect exciton 
annihilative processes. We believe the 
observations in (2-9) can be explained by 
their use of full mode-locked pulse trains 
and by a singlet-triplet annihilation pro- 
cess. Triplets, which evolve from sin- 
glets by intersystem crossing, live longer 
[TT = 30 nsec in vivo (26)] than the time 
interval between pulses in the train 
[At = 6.7 nsec (9)]. Thus, the triplet pop- 
ulation will increase from pulse to pulse 
until a steady-state value, NTss, is estab- 
lished. This value is limited at high in- 
tensities through a combination of sin- 
glet-singlet and singlet-triplet annihila- 
tion processes, eventually becoming 
independent of I. In this "saturated" re- 
gime, an appropriate Stern-Volmer equa- 
tion for ns is simply expressed as dns/ 
dt = -YSTNTssns and has a nearly ex- 
ponential decay rate, ysTNTss, indepen- 
dent of /. This picture is similar to the ob- 
servations in (5, 6, 9). The singlet state 
decay constant, 'YSTNTss, is observed to 
be in the range 1010 to 3 x 1010 sec-1. 
Certainly these annihilation processes 
must occur at these intensities, and we 
suggest this an an alternative interpreta- 
tion to the previous experimental ob- 
servations. 

A. J. CAMPILLO 
V. H. KOLLMAN 

S. L. SHAPIRO 
University of California, 
Los Alamos Scientific Laboratory, 
Los Alamos, New Mexico 87545 
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A number of letters have recently ap- 
peared dealing with the interpretation of 
the greenhouse effect (1, 2) and the ety- 
mology of the term (3). Fleagle and Bus- 
inger (1) and Schwiesow (2) state that the 
infrared (IR) absorption by glass of the 
room temperature thermal radiation 
spectrum does little to alter the heat 
transfer characteristics of terrestrial 
greenhouses, and hence the thermal loss- 
es are essentially all due to convection. 
These authors cite the early work of R. 
W. Wood (1909), who "found that two 
model greenhouses, one covered with 
glass and the other with rock salt (which 
is transparent to both short- and long- 
wavelength radiation) reached very near- 
ly the same high temperature" (1). They 
conclude that the greenhouse effect is 
due to the suppression of vertical con- 
vection by a rigid lid. The implication is 
that radiative transfer plays a minor role 
in the terrestrial greenhouse effect. 

Indeed, a misconception exists be- 
cause radiative transfer from the interior 
of a room, or from a nonevacuated flat 
plate solar collector to the covering glass 
window, is at least as important as con- 
vective transfer. The physical phenome- 
non involved, which explains Wood's 
original observations, is that the sum of 
the convective and radiative losses is not 
changed appreciably by going from an 
IR-opaque cover (glass) to an IR-trans- 
parent cover (rock salt or polyethylene). 
However, the mix of the two contribu- 
tions on the interior and exterior sur- 
faces of the window is changed. This is 
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illustrated in Fig. I for the cases of verti- 
cal windows and horizontal skylights. 
These two cases differ by the nature of 
the free convective heat transfer 
coefficient at the interior surface of the 
window, and also by the effective sky 
temperature (4-6) as seen by windows in 
different orientations. The convection at 
the external surface is dominated by 
forced convection due to wind. The ex- 
ternal convective heat transfer coefficient 
is the same for both orientations. For the 
example illustrated in Fig. 1, we have 
chosen the interior temperature as 21?C, 
the exterior temperature as 0?C, and the 
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Effect of Infrared Transparency on the Heat Transfer Through 
Windows: A Clarification of the Greenhouse Effect 

Abstract. The various radiative, convective, and conductive components of the net 
heat transfer are calculated and illustrated for various infrared transparencies of cov- 
ers such as would be used in architectural, greenhouse, or solar collector windows. It 
is shown that in the limiting cases of infrared opacity and infrared transparency the 
relative contributions of the three modes of heat transfer are altered, but all contrib- 
ute significantly. The radiation shielding arguments pertain to the analogous green- 
house effect in the atmosphere. 
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