timed fluorescent events, as will pumping with nano-
second, microsecond, and millisecond flashes. Each
regime has its value in revealing the nature of energy
migration through the PA, and it appears as if light
with longer pump durations is able to probe deeper
into the long succession of steps that ultimately leads
to stable charge separation and stored energy [3].
Picosecond pump sources, for example, do not probe
the PA at all, reporting only the singlet lifetime of
(Chlorophyll) Chl antenna [4-6], perhaps even before
any energy is transferred to the PA. Nanosecond
pump sources, used in the work presented here, do
reveal initial traversal of the pump energy from
the Chl-a as “light antenna” into the PA, and allow
for monitoring the early attempts of the PA at charge
separation [7,8]. The photosynthetic reactions in-
duced with these short pump pulses, however, are
unstable and fluorescence results from their rever-
sal, as seen in Ref. [7], and in this paper. Microsecond
pump sources probe so deeply as to even allow for
measurement of oxygen evolution in the PA [9]. Fi-
nally, millisecond pump sources are perhaps the
most prolific and probe deeply into the dynamics
of the PA, even resolving closure of the PA to addi-
tional photons as photosynthesis and charge separa-
tion occur [3,10-13].

2. Instruments and Methods

Specific details concerning the construction of the ap-
paratus used in this work will be presented in a
forthcoming publication [14]. Briefly, a @-switched,
1kHz, diode pumped, Nd:YLF laser [15] is used to
stimulate the Chl-a fluorescence. The laser has a
spectral peak at 440 nm with a bandwidth of approxi-
mately 20nm at half-maximum. The temporal
laser pulse width is also Gaussian shaped, with a full
width at half-maximum of approximately 50 ns. Time
averaged output power is 10 mW, corresponding to
a peak pulse power of 200 W and a pulse intensity
of 6.4x10”"W/m?2, or 233mol quanta s"'m=2. The
streak camera is a bare 20 Model ST-X streak tube
[16] that is powered with circuits constructed in-
house. The resulting streak image is captured using
a thermoelectrically cooled, integrating CCD cam-
era. Synchronization between the sweep voltage of
the streak camera and the laser/sample traversal
is ensured using a precision delay generator [17].
The seawater samples used in this work are live sam-
ples of ocean water collected near a university-owned
pier facility at Avila Beach, California, which ex-
tends about 1km into San Luis Obispo Bay, located
on the central California coast at 35.3N, 120.6 W.
A sample was transported to the laboratory and
placed in the laser beam within 15 min after collec-
tion. Enough seawater is collected to fill a 30cm
water column. Scattering of the blue laser beam by
particulates in the seawater clearly reveals the
thin blue laser beam by direct observation. The
same observation through a 692(+£40) nm (red) filter
(Edmund Optics 48148) reveals a faint red glow ema-
nating from the same volume traversed by the laser

beam. In normal operation, two filters are placed in
front of the streak camera aperture, the 692 band-
pass filter, and a 440nm band-reject filter, which
blocks scattered laser light from entering the streak
camera. Data presented in this paper represent
typical observations from eight samples collected
between January 2006 and March 2007. A schematic
for the assembled apparatus is shown in Fig. 1. The
water column, laser beam, and streak camera aper-
ture are mutually parallel allowing an image of the
thin volume of water traversed by the laser beam to
be captured by the streak camera.

3. Resulis

A typical streak image taken for live seawater is
shown in Fig. 2. As shown, the vertical extent of
the streak image represents approximately 30 cm of
a laboratory water column; the entire horizontal ex-
tent of the frame represents 150 ns of time. The laser
enters the water column at the bottom of the image, at
a time of O ns. The bright features near 10 and 30 cm
are surface features due to water—glass and water—air
interactions from the container holding the seawater
itself and are ignored in favor of a surface free region
near the center of the water column, near 20 cm. A sin-
gle image from the streak camera is considered as a
collection of pixels in a (time, distance) coordinate
space. Each vertical pixel represents a discrete vo-
lume of seawater a given distance from the bottom
of the container, while each horizontal pixel repre-
sents the time evolution of the fluorescence of a given
volume after irradiation. The sweep voltage for the
streak camera we used makes each horizontal pixel
represent an additional 1ns in time evolution.

For analysis, a row of pixels was chosen at the mid-
dle of the image in Fig. 2, near 20 cm. Using image
analysis software [18], a horizontal pixel intensity
profile is extracted from the image and plotted as
the fluorescence curve in Fig. 3. The horizontal axis
is the same time axis as in the raw streak image. The
right vertical axis, in its rawest form, would be a
digital pixel value from 0 to 4098 (from the 12bit

Fig. 1. Schematic of the apparatus used in this work. The laser
pumps a column of seawater, oriented parallel to the slit of a streak
camera. Imaging optics creates an image of the water traversed by
the laser beam onto the aperture of the streak camera, after pas-
sing through a blue-reject and 685 nm bandpass filter. A CCD cam-
era is used to capture the resulting streak camera output
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Fig. 2. Typical streak image obtained for in vitro seawater.

CCD camera) sampled along the horizontal line in
the image in Fig. 2 at 20 cm. For this paper, however,
these pixel values were calibrated by tabulating pixel
intensity values observed as a result of sending laser
pulses with known powers [19] into the streak cam-
era at the same wavelength as the fluorescence.
Hence the right vertical axis in Fig. 3 is fully cali-
brated in microwatts. The vertical axis of the streak
camera represents the spatial extent of a sample tra-
versed by the laser beam. However, because of the
surface features discussed above, any extended use
of this axis is ignored. Thus attenuation coefficients
are not presented in this paper, but will be an impor-
tant analysis point in the ocean-deployable version of
this apparatus.

To make correlations with the pump light, another
streak image was acquired with the laser reject filter
removed. In this configuration, the 440 nm scattered
laser light dominates the fluorescence light, and the
streak camera effectively captures the time evolution
of the laser pulse. A pixel intensity profile is taken for
this second streak image (at the same vertical posi-
tion as the first) and is plotted in Fig. 3 as the laser
curve, with a calibrated power axis on the left. When
viewing Fig. 3, the reader is cautioned to observe the
vertical axes carefully. The laser intensity values are
along the left vertical axis, while the fluorescence in-
tensity values are along the right vertical axis. There
is a factor of 108 between the two scales. This figure
essentially represents the raw data this apparatus is
able to capture: instantaneous fluorescent emission
from a seawater sample during the evolution of the
excitation (or pump) light pulse.

4. Discussion of Data

A. Temporal Features

In examining Fig. 3, it is noted that the horizontal
(time) axis is absolute. The point “time = 0” repre-
sents when the laser is preparing to fire, starting

a measurement cycle. Light from the laser pulse is
seen first, followed by the fluorescent emission from
Chl, presumably Chl-a. The most prominent tempor-
al feature is an approximate 10 ns delay between the
pump and the fluorescent light emission curves. This
delay was consistently observed over several months,
with eight different seawater samples, and varied by
(£2) ns. It is tempting to call the delay instrumental,
but this is difficult to justify given that the only ex-
perimental difference between the two curves in
Fig. 3 is the removal of the laser light rejection filter.
Light travel times cannot be the cause, since a 10 ns
delay would represent some spatial gap of approxi-
mately 3 m, which is two to three times larger than
the entire apparatus. Such a delay between pump
and fluorescent emission has been seen in other work
[20] and is common in photosynthetic systems
[7,21-27], being called delayed fluorescence (DF).
It is noted that, with the exception of Ref. [20], these
references do not directly show evidence of DF, as
shown in Fig. 3 here. This is attributed to the fact
that, to our knowledge, this work is the first to ob-
serve fluorescence of seawater during a laser flash,
with a detector having such an extremely large tem-
poral bandwidth at correspondingly short time
scales. Two elements of control against the live sea-
water samples have been performed.

The first control is a set of data acquired using a
sample consisting of fresh spinach leaves soaked in
acetone for approximately 2h. The sample was fil-
tered of any visible particulates then placed in the
laser beam. The sample is seen to fluoresce very
brightly in the red. Apart from a multiplicative con-
stant in amplitude, the temporal shapes of the laser
pulse and spinach fluorescence responses are
identical; the time delay observed in Fig. 3 is absent.
The absence of a delay in the spinach sample makes
physical sense, as follows. The Chl-a in the acetone
solution is not connected to a photosynthetic appara-
tus; it is a dead sample. In such a solution, the Chl-a
molecules absorb laser photons and subsequently
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Fig. 3. Laser (solid curve) versus fluorescence (dotted curve) as
extracted from a horizontal row near 20cm in Fig. 2. The laser
curve was taken independently from the fluorescence curve, with

the laser-light reject filter removed.



fluoresce with a lifetime lasting approximately 2ns
(see picosecond references above), which is too fast
to observe during the 70 ns laser pulse we used. Dur-
ing the laser pulse, therefore, there is a continual
pump-fluoresce—pump-fluoresce cycle occurring. The
short fluorescent lifetime, relative to the laser pulse
width, means that, at any given instant, there is a
supply of unexcited or recently deexcited Chl-a elec-
tron transitions that can (re)absorb a pump photon
and subsequently fluoresce. More pump photons
yields more fluorescence and the overall fluorescence
response simply follows the temporal envelope of the
laser pulse itself. (As a small additional control step
sample, off-the-shelf distilled water was placed in the
apparatus, which yielded no detectable signal.)

The second control was in additional measure-
ments on the seawater signal as follows. Upon care-
ful inspection of Fig. 3, it is evident that, although
the rising edge of both the laser and the fluorescence
pulses are similar in appearance, the laser pulse
clearly has a longer decaying “tail,” making it appear
to last approximately 9ns longer than the fluores-
cence pulse. This leads to the possibility that the
fluorescence signal is actually stimulated Raman
scattering. This possibility has been eliminated with
two tests. The first test is in a light spectrum col-
lected from the volume of seawater traversed by
the laser beam, taken with an Ocean Optics USB
4000 spectrometer [28]. The spectrometer returns in-
tensity versus wavelength of an injected light sample
in real time. For the seawater sample, a strong peak
at 440nm was observed, in addition to an =20nm
wide feature centered near 690 nm. The overall spec-
trum closely resembles the “Chlorophyll-a” curve
found on page 55 of Ref. [12]. In other words, to with-
in the detectability of the spectrometer, the spectrum
looks very “clean,” unlike that expected from light
dominated by stimulated Raman scattering, which
would contain many more features spread through-
out the spectral region of interest. The second test is
in the observation of the temporal laser-pulse profile
generated by the streak tube, as a function of laser-
light power scattered into the tube. Observations re-
veal an overall temporal intensity-broadening of the
laser pulse, by the phosphor screen, at full laser
power. This is attributed to the phosphor being inun-
dated with higher kinetic energy electrons, as gener-
ated by the higher frequency laser photons. Upon
impact, the phosphor glows very strongly, which
“bleeds” into neighboring pixels on the phosphor.
As the laser pulse is attenuated using a variable neu-
tral density filter, it is observed to decrease in width,
relative to its fixed peak. In particular, the long tail
seen from 80 to 140 ns in Fig. 3 disappears, causing
the laser pulse and fluorescence to share a nearly
identical temporal width. Since the peaks in the laser
and fluorescence curves do not shift as a function of
input laser power, Fig. 3 is presented to illustrate the
maximum fluorescence signal attainable for sea-
water, given all available laser pump power produced
by the off-the-shelf laser we used.

The lack of a delay in fluorescence in the acetone
sample indicates the DF observed in the seawater
(or “live”) sample comes from some connection be-
tween the Chl-a antenna and the photosynthetic
apparatus (see below). Despite this connection, how-
ever, the live data still do not reveal any pulse-to-
pulse dynamics. That is, the fluorescence shown in
Fig. 3, due to laser pulse NV is not affected by laser
pulse N -1, and will not affect the fluorescence
caused by laser pulse IV + 1. This indicates a discon-
nection between the Chl-a antenna and the photosyn-
thetic apparatus. This apparent paradox sets a limit
for what the pump source that we used is able to
achieve relative to the photosynthetic process: the
DF indicates that the photosynthetic process has
started in the live sample, but the lack of pulse-to-
pulse dynamics indicates that the process then fails
to sustain itself over the 1us off time between laser
pulses. It is concluded then that stable charge separa-
tion is not achieved with a pump source lasting a few
tens of nanoseconds, and any initiated photosynthetic
processes identifiable via fluorescence terminates
with each laser pulse. This is in stark contradistinec-
tion with studies performed with a LED or flashlamp-
based pump sources, where the pump durations last
up to several orders of magnitude longer in time [1,2].
It appears that pumping a live sample in the nanose-
cond regime is at an awkward boundary in the photo-
initiation of photosynthesis. Such pulses are too long
to observe any fluorescent lifetimes, and too short to
fully initiate the photosynthetic process.

Evidence of the connection between the 10ns DF
observed in this work and the PA is as follows.
Figure 4 shows an adaptation of the early stages
of the Z-Scheme for photosynthesis from Refs. [21,22].
In this scheme a 440 nm photon is absorbed by a
Chl-a antenna. After nonradiative photon energy
losses, an electron is promoted from state (0) to
(1), creating Chl*, an excited Chl molecule. As indi-
cated in Fig. 4, within 60 ps, Chl* transfers its energy
to P680, the photosystem II reaction center forming
P* (or P680*). Within 3 ps, the first step in charge se-
paration can occur, where I (pheophytin) accepts the
excited electron from the photosystem, producing
oxidized P* and reduced I~ states. Finally, PTI-Q4
can revert to P* for prompt electron deexcitation
via fluorescence at 685nm within a lifetime that
seems somewhat undetermined, but consistent with

. 60 ps  pxq
( 1)Chl - » (2)
\ 3 ps
P'lQ,

@)

‘/ns (see text)
Chl

0)—
Fig. 4. Initial steps in the “Z-diagram” of photosynthesis adapted
from Ref. [22]. It is believed the 70 ns laser pulse we used cannot
compete with the 4ns recombination step between P and I-.



the 8-12ns DF observed here. Reference [22] puts
this time at 4ns, Ref. [7] puts this time between
15 and 60ns, and Ref. [21] reports between 100
and 300ns. It is also noted that all these studies
use different samples in different environments.
The lifetime of the P™ and I~ recombination back re-
action occurs within the time of the DF observed in
this work, prompting the belief that this back reac-
tion is responsible for the DF observed. Any further
charge separation, for example, to QA~, the second-
ary plastoquinone electron acceptor, does not occur,
since this step involves dynamic processes lasting
milliseconds to seconds, which are simply not seen
in this work. It is concluded then that a 70 ns laser
pulse cannot drive the photosynthetic process past
the reduction of I (the pheophytin).

It is noted that fluorescence at the red wavelength
(685 nm) can only come from deexcitation of the Chl
antenna. Thus, a 10 ns delay in fluorescence means
an excited electron must be prevented from deexcita-
tion for this time duration. This cannot be explained
by deexcitation of the Chl-a antenna alone, since this
fluoresce is prompt, with a 2 ns lifetime. If, however,
charge separation is initiated via the pheophytin
electron acceptor, a delay in fluorescence is possible
as the back reaction takes its respective time to com-
plete, while the excited electron is energetically sepa-
rated from the Chl antenna and not available for
deexcitation and fluorescence.

B. Fluorescent Yield

The data shown in Fig. 3 allow for a direct determina-
tion of the fluorescent yield from the Chl-a as a func-
tion of instantaneous pump intensity. This result is
shown in Fig. 5, where the ratio of fluorescent emis-
siontolaser fluenceis computed at a given time during
the laser pulse. This result allows for comparison of
this paper with that of others [12,29]. In particular,
as shown in Ref. [30], fluorescent yield follows the
“one hit Poisson” function 1 — e~/ , where J is the laser
fluence and o is the functional cross section. For the
relatively small number of photons in a single laser
pulse (a factor of 1000 lower than that used in Fig. 2
of Ref. [14]), oJ < 1, so e/ = 1-¢J, meaning the
Poisson function reduces to simply oJ. Hence, the
slope of the data shown in Fig. 5 is the functional cross
section, found to be 9.46 x1071%cm? or 0.0095
(0. OOOZ)A

This cross section for in vitro seawater has not
been found in the literature, and this may be the first
reporting of it. The closest variant, as derived from
fluorescence yield measurements, has been reported
for Chlorella Vulgaris at 1.3 to 280A2 [31,32].
Another report shows this number to be dependent
on ambient lighting conditions and ﬂash energy
[30] with values as low as 0.29A% which is
(merely) a factor of 30 larger than the Value found
here for seawater. It is not possible to decide on
the correctness of this cross section for seawater; in-
stead it is pleasing that a cross section, with a some-
what similar value to the work of others, can be
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data shown in Fig. 3 by eliminating time between the two curves.

The slope is the functional cross section for in vitro seawater

phytoplankton.

derived here, considering the extremely different cir-
cumstances under which it was taken. Further work
is needed to quantify the place of this result.

5. Use as a Deployable Ocean Fluorimeter

As mentioned in Section 1, this work is part of a lar-
ger effort to develop a deployable, laser-based, ocean
fluorimeter. The two parameters discussed above,
the time lag of DF, and the functional cross section
came by analyzing pixel intensities across only a sin-
gle horizontal axis of an acquired streak image.
Other horizontal rows, representing the spatial axis
of the streak camera (due to laboratory constraints)
went completely unused in this paper. It is hoped this
spatial axis will prove useful in real-time phyto-
plankton mapping applications for the eventual
ocean fluorimeter. In use, the DF can be observed
and the cross section derived for every horizontal
row of pixels acquired from a streak camera image,
representing (with suitable optics) many vertical feet
of instantaneous phytoplankton fluorescent response
to each pulse of the laser.

Current work involves integrating this entire ap-
paratus onto a REMUS [33] platform. Initial goals
when deployed in the ocean will be to monitor the
DF and functional cross section along the full spatial
capability of the streak camera and attempt to attach
the results to global oceanographic parameters.

6. Conclusions

En route to developing a laser-based ocean fluori-
meter, we observed instantaneous fluorescent emis-
sion from Chl in phytoplankton resident in in vitro
seawater samples as a result of pumping with a
440nm, 70ns laser pulse. Delayed fluorescence of
10(£2)r ns is seen, and a functional cross section of
0.0095 A? is derived from the data. The delayed fluor-
escence is connected to a back reaction in the early
stages of the charge-transfer process of photosynth-
esis. The data do not reveal any pulse-to-pulse hys-
teresis, such as that seen with pump sources with



flashes lasting milliseconds. The lack of pulse-to-
pulse hysteresis may prove useful for direct phyto-
plankton mapping as a function of concentration
since the fluorescent emission from the plankton will
be linear with pump energy. This linearity is a desir-
able feature for an ocean fluorimeter, not possible
with systems exhibiting variable fluorescence, since
fluorescence emission in these regimes has a compli-
cated, nonlinear dependence on pump energy and
relative irradiation time.

Finally, future work includes deploying the appa-
ratus into the open ocean and monitoring the delayed
fluorescence and cross section as a function of loca-
tion and depth [34]. It is hoped either or both of these
parameters will yield clues to the instantaneous phy-
toplankton taxonomy and/or physiology relative to
the local ocean environment. Finally, it is hoped
the spatial discretization of seawater, made possible
by the streak camera, will allow for increased
monitoring resolution of thin-layer, coherent, phyto-
plankton patches [35].
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