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Summary

A synchroscan streak camera in combination with a spectrograph can simultaneously record temporal dynam-
ics and wavelength of fluorescence representable as an image with time and wavelength along the axes. The 
instrument response width is about 1% of the time range (of typically 200 ps to 2 ns). The spectral window of 
250 nm may lie between 250 and 850 nm. Such spectrotemporal measurements using low excitation intensities 
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have become routine. Sophisticated data analysis methods are mandatory to extract meaningful physicochemical 
parameters from the wealth of information contained in the streak image. In target analysis a kinetic scheme 
is used in combination with assumptions on the spectra of the species to describe the system. In this chapter 
the principals of operation of a streak-camera setup are described, along with the fundamental and technical 
limitations that one encounters. The correction and calibration steps that are needed as well as data processing 
and analysis are discussed. Several case studies of bioluminescence are presented, with a particularly in-depth 
analysis of trimeric Photosystem I core particles of the cyanobacterium Spirulina platensis.

Abbreviations: Chl – chlorophyll; DAS – decay associated 
spectrum; EAS – evolution associated spectrum; EET – exci-
tation energy transfer; FWHM – full width at half maximum; 
IRF – instrument response function; LHC – light harvesting 
complex; MA – magic angle; PCP – peridinin-chlorophyll 
protein; PS – Photosystem; SAS – species associated spectrum; 
SVD – singular value decomposition; TCSPT – time-correlated 
single photon timing

I. Introduction

Time-resolved fluorescence spectroscopy has proven 
to be extremely useful in photosynthesis research 
in the past decades (Sauer and Debreczeny, 1996). 
Time-correlated single photon timing (TCSPT) has 
often been the method of choice, since it is relatively 
cheap, provides excellent signal-to-noise ratios and 
is rather standardized. It is particularly useful for 
determining the overall charge-separation time of 
a variety of photosynthetic systems, and can even 
be applied to entire cells and chloroplasts. Like all 
methods, TCSPT has its limitations: the instrument 
response time is several tens of picoseconds, which 
is a serious draw-back, for instance when studying 
individual pigment-protein complexes where relevant 
processes occur on sub-ps and ps time scales. Ex-
tremely careful measurements and deconvolution of 
the time traces are needed to resolve a time constant 
of at best ~5 ps. A second limitation of TCSPT is that, 
commonly, one selects one detection wavelength at 
a time, and recording the spectral evolution of the 
fluorescence requires subsequent measurements at 
different wavelengths. This restriction determines to a 
large extent the minimum time for data recording.
The temporal instrument response of a synchroscan 
streak-camera system has a FWHM of a few picosec-
onds. With deconvolution it is even possible to mea-
sure at sub-ps time resolution, which is approaching 
the resolution of fluorescence up-conversion (Jimenez 
and Fleming, 1996). Although the streak camera is 
generally used to record time-resolved fluorescence, 
it has also been applied to measure time-resolved 
absorption spectra in the range from ps to ns (Ito et 

al., 1991). In this chapter, we discuss fluorescence 
detection with a streak camera in combination with a 
spectrograph. This allows for simultaneous registra-
tion of both the time of emission of a fluorescence 
photon and the emission wavelength, reducing the 
measuring time substantially. The fluorescence pho-
tons eventually lead to a two-dimensional image on a 
CCD camera, of which the vertical position indicates 
the emission time, whereas the horizontal position 
corresponds to the emission wavelength. An example 
of such an image (Gobets et al., 2001b) is given in 
Fig. 1, in which the grey levels reflect the fluorescence 
intensity as a function of time and wavelength. Such 
an image contains a wealth of information and it will 
be discussed in detail how this information can be 
extracted. Throughout this chapter we will refer to 
these data as ‘the PS I trimer data’. 

Two decades ago Campillo and Shapiro (1983) 
wrote an excellent review on the history and possi-
bilities of the streak camera, including its application 
to photosynthesis. Measurements were performed 
without wavelength dispersion and only in a few 
cases several wavelengths were probed. In the same 
year Freiberg and Saari (1983) published a detailed 
article on the possibilities and limitations of obtain-
ing simultaneously time and wavelength informa-
tion. Ohtani et al. (1990) performed one of the first 
fluorescence experiments in photobiology in which 
excellent time resolution (3 ps) was combined with 
measuring complete spectra, studying bacteriorho-
dopsin from purple membranes of Halobacterium 
halobium. There are several later reports on similar 
preparations (Ohtani et al., 1994, 1999; Kamiya et 
al., 1997; Haacke et al., 2001; van Stokkum et al., 
2006). Such single-chromophore systems are gen-
erally easier to study than chlorophyll-containing 
photosynthetic complexes: in photosynthetic systems 
excitation-energy transfer between chromophores 
takes place, which in case of too high excitation 
energies can result in singlet-singlet annihilation, 
a process that can distort the fluorescence kinetics 
(Sauer and Debreczeny, 1996). 
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Gilmore et al. (2000, 2003a,b) nicely demonstrated 
the application of the streak camera to obtain time-
resolved fluorescence spectra of leaves. Spectral and 
kinetic differences between Photosystems I and II 
could be discerned but relevant spectral evolution was 
only observed for times longer than 100 ps. Donovan 
et al. (1997) used a streak camera with 4–9 ps time 
resolution to study isolated PS II reaction centers. 
Measuring at multiple wavelengths they concluded 
that the charge separation time should be either faster 
than 1.25 ps or slower than 20 ps. Later studies by 
van Mourik et al. (2004) and Andrizhiyevskaya et al. 
(2004b) on isolated PS II reaction centers revealed at 
least four different lifetimes. For excitation at 681 nm 
lifetimes of 6 ps, 34 ps, 160 ps and 7 ns were ob-
served. The corresponding decay-associated spectra 
(DAS) were all different except for the 160 ps and 
7 ns DAS, indicating that relatively slow excitation 
energy transfer (EET) takes place. The 34 ps com-
ponent was assigned to partly represent EET. Further 
evidence for slow EET was obtained by the fact that 
excitation at 690 nm resulted in different DAS. In 
addition, the data indicated that charge separation is 
ultrafast (<1 ps) and that relatively slow radical pair 
relaxation takes place. 

The streak camera has been particularly useful 

for the study of fast kinetics in PS I (Gobets et al., 
2001a,b; Kennis et al., 2001; Ihalainen et al., 2002, 
2005c,d; Andrizhiyevskaya et al., 2004a). Much 
spectral evolution occurs on a time scale of several 
ps and higher, which makes PS I an ideal candidate 
for streak-camera measurements. Below we will 
make use of some of these results to demonstrate the 
experimental possibilities of the setup and the power 
of advanced data analysis. 

The streak camera was also used for the study of 
light-harvesting complexes. It was for instance used 
to measure lifetimes on the order of many hundreds 
of ps to several ns and fluorescence quantum yields 
(Monshouwer et al., 1997; Palacios et al., 2002; 
Ihalainen et al., 2005a,b). Gobets et al. (2001a) 
studied LHC-I by fluorescence up-conversion at five 
different wavelengths (IRF 150 fs, time range 5 ps) 
and with the streak camera (IRF 3 ps/20 ps , time 
range 200 ps/2.2 ns) and at common wavelengths the 
kinetic traces of both techniques joined smoothly in 
the overlapping time interval. A multitude of decay 
times was observed ranging from 150 fs to 2 ns (four 
orders of magnitude) and the corresponding spectra 
revealed many pathways of EET between carotenoids, 
Chls b, Chls a and ‘red’ Chls a, the fluorescence of 
which is shifted to the red by tens of nm as com-

Fig. 1. Filled contour plot of emission data from trimeric core particles of PS I of Spirulina platensis (from Gobets et al., 2001b) after ex-
citation at 400 nm. Note that the time axis is linear from –20 to +20 ps relative to the maximum of the IRF, and logarithmic thereafter. 
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pared to ‘normal’ Chls a. Analogously, Kennis et al. 
(2001) demonstrated the applicability of combining 
fluorescence up-conversion and streak data on PS I 
core complexes. 

One more streak-camera study on a light-harvesting 
complex is worth mentioning. Kleima et al. (2000) 
measured the polarized fluorescence of the peri-
dinin-chlorophyll protein (PCP) and EET between 
isoenergetic Chl a molecules over various distances 
was reflected by different depolarization times. These 
results will be discussed in more detail below. 

In this chapter, we will first describe the principals 
of operation of a streak-camera setup, followed by a 
more detailed description of the experimental setup 
in Wageningen and a discussion of the fundamental 
and technical limitations that one encounters. In 
particular, special precautions have to be taken to 
prevent sample degradation and one has to be aware 
of the possible occurrence of unwanted nonlinear 
effects such as singlet-singlet annihilation. In order 
to exploit the full potential of the setup and the re-
corded data, several correction and calibration steps 
are needed as well as advanced data processing and 
fitting, which will be discussed subsequently. 

II. Principle of Operation of the Streak-
Camera Setup

The basic goal of the streak-camera setup (Fig. 2) is 
to determine the wavelength and time of emission 
of each fluorescence photon detected. A pulsed light 
source induces fluorescence photons from the sample, 
which are diffracted by a grating in a horizontal 
plane after which they hit a horizontal photocathode, 
producing photo-electrons. These photo-electrons 
from the photocathode are accelerated and imaged 
by electrostatic or magnetic lenses onto a 2D detector 
consisting of a micro-channel plate (MCP) electron 
multiplier, a phosphor screen, and a cooled CCD 
camera. On their way from the cathode to the MCP 
the electrons produced at different times experience 
a time-dependent vertical electric field (the deflection 
field or sweep field). Thus photo-electrons generated 
at different times experience a changed electric field, 
and therefore hit the MCP at different vertical posi-
tions. In the MCP each accelerated photo-electron 
causes a cascade of electrons (electron multiplica-
tion) which in turn hit the phosphor screen, causing 
a number of photons then detected by the CCD 
camera. Thus, the vertical and horizontal axes of 

the 2D CCD-image code respectively for time and 
wavelength. The time-dependence of the magnitude 
of the deflection field is sinusoidal and its frequency is 
locked to the frequency of the same optical oscillator 
that produces the exciting laser pulses (synchroscan). 
Thus the streak image on the CCD camera can be ac-
cumulated over many successive laser pulses, whilst 
maintaining a good temporal resolution. 

A. Excitation

In the setup in Wageningen, which is comparable 
to the one in Amsterdam, a mode-locked titanium-
sapphire laser, pumped by a 5-W CW diode pumped 
frequency doubled Nd:YVO4 laser, provides light 
pulses at a repetition rate of 75.9 MHz, wavelength 
800 nm, 1 W average power and 0.2 ps pulse width. 
The laser beam is split into two paths: Path 1 is used 
for synchronization of the deflection field. Path 2 
enters a regenerative amplifier (RegA), pumped by 
a 10 W CW diode-pumped frequency-doubled Nd:
YVO4 laser. The amplifier increases the pulse en-
ergy to ~4 μJ at a repetition rate of 250 kHz (0.2 ps, 
800 nm). These pulses are fed into an Optical Para-
metric Amplifier (OPA). In the OPA the beam is split: 
it is partially frequency-doubled and partially used 
to generate white light. Mixing of these beams leads 
to selective and tunable amplification of light at any 
selected wavelength in the range of 470 to 700 nm. 
This light can be used directly for excitation or after 
frequency doubling to 235–350 nm. Alternatively, 
the Ti:sapphire laser can be tuned in the range from 
700 to 1000 nm and applying frequency doubling, 
this allows excitation at ‘all’ wavelengths longer than 
235 nm. The excitation light is directed through a 
Berek variable waveplate to control its polarization 
direction and is focused into the sample by a lens 
of 15 cm focal length, leading to a focal spot of 
~100 μm diameter. 

B. Polarization

Anisotropic measurements can be performed in two 
ways: by adjusting the polarization of either the 
detected light, or the exciting light. In the first case 
one excites with vertically polarized light and turns 
a polarizer in the detection branch either horizontally 
of vertically, to obtain the perpendicular and parallel 
components of the emission. However, in this case 
one needs to correct for the difference in sensitivity 
of the detection system for horizontally and verti-
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cally polarized light. In particular the gratings of 
the spectrograph may introduce such a polarization-
dependence of the sensitivity of the detection. The 
second way to record anisotropic measurements is by 
detecting only the vertical component of the emission, 
and using the Berek variable waveplate to turn the 
polarization of the excitation light to either horizontal 
or vertical, to obtain the perpendicular and parallel 
components of the emission. The advantage of this 
method is that one does not have to correct for the 
polarization-dependence of the detection, however, 
great care has to be taken not to move the excitation 
beam by adjusting the variable waveplate, since a 
change of the position of the focus in the sample will 
lead to unwelcome intensity changes. For isotropic 
measurements, one uses vertically polarized excita-
tion light, and a detection polarizer set to the magic 
angle (54.74º). Finally, if the sample is contained in 
a rotating cell (see below) that is placed at an angle 

with the exciting light, one has to be aware that due 
to the refraction in the sample the direction of both 
the exciting light and the fluorescence is changed, 
which will affect both anisotropic and isotropic 
measurements. 

C. Detection 

Light following path 1 hits a reference diode, a tun-
nel diode, which as a consequence oscillates with a 
frequency forced to the repetition rate of the laser 
oscillator. The output of the tunnel diode is used to 
phase-lock the sweep frequency of the streak camera 
to the pulses of the laser oscillator. For timing stabil-
ity on a timescale of minutes, cancellation of drift 
of the timing is necessary (Uhring et al., 2003). The 
deflection field is a sine function of time, with period 
1/75.9 MHz = 13.2 ns. The controller can phase-shift 
the deflection field to move the relevant part of the 

Fig. 2. Schematic representation of a streak camera (a) and of the synchroscan streak-camera setup (b). Further explanation in text. 
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fluorescence decay into the time window recorded 
on the CCD camera. The controller can also change 
the amplitude of the signal to set the time range. In 
our setup four time-windows can be selected rang-
ing from 180 ps to 2 ns. Instead of phase-locking 
the deflection field frequency to the frequency of the 
laser oscillator, like in this setup, the opposite is also 
feasible: the laser oscillator could be phase locked to 
the frequency of the streak camera, in a way similar to 
the way lasers are being synchronized to synchrotrons 
or free-electron lasers (Knippels et al., 1998).

Light from the sample is collected at right angle 
to the excitation beam through an achromatic lens 
and the detection polarizer, and focused by a second 
achromatic lens onto the input slit of a modified 
Czerny-Turner polychromator. This is equipped 
with a turret of three gratings with different blazing 
(spectral window 250 nm) which together span the 
wavelength range of 250–850 nm. Using concave 
mirrors after the slit the light is collimated towards 
the grating and after that the diffracted light is focused 
onto the photocathode, where the photons induce 
photo-electrons. These electrons are accelerated by an 
accelerating mesh and then deflected by the sweeping 
field. Since the amplitude and sign of the deflection 
field are functions of time (varying between +V and 
–V), the extent of deflection depends on the time 
of arrival of the photon at the photocathode. Only 
electrons traveling through a field between +Vc and 
– Vc (Vc = critical deflection field strength) reach the 
MCP, all other electrons are deflected too much. The 
electric field is within the detection range every half 
period of the oscillation frequency, with alternating 
field sweep direction, so the overall MCP signal is the 
sum of multiple forward and backward decay trace 
fragments. This is the so-called backsweep effect. 
The photons arriving during the backsweep contain 
information on longer-lived species. 

D. Sample Cell

Stable fluorescent chromophores can be measured in 
a normal cuvette but photosynthetic samples usually 
require special measuring cells to prevent photo dam-
age and/or a build-up of long-lived triplet or charge-
separated states. We mention two types of cells that 
can be used to measure photosynthetic preparations: 
a flow-through cell, and a spinning cell. In the case 
a flow-cell is used, the solute is pumped through a 
1 × 1 mm cuvette with a typical speed of 100 mL/min. 
Using a repetition rate of 250 kHz, the sample is hit 

by 15 pulses while passing the excitation spot. 
In the case a spinning cell (diameter ~0.1 m, 20–50 

Hz rotation) is used, also under the repetition rate of 
250 kHz, the sample is hit by 1.5 pulses while passing 
the excitation spot. This allows for higher intensities 
and triplet (typical lifetimes μs-ms) build-up is easily 
avoided. However, the sample returns to the same 
position with a frequency of 50 Hz, so the build-up 
of longer-lived (>10 ms) species may still occur. 
Also the cell is not suitable for larger particles like 
thylakoid membranes, since the centrifugal forces 
will spin the particles to the rim of the cell. 

E. Fundamental and Technical Limitations

First we will estimate the number of photons detected 
per laser shot, which is the motivation for synchroscan 
averaging. Then we will investigate the different 
sources of time broadening of the instrument response 
function (IRF), which ultimately result in an IRF 
width of about 1% of the selected time range. 

1. Light Limitations 

The detection with a streak camera in combina-
tion with a spectrograph (polychromator) puts an 
important restriction on the size of the illuminated 
spot of the sample. First of all the horizontal slit of 
the streak camera typically needs to be closed down 
to less than 100 μm in order to obtain an instrument 
response width of a few ps. Alternatively, a narrow 
width photocathode (70 μm) can be used. This re-
stricts the spot from which fluorescence is collected 
vertically. The vertical slit of the spectrograph restricts 
the spot horizontally. In order to maintain good tem-
poral resolution low dispersion gratings, typically 
50 grooves/mm, must be used. In order to obtain the 
desired spectral resolution, also the entrance slit of 
the spectrograph must be closed down (for a 1/4-m 
spectrograph, with 50 grooves/mm the dispersion is 
~60 nm/mm) (note that some imaging spectrographs 
enlarge the image of the entrance slit onto the output 
focal plane by 20%). Therefore, the spot in the sample 
that is monitored by the detection system typically 
has a diameter of 100 μm. 

The spectrograph also dictates the light collection 
optics. Typically a numerical aperture of f/4 is used 
(f is the focal length of the spectrograph). 

To get an idea of the best case performance we 
presume front face detection, of a concentrated 
sample (in practice detection under an angle of 90 

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104



�BPT012Chapter 12  Streak-Camera Fluorescence

degrees is used, which reduces the detection efficiency 
significantly). How much light can we get in and out 
of the small spot monitored in the sample? 

For isotropic emission, f/4 optics collect < 0.5% 
of the emitted light. Given the restrictions imposed 
by the spot-sizes and slit-widths, deviating from 1:1 
imaging of the fluorescence would not help, because 
a larger collection angle that can be attained would 
be spoiled by the magnification of the spot onto the 
entrance slit. Larger collection angles would require 
a spectrograph with a larger numerical aperture. This 
can be reached by using larger mirrors and gratings, 
but, as will become clear in Section II.E.2, the broad-
ening in the spectrometer is proportional to the size of 
the beam inside the spectrometer. The other way to get 
a larger collection angle would be to use a shorter fo-
cal length spectrograph, but this would further reduce 
the spectral resolution. The saturation fluence for a 
laser dye is typically 1 mJ/cm2, which corresponds 
to about 75 nJ for a 100 μm spot size. Of course this 
excitation density cannot be used in a proper fluo-
rescence experiment (except when studying lasing 
phenomena) and one typically needs to stay at least 
one order of magnitude below this value. Things are 
even worse for most photosynthetic systems where 
annihilation and other non-linear effects can occur. 
To avoid these effects, we will make some estimates 
for 1 nJ excitation pulses. Around 500 nm this cor-
responds to 2.5*109 photons. If these are all absorbed, 
the initial fluorescence intensity will be ~2.5*105 
photons/ps (assuming a strongly emitting molecule 
with a radiative lifetime of 10 ns). Less than 0.5% of 
these photons is collected using with f/4 optics, so 
we are left with ~103 photons/ps entering the slit of 
the spectrograph. The efficiency of the spectrograph 
is typically 10–50%, and the quantum yield of the 
photocathode of the streak camera is 1–20%, so this 
leaves us with about 1–100 photoelectrons per ps, 
spread out along the spectral axis. 

This demonstrates that substantial averaging is 
required in order to get good spectro-temporal data, 
i.e., a large number of shots are required. This is 
where the main difference between single shot and 
synchroscan streak cameras comes to light. Single 
shot devices are optically triggered by the excitation 
laser and the deflection field is directly generated by 
a fast photoconductive switch. The maximal switch-
ing frequency of such a device is in the kHz range. 
In a synchroscan camera the deflection field is an 
oscillatory function synchronized to the repetition 
rate of the laser oscillator. Therefore, repetition rates 

up to 76 MHz (and of course sub harmonics of this 
frequency) can be employed. With a high repetition 
rate system like the RegA (250 kHz), fluorescence 
signals from laser dyes can be obtained within sec-
onds, and emission data from less luminant samples 
in tens of minutes. 

2. Time Resolution 

Together with the electronic contribution of the 
setup, the major limitation to the time resolution 
(on the fastest time base) comes from the dispersion 
in the spectrograph. This phenomenon is related to 
pulse broadening in pulse stretchers/compressors 
(Martinez, 1987), and stems from the fact that after 
angular dispersion the wave front of a light pulse 
exhibits a tilt (with respect to the phase front) given 
by (Hebling, 1996): 

tan( )θ λ α
λ

= − ∂
∂

	 (1)

where λ is the average wavelength of the light, and 
α the wavelength-dependent dispersion angle. This 
can be included in the grating equation 

α λ β= −






arcsin sin( )
m

d 	 (2)

in which m represents the order of diffraction (for all 
practical purpose here ±1), β the angle of incidence, 
and d the grating constant. This gives 

tan( )

sin

θ λ
λ β

= −

− − ( )( )



















m

d
m

d

1

1
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(3)

In other work (Schiller and Alfano,1980; Wiess-
ner and Staerk, 1993), the term between brackets is 
ignored, which corresponds with taking the phase 
velocity of the light instead of the group velocity. For 
the example given here the difference is insignificant, 
but this would not be the case for more dispersive 
gratings. 

The total spatial stretch that occurs is Wtan(θ), 
where W represents the width of the beam after the 
grating. This is where the numerical aperture of 
the detection and spectrograph enter. For an 1/4 m 
spectrograph, with f/4 optics, W = ~5 cm, and for λ = 
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600 nm, m = 1, β = 0, and d=20 μm (50 grooves/mm), 
this amounts to a spread Δdispersion of 1.5 mm, which 
corresponds to a temporal spread of 5 ps. Therefore, 
even when using a 50 grooves/mm grating one needs 
to reduce the f-number of the spectrograph (or the 
light collection) to get a time response that is close to 
the limits of the electronic part as described below. 

The time resolution limits of the streak camera itself 
are given by the spread in transit time of the photo-
electrons in the streak tube. The transit time spread is 
mainly generated in the region near the photocathode 
where the electrons still have a relatively low speed 
(Zavoiski and Fanchenko, 1965; Bradley and New, 
1974; Campillo and Shapiro, 1983). The resulting 
distribution of transit times has a half width of 

Δ Δτ ν
c m

eE
= 	 (4)

where m and e are the mass and charge of the electron, 
Δν is the halfwidth of the initial photoelectron velocity 
distribution, and E is the field strength in the vicinity 
of the photo-cathode. Clearly it is important to have 
a high acceleration voltage near the photocathode, 
typically fields of ~10 kV/cm are used. For this ex-
traction field a kinetic energy spread of 1 eV (a blue 
photon on a red-sensitive photocathode) would lead 
to a time spread of ~4 ps, which is significant when 
operating the streak camera on the fastest time base. 
Near the cut-off wavelength of the photocathode the 
energy spread becomes much smaller (and fortunately 
most fluorescence experiments are performed there), 
but in general there is a noticeable increase of the 
width of the instrument response when detecting 
blue photons. 

For a higher time resolution higher extraction 
fields are required, but this comes at the cost of 
field emission (field induced dark current from the 
photocathode) and reduced reliability. Significantly 
higher pulsed extraction voltages can be used for 
single shot devices but this is not possible at the 
sweep rate of synchroscan streak cameras. Moreover, 
once below the 1 ps resolution other factors start to 
become limiting, like the quality of the imaging of 
the photocathode onto the MCP. Any aberrations of 
the electrostatic or electromagnetic electron lens (like 
the chromatic aberration Δτc caused by differences 
in electron speeds) will have adverse effects on the 
width of the instrument response. 

The timing errors described here are independent. 
Therefore the error calculus for the total temporal 

instrument response width Δ becomes

Δ Δ Δ

Δ Δ

2 2 2

2

= +

+ +

( ) ( )

( ) (

τc imaging

dispersion widtth )2 	 (5)

Where Δimaging is the imaging error due to the electro-
static or magnetic lenses, Δdispersion is the dispersion 
error, and Δwidth is the error due to the streak-slitwidth 
or the cathode width. At time bases larger than 400 
ps Δimaging and Δwidth dominate. Imaging a 70 μm pho-
tocathode on a 7 mm wide CCD yields an IRF width 
of ≈1% of the time base used. At shorter time bases 
the contribution of the other two terms becomes ap-
preciable, resulting in an IRF width of 3 ps (at 700 
nm) for the 200 ps time base (which is 1.5%). At short 
wavelengths the IRF has broadened to 4 ps because 
of the larger Δτc, see Fig. 3a. The broadening of the 
IRF (to 24 ps) with the 2.2 ns time base is clearly 
visible in Fig. 6. 

F. Averaging and Correction of Images

Typically, the sample is excited with pulses of 0.2 ps 
FWHM at a repetition rate of 50–250 kHz, which 
is much lower than the laser oscillator frequency 
(typically 76 MHz). Synchroscan streak cameras 
are generally chosen for their ability to do signal 
integration over extended periods, in which case the 
time resolution will generally be limited by the drift 
between the laser and the camera clock. Often indi-
vidual datasets contain internal tell-tales for absolute 
timing and of drift, e.g., Rayleigh or Raman scatter-
ing signals of the excitation pulse can be used to pin 
down the exact timing of the dataset. A fool-proof 
method for eliminating all sources of electronic drifts 
and jitter consists of directly illuminating a spot of 
the photocathode with the excitation pulse so as to 
obtain a fiducial, which is an absolute timing reference 
(Jaanimagi et al., 1986; Uhring et al., 2003). Using 
drift compensation electronics, up to 1000 seconds 
of accumulation on the CCD chip can be performed 
without significant deterioration of the temporal reso-
lution. Typically, the full time and wavelength ranges 
are 200 ps and 250 nm, respectively. In the dark the 
CCD chip accumulates a dark current, which can be 
minimized by using a Peltier cooling element. Data 
must be corrected by subtracting the measured dark 
current contribution. The sensitivity of the entire 
detection system is quite strongly position depen-
dent. In particular at the edges of the streak-image 
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the signal shows a pronounced drop. To account for 
this spatial variation of the sensitivity, streak images 
are divided by a shading image. This shading image 
consists of a streak image of the light emitted by a 
halogen lamp, which is directed into the spectro-
graph. This shading correction directly accounts for 
the sensitivity variation along the time-axis, since 
the intensity of the lamp is constant in time. For the 
sensitivity variation along the wavelength-axis the 
emission spectrum of the lamp has to be taken into 
account, which is done prior to the analysis of the 
data. Thus, the data is also corrected for the spectral 
sensitivity of the system. 

Because of the limited wavelength resolution of the 
spectrograph (7 nm FWHM), the curvature-corrected 
and averaged images can be reduced to a matrix of 
≈1000 points in time and 30–60 points in wavelength. 
In this same averaging step outliers (e.g., resulting 
from cosmic rays) can be removed. To deal with the 
small remaining drift after compensation multiple 
data sets can be collected. Instead of averaging e.g. 
30 minutes and suffering from drift induced time 
broadening, it is better to collect six averages of 
5 minutes and correct them for slow drift of time 
zero. Then, after scrutinous inspection, to check for 
trends like sample degradation, the series of images 
can be averaged. Figure 1 depicts a filled contour 
plot of the PS I trimer data derived from 48 traces 
between 625 and 785 nm, resulting from an average 
of 20 images, which will be globally analyzed below. 
Other visualizations of these data can be found in 
Gobets (2002). 

G. Calibrations

Because of the sinusoidal nature of the deflection 
field, the ‘time per pixel’ is not a constant, but varies 
over time. For the shortest (200 ps) time range the 
time per pixel is practically constant (because the 
sinusoid is practically linear near the zero-crossing), 
but for longer time ranges the time per pixel varies 
significantly. Calibration of the time base can be done 
by fitting the train of imaged pulses from an etalon, 
to estimate a polynomial function that describes the 
time per pixel over the whole time base. Calibration 
of the wavelength axis can be done with the help of 
the lines of a calibration lamp, to estimate a linear 
function. Images of continuous narrow-band sources 
are also instrumental for checking that the sweep axis 
is parallel to the vertical axis of the CCD. A crucial 
procedure for the analysis of the two-dimensional data 

sets is the characterization of the curvature of the im-
age, i.e., the spatial dependence of ‘time zero’ on the 
CCD image, caused by the different path lengths of 
the photo-electrons in the streak camera. Additionally, 
the light-collecting optics and the spectrograph cause 
wavelength-dependent temporal shifts. To assess this 
curvature, scattering of the white light from the OPA 
is recorded with the streak camera, resulting in an 
IRF limited curved line on the streak image. In its 
turn, the intrinsic dispersion of the white light itself 
is measured using the optical Kerr signal in carbon 
disulphide (Greene and Farrow, 1983). The combina-
tion of both these measurements yields the spatial 
dependence of time zero during a measurement. 

H. Further Exploitation of the Horizontal 
Dimension

Streak tubes generally contain a second set of de-
flection plates, to facilitate the horizontal deflection 
of photoelectrons. In commercial instruments these 
plates are used, e.g., for blanking (blocking) the de-
tection in between sweeps, or during the back sweep 
of the camera. These horizontal plates can also be 
exploited to perform 2D experiments other than the 
ones we focused on above, and consequently, spec-
tral information will be lost. In Buhler et al. (1998) 
and Ohtani et al. (1999) the horizontal sweep plates 
were used to provide a secondary, slow, time axis. In 
combination with a stopped-flow apparatus, the time-
evolution of the ps fluorescence lifetime of a sample 
could thus be measured on a ms time scale. In van 
Mourik et al. (2003) the horizontal sweep direction 
was synchronized to the electric field applied in a 
Stark fluorescence experiment, and thus the effect 
of the Stark field on the fluorescence intensity and 
lifetime of the sample could be measured. 

III. Data Analysis

When the streak image has been corrected for the 
instrumental curvature it is ready for data analysis. 
The aim is to obtain a model-based description of the 
full data set in terms of a model containing a small 
number of precisely estimated parameters, of which 
the rate constants and spectra are the most relevant. 
With polarized-light experiments also anisotropy 
parameters come into play. Description of the basic 
ingredient of kinetic models, the exponential decay, 
will be given first, followed by a description of how 

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104



10

BPT012
Ivo H. M. van Stokkum, Bart van Oort, Frank van Mourik,  

Bas Gobets and Herbert van Amerongen

to use these ingredients for global and target analysis 
(for reviews, see Holzwarth, 1996 and van Stokkum 
et al., 2004) of the full data. Our main assumption 
here is that the time and wavelength properties of the 
system of interest are separable, which means that 
spectra of species or states are constant. For details 
on parameter estimation techniques the reader is also 
referred to the above cited reviews and references 
cited therein, and to van Stokkum (2005). Software 
issues are discussed in van Stokkum and Bal (2006). 
We will describe in depth the analysis of typical streak 
data, with the analysis of the PS I trimer data serving 
as the main example. 

A. Modeling an Exponential Decay

Here an expression is derived for describing the con-
tribution of an exponentially decaying component to 
the streak image. The instrument response function 
(IRF) i(t) can usually adequately be modeled with a 
Gaussian with parameters μ and Δ for, respectively, 
location and full width at half maximum (FWHM): 

i t t( ) exp( log( )( ( ) / ) )
~

= − −1

2
2 2 2

Δ
Δ

π
μ

	 (6)

where Δ Δ
~

/ ( log( ))= 2 2 2 . The adequacy of the 
Gaussian approximation of the IRF shape is depicted 
in Fig. 3a. The convolution (indicated by an *) of this 
IRF with an exponential decay (with rate k) yields an 
analytical expression which facilitates the estimation 
of the IRF parameters μ and Δ: 

 

   

c(t,k ,μ, Δ) = exp(−kt ) ∗ i(t )

=
1

2
exp(−k t ) exp k μ + k %Δ2

2












1 + erf
t − (μ + k %Δ2 )

2 %Δ





















  
	 (7)

The periodicity of the synchroscan results in detec-
tion of the fluorescence that remains after multiples 
of half the synchroscan period T (typically T≈13 ns). 
Therefore, if lifetimes longer than ~1 ns occur in a 
sample, the above expression should be extended 
with a summation over the signal contributions that 
result from forward and backward sweeps: 

c t k T e e ekTn k t T k T t

n
( , , ) ( ) ( )= +( )− − − + − − −

=

∞
∑ μ μ2

0

== +( ) −( )− − + − − − −e e ek t T k T t kT( ) ( )μ μ2 1
 

	 (8)

Note that it is assumed here that time zero of the 
time base corresponds to the zero crossing of the 
sweep, and that the convolution with the IRF is no 
longer necessary at times longer than T/2. Adding 
the previous expressions provides the full model 
function for an exponential decay recorded with a 
synchroscan streak camera and will henceforth be 
denoted by cI(k): 

cI(k) ≡ c(t,k,m,D,T) = c(t,k,m,D) + c(t,k,T)	 (9)

Examples of cI(k) are depicted in Fig. 4c, and fits of 
traces with linear combinations of decays are shown 
in Fig. 3b, where an ultrafast lifetime of 1.2 ps is 
detected, and Fig. 3c, which is dominated by a 17 ns 
lifetime (note the huge backsweep signal apparent 
from the signal ‘before time zero’). Figure 4a and b 
depict the fits of two traces from the data shown in 
Fig. 1, using 5 lifetimes. The simultaneous estimation 
of up to 5 lifetimes in the range of (sub)ps to ns is 
more or less routine. 

Because fluorescence samples are relatively di-
lute, elastic scattering or Raman scattering of the 
excitation light by water (or of other solvents) can 
complicate the measurement, if they occur within 
the analyzed wavelength interval. Such contributions 
can be modeled with an extra component with a time 
course identical to the IRF i(t). Usually it is possible 
to restrict the contribution of scattering to a limited 
wavelength region. 

If the streak image has not been corrected for the 
instrumental curvature the wavelength dependence of 
the IRF location μ can be modeled with a polynomial 
(usually a parabola is adequate). Sometimes the IRF 
shape is better described by a superposition of two 
Gaussians, leading to a superposition description of 
the exponential decay (van Stokkum, 2005). 

B. Global and Target Analysis

The basis of global analysis is the superposition prin-
ciple, which states that the measured data ψ(t,λ) result 
from a superposition of the spectral properties εl(λ) 
of the components present in the system of interest 
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weighted by their concentration cl(t),

ψ λ ε λ( , ) ( ) ( )t c tl l
l

ncomp

=
=
∑

1
	

(10)

The cl(t) of all ncomp components are described 
by a compartmental model, that consists of first-

order differential equations, with as solution sums 
of exponential decays. We will consider three types 
of compartmental models: (1) a model with com-
ponents decaying mono-exponentially in parallel, 
which yields Decay Associated Spectra (DAS), (2) 
a sequential model with increasing lifetimes, also 
called an unbranched unidirectional model, giving 
Evolution Associated Spectra (EAS), and (3) a full 
compartmental scheme which may include pos-
sible branchings and equilibria, yielding Species 
Associated Spectra (SAS). The latter is most often 
referred to as target analysis, where the target is the 
proposed kinetic scheme, including possible spectral 
assumptions. 

(1) With parallel decaying components the model 
reads: 

ψ λ λ( , ) ( ) ( )t c k DASI
l l

l

ncomp

=
=
∑

1 	
(11)

The DAS thus represent the estimated amplitudes 
of the above defined exponential decays cI(kl). The 
DAS estimated from the PS I trimer data are shown in 
Fig. 4d. Several observations can be made: the 0.4 ps 
DAS (solid) represents the rise due to the relaxation 
from the initially excited Soret state (a higher excited 
state, of which the emission is outside the detection 
range) to the Qy emission (lowest excited state). The 
next DAS of 3.9 ps (dotted) is conservative, i.e., the 
positive and negative areas are more or less equal. It 
represents decay of more blue and rise of more red 
emission, and can be interpreted as energy transfer 
from bulk to red chlorophyll a (Chl a), i.e. Chl a 
that absorb at wavelengths longer than the primary 
electron donor P700. The 15 ps DAS (dashed) is not 
conservative, although it does show some rise above 
730 nm. Apparently some trapping of excitations 
takes place on this time scale, concurrently with en-
ergy transfer. The 50 ps DAS (dot dashed) represents 
the trapping spectrum. The long lived (4.9 ns) DAS 
(chain dashed) is attributed to a small fraction of free 
Chl a in the preparation. Clearly, the first three DAS 
do not represent pure species, and they are interpreted 
as linear combinations (with positive and negative 
contributions) of true species spectra. 

(2) A sequential model reads:

ψ λ λ( , ) ( )t c EASl
II

l
l

ncomp

=
=
∑

1 	

(12)

Fig. 3. (a) IRF of streak scope measured from scattered white 
light fitted with a Gaussian. Estimated FWHM Δ = 4 ps, note a 
small (7%) reflection after 26 ps. Detection wavelength (in nm) 
indicated along the ordinate. Dashed lines indicate fit. Insets 
show residuals. Note that the time axis is linear from –5 to +5 ps 
relative to the maximum of the IRF, and logarithmic thereafter. 
In (b) and (c) it is linear from –20 to +20 ps. (b) Emission from 
thioredoxin reductase mutant C138S (from van den Berg et al., 
2001) showing a dominant 1.2 ps decay (depicted by solid line). 
Other contributions to the fit have lifetimes of 7.3 ps (dotted), 
0.18 ns (dashed), 0.74 ns (dot dashed), and pulse follower (chain 
dashed). The sum of these contributions which is the fit of the 
trace is shown as a dashed line. (c) Emission from lumazine 
protein (from Petushkov et al., 2003) showing a dominant 17 ns 
decay (depicted by dashed line). Other contributions to the fit 
have lifetimes of 0.7 ps (solid) and 24 ps (dotted). 
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where each concentration is a linear combination of 
the exponential decays, 

c b c kl
II

jl
j

l
I

l=
=

∑
1

( )
	

(13)

and the amplitudes bjl are given by b11 = 1 and for 
j ≤ l:

b

k

k k

jl

m
m

l

n j
n n j

l
=

−( )
=

−

= ≠

∏

∏

1

1

1, 	

(14)

Examples of cII
l are depicted in Fig. 4e, whereas the 

EAS estimated from the PS I trimer data are shown in 
Fig. 4f. With increasing lifetimes, and thus decreasing 
rates kl, the first EAS (equal to the sum of DAS) cor-
responds to the spectrum at time zero with an ideal 

Fig. 4. Results from global analysis of PS I data depicted in Fig. 1. Note that in a–c and e the time axis is linear from –20 to +20 ps rela-
tive to the maximum of the IRF, and logarithmic thereafter. Insets in a, b show residuals. (a) Fit of bulk Chl a emission trace showing 
multiexponential decay. Contributions of the five exponential decays with different lifetimes (shown in c) are indicated by line type. 
(b) Fit of red Chl a emission trace showing multiexponential rise and decay. (c) Exponential decays cI(kl). Estimated lifetimes: 0.4 ps 
(solid), 3.9 ps (dotted), 15 ps (dashed), 50 ps (dot dashed), and 4.9 ns (chain dashed). (d) Decay Associated Spectra (DAS), note that 
the first DAS which represents overall rise has been multiplied by 0.2. Vertical bars indicate estimated standard errors. (e) Evolutionary 
concentration profiles cII

l (assuming a sequential kinetic scheme with increasing lifetimes). (f) Evolution Associated Spectra (EAS). 
Note that the first EAS is zero, since excitation was in the Soret band. 
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infinitely small IRF, i(t) = ψ(t). In Fig. 4f, this first 
EAS is zero in the Qy region. The second EAS (dot-
ted), which is formed in 0.4 ps and decays in 3.9 ps, 
represents the sum of the spectra of all excitations that 
have arrived from the Soret region, and is dominated 
by bulk Chl a. The third EAS, which is formed in 3.9 
ps and decays in 15 ps, is already dominated by red 
Chl a emission, which is even more the case with the 
fourth EAS (dot dashed, formed in 15 ps, decays in 
50 ps). The final EAS (chain dashed, formed in 50 
ps) is proportional to the final DAS, and represents 
the spectrum of the longest living component (4.9 
ns). Clearly, these EAS do not represent pure species, 
except for the final EAS, and they are interpreted as 
a weighted sum (with only positive contributions) of 
true species spectra. 

(3) When neither of these two simple models is 
applicable, a full kinetic scheme may be appropriate. 
The problem with such a scheme is that, while the 
kinetics are described by microscopic rate constants, 
the data only allows for the estimation of decay rates 
(or lifetimes). Thus additional information is required 
to estimate the microscopic rates, which can be spec-

tral constraints (zero contribution of SAS at certain 
wavelengths) or spectral relations. This is explained 
in detail in van Stokkum et al. (2004). 

Now the model reads: 

ψ λ λ( , ) ( )t c SASl
III

l
l

ncomp

=
=
∑

1 	
(15)

where the concentrations cIII
l are again linear combi-

nations of the exponential decays, with coefficients 
that depend upon the microscopic rate constants that 
describe the transitions between all the compartments. 
Figure 5a depicts the kinetic scheme that was applied 
to the trimeric PS I data of Fig. 1. The concentra-
tions of all compartments are collated in a vector 
c(t) = [c1(t) c2(t) … cn_comp(t)]

T = [S(t) B(t) R1(t) R2(t) 
F(t)]T, which obeys the differential equation: 

d

dt
c t Kc t j t( ) ( ) ( )= + 	 (16)

Fig. 5. (a) Kinetic scheme used for the target analysis of PS I data depicted in Fig. 1. After excitation in the Soret band four compart-
ments are populated: bulk Chl a (B), two pools of red Chl a (1 and 2) and a small fraction of free Chl a (F). The first three compartments 
equilibrate, and excitations are trapped with different rates. (b) Concentration profiles cIII

l, note that the time axis is linear from –20 to 
+20 ps relative to the maximum of the IRF, and logarithmic thereafter. (c) Species Associated Spectra (SAS). Key in (b) and (c): bulk 
Chl a (dotted), red Chl a 1 (dashed), red Chl a 2 (dot dashed), free Chl a (chain dashed). 
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where the transfer matrix K contains off-diagonal ele-
ments kpq, representing the microscopic rate constant 
from compartment p to compartment q. The diagonal 
elements contain the total decay rates of each com-
partment. The input to the compartments is j(t) = i(t)[1 
0 0 0 0]T. The K matrix from Fig. 5a reads: 

K

k k k k

k k k k k k
SB S S SF

SB TB B B B B

=

− + + +

− + +

( )

( )
1 2

1 2 1 2

kk k k k

k k k k

k k

S B T B

S B T B

SF F

1 1 1 1

2 2 2 2

− +

− +

−








( )

( )

















  

	 (17)

In Fig. 5b, the cIII
l have been drawn, calculated from 

the estimated parameters, whereas the estimated SAS 
are shown in Fig. 5c. Note that it has been assumed 
that the two red Chl a compartments only contribute 
above 690 and 697 nm, respectively. Therefore, the 
forward and backward rate constants between the bulk 
Chl a compartment and both compartments of red 
Chl a can be estimated from the multi-exponential 
decay of the bulk Chl a. The SAS in Fig. 5c are con-
sidered satisfactory, because the shapes of the bulk 
and red SAS resemble the free Chl a SAS, and the 
areas, and thus the oscillator strengths, of the differ-
ent Chls a are equal within 10%. This area constraint 
was instrumental in determining the branching ratios 
from Soret to the four different Chl a pools, and the 
trapping ratios. 

1. Target Analysis of Anisotropic Data 

When in addition to magic angle (MA) data also 
parallel (VV) and perpendicular (VH) data are col-
lected, more information is available to disentangle 
the complex kinetics, and estimate the SAS. In such 
an extended target analysis the magic angle concentra-
tions cIII

l are multiplied by the anisotropic properties 
of the components. 

MA t

VV t

VH t

c SASl
III

l

( , )

( , )

( , )

(

λ
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λ

λ
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1

1

1 2

1 	

(18)

Note that here the anisotropy rl is assumed to be 
constant. When an anisotropy decay rate is present, 
each isotropic exponential decay has to be multiplied 
by the associated anisotropy decay rate before the 
convolution with the IRF (Beechem 1989; Yatskou 
et al., 2001). Figure 6 shows a representative trace 

Fig. 6. Parallel (||, upper curves) and perpendicular (lower curves) 
time traces measured at 675 nm after exciting PCP at 660 nm, 
from Kleima et al. (2000). The smaller curves were measured on 
the shortest time base. The dashed lines indicate the fit. Note that 
the time axis is linear from –20 to +20 ps relative to the maximum 
of the IRF, and logarithmic thereafter. 

from Kleima et al. (2000) who used a bi-exponential 
anisotropy decay 

r(t) = A1 exp(–t /t1) + A2 exp(–t /t2) + r∞	 (19)

An isotropic lifetime of ≈4.2 ns was estimated 
from this target analysis, in combination with de-
polarization times of about 7 and 350 ps, which are 
clearly visible in the data measured on the different 
time scales. 

C. Spectral Modeling

SAS can sometimes be fitted with a spectral model 
consisting of a skewed Gaussian in the energy do-
main (ν– = 1/λ): 

SAS S b( ) exp ln( ){ln( ( ) /– –
max

– –
maxν ν ν ν= − + −5 2 1 2 ΔΔ ν–) / }b 2













 
	 (20)

where the parameter ν–max is the Franck-Condon 
wavenumber of maximum emission. The FWHM 
is given by Δν–1/2 = Δν– sinh(b) /b. Note that with 
skewness parameter b equal to zero the expression 
simplifies to a Gaussian. The average wavenumber 
of this function is given by

ν ν ν– –
max

–
exp

ln( )av
b

b= + −





−






Δ
2

3
4 2

1
2

	
(21)
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The spectral evolution description of solvation ap-
proximates a gradual change with an average spectral 
change associated with a time constant. Alternatively, 
solvation occurring on sub-ps timescales can be de-
scribed using a time-dependent shift of ν–max (Horng 
et al., 1995; Vilchiz et al., 2001). This requires data 
with a higher time and wavelength resolution, e.g. 
from fluorescence up-conversion (Horng et al., 1995; 
Pal et al., 2002; Vengris et al., 2004), for which ex-
citation intensities are required that are too high for 
the study of photosynthetic systems. 

Figure 7 shows DAS estimated from the multi-

exponential decay of the excited state of the D85S 
mutant of bacteriorhodopsin. Both DAS possessed 
almost identical shapes, and thus show no evidence 
for solvation on the picosecond timescale. The DAS 
were well described by a skewed Gaussian, and the 
multi-exponentiality is ascribed to heterogeneity of 
the protein. 

D. Usage of the Singular Value 
Decomposition

The matrix structure of the streak data enables the us-
age of matrix decomposition techniques, in particular 
the singular value decomposition (SVD). Formally 
the data matrix can be decomposed as

ψ λ λ( , ) ( ) ( )t u t s wl l l
l

m

=
=
∑

1 	
(22)

Where ul and wl are the left and right singular vectors, 
sl the sorted singular values, and m is the minimum of 
the number of rows and columns of the data matrix. 
The singular vectors are orthogonal, and provide an 
optimal least squares approximation of the matrix. 

From the SVD the rank of the data matrix can be 
estimated, as judged from the singular values and sin-
gular vector pairs significantly different from noise. 
This rank corresponds to the number of spectrally 
and temporally independent components. When the 

Fig. 7. Decay Associated Spectra from global analysis of bacteri-
orhodopsin mutant D85S excited at 635 nm, from van Stokkum et 
al. (2006). Key: 5.2 ps (solid), 19.1 ps (dashed), scatter (dotted). 
Fits of the DAS using a skewed Gaussian shape are indicated by 

dots. The estimated ν–av were both 13000 cm–1 and the FWHM 
was 2540 cm–1. 

Fig. 8. SVD of the PS I trimer data matrix (top) and matrix of residuals (bottom). (a) First four (order squares, circles, triangles, plus 
symbols) left singular vectors ul, (b) first four right singular vectors wl, (c) first ten singular values sl on a logarithmic scale, (d) first left 
singular vector ures,1, (e) first right singular vector wres,1, (f) first ten singular values sres,1 on a logarithmic scale. 
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data matrix has not been corrected for dispersion, this 
is no longer true. Furthermore SVD of the residual 
matrix is useful to diagnose shortcomings of the 
model used, or systematic errors in the data. Figure 
8a-c depicts the SVD of the trimeric PS I data, where 
four singular values and singular vector pairs are 
significantly different from noise. These first four 
singular values account for 99.923% of the variance 
of the data matrix. The left and right singular vectors 
are both linear combinations of the true concentration 
profiles and SAS, and are hard to interpret. The first 
pair (squares) represents a kind of average. The SVD 
of the residual matrix (shown in Fig. 8d-f) shows 
that its singular values are comparable to the noise 
singular values in Fig. 8c, and that there is no clear 
structure in the first singular vector pair. The sum of 
squares of the residuals is 0.088% of the variance of 
the data matrix, indicating a small lack of fit. The root 
mean square error of the fit was 41, which is 0.5% 
of the peak in Fig. 1. 

IV. Conclusions

When comparing the present state of the art with the 
excellent review of Campillo and Shapiro (1983) 
the most striking developments are the utilization of 
the horizontal dimension, in particular using a spec-
trograph, and the improvement of the data analysis 
methods. The collection and analysis of true spectro-
temporal measurements with (sub)ps time resolution 
using low excitation intensities have become routine, 
and the promises of the technique have largely been 
fulfilled. It has now become possible to functionally 
describe the complicated energy transfer and trapping 
processes in photosynthetic complexes with the help 
of a compartmental model, characterized by SAS 
and microscopic rate constants. The streak measure-
ments of spectral evolution of fluorescence can be 
combined with fluorescence up-conversion measure-
ments (Gobets et al., 2001a; Kennis et al., 2001) to 
extend the number of time scales covered, or with 
femtosecond difference absorption measurements 
(Groot et al., 2005) to uncover also non-emitting 
states. The complementary information contained in 
data obtained with different techniques is optimally 
extracted in a simultaneous target analysis. 
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