536 Biophysical Journal Volume 79 July 2000 536-549

Time-Resolved Polarization Imaging By Pump-Probe (Stimulated
Emission) Fluorescence Microscopy

Ch. Buehler,* C. Y. Dong," P. T. C. So,T T. French,* and E. Gratton®

*Novartis Pharma AG, Pharma Research, CTA, LFU/NAT S-360.4.16, CH-4002 Basel, Switzerland; TDepartment of Mechanical
Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 USA; *LJL Biosystems, Sunnyvale, California
94089 USA; and SLaboratory for Fluorescence Dynamics, Department of Physics, University of lllinois at Urbana-Champaign,
Urbana, lllinois 61801 USA

ABSTRACT We report the application of pump-probe fluorescence microscopy in time-resolved polarization imaging. We
derived the equations governing the pump-probe stimulated emission process and characterized the pump and probe laser
power levels for signal saturation. Our emphasis is to use this novel methodology to image polarization properties of
fluorophores across entire cells. As a feasibility study, we imaged a 15-um orange latex sphere and found that there is
depolarization that is possibly due to energy transfer among fluorescent molecules inside the sphere. We also imaged a
mouse fibroblast labeled with CellTracker Orange CMTMR (5-(and-6)-(((4-chloromethyl)benzoyl)amino)tetramethyl-rhoda-
mine). We observed that Orange CMTMR complexed with gluthathione rotates fast, indicating the relatively low fluid-phase
viscosity of the cytoplasmic microenvironment as seen by Orange CMTMR. The measured rotational correlation time ranged
from ~30 to ~150 ps. This work demonstrates the effectiveness of stimulated emission measurements in acquiring

high-resolution, time-resolved polarization information across the entire cell.

INTRODUCTION
Fluorescence microscopy in biology

Fluorescence microscopy allows imaging of specific cellu-
lar microstructures in great detail. There have been different
developments aimed at improving the spatial resolution in
microscopic imaging by reducing off-focal fluorescence. In
particular, confocal microscopy (Wilson and Sheppard,
1984; Wilson, 1990) improves the spatial resolution to the
submicron range. In two-photon fluorescence microscopy,
similar spatial resolution and off-focal fluorescence reduc-
tion can be achieved by inducing nonlinear excitation of the
fluorescent sample (Denk et al., 1990). Compared to con-
focal microscopy, the localization of excitation to the focal
volume attained by two-photon excitation significantly re-
duces photobleaching in off-focal regions. Although spatial
resolution much less than the wavelength of light can be
obtained with near-field microscopy (Betzig et al., 1993),
this technique is limited to surface studies. Recently, pump-
probe (stimulated emission) microscopy has been demon-
strated to provide images with spatial resolution comparable
to that of confocal microscopy and at potentially very high
temporal resolution (Dong et al., 1995). The main focus of
this work is to extend the pump-probe (stimulated emission)
method to time-resolved anisotropy studies in microscopy.
Our objective is to obtain image sections based on the
rotational correlation time of a probe in a cell and to
accurately determine the characteristic time of the anisot-
ropy decay.
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Lifetime-resolved fluorescence microscopy

In fluorescence microscopy, lifetime-resolved images can
provide insights into functionally important processes in
biological systems. Dynamics of the chromophores in their
local environments can be characterized, and this can help
to elucidate the functioning of cellular components at the
molecular level. Many applications of fluorescence lifetime
imaging have been demonstrated. Important cellular infor-
mation such as calcium concentration or cytoplasm matrix
viscosity have been obtained by lifetime-resolved methods
(Dix and Verkman, 1990; Keating and Wensel, 1990; Kao
et al., 1993). Measurements of the autofluorescence lifetime
have been used to monitor the mechanism responsible for
cell damage due to UVA exposure (Schneckenburger et al.,
1992; Schneckenburger and Koenig, 1992; Koenig and
Schneckenburger, 1994). The fluorescence lifetime has also
been used to assess antigen-processing stages in mouse
macrophage cells (Voss, 1990). Furthermore, the spatial
distribution of chromophores with similar emission spectra
but different lifetimes provides a new contrast mechanism
(Draaijer et al., 1995). Fluorescence lifetime-resolved stud-
ies have also been successfully conducted in confocal (Mor-
gan et al., 1991; Buurman et al., 1992) and two-photon
(Piston et al., 1992; So et al., 1996) scanning microscopy.

Cytoplasmic viscosity of cells

Various fluorescence techniques have been used to probe
the (micro)viscosity of cytoplasm. Picosecond rotation of
small fluorophores has been studied to estimate fluid-phase
viscosity in the cell cytosol (Periasamy et al., 1991; Fushimi
and Verkman, 1991). Recently, cytoplasmic viscosity has
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been probed, using the diffusion and rotation of the green
fluorescent protein (Swaminathan et al., 1997). All of these
studies are essentially single point measurements inside
cells, and they show that for small molecules, the viscosity
of cytoplasm relative to that of water is between ~1 and 3.
In our approach, we obtain time-resolved polarization im-
ages of a cytoplasmic probe throughout the cell. Imaging the
entire cytoplasm may reveal the structural heterogeneity
that exists inside a cell.

Lifetime and polarization measurements in the
frequency domain

Time-resolved measurements in the frequency domain are
performed by means of modulated light sources (Spencer
and Weber, 1969; Gratton and Limkeman, 1983). For sinu-
soidal excitation at modulation frequency v = w/27 and
modulation m,, the spatial (7) and temporal (¢) distribution
of the excitation photon flux /(7, f) can be written as I(7, f) =
I(H)[1 + m, sin(wf)]. The number density of excited-state
molecules N(7, f) of fluorophores with a single lifetime 7
obeys the differential equation

dN(7, 1) 1. - -
P ;N(r, ) + ol(r, t)[c — N(r, 1)] (1)

where o is the molecular absorption cross section, and
ol(7, )[c — N(7, )] denotes the number of ground-state
molecules actually being excited by the light source. The
total fluorophore concentration c is assumed to be constant.
To the first order in which only a small fraction of mole-
cules are excited, the fluorescence response F(7, £) is at the
same modulation frequency as the excitation light but is
demodulated and phase shifted:

FG, 1) o IG)[1 + m'sin(ot + ¢)] )

where m' denotes the modulation of the fluorescence re-
sponse and ¢ is its phase shift with respect to the excitation
light. By measuring either the phase shift ¢ or the demodula-
tion m = m'/m,, the fluorescence lifetime can be determined:

1

tan(¢) = wt, and m= m (3)
where 7, and 7,, denote the phase and modulation lifetimes,
respectively. More complex excitation modulation func-
tions, such as a laser pulse train, can be represented as a
superposition of Fourier components. The fluorescence sig-
nal can then be represented as the sum of the response to
each Fourier component (Spencer and Weber, 1969; Grat-
ton and Limkeman, 1983; Gratton et al., 1984; Alcala and
Gratton, 1985; Lakowicz, 1999).

Time-resolved anisotropy studies are performed by mea-
suring the fluorescence parallel and perpendicular to the
excitation polarization. For linearly polarized 6-pulse exci-
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tation, the parallel (||) and perpendicular (L) components of
the fluorescence decay are given by

ij(6) = 3 1(0(1 + 2(2)) 4)

i) = 31001 = (1) (5)

where /(f) and r(¢) are the fluorescence and anisotropy
decays, respectively. For an isotropic rotator, the anisotropy
decay is given by

rt) = rpe” VP (6)

where ® is the rotational correlation time and 7, is the initial
anisotropy.

In the frequency domain the anisotropy is determined by
measuring the frequency response of the differential phase
A¢ = ¢, — ¢ and modulation ratio Y between the parallel
and perpendicular fluorescence signals. For an isotropic
rotator, the differential phase A¢ and the (squared) modu-
lation ratio Y? are given by

_ 3wR
T+ @)1+ r—2r%) + RR + 2k + kr) )

Ay

_ [k+6R/(1 - "+ o?
[kt oR/(1 + 21 + o ®

2

where 7 and R are the intrinsic anisotropy and the rotational
rate, respectively, and £ is the fluorescence decay rate. Note
that R is the inverse of the rotational correlation time, i.e.,
R = 1/®, and correspondingly, the fluorescence decay rate
k 1s the inverse of the fluorescence lifetime 7, i.e., k = 1/7
(Gratton and Limkeman, 1983; Gratton et al., 1984; Alcala
and Gratton, 1985; Lakowicz, 1999).

PUMP-PROBE FLUORESCENCE MICROSCOPY
Overview of pump-probe techniques

Pump-probe spectroscopy has been applied successfully to
the investigation of ultrafast processes in biology, chemis-
try, and condensed matter. The temporal evolution of the
process can be studied by varying the timing between the
pump and probe pulses (Evans, 1989; Fleming, 1986; Lytle
et al., 1985). A common approach is to excite the sample
with a strong pulse of light (pump) and to sample the
ground-state population with a weak pulse of light (probe).
The temporal separation between these pulses is typically
controlled by means of a mechanical delay line that allows
fine control of the laser beams’ optical paths. The ultimate
temporal resolution of this type of pump-probe spectros-
copy is determined by the pulse width of the laser. In the
visible and near-IR wavelength ranges, the duration of light
pulses is around a few femtoseconds (10~ '%s) (Zhou et al.,
1994; Xu et al., 1996; Christov et al., 1996). Ultrafast
phenomena in many biological systems, including photo-
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synthetic reaction centers, rhodopsin, and heme proteins,
have been studied (Hochstrasser and Johnson, 1988).

An alternative method in pump-probe techniques is the
asynchronous sampling version first proposed by the Lytle
group (Elzinga et al., 1987). In this approach, two pulsed
laser beams with different repetition rates are focused on the
same spot in the sample to induce the pump-probe effect.
The difference in repetition rates introduces a variable delay
between the pump and probe pulses. The effect of this delay
is to repeatedly sample the excited-state population of the
molecules at consecutive time intervals after the pump laser
pulses. A frequency domain analysis of the pump-probe
signal generated in this manner shows that the (high-)
frequency components of the fluorescence signal are shifted
to the lasers’ cross-correlation frequency and its harmonics.
These frequency components can be analyzed to obtain time-
resolved information. Harmonic content can be explored in
excess of 12 GHz (Berland et al., 1992). Instead of sampling
the transient absorption of the probe pulse, researchers can
choose its wavelength to induce stimulated emission from the
excited-state population. The stimulated emission approach
has been demonstrated in spectroscopic studies (Lakowicz et
al., 1994; Kusba et al., 1994; Adachi et al., 1995).

Imaging microscopy based on the asynchronous sampling
technique offers several advantages over the equivalent
technique that uses a mechanical delay line. To acquire
time-resolved images by means of a mechanical delay line,
either all of the fluorescence properties are measured in one
pixel by running one laser beam through a series of time
delays before moving to the next pixel, or the entire image
is scanned at one particular time delay and consecutively
repeated for all delay times, yielding a corresponding series
of time slice images. Within an image acquisition time of
60 s, 30 time slice images at most can be recorded, because
it takes ~2 s to scan an image of 256 X 256 pixels (cf.
section Scanning Optics). With respect to frequency domain,
this is equivalent to acquiring 15 harmonics of the fluorescence
signal in each pixel. To measure 15 harmonics in one pixel at
once, the time delay has to be switched 30 times within the
pixel dwell time of ~1 ms, which is not mechanically feasible.

With the asynchronous sampling technique, 15 harmon-
ics can easily be recorded at once within the 1-ms pixel
dwell time, assuming a corresponding base cross-correla-
tion frequency of 1 kHz and a moderate signal digitization
rate of 30 kHz. Hence, by simply increasing the digitization
rate, the asynchronous sampling technique allows us to
retrieve more harmonic components of the fluorescence
signal than the mechanical delay line approach within the
given image acquisition time of 60 s. Furthermore, if the
cross-correlation frequency is also increased, the image
acquisition time can be reduced without losing harmonic
information. However, the major advantage in using a me-
chanical delay line to perform pump-probe experiments is in
the autocorrelation capability of the laser pulses. In this
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setup, the jitter between the pump and probe pulses is
greatly reduced, resulting in improved temporal resolution.

Principle of the pump-probe stimulated
emission technique

The basic principle of the stimulated emission technique is
illustrated in Fig. 1. The beams of two pulsed lasers are
focused onto a common volume inside the specimen. The
pulse repetition rates of the two lasers are offset slightly,
and their wavelengths are chosen such that the pump beam
excites the chromophores under study and the probe beam
induces stimulated emission. The optical modulation of the
excited-state population by the probe pulses results in a
heterodyning of the fluorescence signal, i.e., the Fourier
spectrum of the fluorescence decay is translated to the
cross-correlation frequency range. The high harmonic con-
tent of pulsed lasers (THz range for femtosecond lasers)
allows the acquisition of multiple harmonics of the decay
spectrum at once. The fluorescence signal containing the
cross-correlation harmonics can be isolated by means of opti-
cal filtering, because the emission is at wavelengths different
from those of both excitation and stimulated emissions.

The timing diagram shown in Fig. 2 further illustrates the
principle of the pump-probe (stimulated emission) tech-
nique. The pulse train of the pump laser periodically excites
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FIGURE 1 Principles of the pump-probe (stimulated emission) fluores-

cence technique. The sample population is excited by an intensity-modu-
lated pump laser tuned in its wavelength A to the corresponding molecular
absorption band. The modulation frequency of the pump beam intensity is
v = w/27. The stimulated emission process is induced by the probe laser
beam set to a wavelength A" within the fluorophores’ emission spectrum.
The probe beam intensity is slightly offset in its modulation frequency at
V' = o'/2m. The fluorescence emission is detected at an appropriate
spectral band A, within the fluorophores’ emission spectrum. The inter-
action of the probe beam with the excited-state molecules at a frequency
different from that of their excitation cycle results in a modulation of the
residual fluorescence emission at the lasers’ cross-correlation frequency,
Aw =0 — o
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FIGURE 2 Generation of the cross-correlation signal by pulsed lasers. (4) Time series of pump laser-induced fluorescence decays. Pump pulses are
represented by arrows, at a periodicity of T,. (B) The arrival of probe pulses induces stimulated emission and decreases the residual fluorescence. Probe
pulses arrive at a period of 7,. (C) The stimulated emission signal (represented by arrows above probe pulses) is proportional to the actual number of
excited-state molecules. The pump-to-probe pulse delay between consecutive excitation cycles increases by At = T, — T,. (D) Fourier transform of the
pump-probe stimulated emission signal. Aw denotes the cross-correlation frequency between the pump and probe lasers.

the chromophores and correspondingly generates a series of
fluorescence decays. At increasing numbers of excitation
cycles, the probe pulse is successively delayed with respect
to the pump pulse. The fundamental delay or an equivalent
sampling time is determined by the difference in the lasers’
repetition rates. For instance, if the lasers are operated at
~76.2 MHz and the offset frequency is 5 kHz, the equiva-
lent sampling time is ~860 fs. At the arrival of a probe
pulse, the correspondingly generated stimulated emission
causes a drop in the actual fluorescence because the stim-
ulated emission photons propagate in the same direction as
the probe pulse (Sargent et al., 1974). The amplitude of the
stimulated emission signal and the drop in fluorescence both
depend on the number of excited-state molecules at the
arrival time of the probe pulse. As a result, the excited-state

population is sampled by the probe pulses at different delays
after excitation. The corresponding time-resolved informa-
tion can be obtained by observing the stimulated emission
(same direction as the probe laser) or the residual fluores-
cence signal emanating in all other directions.

Equations governing the pump-probe stimulated
emission process

Our instrument acquires the residual fluorescence intensity
F(f) of the pump-probe stimulated emission process. The
same objective is used to focus and spatially overlap the two
laser beams and to collect the fluorescence (cf. Fig. 4). To
obtain an analytical expression for F(f), first consider an

Biophysical Journal 79(1) 536-549



540

exponentially decaying species that is respectively excited
and deexcited (via stimulated emission) by means of a pump
and probe laser. The differential equation that governs the
number density of excited state chromophores N(7, £) now
becomes

dNG, 1) 1 . -
G =~ NGO+ ol e = NG 1)

©)
—o'I'(r, )N, 1)

where I(7, t) and I'(7, f) describe the spatial and temporal
intensity distributions of the pump and probe laser, respec-
tively. As in Eq. 1, 7 is the fluorophore lifetime, o is the
absorption cross section, and the total fluorophore concen-
tration ¢ is assumed to be constant. The additional term
—a'Il'(r, H)N(7, t) accounts for the number of excited-state
molecules that return to the ground state via stimulated
emission, and o’ denotes the (wavelength-dependent) stim-
ulated emission cross section.

In our experiments the pump and the probe laser generate
two periodic pulse trains with slightly different periodicities
T and T' or repetition frequencies w = 27/T and o' =
27/T', respectively. Thus Fourier analysis can be applied to
solve Eq. 9. The derivation of an analytical solution of Eq.
9 and, correspondingly, a closed expression for the residual
fluorescence F(#) are shown in the Appendix. Here we only
present the final expression for the residual fluorescence
emission rate F(f) of the pump-probe stimulated emission
process (cf. Eq. A8):

getoo’ 2, L(nw)L'(nw')

2 21+ (nor)?

F(f) =
(10)

cos[n(w’ — w)t — (f)djl(?)]’(?)dﬁ

In Eq. 10, L(nw) and L' (nw) are the Fourier coefficients of
the temporal pulse profiles L(z) and L'(¢) of the pump and
probe laser, respectively; ¢ is the quantum yield of the
molecules; and the phase shift ¢, is given by ¢, =
tan” ' (nw).

Both the amplitude L(nw)L'(nw')/NV'1 +(nwt)” and the
phase ¢, of each harmonic term contain the fluorescence
lifetime 7. For n = 1, this result is consistent with Eq. 3.
Thus, by measuring the signals’ amplitudes and phase spec-
tra at the cross-correlation frequencies, the fluorescence
lifetime 7 can be determined from tan(¢,) = nwt and
L(nw)L'(nw')/V1 + (nwt)>. Note that the high-frequency
response is limited by two factors: the harmonic content of
the pump and probe laser, respectively, given by L(nw) and
L'(nw'), and/or the lifetime modulation factor

V1 + (nor)’.
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Spatial resolution provided by pump-probe
fluorescence microscopy

A key feature of the pump-probe method is the localization
of the cross-correlation signal within the overlapping inte-
gral [I(r)I'(r)d*r of the pump and probe beam as shown in
Eq. 10. The point-spread function (PSF) of pump-probe
techniques has been studied both theoretically and experi-
mentally (Dong et al., 1995, 1997). Spatial specificity is
achieved because the pump-probe signal is localized near
the focal region where both the pump and probe lasers have
a high photon flux. As Eq. 10 shows, in a pump-probe
fluorescence microscope in which both the pump and probe
processes involve a one-photon transition, the PSF is given

by
I(nI'(r) (1)
where

I(u,v) = (12)

1
2 j Jo(vp)pe™ 7 dp
0

is the point-spread function for conventional microscopy,
u = (87/\)sin*(a/2)z and v = (27/A)sin(a)r are the dimen-
sionless axial (z) and radial (r) coordinates, respectively,
and A is the wavelength of light focused by a circular
objective of numerical aperture sin(a) (Born and Wolf,
1985; Sheppard and Gu, 1990). Equation 12 shows that the
PSF is mathematically similar to the PSF of two-photon
excitation microscopy /(u/2, v/2)I(u/2, v/2), but at roughly
half the wavelength (Sheppard and Gu, 1990). As a result,
the PSF of the pump-probe method is narrower than the PSF
of two-photon excitation microscopy. Furthermore, the
pump-probe PSF is identical to the PSF for confocal mi-
croscopy if the stimulated emission wavelength and the
confocal detection wavelength are identical. We demon-
strated comparable 3-D sectioning effects between pump-
probe fluorescence and confocal microscopy (Dong et al.,
1995, 1997).

Lifetime and time-resolved polarization imaging
in pump-probe stimulated emission microscopy

Fluorescence lifetime measurements are generally per-
formed at the magic angle condition in which the emission
polarizer is rotated to 54.7° relative to the excitation beam
polarization; the lifetime measured will then be free of the
effect due to the chromophores’ rotational correlation time.
Polarization measurements are achieved by sampling the
fluorescence at the parallel and perpendicular directions
relative to the polarization of the excitation light source by
rotation of the emission polarizer. In the pump-probe (stim-
ulated emission) technique, a different approach is used to
satisfy the magic angle and polarization measurement con-
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ditions. As illustrated in Fig. 3, the x/z plane polarized pump
pulse photoselects those molecules that have their absorp-
tion transition dipoles (iz,) preferentially aligned with the z
axis. The polarization of the probe pulse is set at 54.7°
relative to that of the pump pulse. Consequently, the result-
ing modulation of the parallel (/) and perpendicular (/)
fluorescence components is proportional to the numerical
factors cos?(54.7°) = 1/3 and sin?(54.7°) = 2/3, respec-
tively. Because the fluorescence was detected without an
emission polarizer, /| and /, are acquired at a ratio of 1:2,
thus effectively sampling the excited-state molecules at the
magic angle. Similarly, to sample the population of the
excited-state molecules in directions parallel and perpendic-
ular to the pump beam’s polarization, the probe beam’s
polarization is rotated in parallel and perpendicular direc-
tions. Compared to standard fluorescence measurements,
the stimulated emission technique samples the distribution
of the excited-state molecules by changing the probe beam
polarization without the use of an emission polarizer.

Ultrafast molecular dynamics measured without
high-speed photodetectors

Direct decay measurements are ultimately limited by the
detector frequency response in the study of ultrafast fluo-
rescence phenomena in both the frequency and time do-
mains. A typical photomultiplier (Hamamatsu R928) used
in a fluorescence lifetime instrument can be gain-modulated
to ~400 MHz. A faster detector such as a microchannel
plate has been used up to ~10 GHz (Gratton and vandeVen,
1989). On the other hand, a commonly available laser

Pump Pulse

4

3

|
Probe Pulse

FIGURE 3 Implementation of fluorescence lifetime and anisotropy mea-
surements in the pump-probe (stimulated emission) fluorescence tech-
nique. The polarization of the pump pulse (P)) is oriented parallel to the Z
axis of the experimental coordinate system. The pump and probe sources
are combined and guided to the sample. The fluorescence lifetime is
measured with linearly polarized pump and probe pulses. The polarization
planes of fluorescence excitation and deexcitation are oriented under the
magic angle, i.e., 54.7° (Ps4--). The anisotropy is acquired by means of
linearly polarized excitation and fluorescence deexcitation parallel (P)) and
perpendicular (P, ) to the excitation. The absorption and emission transi-
tion dipoles of a schematically (ellipsoid) represented molecule are denoted
as u, and pg, respectively. The angle 6 is between i, and fig, and ¢ is
between the Y axis and the projection of iy onto the X/Y plane.
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system can easily generate picosecond pulses (FWHM)
corresponding to a 3-dB frequency bandwidth of 220 GHz.
Because of the limited detector bandwidth, the standard
frequency domain fluorescence instrumentation is not capa-
ble of exploring the high modulation frequency content
available in picosecond pulsed laser systems. In contrast,
pump-probe (stimulated emission) fluorescence microscopy
allows lifetime-resolved imaging without the use of fast
photodetectors. In Egs. 3 and 10, we showed that the phase
and modulation of the cross-correlation signal at |0 — |
can be used to determine the fluorescence lifetime. In our
experiments, |o’

o' — | is chosen in the kHz range, which
allows us to acquire images at fast scanning rates.

The main focus of this work is to demonstrate that pump-
probe stimulated emission microscopy produces time-re-
solved (in particular, polarization-resolved) images of cells.
While we demonstrate the feasibility of this technique, more
important biological questions are addressed with appropriate
systems. For example, appropriately labeled biomolecules may
be introduced into cellular systems, and monitoring the time-
resolved polarization properties of these biomolecules can elu-
cidate functionally important motions such as aggregation or
change in the local viscosity environment.

MATERIALS AND METHODS
Sample preparation

The two imaging samples presented in this work are orange fluorescent
latex spheres and labeled mouse fibroblast cells. Orange fluorescent latex
spheres 15 um in diameter (absorption maximum: 530 nm; emission
maximum: 560 nm; Molecular Probes, Eugene, OR) were immobilized
between a coverslip and a flat microscope slide with Fluoromount G
mounting medium (Southern Biotechnology, Birmingham, AL). The
mouse fibroblast cells were grown in Petri dishes on coverslips, using
Dulbecco’s modified Eagle’s medium (DMEM) (D-6655; Sigma, St.
Louis, MO) supplemented with 10% fetal bovine serum, 0.11 mg/liter
sodium pyruvate, 1% MEM nonessential amino acids, and 0.5% penicillin/
streptomycin. CellTracker CMTMR (5-(and 6)-(((4-chloromethyl)ben-
zoyl)amino)tetramethyl-rhodamine (Molecular Probes) was used as the
vital fluorescent label. The 1-mg aliquot supplied by the manufacturer was
dissolved in dimethyl sulfoxide (DMSO) (Sigma), yielding a 10 mM stock
solution. The final dye concentration was 5 wM. For staining, the culture
medium was removed from the Petri dish, and the 5 uM CMTMR solution
was deposited onto the coverslips’ surfaces. After incubating for 30—45
min at 37°C, the coverslips were washed and immersed in fresh culture
media and placed back into the incubator for the same period of time. For
the microscopic measurements, the coverslips were mounted on well slides
filled with the culture medium, and their edges were sealed with nail
polish. All measurements were performed at room temperature immedi-
ately after the completion of the sealing procedure.

The experimental arrangement of our pump-probe (stimulated emission)
fluorescence microscope is shown in Fig. 4. A more comprehensive de-
scription of the instrument can be found elsewhere (Dong et al., 1995).

Pump-probe light sources

The 10-MHz output of a master synthesizer is used to synchronize a
mode-locked neodymium-YAG laser and a neodymium-YLF laser (Antar-

Biophysical Journal 79(1) 536-549



542

Mode
Locker

Mode
Locker

Data Acquisition
Conptiter

Cavity
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FIGURE 4 Instrumental setup of our pump-probe (stimulated emission)
microscope. Nd-YAG and Nd-YLF denote the neodymium-YAG pump
and neodymium-YLF probe lasers. D1 and D2 are dichroic mirrors respec-
tively combining and directing the pump and probe beams toward the
objective. The spectral properties of D2 are chosen to transmit the fluo-
rescence. BP is the emission bandpass filter that removes residual laser
scatter. The fluorescence spot in the specimen plane can be visually
inspected through the eyepiece. The fluorescence is recorded by a photo-
multiplier (PMT). In the imaging mode, the analog PMT signal is first
digitized (ADC, analog-to-digital converter) and then acquired by the data
acquisition computer. The scanning mirrors of the X/Y scanner are also
computer-driven via a digital-to-analog converter (DAC). In the spectro-
scopic mode, the PMT signal is recorded by a spectrum analyzer instead of
the data acquisition computer (not shown in this figure). Electronic am-
plifiers are denoted as A.

es; Coherent, Santa Clara, CA). The pulse repetition rate of the two
neodymium (Nd) lasers can be separately set by two frequency synthesiz-
ers (PTS500; Programmed Test Sources, Littleton, MA). Each PTS syn-
thesizer drives a mode-locker unit and eventually the laser’s acoustic-
optical modulator (not shown in Fig. 4). The (frequency-doubled) 532-nm
line of the Nd-YAG laser is used for sample excitation. To induce stimu-
lated emission, the wavelength of the Nd-YLF pumped DCM dye laser
(model 700; Coherent) is tuned to 640 nm. The pulse widths (FWHM) of
the pump and probe laser are ~100 ps and ~ 10 ps, respectively. The power
and polarization of each laser beam are separately controlled by two
Glan-Taylor polarizers (03PTA001; Melles Griot, Irvine, CA). Typically,
the average power of the pump and probe beams at the sample plane is less
than 300 uwW and 3 mW, respectively. For time-resolved fluorescence
microscopy, the pump source is operated at 76.2 MHz + 2.5 kHz, and the
probe laser’s repetition frequency is 5 kHz away at 76.2 MHz + 2.5 kHz.
For spectroscopic studies, the difference in repetition frequency is reduced
to 210 Hz, with the pump and probe lasers operating at 76.2 MHz and 76.2
MHz + 210 Hz, respectively.

Scanning optics

The two laser beams are combined by a dichroic mirror D1 (Chroma
Technology, Brattleboro, VT) before they reach the x-y scanner (model
6350; Cambridge Technology, Watertown, MA). The angular positions of
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the two scanning mirrors can be digitally set (DAC) by 16-bit binary
numbers. However, only the middle eight bits are used for scanning,
correspondingly yielding an image comprising 256 X 256 pixels. The
closed-loop bandwidth of the scanner is in the audio range (settling time
~1.6 ms). Therefore, the fastest image acquisition time is ~2 s.

A beam expander is inserted into the microscope’s excitation light path
to overfill the back-aperture of the objective and hence produce diffraction-
limited focusing. The expanded beams are reflected into the microscope
objective by a second dichroic D2 (Chroma Technology). We have found
that within the angular range used for scanning, the combination of beam
expander and objective linearly transforms the angular deviation of the
input laser beam into a lateral translation of the focal point position at the
object plane. Because the field aperture plane is telecentric to the object
plane of the microscope objective, the movement of the focal point on the
object plane is proportional to the angular deviation of the scanned beam
(Stelzer, 1995).

Because tight focusing increases the photon flux and localizes the
pump-probe effect, a well-corrected, high numerical aperture objective is
used (63X Plan-Neofluar, NA 1.25; Zeiss, Thornwood, NY). The fluores-
cence signal is collected by the same objective and transmitted through the
dichroic D2 and two bandpass filters BP (600 nm * 20 nm), before being
refocused onto the detector (R3938 or R1104 photomultiplier tube;
Hamamatsu, Bridgewater, NJ). For the 63X objective, the scanning range
in the object plane is 35 X 35 wm, and the scanning raster is 140 nm.

Signal detection and image processing

For imaging studies, the photomultiplier tube (PMT) signal is first ampli-
fied by an ac-coupled (f345 = 300 Hz) current amplifier (SR570; Stanford
Research, Sunnyvale, CA). Then the cross-correlation signal is isolated by
a 5 kHz *= 1 kHz bandpass filter and postamplified (SR560, Stanford
Research) before its analog-to-digital conversion (ADC) by a 12-bit sam-
pling digitizer (A2D-160; DRA Laboratories, Sterling, VA). The ADC
sampling clock is derived from the 10-MHz master line and hence is
phase-locked to the lasers. According to the Shannon sampling theorem, at
least two points per cross-correlation waveform have to be acquired. In our
experiments, the signal is sampled four times per waveform to reduce
harmonic noise. To further reduce the noise, several waveforms can be
averaged. From such a four-point time record, the phase and amplitude of
the 5-kHz cross-correlation signal are derived by fast Fourier transform
algorithm. After the predetermined number of waveforms are acquired, the
computer correspondingly drives the DAC to advance the scanner to the
next pixel. The pixel-to-pixel movement is synchronized to the digitizer for
phase coherence. When only one waveform of the 5-kHz cross-correlation
signal is acquired, the pixel dwell time is 200 us, and the corresponding
frame acquisition time is 13 s. After digital processing, the amplitude and
phase of the cross-correlation signal are displayed and stored by the data
acquisition computer. Note that the phase and modulation data are acquired
relative to the 10-MHz signal of the master synthesizer. Therefore, a
separate measurement with a standard dye is required to calibrate the
system.

For spectroscopic studies, the PMT signal is directly acquired by a
spectrum analyzer (model 35665A; Hewlett Packard, Rolling Meadows,
IL; not shown in the figure). Because of its limited bandwidth (~100 kHz),
a smaller cross-correlation frequency is chosen to allow the acquisition of
multiple harmonics of a fluorescence decay. The multiharmonic phase and
modulation data can be fitted with the appropriate model function to derive
the specimen’s fluorescence lifetime or rotational correlation time. In
contrast to imaging studies that provide only phase and modulation data at
a single cross-correlation frequency, a standard dye is therefore not re-
quired in the spectroscopic mode. For the saturation studies described in
the following section, the cross-correlation signal was set at 210 Hz.
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RESULTS AND DISCUSSION
Saturation

We determined the appropriate power levels of the pump
and probe lasers to avoid saturation of the cross-correlation
signal in the focal region. Initially, the pump-probe (stim-
ulated emission) signal increases linearly as either laser
increases in power. With a further increase in the pump and
probe laser powers, the ground-state and excited-state pop-
ulations, respectively, in the focal region can become de-
pleted. Consequently, fluorophores in the off-focal region
start to contribute to the pump-probe signal, which results in
a broadening of the point-spread function (PSF) and dete-
rioration of image resolution.

As a characteristic fluorophore aqueous rhodamine B
(280 uM) was used to determine the appropriate laser
intensity values to operate in the linear region. The power
levels of both lasers at the objective’s focal point were
measured by means of a transimpedance amplified solar cell
that has been calibrated at the wavelengths of the pump and
probe lasers. To mimic data acquisition conditions, the solar
cell was placed at the specimen position with a layer of
immersion oil between the solar cell and the objective. To
enhance the dynamic range of the detection system, off-
focal fluorescence was reduced by inserting a 600-um pin-
hole at the focal plane of the emission tube lens. For the
63X objective used, the focal volume’s radial dimension in
the image plane of the tube lens is ~60 wm. Therefore, the
600-um pinhole only eliminates off-focal fluorescence and
does not interfere with the signal from around the focal
volume.

For five distinct pump power intensities, i.e., 55, 127,
221, 400, and 510 uW, the first harmonic amplitude at 210
Hz was measured as the probe power was increased step-
wise from 860 uW to 7.5 mW. The resulting data series are
plotted in Fig. 5 a. For each of the five pump power series,
the signal amplitude first increases linearly as a function of
probe power. However, at higher probe power, the first
harmonic amplitude starts to increase at slower rates, indi-
cating the onset of signal saturation. The data series show
that probe power saturation begins at ~3 mW regardless of
the pump power used. To determine to onset of pump power
saturation, the linear region of each data series was fitted.
The slopes obtained are plotted in Fig. 5 b. Deviation from
linearity of the slope indicates the onset of signal saturation
due to the pump power level. Therefore, we conclude from
Fig. 5 b that the signal saturation due to the pump power
starts at ~300 wW.

Based on these saturation data, both pump and probe
saturation levels of other chromophores can be estimated,
provided their extinction coefficients, quantum yields, and
stimulated emission cross sections relative to that of rhoda-
mine B are known.
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FIGURE 5 (a) Cross-correlation signal at different pump and probe laser
powers. Data points with equal pump power are connected. (b) Slopes
obtained from linear regression including only the linear region of the
curves in a.

Point-spread function

The strong dependence of the optical cross-correlation sig-
nal on the spatial overlap of the pump and probe beams
provides optical sectioning similar to that found in confocal
and two-photon excitation microscopy. For the case of
one-photon pump excitation and one-photon probe deexci-
tation, the point-spread function has been calculated and
experimentally verified. It was shown that the radial and
axial dimensions of our pump-probe (stimulated emission)
microscopy are on the order of 0.3 wm and 1.1 wm, respec-
tively (Dong et al., 1995).

Lifetime and rotation of rhodamine B in water

As an application of the pump-probe (stimulated emission)
technique, we measured the lifetime and rotational correla-
tion time of rhodamine B (280 puM) in Tris buffer. The
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power spectrum of the fluorescence decay is shown in Fig.
6 a. The equivalent (after heterodyning) frequency response
of our instrument easily extends into the GHz range, a
significant improvement over the 400-MHz limit imposed
by PMT modulation in a standard frequency domain flu-
orometer. Specifically, we can measure harmonics (peaks)
of the fluorescence decay of rhodamine B up to 4.572 GHz
before the noise significantly distorts the signal.

Because the finite pulse widths of the Nd-YAG and DCM
dye lasers cause an attenuation of the high-frequency com-
ponents, a proper fit of the harmonic decay must include
factors accounting for the laser sources’ harmonic content.
Of course, the Nd-YAG 100-ps pulses (f34, =~ 2.2 GHz)
contribute more significantly to the high-frequency har-
monic distortion than the shorter 10-ps dye laser pulses
(f3ap = 22 GHz; cf. Eq. A10).

The appropriate frequency domain fitting function can be
derived from Eq. 10 by substituting L(Nw)L'(Nw") with the
corresponding Fourier coefficients of a Lorentzian-shaped
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FIGURE 6 (a) Power spectrum of aqueous rhodamine B (in Tris). (b)
Corresponding lifetime fit of the power spectrum data shown in a.
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pulse profile (cf. Eq. All),

2aqre % I
2

i=1

Flw) =

- ]Eam—n%) (13)

\1 + ((1)71)2 =0

where it is assumed that the fluorescence decay has m
components, each one contributing a relative amount «;.

The corresponding single exponential fit of the data
yielded a fluorescence lifetime of 1.54 ns for rhodamine B,
in good agreement with the previously measured value of
1.5 ns (Dong et al., 1995). The lifetime fit is shown in Fig.
6 b. The factor b was determined to be 61.8 ps, correspond-
ing to a FWHM of 123.6 ps. This value is reasonable
because it accounts for both the pulse widths and the rela-
tive timing jitter of the two lasers.

Fig. 7 shows the frequency domain differential polariza-
tion spectrum of rthodamine B in Tris buffer. The modula-
tion ratio and differential phase were derived from the fluores-
cence between the parallel and perpendicular orientations of
the probe beam with respect to the pump source. Using Globals
Unlimited (LFD, Urbana, IL) software, a simple rotator model
with a single exponential lifetime of 1.54 ns, and an initial
anisotropy of 0.39, the rotational correlation time was deter-
mined to be 88 ps. Note that in both the lifetime and rotational
measurements, we were able to explore the fluorescence har-
monic content up to the GHz range.

Fluorescent latex spheres

To demonstrate the acquisition of time-resolved polariza-
tion images, orange fluorescent latex spheres 15 wm in
diameter were imaged. For the lifetime-resolved images, the
spheres were scanned with the probe beam oriented at 54.7°
(magic angle) relative to the pump beam. The first harmonic
amplitude and phase data (at 76.2 MHz) of a sphere are
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FIGURE 7 Determination of the rotational correlation time of aqueous
rhodamine B. The probe beam polarizer is oriented parallel and perpen-
dicular to the pump laser polarization (cf. Fig. 3). The correspondingly
measured modulation ratio and differential phase are depicted as X and +,
respectively. For a model accommodating a single rotational species, the fit
yields a rotational correlation time of 88 ps.
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the averaged phase for parallel excitation and parallel deexci-
tation (||/]) is 68.3°, and that for parallel excitation and perpen-
dicular deexcitation (|[/L) is 74.1°. The 5.8° phase shift be-
tween the two measurements can be visualized by the
histograms of the two phase images also shown in the figure.

The depolarization of fluorescence emission reflected by
the phase shift might be caused by energy transfer and/or
rotation of dye molecules inside the spheres. To differenti-
ate between the two phenomena, low-temperature (—10°C)
fluorescence polarization measurements (A,, = 532 nm) of
Fluormount G suspended spheres were made in a frequency
domain fluorometer (K2; ISS, Champaign, IL). The mea-

shown in Fig. 8 a. The phase values were acquired relative
to a reference compound (aqueous rhodamine B, 7 = 1.5
ns), a common procedure in phase fluorometry. Within a
region inside the sphere (white square), the averaged phase
is 74.3°. The corresponding fluorescence lifetime of 7.43 ns
is derived by means of Eq. 3.

To obtain the time-resolved polarization images, the
sphere was scanned twice: first, with the probe beam po-
larizer oriented parallel (|)) and then perpendicular (L) to the
pump beam polarization. The first harmonic amplitude and
phase data of the polarized images are shown in Fig. 8 b.
For the same region previously described (white square),
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FIGURE 8 (a) Lifetime-resolved images of a 15-um orange fluorescent latex sphere.
degrees). (b) Time-resolved polarization images of the same sphere. Top: First harmonic amplitude and phase image, along with its corresponding phase

histogram for |-excitation and |-deexcitation. Bottom: Corresponding data for ||-excitation and L-deexcitation. Phase difference (derived from white-
bordered region): Ap = ¢, — ¢ = 5.8°.
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sured low polarization value of 0.025 indicates that energy
transfer is most likely the depolarizing mechanism. In fact,
fluorescent spheres from the same manufacturer have been
shown to be 95% efficient in excitation transfer efficiency
(Roberts et al., 1998).

Mouse fibroblast labeled with
CellTracker CMTMR

Using the pump-probe (stimulated emission) microscope,
we obtained time-resolved polarization images of mouse fibro-
blast cells labeled with CellTracker CMTMR (Molecular
Probes), a rhodamine based, cell-permeant probe. The CMT-
MR’s chloromethyl group reacts with intracellular thiols. Most
likely, the dye enzymatically binds to the glutathione (y-glu-
tamylcysteinylglycine) commonly found in high concentra-
tions inside cells. The resulting CMTMR-glutathione conju-
gate is cell-impermeant and is localized primarily in the cell’s
cytoplasm (Molecular Probes product information sheet).

First, lifetime-resolved amplitude and phase images of a
CMTMR-labeled mouse fibroblast were acquired under the
magic angle condition. The first harmonic amplitude and
phase data (at 76.2 MHz) are shown in Fig. 9 a. Again, the
phase is determined relative to that of aqueous rhodamine B.
The measured phase values are similar (violet-red color) over
most of the cell, except for the two distinct regions I and III.
For these two areas, the average fluorescence lifetimes are 1.93
ns (region I) and 1.85 ns (region III). For a region in between
and an arbitrary chosen area at the top, the lifetime averages
are 2.75 ns (region II) and 2.85 ns (region IV).

The first harmonic amplitude is nonuniform across the
cell. The variation in amplitude can be due to local changes
in both the concentration and the lifetime of fluorophores.
From the phase data, it can be seen that the lifetime varies
little across the cell. Therefore, the first harmonic amplitude
image basically reflects the local concentration of the
CMTMR label, except for the two 1.9-ns lifetime regions.
The shorter lifetime in these two domains reflects the fact
that the CMTMR-glutathione conjugate experiences a mi-
croenvironment different from that in the rest of the cell.

Second, time-resolved polarization images of the same
mouse fibroblast have been acquired in the same way as
previously described (cf. section Fluorescent Latex
Spheres). The first harmonic amplitude and phase data are
shown in Fig. 9 b. The rotational correlation times are
derived from both the differential phase and modulation
data by means of Egs. 7 and 8. Assuming r, to be 0.39, the
rotational correlation times for the same four regions [-VI
as marked in the magic angle images (cf. Fig. 9 a) are 28,
107, 104, and 151 ps, respectively. The measured rotational
rates are fast and correspond roughly to the values obtained
for unhindered rotation of small dyes in an aqueous envi-
ronment. The rotational properties of CMTMR-glutathione
conjugate are dominated by CMTMR, because the fluores-
cent label is about two times larger than glutathione. Be-
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cause CMTMR is about twice as large as glutathione, such
fast rotational correlation times suggest that the cytoplasm
acts more like an aqueous than a gel-like environment for
the CMTMR-glutathione complex. This is in agreement
with recent studies that also used small probes to investigate
the microviscosity of the cytoplasm (Periasamy et al., 1991;
Swaminathan et al., 1997).

CONCLUSION

We have applied the pump-probe stimulated emission ap-
proach to time-resolved polarization imaging. The system
has been calibrated for pump-probe signal saturation at both
laser powers. Lifetime imaging under the magic angle con-
dition can be satisfied by rotating the probe beam polariza-
tion 54.7° relative to that of the pump beam. Similarly,
polarization imaging can be achieved by rotating the probe
beam polarization parallel and perpendicular to the pump
beam. Time-resolved polarization images of fluorescent la-
tex spheres show that the depolarization of fluorescence
inside the spheres is most likely due to energy transfer.
Lifetime and time-resolved polarization images of Cell-
Tracker CMTMR-stained mouse fibroblast cells show fast
rotational correlation times of the glutathione-complexed
probe ranging from 30 to 150 ps. This implies that a
relatively low microviscosity exists inside the cytoplasm.

APPENDIX: DERIVATION OF FREQUENCY
DOMAIN, PUMP-PROBE FLUORESCENCE
SIGNAL F(t)

Based on Eq. 9, we derive an analytical expression for the residual
fluorescence intensity F(¢) of the pump-probe stimulated emission process.
Equation 9 is a first-order linear differential equation of the form y'(x) +
px)y = g(x), the solution of which is given by

y (A1)

e J (s)g(s)ds + 01]

where w(x) = exp(J*p(¢)df), and c, is a constant specifying the boundary
value or initial condition (Boyce and DiPrima, 1977). The solution of Eq.

9 can be written as

NG, 1)

t
_ ef'[(l/q—)ﬂﬂ(},s)ﬂr'l'(},s)]ds[feju[(l/ﬂﬂﬂ(?,s)+a'1'(},s)]dso_d(;’ u)du]

(A2)

where it is assumed that the excited state is not populated at time zero, i.e.,
N(t)|,—o = 0. According to Fourier theory, the periodic nature of a laser pulse
train allows us to write its temporal intensity profile L(7) as a sum of cosines,

L() = D, L(nw)cos(nwt)

n=0

(A3)
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where w = 27v is the angular frequency of the laser pulses, and L(nw) is
the Fourier coefficient of the nth frequency component of the pulse train.
The intensity distribution of a laser pulse train /(7, f) focused by a micro-
scope objective can be written as the product of the spatial distribution /(7)
and the temporal profile L(7),

N7, 1)

= o [UM+aIE (Lke) kojsin(kan) +o'T (O], (L' (n’)mo )sin(me'D)]

t
B e [(wm)+al(0)Z_((Lpw)pw)sin(pou)+o'T () (L (qe')/qe’)sin(qe'w)] oc [(;)
I(r, £) = I(r) . L(nw)cos(nwt) (A4)

n=0

where the pulse train is assumed to be an even function in time. By
substituting the intensity distribution of the pump I(7, 7) and probe laser E L(nw)cos(n wu)du (AS)
I'(7, 1) according to Eq. A4 into Eq. A2, N(7, ) becomes =0
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The instantaneous fluorescence emission rate F(7, f) is the product of the
molecules’ quantum yield ¢ and the rate of change of the excited-state
population,

Fr, 0= L A6
(l", t) - q dr . ( )
Evaluation of Eq. A6 with the result of Eq. AS yields
F(r, 1) = —qocl(7)} Y. L(Nw)cos(Nwt)
N=0
1 e .
— 1 + ol(r) >, L(nw)cos(nwt) + o'I'(F)
n=0
(A7)

+o'I'(F) D, L'(mow')cos(mo't)
m=0

£3
m=0

—((/1)+01(NZ]_ L(nw)cos(not)+a'T'(1)S_ L(mo)cos(ma't))

£3

e t
E L(n w) eu/real(})zp:O(L(pw)/pw)sin(pwt)+al(})E;U(L(qw)/qw)sm(qw't)

n=0
cos(nwu)du

Equation A7 can be simplified. The exponentials containing sinusoidal
functions may be expanded and the integral evaluated. The resulting
first-order cross-correlation term in /(7)I'(7) for the fluorescence emission
rate is

gctoa’ iL(nw)L’(nw’)
2 N1+ (nor)?

n=0 \

F@t) =
(A8)

cos[n(w’ — w)t — ¢, | I (7 dr

where tan(¢,) = nor (cf. Eq. 3).

The Fourier coefficients L(nw) and L'(nw") depend on the shape of the
pump and probe laser pulses, respectively. For mode-locked lasers like
those used in our setup, the temporal intensity profile L(f) can be approx-
imated as a train of Lorentzian-shaped pulses with a FWHM Ar = 2b and
a period of T (Alcala and Gratton, 1985):

L= D UL+ (t—nl)]

(A9)
n=—
The corresponding frequency domain representation is given by
T e*bw *
L(w) = —5— > 8w — nw,) (A10)
n=0
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with @, = 27/T. The —3-dB frequency bandwidth is f54, = In 2/(7Af).
(For 10-ps pulses, for instance, f34, is ~22 GHz.) Thus the nth frequency
component of a Lorentzian-shaped laser pulse train is

—bw

e
L(nw) = 5 d(w — nw) (A1)

(Alcala and Gratton, 1985).
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