Excitation nonlinearities in emission reabsorption
laser-induced fluorescence techniques

Carlos H. Hidrovo, Ricardo R. Brau, and Douglas P. Hart

The effects of the nonlinear behavior of fluorescent intensity with excitation intensity on emission
reabsorption laser-induced fluorescence (ERLIF) are investigated. Excitation nonlinearities arise
mainly as a consequence of the depletion of the ground-state population stemming from the finite lifetime
of molecules in the excited state. These nonlinearities hinder proper suppression of the excitation
intensity information in the fluorescence ratio, degrading measurement accuracy. A method for mini-
mizing this effect is presented. This method is based on the approximation of the fluorescence intensity
nonlinearities by a power law. Elevating the two-dimensional fluorescent intensity maps to the appro-
priate exponent allows for proper suppression of excitation intensity in the fluorescence ratio. An
overview of the principles and constitutive equations behind ERLIF film-thickness measurements, along
with a characterization of the fluorescence’s nonlinear behavior, is presented. The power law approx-
imation and processing scheme used to mitigate this behavior are introduced. Experimental proof of the
validity of the approximation and processing scheme is provided. © 2004 Optical Society of America

OCIS codes:

1. Introduction

Laser-induced fluorescence, a technique based on the
photoexcitation of a fluorophore or a fluorescent dye,
has been extensively used as a general-purpose dis-
play tool in one-, two-, and three-dimensional appli-
cations.2 However, it is used mainly as a tracer
for qualitative purposes3-> and has seen only lim-
ited use as a quantitative tool. This limitation
stems primarily from the fact that fluorescent in-
tensity is dependent on the intensity of the exciting
light. Variations in exciting-light intensity, sur-
face reflectivity, and optical distortion effects make
fluorescence-based correlations (fluorescence cali-
brations) impractical if not impossible. By using
two different fluorescent dyes and ratioing their
emissions it is possible to eliminate exciting-light
intensity information while preserving the informa-
tion of interest.6-8

This approach was presented previously for film-
thickness measurements in the form of emission re-
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absorption laser-induced fluorescence (ERLIF).8
The idea is to take the ratio of two simultaneously
captured fluorescent emission intensity maps to sup-
press excitation intensity information. To preserve
film-thickness information in the ratio it is necessary
for one of the fluorescent emissions to exhibit reab-
sorption. This ensures that the dependences of the
fluorescent emissions on film thickness are differ-
ent and will not cancel in the ratio. It has been
demonstrated that ERLIF is capable of eliminating
the uncertainty introduced by excitation intensity
fluctuations for film-thickness measurements in the
hundreds-of-micrometers range. A tangible exam-
ple of the accuracy of the ERLIF technique is shown
in Fig. 1. We used ERLIF here to infer the surface
topography of a U.S. 25¢ coin. The coin was placed
flat in the bottom of a beaker, and a small layer of
oil premixed with two fluorescent dyes was depos-
ited on top of the coin. We then used ERLIF to
measure the film thickness of the oil on top of the
coin. Because of the topography of the coin, the
thickness of the oil film on top of the coin generated
a female match of the coin features: raised surface
regions produced a thin film (low fluorescence) and,
vice versa, surface depressions produced a thick
film (high fluorescence). Thus, one must invert the
film-thickness profile to obtain the topography of
the coin’s surface. At the top of Fig. 1 are shown
the two fluorescent emission images of the oil film
lying on top of the coin. It is impossible to infer



Fig. 1. Example of ERLIF.

coin surface features from fluorescent emission 1;
nonetheless, this fluorescence provides a reason-
able map of the laser beam’s intensity profile.
Some of the coin’s features are apparent in fluores-
cent emission 2, but, again, fluctuations in the laser
intensity profile prevent a clear interpretation of
the coin’s features from the basic laser-induced flu-
orescence signal. The bottom of Fig. 1 shows the
ratio of the two fluorescence signals. The surface
topography of the coin becomes evident—not simply
as an image but as a quantifiable topography of the
coin’s surface. The clarity of this figure is evidence
of the ability of this technique to eliminate local

Emission 1

Emission 2

Ratio

illumination variations while it preserves film-
thickness information.

For ERLIF to properly suppress excitation intensity
information in the ratio, the two fluorescent intensities
must exhibit the same behavior with respect to exci-
tation intensity. If the excitation photon flux is low,
which is usually the case in continuous wave lasers,
the fluorescent intensity is linearly proportional to the
excitation intensity. Conversely, when the excitation
photon flux is high, of the order of 10**~10%* photons/
s/cm? (approximately 37-370 MW /cm? at 532 nm) or
higher, which is often the case when pulsed lasers are
used, the fluorescent intensity is no longer linearly
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proportional to the excitation intensity.>1© High ex-
citation photon flux leads to nonlinear behavior of the
fluorescent intensities with respect to the excitation
intensity. If this behavior is not the same for the two
fluorescent intensities, the ERLIF ratio will not sup-
press the dependence of fluorescence on excitation in-
tensity. However, approximating the nonlinear
behavior as a power law with respect to excitation
intensity makes suppression of the excitation intensity
still possible. This is accomplished through the use of
a simple scheme that elevates the fluorescent intensity
images to the appropriate exponents before ratioing.
In this way, excitation intensity information in the
ERLIF ratio is suppressed while film-thickness infor-
mation is preserved.

In what follows, the principles and constitutive
equations behind ERLIF film-thickness measure-
ments are presented. The notation used in this pa-
per is defined in Appendix A. A characterization of
the fluorescence nonlinearity with excitation inten-
sity is then introduced. This nonlinearity can intro-
duce substantial differences in the excitation
intensity behavior between the two fluorescent emis-
sions of interested. If such differences do arise, sup-
pression of excitation intensity in the ratio is no
longer possible. It is then shown that a power law
can be used to approximate the nonlinear behavior of
the fluorescence over a finite excitation intensity
range, letting fluorescent intensity be proportional to
some power (less than unity) of the excitation inten-
sity. On the basis of this approximation, a simple
but powerful scheme is devised that permits prepro-
cessing of the fluorescent intensity maps before the
ratio operation is performed. It consists of elevating
the two fluorescent intensities to appropriate expo-
nents. In this manner it is possible to suppress the
excitation intensity in the ratio even in the presence
of different excitation intensity behaviors.

2. Emission Reabsorption Laser-Induced Fluorescence

ERLIF is a dual-fluorescence technique that permits
accurate measurement of film thickness. This accu-
racy is achieved by suppression of excitation inten-
sity information, allowing a direct and monotonic
correlation to be made between fluorescent inten-
sity and film thickness. Taking the ratio of the two
fluorescent emissions cancels out the dependence of
fluorescence on excitation intensity. Emission re-

in the ratio. To appreciate the dynamics of the tech-
nique fully, one has to look at the equation that de-
scribes the total fluorescence signal collected by a
photodetector (pixel in a CCD) as a function of film
thickness. From the analysis of Hidrovo and Hart,8

Ef(t) = qu)Apr{l - exp[_e()\laser)Ct]}' (1)

We have neglected a monitoring efficiency factor in
Eq. (1), which is a measure of what percentage of the
total fluorescence signal (which is omnidirectional) is
actually collected by the detector. Also, it has been
assumed that the excitation and fluorescence inten-
sities have a temporal square shape (square pulse)
and that the duration of the fluorescence event is
equal to the laser pulse width (7,), both reasonable
assumptions. The time constant or, more correctly,
the thickness constant for Eq. (1) is

t.=1/¢eC. (2)

This constant is the characteristic thickness scale
of the fluorescence system and is a measure of the
strength of the absorption process. The thickness
constant determines the behavior of the fluorescent
intensity with respect to film thickness. In most
cases, the thickness constant encompasses only the
absorption and resultant decrease of the exciting
light’s intensity as the light travels through a film of
finite thickness. In other cases it is possible for the
fluorescence itself to be absorbed by the film as it
travels toward the detector (CCD) through the finite
thickness. This phenomenon is known as emission
reabsorption and depends primarily on the absorp-
tion and emission spectral characteristics of the flu-
orescent system.

In ERLIF two distinct fluorescent emissions are
used: one that comprises emission reabsorption and
another that lacks it. The two emissions are ob-
tained by use of two dyes with appropriate spectral
characteristics. Subscript 1 is used to represent the
reabsorbed fluorescent emission and the spectral
characteristics of the nonreabsorbing dye. Like-
wise, subscript 2 is used to represent the nonreab-
sorbed fluorescent emission and the spectral
characteristics of the reabsorbing dye. The reab-
sorbed and nonreabsorbed fluorescent emissions are
then given by®

Io(y7 T)81()\laser)Clq)l()\ﬁlterl)Apr(l - exp{_[s()\laser)c + 82()\ﬁlter1)02]t})
S()\laser)c’ + SZ(Aﬁlterl)Cz

Io(y’ T)82()\1aser)C2(I)2()\ﬁ1ter2)Apr(1 - eXp{_[s()\laser)C] t})
E(Alaser)c ’

Ef,l,(t’ )\ﬁlterl’ Y, T) = ) (3)

Ef,2(t7 )\ﬁlterQa Y, T) = (4')

respectively. Two things should be noted from Eqs.
(3) and (4): (1) the dependence of fluorescence onex-
citation intensity is the same for both emissions (flu-

absorption of one fluorescent emission ensures that
the dependences on thickness of the two fluorescent
emissions are different and therefore do not cancel
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orescent intensity is linearly proportional to
excitation intensity) and (2) because of reabsorption,
the thickness constants of the two emissions are dif-

ferent. The thickness constants, which are given by
t) = ! , (5)

’ €(Naser) C + €2(Nfitter1) Ca
! (6)

tc = N N~
? 8()\laser)c'

respectively, differ from each other in the term
€9(Nirter1)Ca, Which is the reabsorption term. As will
become apparent presently, this difference in thick-
ness constants between the two emissions is what
permits preservation of the thickness information in
the ratio.

Thus the ratio of the two fluorescent emissions is
given by

Pyrromethene 650. Both of these dyes are excit-
able by the 532-nm line of the frequency-doubled
Nd:YAG laser used. As the technique was origi-
nally developed for lubrication and tribological pur-
poses, the system was initially tested on its ability
to measure oil films. The technique, however, can
be used to measure almost any translucent sub-
stance that a dye can be mixed into or when there
already exists a relatively broad-spectrum self-
fluorescence characteristic when the dye is optically
excited. A dye concentration of 8 X 10~ * mol/L of
oil was used for both dyes. Figure 3 shows the
dependence of fluorescence on film thickness for
Pyrromethene 567 and Pyrromethene 650. There
is a noticeable increase in fluorescence with film
thickness that becomes nonlinear as the film thick-
ness increases (optically thick system). It is appar-
ent, however, that the laser intensity fluctuations are

Ef2
R=—"=, (7
Maser) Ca@P (N girger Maser) C + €5(Ngitter1) C2] (1 — —[€N\aser) C 18
R Nytiorss Miors) = €2(Maser) CaPo(Nitger) [€(Naser) €2(Nfitter1) C2l( exp{ —[€(Naser) C12}) 8)

E':1()\1z:1ser)C'I(I)1()\ﬁlter1)s()\laser)c'(]- - exp{_[s()\laser)c + 82()\ﬁlter1)c’2:| t}) ’

which is independent of excitation of intensity but
still exhibits dependence on film thickness. Notice
that this dependence on film thickness is embedded
in the reabsorption term. If this term were zero,
the one minus exponential terms of the two emis-
sions would be identical and cancel in the ratio,
making the ratio independent of film thickness.

In accordance with the previous research of
Hidrovo and Hart,® an experimental system was set
up to demonstrate the validity of the technique.
The system consists of two CCD cameras mounted
upon a single lens to record the two fluorescent
emissions simultaneously. Dichroic mirrors and
interference filters are used to separate and isolate
the desired fluorescent emissions. Both mechani-
cal and computer processing alignment of the two
images is performed by means of adjustable optics
and the use of a local cross-correlation algorithm.!!

A calibration fixture was fabricated to provide a
linearly increasing film thickness against which the
technique could be tested. The fixture consisted of
a quartz optical flat that formed the top and a
quartz flat set at an angle with an inside reservoir
channel etched around it (Fig. 2). When they were
joined together, the optical flats produced a linearly
increasing gap that was filled with liquid to produce
a known film thickness. We measured the fix-
ture by using a coordinate measuring machine to
verify the thickness of the gap within the calibra-
tion area.

The two dyes selected to demonstrate the feasi-
bility of the technique were Pyrromethene 567 and

embedded within the film-thickness information,
making it difficult to separate the two. The bottom
of Fig. 3 shows the ratio of the two fluorescent emis-
sions. Note the disappearance of the laser intensity
fluctuations, illustrating that the laser intensity in-
formation is canceled in the ratio. Note also that the
ratio has a nearly linear dependence on film thick-
ness. As explained above, this is a consequence of
reabsorption within the optically thick system.

incoming
expanded
laser beam

gap

Fig. 2. Fixture and setup used for calibrating film thickness.
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Fig. 3. Comparison of the film thickness laser-induced fluores-
cence signal for Pyrromethene 567 (Pyr 567) and Pyrromethene
650 (Pyr 650) versus their ratio (optically thick system with strong
reabsorption).

3. Fluorescence Nonlinearity with Excitation Intensity

In the analysis of Hidrovo and Hart® and in Section 2
it was assumed that fluorescent intensity is directly
proportional to or linear with excitation intensity.
This is true (or partially true) only for low-excitation
photon flux (intensity). Under hig -excitation pho-
ton flux, of the order of 102-10%** photons/s/cm?
(approximately 37-370 MW /cm? at 532 nm), depop-
ulation of the ground state occurs as a consequence of
the finite lifetime of the excited state. That is, the
rate at which molecules are being excited is far
greater than the rate at which they return to the
ground state. This leads to an eventual saturation
of the excited state and consequently of the fluores-
cent emission.

The basics of this behavior are presented by Yuzha-
kov et al.? and Patsayeva et al.1° In their analysis it
was shown that the time-dependent population of the
excited state is given by

nBp,
= PP g - +
ny(T) Bp, + A{l exp[ —(Bp, + A)7]},
O=1=r1, (9
()—7BPO [exp(AT,) — exp(—Bp,T,)lexp(—AT)
no(T _Bpo-i-A exp(At,) — exp P,T,) Jexp T),

(10)

Equations (9) and (10) are based on the assumption
of a square laser pulse in the temporal and spatial

T > T,
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domains. This assumption is somewhat unrealistic
in that most lasers used in fluorescence produce tem-
poral and spatial pulses with Lorenzian, Gaussian, or
similar shapes. However, it was shown by Georgiev
et al.’2 that the influence of laser pulse shape on the
fluorescence saturation condition is small for pulses
with high peak intensity [greater than 10%® photons/
s/cm?] and short duration (less than 6 ns). Both of
these conditions are met by the Nd:YAG laser system
used for ERLIF purposes, whose average pulse inten-
sity is of the order of 10%° photons/s/cm? (the peak
intensity is therefore higher) and duration is 3 ns.
The fluorescence signal collected by the CCD is
proportional to the total number of transitions from
the excited state to the ground state and is given by

E = A f I(v)dr = fivgy f ny(dr. (1)

0 0
As 7, — =, which is appropriate for exposure times
significantly longer than the laser pulse’s duration

plus the excited-state lifetime, integration of Eq. (11)
with the proper substitution of Egs. (9) and (10) yields

. hivgnnBp,As; _ 1
" (Bp,+A) P (Bp,+A)

Term 1 Term 2

L expl~(Bp, +A)r,] 1
(Bp, + A) A

Term 4

Term 3

_exp[~(Bp, + A)r,]
A .
Term 5 (12)

Equation (12) shows a nonlinear behavior of the
fluorescence signal as a function of excitation photon
flux (intensity). Looking at the extreme cases of low
photon flux (p, — 0) and high photon flux (p, — ), we
can show that

h Bp,A
limEf(poﬁo):W, (13)
h Ag(At, + 1
lim Ey(p, — o) = " VEAnAT E 1)

A b

denoting a signal that behaves quasi-proportionally
to excitation intensity when low values are involved
and tends to a constant saturated value for high ex-
citation intensities.

Figure 4 shows a plot of Eq. (12) along with its
decomposition into the terms within the braces (de-
noted Terms 1-5) as a function of excitation photon
flux. The following dye and laser parameters (rep-
resentative of the pyrromethene group and frequency
doubled Nd:YAG) were used'24: B = ¢/N, =
2.4909 X 107" em?, A,; = 1/75; = 1.667 X 10571,
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Fig. 4. Fluorescence signal as a function of excitation photon flux
and its decomposition into various nonlinear terms.

A=Ay /P=53763x10%s ", 7, =5x 1075, and
vey = ¢/Agy = 4.8354 X 10"'s™.. In terms of the
total number of dye molecules present, which is given
by n = CV = CAt, a concentration of 2.4 X 1072
mol/L, a ﬂuorescence area of 4.9087 cm?, and a film
thlckness of 50 pm, which correspond to conditions
employed below in our experimental validation, give
n = 3.5473 x 107

Although the behavior of the fluorescence signal
with respect to excitation photon flux (intensity) is not
obvious from Eq. (12), a look at Fig. 4 reveals that the
signal’s overall behavior is dominated by Terms 1 and
4. Thus we could characterize the behavior of the
fluorescence signal with respect to excitation photon
flux by defining a characteristic excitation photon flux

This is the characteristic excitation photon flux of
the fluorescence saturation behavior, a measure of
when nonlinear effects become important. It makes
sense that the characteristic excitation photon flux be
given by Eq. (15), which implies equal activation and
deactivation rates. For values much larger than p,
the activation rate is far greater than the deactiva-
tion rate and there exists a depopulation of the
ground state with the consequent saturation of the
excited state and corresponding fluorescent emission.
For values much smaller than p_, however, the acti-
vation rate is far less than the deactivation rate, such
that the ground state is well supplied and the popu-
lation of the excited state and corresponding fluores-
cence is dictated by excitation photon flux in a
(quasi-) linear fashion.

At first glance, it appears that the fluorescence
saturation behavior is independent of concentration
(number of dye molecules). From Eq. (12) it can be
seen that the fluorescence signal is directly propor-
tional to n (and therefore to concentration). How-
ever, the analysis that led to Eq. (12) assumed an
optically thin system with a constant excitation pho-
ton flux of p,. If the thickness, the concentration, or
both of the system are high enough, this assumption
is not correct. For an optically thick system, the
dependence of the excitation photon flux on depth
must be taken into account. Equation (12) should
then be rewritten to encompass only those molecules
within an infinitesimal layer of the finite thickness of
the system over which the excitation photon flux re-
mains fairly constant: The situation is depicted in
Fig. 5. Rewriting Eq. (12), we obtain

(an excitation photon flux constant) in a way similar to dE. = hvgndnBp. Ay . 1
what we did with Egs. (1) and (2). This characteristic ! (Bp, +A) 7 (Bp,+A)
excitation photon flux is that photon flux that would B A
make the terms in the denominator of the common exp[—(Bp, + A)7,] 1
factor of Eq. (12) of equal magnitude; thus (Bp, +A) A
_expl~(Bp, + A)r,] 16
=A/B. (15) A ’
Po
Po
A ° o o He e o o o
oo...:i...o. e ®
: '.’ .-.' .°'. .. : . ..0.0 }_
708 22737797 A ol IS 371 dx Pe=Poexp(-£Cx)
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Fig. 5. Reduction of the excitation photon flux as a function of thickness owing to absorption (optically thick system).
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(a)—(c) Fluorescence signals as a function of excitation photon flux and film thickness for three different dye molar concentrations

C; (d) comparison of behavior of the signal as a function of p, for the three concentrations (¢ = 100 pm).

and therefore

E,= Jt dEy, 17
0
where
dn = CA;N,dx (18)
pe = po €xp(—€Cx) = p, exp(~BN,Cx).  (19)

The total fluorescence signal is then obtained
from the integration of Eq. (17) with proper substi-
tution of Egs. (18) and (19) into Eq. (16) over the
finite thickness of the system (over all infinitesimal
layers, to include all the molecules of the system).
This integration cannot be solved analytically but
rather must be solved numerically. Figures 6(a)—
6(c) show the numerically obtained values of the
total fluorescence signal (E) as a function of excita-
tion photon flux (p,) and film thickness (¢) for three
concentrations (C) that are orders of magnitude
apart. Figure 6(d) shows the fluorescence signal
(normalized to its maximum value) as a function of
excitation photon flux for the three concentrations
when the thickness of the system is 100 pm. It is
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apparent from Fig. 6 that the effects of concentra-
tion are more than just a mere amplification of the
signal, especially under optically thick conditions.
Under these conditions, concentration plays an im-
portant role in the behavior of fluorescence satura-
tion with respect to excitation photon flux
(intensity) behavior. Higher concentrations lead
to a reduction of fluorescence saturation effects, as
one can understand better by looking at Fig. 5.

If the system is optically thick, there is a substan-
tial reduction of the excitation photon flux (inten-
sity) as a function of thickness (depth). What this
means is that, except for a few layers of molecules at
the top, most layers embedded in the system will
see a highly reduced excitation photon flux (inten-
sity). The deeper one goes, the less change there is
in this excitation photon flux as a function of thick-
ness (depth). If the reduction is substantial
enough to drive the value of p, much below p, (ex-
citation photon flux constant), the fluorescence sig-
nal from the majority of the layers in the system
(and therefore from the overall system) will ap-
proach the behavior given by Eq. (13). This occurs
even though p, (excitation photon flux at the surface
of the system) is higher than p, and a nonlinear
behavior is expected. In optically thin systems,



OD=0.4

Fig. 7. Beam wander and distortion caused by aberrations in ND filters.

however, there is no substantial reduction of the ex-
citation photon flux, and therefore the fluorescence
saturation behavior is independent of C and depends
only on p,, as predicted by Eq. (12). See Fig. 6(d), in
which the higher concentration exhibits a more
nearly linear behavior with excitation photon flux
than the lower concentrations show. Under the pre-
sumptions of Eq. (12), when they are normalized, all
these curves should collapse into one.

4. Experimental Validation

As was mentioned above, the Nd:YAG laser that we
used (New Wave Gemini PIV) is capable of producing
excitation photon fluxes of the order of 10%° photons/
s/cm? when the beam is expanded to a 2.5-cm diam-
eter. This is more than enough intensity to
introduce fluorescence saturation effects. Therefore
we employed the same experimental setup that we
used to demonstrate ERLIF for the fluorescence sat-
uration experiments. The calibration fixture was
filled with the oil-dye mixture to be probed, and the

Region |
(thin film)

OD=1.2

two-camera CCD system was used to record the flu-
orescent emissions. Although the CCD cameras
provide information on the fluorescent emissions over
a two-dimensional region, for our purposes here we
used them as single photodetectors, averaging the
signals from the pixels over the area of interest.

The laser was operated at full power settings. As
the pulse-to-pulse energy stability of the laser is very
good (maximum of 3.5% deviation), we used neutral-
density (ND) filters to control the excitation photon
flux. We employed four different ND filters, with
optical densities (ODs) of 0.1, 0.2, 0.4, and 0.8. They
effectively allowed us to use ODs that ranged from 0
to 1.5 in increments of 0.1 by stacking the filters.
The only drawback with this method is that, because
of manufacturing errors, the filters introduced non-
uniform phase and amplitude transformations,
which produced some wandering and distortion of the
beam profile at the sample. For example, Fig. 7
shows the difference in beam profile and location at
the sample for two ND filters combinations.

Film Thickness Distribution

—
W

—
@

Position (mm)

Region 1
(thin film)

0 5 10 15 | 20
Position (1nm)

Fig. 8. Thin and thick film regions over which fluorescence signal measurements were taken and averaged.
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Fig. 9. Responses of imaging systems and characterization of ND filters.

Fluorescence signal measurements were taken
over thin- (Region 1) and thick- (Region 2) film regions
of the calibration fixture, as depicted in Fig. 8. The
pixel values over these regions were averaged to yield
the effective single photodetector signal. Before pro-
ceeding with the actual testing and data collection we
made preliminary white-light measurements, using
the ND filters, to ensure the linearity of the imaging
system as a whole (camera plus optics). White light
was shone onto a white diffusive surface (paper), and
signal measurements were made with the ND filters
placed in front of the imaging system. The results of
this calibration are shown in Fig. 9, where the signals
are plotted against the corresponding transmissivity
of each ND filter combination. There is a small jitter
in the expected linear behavior of these plots. The
jitter is consistent between the two cameras and is
therefore attributed mainly to discrepancies between
the nominal and actual ODs of the ND filters and to
the wander and distortion of the white-light profile
introduced by them (as explained above).

Tests were conducted on nine oil-dye solutions.
The dyes used were Pyrromethene 605 (P605) and
Pyrromethene 650 (P650). We continue to use oil as
a solvent because the ERLIF system was originally
developed to measure lubricating films. Figure 10
shows the emission and absorption spectra of these
dyes mixed in oil. The dye and the concentration
used for each sample are listed in Table 1. Based on
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Fig. 10. Emission (Em.) and absorption (Abs.) spectra for Pyr-
romethene 605 (P605) and Pyrromethene 650 (P650).
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Table 1, the samples can be divided into three groups:
P605 samples, P650 samples, and mixed P605 and
P650 samples. For each group we used three con-
centrations, separated by an order of magnitude (fac-
tor of 10) and therefore termed low, medium, and
high concentrations. Note that the concentrations
were kept consistent between the single- and mixed-
dye samples. The relative concentrations of P605
and P650 were chosen based on the mixed-dye, high-
concentration sample, which was tailored (as ex-
plained by Hidrovo and Hart?) toward the
measurement of thin films of the order of 10 pm with
a resolution of 1 pm.

The imaging systems (cameras) were synchronized
to the laser, which was operated in manual single-
shot mode. The exposure times of the cameras were
set at 1 ms, short enough to reduce unwanted stray
light and background signal but long enough to cap-
ture the short fluorescent event in its totality. The
appropriate ND filter combinations were placed at
the exit of the laser beam expander to control the
excitation intensity hitting the sample, going from
full intensity of the order of 10%°-10%° (photons/
s)em?] to ~3% of full intensity (OD, 1.5). For each
filter combination (OD), ten measurements were
made and their average value used as a data point.
To account for possible photobleaching effects, this
progression was repeated backward, going now from
~3% of full intensity (OD, 1.5) to full intensity.
Thus there would be two data points for each OD
value. For each sample we looked at the fluores-
cence signals at 580 nm (camera 1) and 620 nm (cam-
era 2) from the thin- (Region 1) and thick- (Region 2)
film regions. The results of the tests are shown in
Figs. 11-14. Each figure encompasses data for the
three sample groups mentioned above (single P605,
single P650, and mixed P605 and P650 samples) and
concentrations (low, medium, and high) at a given
wavelength/camera (580 nm/camera 1 or 620 nm/
camera 2) pair and for a given region (Region 1 or
Region 2). At the left in these figures the raw fluo-
rescence signal is plotted against excitation intensity,
whereas, at the right, each data curve is normalized
relative to its maximum signal to facilitate a compar-
ison of the nonlinear behavior of the various concen-
trations.

In all cases the fluorescence signal exhibits some



Table 1. Dyes and Concentrations Employed in the Samples Tested

Concentration
Sample (Description) Dye (mol/L)

1 (single P605, low) Pyrromethene 605 8 X 10°°
2 (single P605, medium) Pyrromethene 605 8§ X 107*
3 (single P605, high) Pyrromethene 605 8§ x 1078
4 (single P650, low) Pyrromethene 650 2.4 x 10°*
5 (single P650, medium) Pyrromethene 650 2.4 x 1073
6 (single P650, high) Pyrromethene 650 2.4 X 1072
7 (mixed, low) Pyrromethene 605-Pyrromethene 650 8x10°°
2.4 x10°*

8 (mixed, medium) Pyrromethene 605—Pyrromethene 650 8§ X 107*
2.4 X102

9 (mixed, high) Pyrromethene 605-Pyrromethene 650 8 x 1073
2.4 X 1072

degree of nonlinearity with respect to excitation
intensity (photon flux). The most linear behavior
is exhibited by the signals of the samples of mixed
dyes at high concentrations [Figs. 11(f), 12(f), 13(f),
and 14(f)], which have the highest net effective con-
centration (P605 concentration plus P650 concen-
tration). This result is in agreement with the
theoretical analysis made in Section 3, where it was
shown that concentration and optical thickness
lessen the nonlinear behavior of the fluorescence
signal [Fig. 6(d)]. The influence of optical thick-
ness on this effect can also be appreciated (though
to a lesser extent) if one compares the signals from
the single P650 at high concentration in the thin-
(Region 1) and thick- (Region 2) film regions. The
signals from the thick-film regions [Figs. 12(d) and
14(d)] behave slightly more linearly than their thin-
film region counterparts [Figs. 11(d) and 13(d)].
The signals from the single P605 group (low, me-
dium, and high concentration samples), however,
which have the lowest concentrations in relation to
the other groups, exhibit optically thin behavior.
Under these conditions the nonlinear behavior is
independent of concentration, and all the curves
collapse into one when they are normalized, as can
be seen from Figs. 11(b), 13(b) and 14(b) [but not in
Fig. 12(b) because of saturation of the camera
rather than of the fluorescent signal, but similar
behavior is expected]. This result is also in agree-
ment with the theoretical analysis of Section 3,
where it was shown that for optically thin systems,
for which the excitation photon flux is essentially
constant throughout the sample depth, Eq. (12) is
readily applicable. Under conditions of Eq. (12),
the role of the concentration (number of molecules,
n) is that of amplification or gain of the fluorescence
signal with no influence on the signal’s nonlinear
behavior relative to excitation photon flux.

Of particular interest is the behavior of signals at
620 nm (camera 2) for the medium concentration sam-
ples containing P650 (mixed dyes and single P650).
These medium concentration signals exhibit a more
nearly nonlinear behavior than their low and high con-
centration counterparts [Figs. 13(d), 13(f), 14(d), and

14(f)]. From the theoretical analysis of Section 3 and
as was pointed out above, one would have expected
these medium concentration signals to lie in between
the low and high concentrations signals, exhibiting an
intermediate behavior (more nearly nonlinear than
the high but less than the low), just as depicted in Fig.
6(d). We attribute this unusual and unexpected be-
havior to concentration-dependent fluorescence
quenching?5.16 of P650 molecules.

Certain fluorophores tend to quench each other
when they are in very close proximity (a few nanome-
ters) to one another.l” Although the specifics of this
quenching process can be quite involved (formation of
a triplet state, for example), the net effect of quenching
is to reduce the spontaneous-emission rate constant
(Ay;), which in turns means a reduction in the total
transition rate from the excited state to the ground
state (A = Ay + Ayy’). From Eq. (15), a reduction in
A implies a lower excitation photon flux constant p,
and, therefore, appearance of nonlinear behavior at
lower intensities (depicted as more-severe nonlinear
behavior over a given range of intensities). The non-
linear behavior is less, and there is a return to more
nearly linear behavior when the concentration is in-
creased further [high concentration samples; Figs.
13(d), 13(f), 14(d), and 14(f)]. The reason for this is
twofold: (1) Further increasing the concentration
pushes the system into the optically thick regime with
the consequent linearization of the behavior as a result
of excitation photon flux absorption (see Section 3) and,
more importantly, (2) the proximity of the fluorophore
can also lead to shorter excited-state lifetimes (1, =
1/A) because of the shorter nonradiative lifetime of the
excited state (15;" = 1/A,;"), leading to an increase in
A, and, therefore, causing A to counteract the effects
of the decrease of A,;.18

The concentration quenching of the fluorescence
signal for the medium concentration samples is evi-
dent when one looks at the raw fluorescence signal
in Region 1 [thin film; Figs. 13(c) and 13(e)]. In
this region, where fluorescence reabsorption effects
are not so substantial, the gain signal achieved in
going from the low to the medium concentration is
not so substantial as the gain achieved in going
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from the medium to the high concentration, even
though the jumps in concentration are equivalent
(an order of magnitude apart). We believe that
this concentration-quenching-induced behavior
(medium concentration more nearly nonlinear than
low and high concentrations) is characteristic only
of P650 because the single P605 samples do not
exhibit this behavior. Furthermore, in the mixed-
dye samples, only the 620-nm signals (camera 2)
show this behavior [Figs. 13(f) and 14(f)], whereas
the 580-nm signals (camera 1) do not [Figs. 11(f)
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and 12(f)]. This result is in accordance with the
fact that, in the mixed-dye samples, the 620-nm
signal comes mainly from P650 fluorescence,
whereas the same is true for the 580-nm signal and
P605 fluorescence.

Although the raw fluorescence signal plots (at the
left in Figs. 11-14) do not provide much insight into
the relative nonlinear behavior, they do provide in-
formation about the relative strength of the signals.
The trends observed with regard to this relationship
can be accounted for by the analysis behind ERLIF
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characterization. The signals from the single P605
samples behave in the manner that one would expect,
with the intensity of the signal increasing with con-
centration. With the introduction of P650 (mixed-
dye and single P650 samples), this is not necessarily
the case in some instances when the previous behav-
ior is completely reversed [Fig. 12(e)]. This contra-
dictory behavior (inverse relationship between signal
and concentration) is due to reabsorption effects in-
troduced by the presence of P650. Thus, even
though the concentration of the dye that produces the
signal at 580 nm is increasing, so is the concentration

of P650 (reabsorbing dye), which quenches the fluo-
rescence signal. Reabsorption is most noticeable for
the 580-nm signals because there is a substantial
overlap of the P650 absorption spectrum for this
emission (Fig. 10) and for Region 2 where the system
is optically thicker. Thus the 620-nm signals of Re-
gion 1 do not show this behavior and still adhere to
the conventional signal gain with concentration
[Figs. 13(c) and 13(e)]. On the other hand the
580-nm signals of Region 2 exhibit a complete behav-
ior reversal [Figs. 12(c) and 12(e)].

In Region 1 the conditions are not optically thick
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enough, and the effects of reabsorption can be observed
only for low excitation intensities, even for the 580-nm
signals [Figs. 11(c) and 11(e)]. More interesting still
is the fact that, even for the 620-nm signal under
optically thick conditions (Region 2), the effects of re-
absorption can be observed [Figs. 14(c) and 14(e)]. In
these instances, the high concentration signals lie be-
tween the low and the medium concentration signals.
From Fig. 10 it is apparent that at the 620-nm emis-
sion there is still a small overlap with the P650 ab-
sorption spectrum. This overlap, albeit small, is
enough to introduce reabsorption effects when the
highest P650 concentration is used.
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5. Excitation Nonlinearity in ERLIF: The Power Law
Approximation

The core of the ratiometric approach to suppression of
excitation intensity information relies on the as-
sumption that both fluorescent intensities are lin-
early proportional to the excitation intensity. As
was seen above and in the analysis of Hidrovo and
Hart,® this leads to cancellation of the fluorescent
intensity information in the ratio of Eq. (8). This
result presupposes that the mean intensity of the
excitation source and its fluctuations (in both space
and time) are small. However, as we have seen in
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Sections 3 and 4, when high-energy laser pulses are
used, such is not the case, and the fluorescence signal
behaves in a nonlinear manner with respect to exci-
tation intensity. This nonlinear behavior could con-
stitute a challenge for the proper suppression of
excitation intensity by the ratiometric approach.

At first glance it would appear that nonlinear be-
havior of the fluorescence with excitation intensity
would forbid suppression of the excitation intensity in
a ratiometric approach. It turns out that it does not
matter what type of dependence the fluorescent intensity
has on the excitation intensity. The dual fluorescence

ratiometric approach still suppresses information on
excitation intensity as long as the two fluorescent in-
tensities have the same dependence on excitation in-
tensity. To illustrate this, we write the fluorescent
intensities as the product of two functions: one con-
taining the dependence of fluorescence on excitation
intensity and the other containing all the remaining
dependences:

Ef,ll = Fl(le)Gl(sa Ca t.. ')a (20)
Ef,Z - Fz(IG)Gz(S, C, t.. ) (21)
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Taking the ratio of the two fluorescent emissions
yields

E;y  Fy(I,)Gy(, C,¢.. )

R = = . (22)
E;' F.(I)Gi(s, C,¢...)
IfFl(Ie) = F2(Ie)7
E Gy, C, ¢t. ..
po Er2_Gi& Gt ) 23

E;' Gy, C,t...)

and the fluorescence ratio is equally independent of
excitation intensity. However, if F(I,) # Fy(l,),
then

E;s  Fy(I,)Gy(, C,¢...)

R = =
E;/' F.)G(s C,t..)
_ Gs(e, C, t. . )
= Fx(,) Gue. C.t.. ) (24)

and the ratio itself has a dependence on excitation
intensity, Fz(l,), as illustrated in Fig. 15, which shows
the ERLIF fluorescence and ratio images for the thin
gap (thin-film thickness) region of the calibration fix-
ture. In this instance, high-resolution small-film
thickness measurements (less than 20 pwm) are de-
sired. The fluorescent dyes used for these purposes
were P605 and P650 at concentrations of 8 X 1073
mol/L of oil and 2.4 X 10~2 mol/L of oil, respectively.
The small-film thickness measurements required high
fluorescence efficiency dyes and much higher concen-
trations than those used in the experiments described
by Hidrovo and Hart.8# From the top and middle im-
ages of Fig. 15 it can be seen that the fluorescence
images portray, as expected, the fluctuations in laser
spatial intensity. This is a consequence of the depen-
dence of fluorescence on excitation intensity as pre-
dicted by Eq. (1). It is also apparent from the bottom
image of Fig. 15 that the laser’s spatial intensity fluc-
tuations are still markedly present in the ratio image.
Consequently, this ratio image still has some function-
ality with respect to laser intensity as prescribed by
Eq. (24), which indicates that the dependences of flu-
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Fig. 15. Fluorescence and ERLIF ratio images for thin-film thick-
ness.

(more on this in Section 6), we propose to approximate
the nonlinear excitation intensity dependence by a
power law of the form

E, 1, (25)

where y = 1 (y = 1 corresponds to a linear depen-
dence. We refer to vy as the nonlinear power expo-
nent). Thus, after appropriate substitutions, for the
total fluorescence signal of dye 1 (reabsorbed dye) we
have

Io(y7 T)ylsl()\laser)clq)1()\ﬁlter1)Apr(1 - exp{_[YIS()\laser)C + 82()\ﬁlter1)c’2] t})

Ef,ll(t’ )\ﬁlterl, Y, T) =

orescent emissions on excitation intensities are differ-

, (26)
'Yls()\laser)c + 82()\ﬁlter1)cz
and, for the total fluorescence signal of dye 2,
Io(y’ T)yzsz()\laser)CZq)Z()\ﬁlterZ)qu-p(l - exp{_[’YZS()\laser)C]t}) (27)

Ef,Z(t7 )\ﬁlter27 Y, T) =

'YZS()\Iaser) C

ent from each other.

To implement a practical approach that would per-
mit suppression of the excitation intensity in the ratio
when the dependences of the fluorescent emissions on
excitation intensity are different from each other
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This dependence of fluorescence on excitation inten-
sity can approximate the actual nonlinear behavior,
albeit only over a finite excitation intensity region.
Which region that will be will depend on the value of .
Figure 16 shows comparisons of the actual fluores-
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Y-

cence signal as a function of excitation photon flux
[numerical integration of Eq. (17)] and the power law
approximation [Eq. (26) or (27); their functionality
with respect to excitation intensity is the same] for
several ranges of photon excitation fluxes and values of
v. Itis apparent from Fig. 16 that changing the value
of vy allows for different regions of the nonlinear curve
to be approximated by the power law. As the range of
excitation intensities increases and the fluorescence
behavior becomes more nearly nonlinear, tending to-
ward saturation, the optimum value of vy decreases.
Note that, for low excitation photon fluxes, the opti-
mum value of vy is 1 [Fig. 16(a)], which indicates a
behavior that is almost linear (or tends to linearity), as
one would expect from Eq. (13). Although these com-
parisons are specific to a given set of parameters that
are representative of the pyrromethene dye group,
nonlinear behavior of the fluorescent intensity with
respect to excitation photon flux is characteristic of
most fluorophores, and the power law approximation
would still apply.

6. Power Law Approximation Processing Scheme

The power law approximation of fluorescence relative
to excitation intensity leads to a simple scheme that

is capable of neutralizing the dependence of the ratio
on excitation intensity.’® As mentioned above, it
does not matter that the fluorescence behavior with
respect to excitation intensity is nonlinear as long as
the two fluorescent emissions have the same type of
nonlinear dependence on excitation intensity. Even
if the nonlinear behaviors of the two fluorescent emis-
sions are not the same, it is possible to apply the
power law approximation and minimize the effect of
any difference in linearity. Thus, if

Ef,lr o onla (28)
E;y = 1,7, (29)
as in Eqgs. (26) and (27), and we let
['=v1/7s, (30)
then
R = Ef’zr/EfJ’ (31)
is no longer a function of I, as
Ef,zr o (Iovz)r — (Iovz)w/vz — 10“/1’ (32)
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samples in Region 1 (thin film):
power regression fit y, = 0.6512.

which has the same dependence on I, that E.;" has.
Expanding the whole of relation (32), we obtain

(a) 580 nm (Camera 1) signal with power regression fit y; = 0.834 and (b) 620 nm (Camera 2) signal with

different values of I'. The spatial intensity fluctu-
ations should disappear from the ratio image when

Io(y7 T)“[€2()\1aser)CZq)Q()\ﬁlterZ)Apr]r(l - exp{_[728(}\laser)c] t})r

Ef,Z(ta )\ﬁlterla ya T)F =

, (33)
[728()\1aser)c]r

such that

the proper value of I' is used. Using values of I

r

_Ep

- )
Eﬁl/

R

(34)

(Afrrp)F71[82()\laser)CZ¢)2()\ﬁlter2)]r[’Yls(klaser)C + 82()\ﬁlter1)02](1 - exp{_[y2s()\laser)c] t})r

R(ty )\ﬁlterl, )\ﬁlter2) =

81()\laser)Cl(bl()\ﬁlterl)[’YZS()\laser)c’]r(l - exp{_[’YIS()\laser)C + SZ(Aﬁlterl)CZ] t}) ’

(35)

which is independent of excitation intensity.

Thus, by using a single parameter, I', it is possible
to suppress excitation intensity information from the
ratio by raising one of the fluorescent emissions (dye
2 fluorescence in this case) to this value before per-
forming the ratio computation.

As mentioned above, we implemented this ap-
proach in the measurement of thin films (of the
order of 10 pm) with the use of P605 and P650 at
concentrations of 8 X 1072 and 2.4 X 102 mol/L of
oil, respectively. Figure 17 shows the fluorescence
signals at 580 and 620 nm for this mixed-dye sam-
ple in Region 1 (thin film) as obtained in Section 4.
The higher excitation intensity data (40% of full
power and above) have been fitted with a power
regression (the results are shown in the inset of Fig.
17). In accordance with our processing scheme
and Eq. (30), these data and regression suggest that
the appropriate value of I' should be close to 1.3
(0.834/0.6512 = 1.281, to be exact).

The fluorescence images from Region 1 validate
this assumption. We obtained the ratio by using
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other than the proper one (either above or below it)
will produce a ratio that depicts the laser’s spatial
intensity fluctuations because the requirements of
Eq. (30) are not satisfied, as depicted in Fig. 18,
which shows ratio images computed for different
values of I'.  The first ratio image, which was com-
puted for I' = 1.0, corresponds to the original ratio
that assumes a linear dependence of the fluorescent
intensities on excitation intensity. It can be seen
that, as the value of I is increased, the strength of
the laser’s spatial intensity fluctuations in the ratio
images diminishes. An optimum is reached at a I’
value of 1.3, where the laser’s spatial intensity fluc-
tuations almost completely disappear. Further in-
creasing the value of I past this point (i.e., greater
than 1.3) causes the laser’s spatial intensity fluctu-
ations to appear again. Figure 19 shows a compar-
ison of the plots of ratiovalues versus film thickness
for I" values of 1.0 (original ratio) and 1.3 (optimal
value).

Before concluding, we should reiterate that this
processing scheme, which is based on the power law



Fig. 18. Ratio images for eight values of I

approximation of the fluorescence nonlinearity rela-
tive to excitation intensity, works well only for rela-
tively small fluctuations in excitation intensity.
This is so because the power law approximates the
actual behavior of the fluorescent intensity curve only
over a finite region of excitation intensities (Fig. 16).
If the fluctuations in excitation intensity are too
large, the power law will not be valid over the entire
range of excitation intensity fluctuations, and the
processing scheme will not suppress excitation inten-
sity information for all values in the range of fluctu-
ations. This is an important point to have in mind
when a coherent illumination source such as a laser
is used. In that case, some of the excitation source’s
spatial intensity fluctuations will arise as a conse-
quence of optics-induced diffraction interference. In
the far field (Fraunhofer region), the interference will
become quite substantial, with the consequence that

the spatial intensity fluctuations will be large be-
tween regions of constructive and destructive inter-
ference. This optics-induced diffraction interference
is what gives rise to the concentric rings on the laser’s
spatial profile, which are appreciable in the fluores-
cent emission images. It is apparent that the power
law assumption processing scheme eliminates the
concentric rings in the ratio, which indicates that the
interference is not that substantial at the location
where the calibration fixture is positioned.

7. Summary and Conclusions

Emission reabsorption laser-induced fluorescence is a
dual-fluorescence ratiometric technique that is capa-
ble of accurate and quasi-instantaneous two-
dimensional measurements of film thickness. The
core of the technique relies on the use of a ratiometric
approach for the purpose of suppressing excitation

1 February 2004 / Vol. 43, No. 4 / APPLIED OPTICS 911



B Raﬁo vrsl'lr‘rhickness

HE &

Ratio Image, ' = 1.0

10 20 30 40 50
Film Thickness (um)

Ratio vs. Thickness

s-/r
o~
ﬂ
]
~1
7
0 10 20 30 40 50
Film Thickness (um)

Ratio Image, "= 1.3

Fig. 19. Ratio images and thickness profiles for I" values of 1.0
and 1.3.

intensity information from the fluorescent emission.
Two fluorescent emissions are required for accom-
plishing this goal; one is used as the carrier of the
desired scalar information (film thickness in this
case) and the other is used as the carrier of the exci-
tation intensity information. If the two fluorescent
emissions portray the same dependence on excitation
intensity, this dependence cancels in the ratio. Re-
absorption of one of the fluorescent emissions, how-
ever, ensures that the behavior of the two kinds of
emission with film thickness is different, preserving
this information in the ratio.

If the two fluorescent emissions behave linearly
with excitation intensity, the equality of dependence
on excitation intensity applies, and the technique
works properly. However, if the behavior of fluores-
cent intensities with respect to excitation intensity is
nonlinear, the equality of dependences might not
hold and the ratio will not properly suppress the
excitation intensity. Nonlinear behavior of fluores-
cence with respect to excitation intensity, which is a
consequence of the substantial depopulation of the
ground state, is characteristic of high-excitation pho-
ton fluxes (intensities) such as those encountered in
pulsed lasers. In these instances, the simple ratio-
metric approach will not succeed in suppressing in-
formation on the excitation intensity.

However, if the nonlinear behavior is approxi-
mated by a power law, it is possible to implement a
simple scheme that will equalize the behavior of the
fluorescent intensities with respect to excitation in-
tensity. Raising one of the fluorescent emissions to
the appropriate power equalizes these behaviors. In
this manner it is still possible to use a ratiometric
scheme to suppress information on excitation inten-
sity. By using this technique on an appropriate flu-
orescence system, we have demonstrated film-
thickness measurements with resolution better than
0.5 wm over a 50-pm range.
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Appendix A. Nomenclature

A=1/1,
Ay = 1/

Ay =1/
Af

B=¢/N,

=

I, = fwgxp,
If
Io = hvEXpo
n

ng

Ny

Total excited-state transition rate constant
Spontaneous emission (fluorescence) rate
constant

Nonradiative deactivation rate constant
Fluorescence area (pixel or photodetector
area)

Stimulated absorption cross section
Speed of light

Molar concentration of dye; effective two-
dye molar concentration

Molar concentration of dye 1

Molar concentration of dye 2

Differential fluorescence signal
Differential fluorescence signal (reabsorp-
tion) of dye 1

Differential fluorescence signal (no reab-
sorption) of dye 2

Differential number of molecules in a dif-
ferential depth slice of sample
Differential depth slice of sample

Total fluorescence signal

Excitation intensity functionality of fluo-
rescence signal 1

Excitation intensity functionality of fluo-
rescence signal 2

Excitation intensity functionality of ratio
Molecular properties and geometry based
functionality of fluorescence signal 1
Molecular properties and geometry based
functionality of fluorescence signal 2
Planck’s constant

Exciting-light intensity

Total fluorescent intensity

Exciting-light intensity at x = 0

Total number of molecules (ground plus ex-
cited state)

Number of molecules in excited state
Avogadro’s number

Ratio of fluorescence signals

Film thickness

Thickness constant

Thickness constant of fluorescence signal 1
(reabsorption)

Thickness constant of fluorescence signal 2
(no reabsorption)

Sample volume

Coordinate perpendicular to plane of ob-
servation

Coordinate parallel to plane of observation
Molar absorption (extinction) coefficient;
effective two-dye molar absorption (extinc-
tion) coefficient

Molar absorption (extinction) coefficient of
dye 1

Molar absorption (extinction) coefficient of
dye 2

Power law exponent

Power law exponent of fluorescence signal
1



v, Power law exponent of fluorescence signal
2
I' Ratio of power law exponents
Maser Laser wavelength
Naer1  Wavelength of narrowband filter 1 (wave-
length of fluorescence signal 1)
MNaers Wavelength of narrowband filter 2 (wave-
length of fluorescence signal 2)
Mgy Emission wavelength
Mex Excitation wavelength

VeMm = ¢/Ngm
Vex = ¢/Agx

Light-wave frequency of emission
Light-wave frequency of excitation

® Quantum efficiency
@, Quantum efficiency of dye 1
®, Quantum efficiency of dye 2
p. Excitation photon flux constant
p. Excitation photon flux
p, Excitation photon flux atx = 0
7 Time
To1 Spontaneous emission (fluorescence) life-
time
T4, Nonradiative deactivation lifetime
7, Photodetector exposure time
7, Combined excited-state lifetime (fluores-
cence and nonradiative)
7, Laser pulse width
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