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xcitation nonlinearities in emission reabsorption
aser-induced fluorescence techniques

arlos 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: 120.0120, 120.3940, 190.0190, 260.2510, 280.2490, 300.2530.
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. Introduction

aser-induced fluorescence, a technique based on the
hotoexcitation of a fluorophore or a fluorescent dye,
as been extensively used as a general-purpose dis-
lay tool in one-, two-, and three-dimensional appli-
ations.1,2 However, it is used mainly as a tracer
or qualitative purposes3–5 and has seen only lim-
ted use as a quantitative tool. This limitation
tems primarily from the fact that fluorescent in-
ensity is dependent on the intensity of the exciting
ight. Variations in exciting-light intensity, sur-
ace reflectivity, and optical distortion effects make
uorescence-based correlations �fluorescence cali-
rations� impractical if not impossible. By using
wo different fluorescent dyes and ratioing their
missions it is possible to eliminate exciting-light
ntensity information while preserving the informa-
ion of interest.6–8

This approach was presented previously for film-
hickness measurements in the form of emission re-
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bsorption laser-induced fluorescence �ERLIF�.8
he idea is to take the ratio of two simultaneously
aptured fluorescent emission intensity maps to sup-
ress excitation intensity information. To preserve
lm-thickness information in the ratio it is necessary
or one of the fluorescent emissions to exhibit reab-
orption. This ensures that the dependences of the
uorescent emissions on film thickness are differ-
nt and will not cancel in the ratio. It has been
emonstrated that ERLIF is capable of eliminating
he uncertainty introduced by excitation intensity
uctuations for film-thickness measurements in the
undreds-of-micrometers range. A tangible exam-
le of the accuracy of the ERLIF technique is shown
n Fig. 1. We used ERLIF here to infer the surface
opography of a U.S. 25¢ coin. The coin was placed
at in the bottom of a beaker, and a small layer of
il premixed with two fluorescent dyes was depos-
ted on top of the coin. We then used ERLIF to

easure the film thickness of the oil on top of the
oin. Because of the topography of the coin, the
hickness of the oil film on top of the coin generated
female match of the coin features: raised surface

egions produced a thin film �low fluorescence� and,
ice versa, surface depressions produced a thick
lm �high fluorescence�. Thus, one must invert the
lm-thickness profile to obtain the topography of
he coin’s surface. At the top of Fig. 1 are shown
he two fluorescent emission images of the oil film
ying on top of the coin. It is impossible to infer
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oin surface features from fluorescent emission 1;
onetheless, this fluorescence provides a reason-
ble map of the laser beam’s intensity profile.
ome of the coin’s features are apparent in fluores-
ent emission 2, but, again, fluctuations in the laser
ntensity profile prevent a clear interpretation of
he coin’s features from the basic laser-induced flu-
rescence signal. The bottom of Fig. 1 shows the
atio of the two fluorescence signals. The surface
opography of the coin becomes evident—not simply
s an image but as a quantifiable topography of the
oin’s surface. The clarity of this figure is evidence
f the ability of this technique to eliminate local

Fig. 1. Exa
llumination variations while it preserves film-
hickness information.

For ERLIF to properly suppress excitation intensity
nformation in the ratio, the two fluorescent intensities

ust exhibit the same behavior with respect to exci-
ation intensity. If the excitation photon flux is low,
hich is usually the case in continuous wave lasers,

he fluorescent intensity is linearly proportional to the
xcitation intensity. Conversely, when the excitation
hoton flux is high, of the order of 1023–1024 photons�
�cm2 �approximately 37–370 MW�cm2 at 532 nm� or
igher, which is often the case when pulsed lasers are
sed, the fluorescent intensity is no longer linearly

of ERLIF.
mple
1 February 2004 � Vol. 43, No. 4 � APPLIED OPTICS 895
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8

roportional to the excitation intensity.9,10 High ex-
itation photon flux leads to nonlinear behavior of the
uorescent intensities with respect to the excitation

ntensity. If this behavior is not the same for the two
uorescent intensities, the ERLIF ratio will not sup-
ress the dependence of fluorescence on excitation in-
ensity. However, approximating the nonlinear
ehavior as a power law with respect to excitation
ntensity makes suppression of the excitation intensity
till possible. This is accomplished through the use of
simple scheme that elevates the fluorescent intensity

mages to the appropriate exponents before ratioing.
n this way, excitation intensity information in the
RLIF ratio is suppressed while film-thickness infor-
ation is preserved.
In what follows, the principles and constitutive

quations behind ERLIF film-thickness measure-
ents are presented. The notation used in this pa-

er is defined in Appendix A. A characterization of
he fluorescence nonlinearity with excitation inten-
ity is then introduced. This nonlinearity can intro-
uce substantial differences in the excitation
ntensity behavior between the two fluorescent emis-
ions of interested. If such differences do arise, sup-
ression of excitation intensity in the ratio is no
onger possible. It is then shown that a power law
an be used to approximate the nonlinear behavior of
he fluorescence over a finite excitation intensity
ange, letting fluorescent intensity be proportional to
ome power �less than unity� of the excitation inten-
ity. On the basis of this approximation, a simple
ut powerful scheme is devised that permits prepro-
essing of the fluorescent intensity maps before the
atio operation is performed. It consists of elevating
he two fluorescent intensities to appropriate expo-
ents. In this manner it is possible to suppress the
xcitation intensity in the ratio even in the presence
f different excitation intensity behaviors.

. Emission Reabsorption Laser-Induced Fluorescence

RLIF is a dual-fluorescence technique that permits
ccurate measurement of film thickness. This accu-
acy is achieved by suppression of excitation inten-
ity information, allowing a direct and monotonic
orrelation to be made between fluorescent inten-
ity and film thickness. Taking the ratio of the two
uorescent emissions cancels out the dependence of
uorescence on excitation intensity. Emission re-
r
�
c

bsorption of one fluorescent emission ensures that
he dependences on thickness of the two fluorescent
missions are different and therefore do not cancel
96 APPLIED OPTICS � Vol. 43, No. 4 � 1 February 2004
n the ratio. To appreciate the dynamics of the tech-
ique fully, one has to look at the equation that de-
cribes the total fluorescence signal collected by a
hotodetector �pixel in a CCD� as a function of film
hickness. From the analysis of Hidrovo and Hart,8

Ef�t� � Io�Af�p�1 � exp��ε��laser�Ct	
. (1)

We have neglected a monitoring efficiency factor in
q. �1�, which is a measure of what percentage of the

otal fluorescence signal �which is omnidirectional� is
ctually collected by the detector. Also, it has been
ssumed that the excitation and fluorescence inten-
ities have a temporal square shape �square pulse�
nd that the duration of the fluorescence event is
qual to the laser pulse width ��p�, both reasonable
ssumptions. The time constant or, more correctly,
he thickness constant for Eq. �1� is

tc � 1�εC. (2)

This constant is the characteristic thickness scale
f the fluorescence system and is a measure of the
trength of the absorption process. The thickness
onstant determines the behavior of the fluorescent
ntensity with respect to film thickness. In most
ases, the thickness constant encompasses only the
bsorption and resultant decrease of the exciting
ight’s intensity as the light travels through a film of
nite thickness. In other cases it is possible for the
uorescence itself to be absorbed by the film as it
ravels toward the detector �CCD� through the finite
hickness. This phenomenon is known as emission
eabsorption and depends primarily on the absorp-
ion and emission spectral characteristics of the flu-
rescent system.
In ERLIF two distinct fluorescent emissions are

sed: one that comprises emission reabsorption and
nother that lacks it. The two emissions are ob-
ained by use of two dyes with appropriate spectral
haracteristics. Subscript 1 is used to represent the
eabsorbed fluorescent emission and the spectral
haracteristics of the nonreabsorbing dye. Like-
ise, subscript 2 is used to represent the nonreab-

orbed fluorescent emission and the spectral
haracteristics of the reabsorbing dye. The reab-
orbed and nonreabsorbed fluorescent emissions are
hen given by8
espectively. Two things should be noted from Eqs.
3� and �4�: �1� the dependence of fluorescence onex-
itation intensity is the same for both emissions �flu-
Ef,1��t, �filter1, y, �� �
Io� y, ��ε1��laser�C1�1��filter1� Af�p(1 � exp���ε��laser�C � ε2��filter1�C2	 t
)

ε��laser�C � ε2��filter1�C2
, (3)

Ef,2�t, �filter2, y, �� �
Io� y, ��ε2��laser�C2�2��filter2� Af�p(1 � exp���ε��laser�C	 t
)

ε��laser�C
, (4)
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rescent intensity is linearly proportional to
xcitation intensity� and �2� because of reabsorption,
he thickness constants of the two emissions are dif-
erent. The thickness constants, which are given by

tc,1� �
1

ε��laser�C � ε2��filter1�C2
, (5)

tc,2 �
1

ε��laser�C
, (6)

espectively, differ from each other in the term
2��filter1�C2, which is the reabsorption term. As will
ecome apparent presently, this difference in thick-
ess constants between the two emissions is what
ermits preservation of the thickness information in
he ratio.

Thus the ratio of the two fluorescent emissions is

iven by e

e
m
o
s
fl
f
r
n
r

hich is independent of excitation of intensity but
till exhibits dependence on film thickness. Notice
hat this dependence on film thickness is embedded
n the reabsorption term. If this term were zero,
he one minus exponential terms of the two emis-
ions would be identical and cancel in the ratio,
aking the ratio independent of film thickness.
In accordance with the previous research of
idrovo and Hart,8 an experimental system was set
p to demonstrate the validity of the technique.
he system consists of two CCD cameras mounted
pon a single lens to record the two fluorescent
missions simultaneously. Dichroic mirrors and
nterference filters are used to separate and isolate
he desired fluorescent emissions. Both mechani-
al and computer processing alignment of the two
mages is performed by means of adjustable optics
nd the use of a local cross-correlation algorithm.11

A calibration fixture was fabricated to provide a
inearly increasing film thickness against which the
echnique could be tested. The fixture consisted of

quartz optical flat that formed the top and a
uartz flat set at an angle with an inside reservoir
hannel etched around it �Fig. 2�. When they were
oined together, the optical flats produced a linearly
ncreasing gap that was filled with liquid to produce

known film thickness. We measured the fix-
ure by using a coordinate measuring machine to
erify the thickness of the gap within the calibra-
ion area.

The two dyes selected to demonstrate the feasi-
ility of the technique were Pyrromethene 567 and
yrromethene 650. Both of these dyes are excit-
ble by the 532-nm line of the frequency-doubled
d:YAG laser used. As the technique was origi-
ally developed for lubrication and tribological pur-
oses, the system was initially tested on its ability
o measure oil films. The technique, however, can
e used to measure almost any translucent sub-
tance that a dye can be mixed into or when there
lready exists a relatively broad-spectrum self-
uorescence characteristic when the dye is optically
xcited. A dye concentration of 8 � 10�4 mol�L of
il was used for both dyes. Figure 3 shows the
ependence of fluorescence on film thickness for
yrromethene 567 and Pyrromethene 650. There

s a noticeable increase in fluorescence with film
hickness that becomes nonlinear as the film thick-
ess increases �optically thick system�. It is appar-
nt, however, that the laser intensity fluctuations are
mbedded within the film-thickness information,
aking it difficult to separate the two. The bottom

f Fig. 3 shows the ratio of the two fluorescent emis-
ions. Note the disappearance of the laser intensity
uctuations, illustrating that the laser intensity in-
ormation is canceled in the ratio. Note also that the
atio has a nearly linear dependence on film thick-
ess. As explained above, this is a consequence of
eabsorption within the optically thick system.
Fig. 2. Fixture and setup used for calibrating film thickness.
R �
Ef,2

Ef,1�
, (7)

R�t, �filter1, �filter2� �
ε2��laser�C2�2��filter2��ε��laser�C � ε2��filter1�C2	(1 � exp���ε��laser�C	 t
)
ε1��laser�C1�1��filter1�ε��laser�C(1 � exp���ε��laser�C � ε2��filter1�C2	 t
)

, (8)
1 February 2004 � Vol. 43, No. 4 � APPLIED OPTICS 897
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. Fluorescence Nonlinearity with Excitation Intensity

n the analysis of Hidrovo and Hart8 and in Section 2
t was assumed that fluorescent intensity is directly
roportional to or linear with excitation intensity.
his is true �or partially true� only for low-excitation
hoton flux �intensity�. Under high-excitation pho-
on flux, of the order of 1023–1024 photons�s�cm2

approximately 37–370 MW�cm2 at 532 nm�, depop-
lation of the ground state occurs as a consequence of
he finite lifetime of the excited state. That is, the
ate at which molecules are being excited is far
reater than the rate at which they return to the
round state. This leads to an eventual saturation
f the excited state and consequently of the fluores-
ent emission.

The basics of this behavior are presented by Yuzha-
ov et al.9 and Patsayeva et al.10 In their analysis it
as shown that the time-dependent population of the

xcited state is given by

2��� �
nBo

Bo � A
�1 � exp���Bo � A��	
,

0 � � � �p, (9)

2��� �
nBo

Bo � A
�exp� A�p� � exp��Bo�p�	exp��A��,

� � �p. (10)

Equations �9� and �10� are based on the assumption
f a square laser pulse in the temporal and spatial

ig. 3. Comparison of the film thickness laser-induced fluores-
ence signal for Pyrromethene 567 �Pyr 567� and Pyrromethene
50 �Pyr 650� versus their ratio �optically thick system with strong
eabsorption�.
98 APPLIED OPTICS � Vol. 43, No. 4 � 1 February 2004
omains. This assumption is somewhat unrealistic
n that most lasers used in fluorescence produce tem-
oral and spatial pulses with Lorenzian, Gaussian, or
imilar shapes. However, it was shown by Georgiev
t al.12 that the influence of laser pulse shape on the
uorescence saturation condition is small for pulses
ith high peak intensity �greater than 1025 photons�

�cm2	 and short duration �less than 6 ns�. Both of
hese conditions are met by the Nd:YAG laser system
sed for ERLIF purposes, whose average pulse inten-
ity is of the order of 1025 photons�s�cm2 �the peak
ntensity is therefore higher� and duration is 3 ns.

The fluorescence signal collected by the CCD is
roportional to the total number of transitions from
he excited state to the ground state and is given by

Ef � Af �
0

�e

If���d� � ��EM �
0

�e

n2���d�. (11)

As �e3 �, which is appropriate for exposure times
ignificantly longer than the laser pulse’s duration
lus the excited-state lifetime, integration of Eq. �11�
ith the proper substitution of Eqs. �9� and �10� yields

Ef �
��EMnBo A21

�Bo � A� � �p �
1

�Bo � A�

Term 1
Ç

Term 2
Ç

�
exp���Bo � A��p	

�Bo � A�
�

1
A

Term 3
Ç

Term 4
Ç

�
exp���Bo � A��p	

A
.

Term 5
Ç

(12)

Equation �12� shows a nonlinear behavior of the
uorescence signal as a function of excitation photon
ux �intensity�. Looking at the extreme cases of low
hoton flux �o3 0� and high photon flux �o3 ��, we
an show that

lim Ef�o3 0� �
��EMnBo A21�p

A
, (13)

lim Ef�o3 �� �
��EMnA21� A�p � 1�

A
, (14)

enoting a signal that behaves quasi-proportionally
o excitation intensity when low values are involved
nd tends to a constant saturated value for high ex-
itation intensities.

Figure 4 shows a plot of Eq. �12� along with its
ecomposition into the terms within the braces �de-
oted Terms 1–5� as a function of excitation photon
ux. The following dye and laser parameters �rep-
esentative of the pyrromethene group and frequency
oubled Nd:YAG� were used12–14: B � ε�NA �
.4909 � 10�17 cm2, A � 1�� � 1.667 � 108 s�1,
21 21
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� A21�� � 5.3763 � 108 s�1, �p � 5 � 10�9 s, and
EM � c��EM � 4.8354 � 1014 s�1. In terms of the
otal number of dye molecules present, which is given
y n � CV � CAft, a concentration of 2.4 � 10�2

ol�L, a fluorescence area of 4.9087 cm2, and a film
hickness of 50 �m, which correspond to conditions
mployed below in our experimental validation, give
� 3.5473 � 1017.
Although the behavior of the fluorescence signal
ith respect to excitation photon flux �intensity� is not

bvious from Eq. �12�, a look at Fig. 4 reveals that the
ignal’s overall behavior is dominated by Terms 1 and
. Thus we could characterize the behavior of the
uorescence signal with respect to excitation photon
ux by defining a characteristic excitation photon flux
an excitation photon flux constant� in a way similar to
hat we did with Eqs. �1� and �2�. This characteristic
xcitation photon flux is that photon flux that would
ake the terms in the denominator of the common

actor of Eq. �12� of equal magnitude; thus

c � A�B. (15)

ig. 4. Fluorescence signal as a function of excitation photon flux
nd its decomposition into various nonlinear terms.

Fig. 5. Reduction of the excitation photon flux as a func
This is the characteristic excitation photon flux of
he fluorescence saturation behavior, a measure of
hen nonlinear effects become important. It makes

ense that the characteristic excitation photon flux be
iven by Eq. �15�, which implies equal activation and
eactivation rates. For values much larger than c
he activation rate is far greater than the deactiva-
ion rate and there exists a depopulation of the
round state with the consequent saturation of the
xcited state and corresponding fluorescent emission.
or values much smaller than c, however, the acti-
ation rate is far less than the deactivation rate, such
hat the ground state is well supplied and the popu-
ation of the excited state and corresponding fluores-
ence is dictated by excitation photon flux in a
quasi-� linear fashion.

At first glance, it appears that the fluorescence
aturation behavior is independent of concentration
number of dye molecules�. From Eq. �12� it can be
een that the fluorescence signal is directly propor-
ional to n �and therefore to concentration�. How-
ver, the analysis that led to Eq. �12� assumed an
ptically thin system with a constant excitation pho-
on flux of o. If the thickness, the concentration, or
oth of the system are high enough, this assumption
s not correct. For an optically thick system, the
ependence of the excitation photon flux on depth
ust be taken into account. Equation �12� should

hen be rewritten to encompass only those molecules
ithin an infinitesimal layer of the finite thickness of

he system over which the excitation photon flux re-
ains fairly constant: The situation is depicted in
ig. 5. Rewriting Eq. �12�, we obtain

dEf �
��EMdnBe A21

�Be � A� ��p �
1

�Be � A�

�
exp���Be � A��p	

�Be � A�
�

1
A

�
exp���Be � A��p	

A � , (16)

f thickness owing to absorption �optically thick system�.
tion o
1 February 2004 � Vol. 43, No. 4 � APPLIED OPTICS 899
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nd therefore

Ef � �
0

t

dEf, (17)

here

dn � CAf NAdx (18)

e � o exp��εCx� � o exp��BNA Cx�. (19)

The total fluorescence signal is then obtained
rom the integration of Eq. �17� with proper substi-
ution of Eqs. �18� and �19� into Eq. �16� over the
nite thickness of the system �over all infinitesimal

ayers, to include all the molecules of the system�.
his integration cannot be solved analytically but
ather must be solved numerically. Figures 6�a�–
�c� show the numerically obtained values of the
otal fluorescence signal �E� as a function of excita-
ion photon flux �o� and film thickness �t� for three
oncentrations �C� that are orders of magnitude
part. Figure 6�d� shows the fluorescence signal
normalized to its maximum value� as a function of
xcitation photon flux for the three concentrations
hen the thickness of the system is 100 �m. It is

ig. 6. �a�–�c� Fluorescence signals as a function of excitation pho
; �d� comparison of behavior of the signal as a function of o for
00 APPLIED OPTICS � Vol. 43, No. 4 � 1 February 2004
pparent from Fig. 6 that the effects of concentra-
ion are more than just a mere amplification of the
ignal, especially under optically thick conditions.
nder these conditions, concentration plays an im-
ortant role in the behavior of fluorescence satura-
ion with respect to excitation photon flux
intensity� behavior. Higher concentrations lead
o a reduction of fluorescence saturation effects, as
ne can understand better by looking at Fig. 5.
If the system is optically thick, there is a substan-

ial reduction of the excitation photon flux �inten-
ity� as a function of thickness �depth�. What this
eans is that, except for a few layers of molecules at

he top, most layers embedded in the system will
ee a highly reduced excitation photon flux �inten-
ity�. The deeper one goes, the less change there is
n this excitation photon flux as a function of thick-
ess �depth�. If the reduction is substantial
nough to drive the value of e much below c �ex-
itation photon flux constant�, the fluorescence sig-
al from the majority of the layers in the system
and therefore from the overall system� will ap-
roach the behavior given by Eq. �13�. This occurs
ven though o �excitation photon flux at the surface
f the system� is higher than c and a nonlinear
ehavior is expected. In optically thin systems,

ux and film thickness for three different dye molar concentrations
ree concentrations �t � 100 �m�.
ton fl
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owever, there is no substantial reduction of the ex-
itation photon flux, and therefore the fluorescence
aturation behavior is independent of C and depends
nly on o, as predicted by Eq. �12�. See Fig. 6�d�, in
hich the higher concentration exhibits a more
early linear behavior with excitation photon flux
han the lower concentrations show. Under the pre-
umptions of Eq. �12�, when they are normalized, all
hese curves should collapse into one.

. Experimental Validation

s was mentioned above, the Nd:YAG laser that we
sed �New Wave Gemini PIV� is capable of producing
xcitation photon fluxes of the order of 1025 photons�
�cm2 when the beam is expanded to a 2.5-cm diam-
ter. This is more than enough intensity to
ntroduce fluorescence saturation effects. Therefore
e employed the same experimental setup that we
sed to demonstrate ERLIF for the fluorescence sat-
ration experiments. The calibration fixture was
lled with the oil–dye mixture to be probed, and the

Fig. 7. Beam wander and distorti

Fig. 8. Thin and thick film regions over which fluor
wo-camera CCD system was used to record the flu-
rescent emissions. Although the CCD cameras
rovide information on the fluorescent emissions over
two-dimensional region, for our purposes here we

sed them as single photodetectors, averaging the
ignals from the pixels over the area of interest.
The laser was operated at full power settings. As

he pulse-to-pulse energy stability of the laser is very
ood �maximum of 3.5% deviation�, we used neutral-
ensity �ND� filters to control the excitation photon
ux. We employed four different ND filters, with
ptical densities �ODs� of 0.1, 0.2, 0.4, and 0.8. They
ffectively allowed us to use ODs that ranged from 0
o 1.5 in increments of 0.1 by stacking the filters.
he only drawback with this method is that, because
f manufacturing errors, the filters introduced non-
niform phase and amplitude transformations,
hich produced some wandering and distortion of the
eam profile at the sample. For example, Fig. 7
hows the difference in beam profile and location at
he sample for two ND filters combinations.

used by aberrations in ND filters.

ce signal measurements were taken and averaged.
escen
1 February 2004 � Vol. 43, No. 4 � APPLIED OPTICS 901



o
o
p
t
c
m
t
s
w
s
p
t
a
o
i
j
t
t
t
i

T
P
a
d
s
d
u

T
P
P
c
t
h
w
d
a
c
p
m
a

t
s
s
l
t
a
t
e
f
s
fi
m
T
p
�
T
v
c
e
fi
F
t
s
c
w
c
R
r
w
r
i
tF

r

9

Fluorescence signal measurements were taken
ver thin- �Region 1� and thick- �Region 2� film regions
f the calibration fixture, as depicted in Fig. 8. The
ixel values over these regions were averaged to yield
he effective single photodetector signal. Before pro-
eeding with the actual testing and data collection we
ade preliminary white-light measurements, using

he ND filters, to ensure the linearity of the imaging
ystem as a whole �camera plus optics�. White light
as shone onto a white diffusive surface �paper�, and

ignal measurements were made with the ND filters
laced in front of the imaging system. The results of
his calibration are shown in Fig. 9, where the signals
re plotted against the corresponding transmissivity
f each ND filter combination. There is a small jitter
n the expected linear behavior of these plots. The
itter is consistent between the two cameras and is
herefore attributed mainly to discrepancies between
he nominal and actual ODs of the ND filters and to
he wander and distortion of the white-light profile
ntroduced by them �as explained above�.

Tests were conducted on nine oil–dye solutions.
he dyes used were Pyrromethene 605 �P605� and
yrromethene 650 �P650�. We continue to use oil as
solvent because the ERLIF system was originally

eveloped to measure lubricating films. Figure 10
hows the emission and absorption spectra of these
yes mixed in oil. The dye and the concentration
sed for each sample are listed in Table 1. Based on

Fig. 9. Responses of imaging syst

ig. 10. Emission �Em.� and absorption �Abs.� spectra for Pyr-
omethene 605 �P605� and Pyrromethene 650 �P650�.
02 APPLIED OPTICS � Vol. 43, No. 4 � 1 February 2004
able 1, the samples can be divided into three groups:
605 samples, P650 samples, and mixed P605 and
650 samples. For each group we used three con-
entrations, separated by an order of magnitude �fac-
or of 10� and therefore termed low, medium, and
igh concentrations. Note that the concentrations
ere kept consistent between the single- and mixed-
ye samples. The relative concentrations of P605
nd P650 were chosen based on the mixed-dye, high-
oncentration sample, which was tailored �as ex-
lained by Hidrovo and Hart8� toward the
easurement of thin films of the order of 10 �m with
resolution of 1 �m.
The imaging systems �cameras� were synchronized

o the laser, which was operated in manual single-
hot mode. The exposure times of the cameras were
et at 1 ms, short enough to reduce unwanted stray
ight and background signal but long enough to cap-
ure the short fluorescent event in its totality. The
ppropriate ND filter combinations were placed at
he exit of the laser beam expander to control the
xcitation intensity hitting the sample, going from
ull intensity of the order of 1025–1026 �photons�
�cm2	 to �3% of full intensity �OD, 1.5�. For each
lter combination �OD�, ten measurements were
ade and their average value used as a data point.
o account for possible photobleaching effects, this
rogression was repeated backward, going now from
3% of full intensity �OD, 1.5� to full intensity.
hus there would be two data points for each OD
alue. For each sample we looked at the fluores-
ence signals at 580 nm �camera 1� and 620 nm �cam-
ra 2� from the thin- �Region 1� and thick- �Region 2�
lm regions. The results of the tests are shown in
igs. 11–14. Each figure encompasses data for the

hree sample groups mentioned above �single P605,
ingle P650, and mixed P605 and P650 samples� and
oncentrations �low, medium, and high� at a given
avelength�camera �580 nm�camera 1 or 620 nm�

amera 2� pair and for a given region �Region 1 or
egion 2�. At the left in these figures the raw fluo-
escence signal is plotted against excitation intensity,
hereas, at the right, each data curve is normalized

elative to its maximum signal to facilitate a compar-
son of the nonlinear behavior of the various concen-
rations.

In all cases the fluorescence signal exhibits some

nd characterization of ND filters.
ems a
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egree of nonlinearity with respect to excitation
ntensity �photon flux�. The most linear behavior
s exhibited by the signals of the samples of mixed
yes at high concentrations �Figs. 11�f �, 12�f �, 13�f �,
nd 14�f �	, which have the highest net effective con-
entration �P605 concentration plus P650 concen-
ration�. This result is in agreement with the
heoretical analysis made in Section 3, where it was
hown that concentration and optical thickness
essen the nonlinear behavior of the fluorescence
ignal �Fig. 6�d�	. The influence of optical thick-
ess on this effect can also be appreciated �though
o a lesser extent� if one compares the signals from
he single P650 at high concentration in the thin-
Region 1� and thick- �Region 2� film regions. The
ignals from the thick-film regions �Figs. 12�d� and
4�d�	 behave slightly more linearly than their thin-
lm region counterparts �Figs. 11�d� and 13�d�	.
he signals from the single P605 group �low, me-
ium, and high concentration samples�, however,
hich have the lowest concentrations in relation to

he other groups, exhibit optically thin behavior.
nder these conditions the nonlinear behavior is

ndependent of concentration, and all the curves
ollapse into one when they are normalized, as can
e seen from Figs. 11�b�, 13�b� and 14�b� �but not in
ig. 12�b� because of saturation of the camera
ather than of the fluorescent signal, but similar
ehavior is expected	. This result is also in agree-
ent with the theoretical analysis of Section 3,
here it was shown that for optically thin systems,

or which the excitation photon flux is essentially
onstant throughout the sample depth, Eq. �12� is
eadily applicable. Under conditions of Eq. �12�,
he role of the concentration �number of molecules,
� is that of amplification or gain of the fluorescence
ignal with no influence on the signal’s nonlinear
ehavior relative to excitation photon flux.
Of particular interest is the behavior of signals at

20 nm �camera 2� for the medium concentration sam-
les containing P650 �mixed dyes and single P650�.
hese medium concentration signals exhibit a more
early nonlinear behavior than their low and high con-
entration counterparts �Figs. 13�d�, 13�f �, 14�d�, and
4�f �	. From the theoretical analysis of Section 3 and
s was pointed out above, one would have expected
hese medium concentration signals to lie in between
he low and high concentrations signals, exhibiting an
ntermediate behavior �more nearly nonlinear than
he high but less than the low�, just as depicted in Fig.
�d�. We attribute this unusual and unexpected be-
avior to concentration-dependent fluorescence
uenching15,16 of P650 molecules.
Certain fluorophores tend to quench each other
hen they are in very close proximity �a few nanome-

ers� to one another.17 Although the specifics of this
uenching process can be quite involved �formation of
triplet state, for example�, the net effect of quenching

s to reduce the spontaneous-emission rate constant
A21�, which in turns means a reduction in the total
ransition rate from the excited state to the ground
tate �A � A21 � A21��. From Eq. �15�, a reduction in

implies a lower excitation photon flux constant c
nd, therefore, appearance of nonlinear behavior at
ower intensities �depicted as more-severe nonlinear
ehavior over a given range of intensities�. The non-
inear behavior is less, and there is a return to more
early linear behavior when the concentration is in-
reased further �high concentration samples; Figs.
3�d�, 13�f �, 14�d�, and 14�f �	. The reason for this is
wofold: �1� Further increasing the concentration
ushes the system into the optically thick regime with
he consequent linearization of the behavior as a result
f excitation photon flux absorption �see Section 3� and,
ore importantly, �2� the proximity of the fluorophore

an also lead to shorter excited-state lifetimes ��L �
�A� because of the shorter nonradiative lifetime of the
xcited state ��21� � 1�A21��, leading to an increase in
21� and, therefore, causing A to counteract the effects
f the decrease of A21.18

The concentration quenching of the fluorescence
ignal for the medium concentration samples is evi-
ent when one looks at the raw fluorescence signal
n Region 1 �thin film; Figs. 13�c� and 13�e�	. In
his region, where fluorescence reabsorption effects
re not so substantial, the gain signal achieved in
oing from the low to the medium concentration is
ot so substantial as the gain achieved in going
Table 1. Dyes and Concentrations Employed in the Samples Tested

Sample �Description� Dye
Concentration

�mol�L�

1 �single P605, low� Pyrromethene 605 8 � 10�5

2 �single P605, medium� Pyrromethene 605 8 � 10�4

3 �single P605, high� Pyrromethene 605 8 � 10�3

4 �single P650, low� Pyrromethene 650 2.4 � 10�4

5 �single P650, medium� Pyrromethene 650 2.4 � 10�3

6 �single P650, high� Pyrromethene 650 2.4 � 10�2

7 �mixed, low� Pyrromethene 605–Pyrromethene 650 8 � 10�5

2.4 � 10�4

8 �mixed, medium� Pyrromethene 605–Pyrromethene 650 8 � 10�4

2.4 � 10�3

9 �mixed, high� Pyrromethene 605–Pyrromethene 650 8 � 10�3

2.4 � 10�2
1 February 2004 � Vol. 43, No. 4 � APPLIED OPTICS 903
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rom the medium to the high concentration, even
hough the jumps in concentration are equivalent
an order of magnitude apart�. We believe that
his concentration-quenching-induced behavior
medium concentration more nearly nonlinear than
ow and high concentrations� is characteristic only
f P650 because the single P605 samples do not
xhibit this behavior. Furthermore, in the mixed-
ye samples, only the 620-nm signals �camera 2�
how this behavior �Figs. 13�f � and 14�f �	, whereas
he 580-nm signals �camera 1� do not �Figs. 11�f �

ig. 11. Results of tests for camera 1 �580 nm�, Region 1 �thin film
d� single P650 normalized, �e� mixed P605�P650, �f � mixed P605�
04 APPLIED OPTICS � Vol. 43, No. 4 � 1 February 2004
nd 12�f �	. This result is in accordance with the
act that, in the mixed-dye samples, the 620-nm
ignal comes mainly from P650 fluorescence,
hereas the same is true for the 580-nm signal and
605 fluorescence.
Although the raw fluorescence signal plots �at the

eft in Figs. 11–14� do not provide much insight into
he relative nonlinear behavior, they do provide in-
ormation about the relative strength of the signals.
he trends observed with regard to this relationship
an be accounted for by the analysis behind ERLIF

ness�: �a� single P605, �b� single P605 normalized, �c� single P650,
normalized.
thick
P650
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haracterization. The signals from the single P605
amples behave in the manner that one would expect,
ith the intensity of the signal increasing with con-

entration. With the introduction of P650 �mixed-
ye and single P650 samples�, this is not necessarily
he case in some instances when the previous behav-
or is completely reversed �Fig. 12�e�	. This contra-
ictory behavior �inverse relationship between signal
nd concentration� is due to reabsorption effects in-
roduced by the presence of P650. Thus, even
hough the concentration of the dye that produces the
ignal at 580 nm is increasing, so is the concentration

ig. 12. Results of tests for camera 1 �580 nm�, Region 2 �thick fi
650, �d� single P650 normalized, �e� mixed P605�P650, �f � mixed
f P650 �reabsorbing dye�, which quenches the fluo-
escence signal. Reabsorption is most noticeable for
he 580-nm signals because there is a substantial
verlap of the P650 absorption spectrum for this
mission �Fig. 10� and for Region 2 where the system
s optically thicker. Thus the 620-nm signals of Re-
ion 1 do not show this behavior and still adhere to
he conventional signal gain with concentration
Figs. 13�c� and 13�e�	. On the other hand the
80-nm signals of Region 2 exhibit a complete behav-
or reversal �Figs. 12�c� and 12�e�	.

In Region 1 the conditions are not optically thick

hickness�: �a� single P605, �b� single P605 normalized, �c� single
5�P650 normalized.
lm t
P60
1 February 2004 � Vol. 43, No. 4 � APPLIED OPTICS 905
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nough, and the effects of reabsorption can be observed
nly for low excitation intensities, even for the 580-nm
ignals �Figs. 11�c� and 11�e�	. More interesting still
s the fact that, even for the 620-nm signal under
ptically thick conditions �Region 2�, the effects of re-
bsorption can be observed �Figs. 14�c� and 14�e�	. In
hese instances, the high concentration signals lie be-
ween the low and the medium concentration signals.
rom Fig. 10 it is apparent that at the 620-nm emis-
ion there is still a small overlap with the P650 ab-
orption spectrum. This overlap, albeit small, is
nough to introduce reabsorption effects when the
ighest P650 concentration is used.
06 APPLIED OPTICS � Vol. 43, No. 4 � 1 February 2004
. Excitation Nonlinearity in ERLIF: The Power Law
pproximation

he core of the ratiometric approach to suppression of
xcitation intensity information relies on the as-
umption that both fluorescent intensities are lin-
arly proportional to the excitation intensity. As
as seen above and in the analysis of Hidrovo and
art,8 this leads to cancellation of the fluorescent

ntensity information in the ratio of Eq. �8�. This
esult presupposes that the mean intensity of the
xcitation source and its fluctuations �in both space
nd time� are small. However, as we have seen in
ig. 13. Results of tests for camera 2 �620 nm�, Region 1 �thin film thickness�: �a� single P605, �b� single P605 normalized, �c� single P650,
d� single P650 normalized, �e� mixed P605�P650, �f � mixed P605�P650 normalized.
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ections 3 and 4, when high-energy laser pulses are
sed, such is not the case, and the fluorescence signal
ehaves in a nonlinear manner with respect to exci-
ation intensity. This nonlinear behavior could con-
titute a challenge for the proper suppression of
xcitation intensity by the ratiometric approach.
At first glance it would appear that nonlinear be-

avior of the fluorescence with excitation intensity
ould forbid suppression of the excitation intensity in
ratiometric approach. It turns out that it does not
atter what type of dependence the fluorescent intensity
as on the excitation intensity. The dual fluorescence
atiometric approach still suppresses information on
xcitation intensity as long as the two fluorescent in-
ensities have the same dependence on excitation in-
ensity. To illustrate this, we write the fluorescent
ntensities as the product of two functions: one con-
aining the dependence of fluorescence on excitation
ntensity and the other containing all the remaining
ependences:

Ef,1� � F1�Ie�G1�ε, C, t. . .�, (20)

E � F �I �G �ε, C, t. . .�. (21)
ig. 14. Results of tests for camera 2 �620 nm�, Region 2 �thick film thickness�: �a� single P605, �b� single P605 normalized, �c� single
650, �d� single P650 normalized, �e� mixed P605�P650, �f � mixed P605�P650 normalized.
f,2 2 e 2

1 February 2004 � Vol. 43, No. 4 � APPLIED OPTICS 907
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aking the ratio of the two fluorescent emissions
ields

R �
Ef,2

Ef,1�
�

F2�Ie�G2�ε, C, t. . .�
F1�Ie�G1�ε, C, t. . .�

. (22)

f F1�Ie� � F2�Ie�,

R �
Ef,2

Ef,1�
�

G2�ε, C, t. . .�
G1�ε, C, t. . .�

(23)

nd the fluorescence ratio is equally independent of
xcitation intensity. However, if F1�Ie� � F2�Ie�,
hen

R �
Ef,2

Ef,1�
�

F2�Ie�G2�ε, C, t. . .�
F1�Ie�G1�ε, C, t. . .�

� FR�Ie�
G2�ε, C, t. . .�
G1�ε, C, t. . .�

, (24)

nd the ratio itself has a dependence on excitation
ntensity, FR�Ie�, as illustrated in Fig. 15, which shows
he ERLIF fluorescence and ratio images for the thin
ap �thin-film thickness� region of the calibration fix-
ure. In this instance, high-resolution small-film
hickness measurements �less than 20 �m� are de-
ired. The fluorescent dyes used for these purposes
ere P605 and P650 at concentrations of 8 � 10�3

ol�L of oil and 2.4 � 10�2 mol�L of oil, respectively.
he small-film thickness measurements required high
uorescence efficiency dyes and much higher concen-
rations than those used in the experiments described
y Hidrovo and Hart.8 From the top and middle im-
ges of Fig. 15 it can be seen that the fluorescence
mages portray, as expected, the fluctuations in laser
patial intensity. This is a consequence of the depen-
ence of fluorescence on excitation intensity as pre-
icted by Eq. �1�. It is also apparent from the bottom
mage of Fig. 15 that the laser’s spatial intensity fluc-
uations are still markedly present in the ratio image.
onsequently, this ratio image still has some function-
lity with respect to laser intensity as prescribed by
q. �24�, which indicates that the dependences of flu-
a

s
a
W
F

rescent emissions on excitation intensities are differ-

nt from each other.
To implement a practical approach that would per-
it suppression of the excitation intensity in the ratio
hen the dependences of the fluorescent emissions on
xcitation intensity are different from each other

Ef,2�t, �filter2, y, �� �
Io� y, ���2ε2��laser�C
08 APPLIED OPTICS � Vol. 43, No. 4 � 1 February 2004
more on this in Section 6�, we propose to approximate
he nonlinear excitation intensity dependence by a
ower law of the form

Ef � Ie
�, (25)

here � � 1 �� � 1 corresponds to a linear depen-
ence. We refer to � as the nonlinear power expo-
ent�. Thus, after appropriate substitutions, for the
otal fluorescence signal of dye 1 �reabsorbed dye� we
ave
nd, for the total fluorescence signal of dye 2,

This dependence of fluorescence on excitation inten-
ity can approximate the actual nonlinear behavior,
lbeit only over a finite excitation intensity region.
hich region that will be will depend on the value of �.

igure 16 shows comparisons of the actual fluores-

�filter2� Af�p(1 � exp����2ε��laser�C	 t
)
�2ε��laser�C

. (27)
ig. 15. Fluorescence and ERLIF ratio images for thin-film thick-
Ef,1��t, �filter1, y, �� �
Io� y, ���1ε1��laser�C1�1��filter1� Af�p(1 � exp����1ε��laser�C � ε2��filter1�C2	 t
)

�1ε��laser�C � ε2��filter1�C2
, (26)
2�2�
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ence signal as a function of excitation photon flux
numerical integration of Eq. �17�	 and the power law
pproximation �Eq. �26� or �27�; their functionality
ith respect to excitation intensity is the same	 for

everal ranges of photon excitation fluxes and values of
. It is apparent from Fig. 16 that changing the value
f � allows for different regions of the nonlinear curve
o be approximated by the power law. As the range of
xcitation intensities increases and the fluorescence
ehavior becomes more nearly nonlinear, tending to-
ard saturation, the optimum value of � decreases.
ote that, for low excitation photon fluxes, the opti-
um value of � is 1 �Fig. 16�a�	, which indicates a

ehavior that is almost linear �or tends to linearity�, as
ne would expect from Eq. �13�. Although these com-
arisons are specific to a given set of parameters that
re representative of the pyrromethene dye group,
onlinear behavior of the fluorescent intensity with
espect to excitation photon flux is characteristic of
ost fluorophores, and the power law approximation
ould still apply.

. Power Law Approximation Processing Scheme

he power law approximation of fluorescence relative
o excitation intensity leads to a simple scheme that
s capable of neutralizing the dependence of the ratio
n excitation intensity.19 As mentioned above, it
oes not matter that the fluorescence behavior with
espect to excitation intensity is nonlinear as long as
he two fluorescent emissions have the same type of
onlinear dependence on excitation intensity. Even

f the nonlinear behaviors of the two fluorescent emis-
ions are not the same, it is possible to apply the
ower law approximation and minimize the effect of
ny difference in linearity. Thus, if

Ef,1� � Io
�1, (28)

Ef,2 � Io
�2, (29)

s in Eqs. �26� and �27�, and we let

� � �1��2, (30)

hen

R � Ef,2
��Ef,1� (31)

s no longer a function of Io, as

Ef,2
� � �Io

�2�� � �Io
�2��1��2 � Io

�1, (32)
ig. 16. Comparison of actual and approximate �power law� fluorescence behavior with excitation intensity for several values of o and
1 February 2004 � Vol. 43, No. 4 � APPLIED OPTICS 909
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hich has the same dependence on Io that Ef,1� has.
xpanding the whole of relation �32�, we obtain
t

o
w
i
E
w
v
p
t
i
t
t
i
v
t
c
t
a
i
f
v

p

uch that

hich is independent of excitation intensity.
Thus, by using a single parameter, �, it is possible

o suppress excitation intensity information from the
atio by raising one of the fluorescent emissions �dye
fluorescence in this case� to this value before per-

orming the ratio computation.
As mentioned above, we implemented this ap-

roach in the measurement of thin films �of the
rder of 10 �m� with the use of P605 and P650 at
oncentrations of 8 � 10�3 and 2.4 � 10�2 mol�L of
il, respectively. Figure 17 shows the fluorescence
ignals at 580 and 620 nm for this mixed-dye sam-
le in Region 1 �thin film� as obtained in Section 4.
he higher excitation intensity data �40% of full
ower and above� have been fitted with a power
egression �the results are shown in the inset of Fig.
7�. In accordance with our processing scheme
nd Eq. �30�, these data and regression suggest that
he appropriate value of � should be close to 1.3
0.834�0.6512 � 1.281, to be exact�.

The fluorescence images from Region 1 validate
his assumption. We obtained the ratio by using

R �
Ef,2

�

Ef,1�
,

R�t, �filter1, �filter2� �
� Af�p�

��1�ε2��laser�C2�2��filter2�	
��

ε1��laser�C1�1��filter1���2ε��
10 APPLIED OPTICS � Vol. 43, No. 4 � 1 February 2004
ifferent values of �. The spatial intensity fluctu-
tions should disappear from the ratio image when
he proper value of � is used. Using values of �

ther than the proper one �either above or below it�
ill produce a ratio that depicts the laser’s spatial

ntensity fluctuations because the requirements of
q. �30� are not satisfied, as depicted in Fig. 18,
hich shows ratio images computed for different
alues of �. The first ratio image, which was com-
uted for � � 1.0, corresponds to the original ratio
hat assumes a linear dependence of the fluorescent
ntensities on excitation intensity. It can be seen
hat, as the value of � is increased, the strength of
he laser’s spatial intensity fluctuations in the ratio
mages diminishes. An optimum is reached at a �
alue of 1.3, where the laser’s spatial intensity fluc-
uations almost completely disappear. Further in-
reasing the value of � past this point �i.e., greater
han 1.3� causes the laser’s spatial intensity fluctu-
tions to appear again. Figure 19 shows a compar-
son of the plots of ratiovalues versus film thickness
or � values of 1.0 �original ratio� and 1.3 �optimal
alue�.
Before concluding, we should reiterate that this

rocessing scheme, which is based on the power law

(34)

�laser�C � ε2��filter1�C2	(1 � exp����2ε��laser�C	 t
)�

C	�(1 � exp����1ε��laser�C � ε2��filter1�C2	 t
)
,

(35)
ig. 17. Fluorescence signal as a function of excitation intensity and power law regression fitting for high concentration mixed-dye
amples in Region 1 �thin film�: �a� 580 nm �Camera 1� signal with power regression fit �1 � 0.834 and �b� 620 nm �Camera 2� signal with
ower regression fit � � 0.6512.
Ef,2�t, �filter1, y, ��� �
Io� y, ���1�ε2��laser�C2�2��filter2� Af�p	

�(1 � exp����2ε��laser�C	 t
)�

��2ε��laser�C	� , (33)
�1ε�

laser�
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pproximation of the fluorescence nonlinearity rela-
ive to excitation intensity, works well only for rela-
ively small fluctuations in excitation intensity.
his is so because the power law approximates the
ctual behavior of the fluorescent intensity curve only
ver a finite region of excitation intensities �Fig. 16�.
f the fluctuations in excitation intensity are too
arge, the power law will not be valid over the entire
ange of excitation intensity fluctuations, and the
rocessing scheme will not suppress excitation inten-
ity information for all values in the range of fluctu-
tions. This is an important point to have in mind
hen a coherent illumination source such as a laser

s used. In that case, some of the excitation source’s
patial intensity fluctuations will arise as a conse-
uence of optics-induced diffraction interference. In
he far field �Fraunhofer region�, the interference will
ecome quite substantial, with the consequence that

Fig. 18. Ratio imag
he spatial intensity fluctuations will be large be-
ween regions of constructive and destructive inter-
erence. This optics-induced diffraction interference
s what gives rise to the concentric rings on the laser’s
patial profile, which are appreciable in the fluores-
ent emission images. It is apparent that the power
aw assumption processing scheme eliminates the
oncentric rings in the ratio, which indicates that the
nterference is not that substantial at the location
here the calibration fixture is positioned.

. Summary and Conclusions

mission reabsorption laser-induced fluorescence is a
ual-fluorescence ratiometric technique that is capa-
le of accurate and quasi-instantaneous two-
imensional measurements of film thickness. The
ore of the technique relies on the use of a ratiometric
pproach for the purpose of suppressing excitation

r eight values of �.
es fo
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ntensity information from the fluorescent emission.
wo fluorescent emissions are required for accom-
lishing this goal; one is used as the carrier of the
esired scalar information �film thickness in this
ase� and the other is used as the carrier of the exci-
ation intensity information. If the two fluorescent
missions portray the same dependence on excitation
ntensity, this dependence cancels in the ratio. Re-
bsorption of one of the fluorescent emissions, how-
ver, ensures that the behavior of the two kinds of
mission with film thickness is different, preserving
his information in the ratio.

If the two fluorescent emissions behave linearly
ith excitation intensity, the equality of dependence

n excitation intensity applies, and the technique
orks properly. However, if the behavior of fluores-

ent intensities with respect to excitation intensity is
onlinear, the equality of dependences might not
old and the ratio will not properly suppress the
xcitation intensity. Nonlinear behavior of fluores-
ence with respect to excitation intensity, which is a
onsequence of the substantial depopulation of the
round state, is characteristic of high-excitation pho-
on fluxes �intensities� such as those encountered in
ulsed lasers. In these instances, the simple ratio-
etric approach will not succeed in suppressing in-

ormation on the excitation intensity.
However, if the nonlinear behavior is approxi-
ated by a power law, it is possible to implement a

imple scheme that will equalize the behavior of the
uorescent intensities with respect to excitation in-
ensity. Raising one of the fluorescent emissions to
he appropriate power equalizes these behaviors. In
his manner it is still possible to use a ratiometric
cheme to suppress information on excitation inten-
ity. By using this technique on an appropriate flu-
rescence system, we have demonstrated film-
hickness measurements with resolution better than
.5 �m over a 50-�m range.

ig. 19. Ratio images and thickness profiles for � values of 1.0
nd 1.3.
12 APPLIED OPTICS � Vol. 43, No. 4 � 1 February 2004
ppendix A. Nomenclature

A � 1��L Total excited-state transition rate constant
A21 � 1��21 Spontaneous emission �fluorescence� rate

constant
A21� � 1��21� Nonradiative deactivation rate constant

Af Fluorescence area �pixel or photodetector
area�

B � ε�NA Stimulated absorption cross section
c Speed of light

C Molar concentration of dye; effective two-
dye molar concentration

C1 Molar concentration of dye 1
C2 Molar concentration of dye 2

dEf Differential fluorescence signal
dEf,1� Differential fluorescence signal �reabsorp-

tion� of dye 1
dEf,2 Differential fluorescence signal �no reab-

sorption� of dye 2
dn Differential number of molecules in a dif-

ferential depth slice of sample
dx Differential depth slice of sample
Ef Total fluorescence signal
F1 Excitation intensity functionality of fluo-

rescence signal 1
F2 Excitation intensity functionality of fluo-

rescence signal 2
FR Excitation intensity functionality of ratio
G1 Molecular properties and geometry based

functionality of fluorescence signal 1
G2 Molecular properties and geometry based

functionality of fluorescence signal 2
� Planck’s constant

Ie � ��EXe Exciting-light intensity
If Total fluorescent intensity

Io � ��EXo Exciting-light intensity at x � 0
n Total number of molecules �ground plus ex-

cited state�
n2 Number of molecules in excited state

NA Avogadro’s number
R Ratio of fluorescence signals
t Film thickness

tc Thickness constant
tc,1� Thickness constant of fluorescence signal 1

�reabsorption�
tc,2 Thickness constant of fluorescence signal 2

�no reabsorption�
V Sample volume
x Coordinate perpendicular to plane of ob-

servation
y Coordinate parallel to plane of observation
ε Molar absorption �extinction� coefficient;

effective two-dye molar absorption �extinc-
tion� coefficient

ε1 Molar absorption �extinction� coefficient of
dye 1

ε2 Molar absorption �extinction� coefficient of
dye 2

� Power law exponent
�1 Power law exponent of fluorescence signal

1



R

1

1

1

1

1

1

1

1

1

1

�2 Power law exponent of fluorescence signal
2

� Ratio of power law exponents
�laser Laser wavelength

�filter1 Wavelength of narrowband filter 1 �wave-
length of fluorescence signal 1�

�filter2 Wavelength of narrowband filter 2 �wave-
length of fluorescence signal 2�

�EM Emission wavelength
�EX Excitation wavelength

�EM � c��EM Light-wave frequency of emission
�EX � c��EX Light-wave frequency of excitation

� Quantum efficiency
�1 Quantum efficiency of dye 1
�2 Quantum efficiency of dye 2
c Excitation photon flux constant
e Excitation photon flux
o Excitation photon flux at x � 0
� Time

�21 Spontaneous emission �fluorescence� life-
time

�21� Nonradiative deactivation lifetime
�e Photodetector exposure time
�L Combined excited-state lifetime �fluores-

cence and nonradiative�
�p Laser pulse width
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