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ABSTRACT

Fluorescence correation spectroscopy (FCS) could provide a more useful tool for intracellular studies and biological
sample characterization if measurement times could be reduced. While an increase in laser power can enable an
autocorrelation function (ACF) with adequate signal-to-noise to be acquired within a shorter measurement time,
excitation saturation then leads to distortion of the ACF and systematic errors in the measurement results. An empirical
method for achieving reduced systematic errors by employing a fitting function with an additional adjustable parameter
has been previoudly introduced for two-photon FCS. Here we provide a unified physical explanation of excitation
saturation effects for the three cases of continuous-wave, pulsed one-photon excitation, and two-photon excitation FCS.
When the time between laser pulsesislonger than the fluorescence lifetime, the signal rate at which excitation saturation
occurs is lower for pulsed excitation than for cw excitation, and due to the disparate timescales of the photophysical
processes following excitation, it islower still for two-photon excitation. We use a single-molecul e description of FCSto
obtain improved analytical ACF fitting functions for the three cases. The fitting functions more accurately account for
saturation effects than those previously employed without the need for an additional empirical parameter. Use of these
fitting functions removes systematic errors and enabl es measurements to be acquired more quickly by use of higher laser
powers. Increase of background, triplet photophysics, and the cases of scanning FCS and fluorescence cross-correlation
spectroscopy are aso discussed. Experimental results acquired with a custom built apparatus are presented.

1. INTRODUCTION

Fluorescence correlation spectroscopy (FCS) is an increasingly popular method for determining species
concentrations and diffusion coefficients of labeled components within biological samples [1]. For applications such as
high throughput screening and intra-cellular studies with limited observation times, there is a need to make
measurements with reduced data acquisition times[2]. In order to obtain adequate photon statistics and signal-to-noise
for short measurement durations, it is desirabl e to increase the photon count rate by increasing the laser power. However,
as the laser power is increased, saturation and other effects cause the autocorrelation function (ACF) to change in
amplitude and shape [3,4]. A modified fitting function has previously been introduced to account for saturation in ACF
data collected at high laser powers in 2-photon excitation experiments [5,6]. However, this fitting function is obtained
with the assumption that saturation has an abrupt onset and causes the probe region to have a flat-top shape. The
assumed shape “has no physical meaning and introduces fictitious parameters’ [7]. The fitting function includes an
additional quantity (a), which is essentialy an empirical parameter that lends added flexibility for better fitting of the
saturation-distorted ACF data. Rate equation models of the molecular population dynamics have been previously used in
attempts to provide a better physical understanding of saturation in FCS with two-photon excitation and in fluorescence
experiments in general [3,8]. However, Ref. [3] only considers continuous-wave (cw) excitation, Ref. [8] assumes
complete ground-state repopulation between laser pulses, and neither presents fitting of the ACF with saturation. Below
we discuss the physical processes that occur following excitation of a fluorescent molecule and we present rate equation
models to give a unified explanation of saturation effects for cw excitation, pulsed one-photon excitation, and two-
photon excitation. Power series expansions of the fluorescence dependence on irradiance for each case are then used
with a single-molecule derivation of the ACF to obtain improved fitting functions for FCS when saturation occurs.

2. GENERAL SATURATION CHARACTERISTICS

For one-photon excitation, either a cw laser beam or atrain of sub-nanosecond pulsesis used for sample excitation.
However, for two-photon excitation, a train of pulses of duration ~100 femtosecond is usually used in order to attain
adequate pesk irradiance. The different timescales of the laser pulses and the physical processes that occur as a result of
molecular excitation, which areindicated in Fig. 1 (a), giveriseto different saturation behavior for one- and two-photon
excitation and for pulsed and cw excitation.
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Fig. 1: () Typical timescales of molecular processes: k;: one or two-photon excitation; k: one or two-photon stimulated
emission; k,: collisional dephasing (~10 fs); ks: vibrational thermalization (~1 ps); ks rotational reorientation (~100 ps—
100 ns); ks: fluorescence (~2 ns); ke: inter-system crossing (~200 ns); kz: phosphorescence (~1 ps); (b) Simplified 3-level
scheme, in which only the eectronic levels are retained.

After an organic dye moleculeis excited (at arate k; shown in Fig. 1 (a)) to a particular subleve of the S; manifold,
its electronic wavefunction becomes dephased due to dastic collisions with solvent molecules within a timescale of
ko, *~10 fs, which is typically much faster than the laser excitation pulsewidth, and hence coherence effects are usually
negligible and the optica Bloch equations that describe the system are well approximated by rate equations. After
dephasing, thermal relaxation within the S; manifold due to indlastic collisions with solvent molecules occurs within a
timescale of ks ~1 ps. Reorientation of the transition dipole moment dueto rotational diffusion of the molecule may also
occur on a timescale of k,*~100 ps for a small dye molecule in agueous solution and with k, ™ up to ~100 ns for a
chromaphore rigidly bound to a macromolecule. Fluorescence and/or internal conversion back to the Sy manifold then
occur within about ks *~2 ns. A competing process, which typically occurs about 1 in 100 times, and thus with
ke *~200 ns, is intersystem crossing to the triplet T; manifold. In typical oxygen-saturated agueous solutions, relaxation
from T, back to the S, manifold then occurs within about k; ~1 Us. Because of the disparate timescal es of the molecular
processes described above, the molecular energy level system in Fig 1 (a) is well approximated by the 3-level system
shown in Flg 1 (b), with k1—> kol, 11— k,01, k5—> klo, k6—> k12, k7—> kgo.

For cw excitation, saturation occurs primarily as a result of the decrease in the fractional population No/N of the
ground state O with increasing laser intensity. The laser pumps molecules from the ground state O to the excited singlet
state 1, but the stimulated emission pumping from 1 to O, ko, is negligible, because ks >> k; in Fig. 1 (8). The rate
equations for the 3-level system may then be expressed as

No _k01 k10 kzo No

% N, |= k01 _k10_k12 0 N, |’ &)
N, 0 k12 _kzo N,
which has the steady state solution
N, ko + ki
N =] ke |X S @
N ki, | Kot ol Tig)

where N,/ N isthefractional population of level j, with N :ZNJ . Here, the cw excitation rateis
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ky =0, (1)/E,, ®
where g, is the absorption cross-section (equal to 3.82x107%* cm® M times the molar absorptivity), (I ) is the cw laser
irradiance, andE, = hc/ A, is thelaser photon energy, in which his Planck’s constant, ¢ isthe speed of light, and Ao isthe
vacuum wavelength of the laser. The mean fluorescence count rate from a single molecule, which is proportional to the
decay rate kyo, and the fractiona excited state population Ny/N, obtained from the second line of Egn. (2), is given by

_ Cko ()15
_1+Q1+<I>/I ’ “)
S
where Cisequal to the net collection and detection efficiency, the saturation intensity Isisgiven by
o =1n@+Q)I, ®)
where 77is defined by
n=o,r./E, (6)
Te = (Ko +hp)™ ™
is equal to the fluorescence lifetime, and
Q=Rr, /1, (8)

inwhich R=k, /(k, +k,) isthetriplet crossingyield and 7, =k, isthe phosphorescence lifetime.

For repetitively pulsed excitation, ground state depletion during the course of each laser excitation pulse is a major
factor that contributes to saturation. With the assumption that the duration of the laser pulse & is short compared to the
fluorescence lifetime (&< < ), the decay of the excited state and triplet populations during the interval of the laser pulse
0<t< & canbeignored, and the top line of Eqgn. (1) gives

dN,/dt = =k N, (during pulse) (9)
which has the solution
N, (At) = Ny (0) exp(—ky, ), (for d<<1) (10)
with
ky =0, IE, (11)

where for simplicity, the irradiance during the laser pulse is approximated to be the constant valuel . However, when
the laser excitation pulsewidth is shorter than ks '~1 ps, as it typically is for two-photon excitation, the laser not only
excites the molecule, but for high irradiance it can drive the excited molecule back to the ground state by stimulated
emission (asindicated in Fig. 1(b) by the downward transition at ratek'q;), so that Egn. (9) should be replaced by
dN, /dt = =k, N, +k;, N, (during pulse). (12
The time after excitation until the next laser pulse, T, is much greater than the time required for thermalization of the
excited state manifold ks *~1 psand hence in Eqn. (12) N(0)=0, so that the solution of Eqgn. (12) is
No(3t) = N, (0) (1+exp( -2k, t))/ 2, (for d<< k), (13)
where we have assumed that k5= ko, which will be the case if there is no difference in the degeneracy or density of
levesinthe § and S; manifolds. For two-photon excitation, Eqn. (11) isreplaced by
Koy = O | 21 EZ (14)
in which orer isthe two-photon absorption cross secnon typically expressed in units of GM=10">" cm*s. A comparison
of Egns. (10) and (13) shows that the width of the laser pulse (in comparison to the ks '~1 ps time for thermalization of
the S; manifold) can significantly alter the saturation behavior. Note that equation (14) is a classical approximation and
orer should be regarded as an effective parameter for the particular detailed photon satistics (i.e., the second order
guantum mechanical coherence function of the light), which will depend on the shape, chirp, and coherence of the pulse.
After the laser pulse, the molecule relaxes from the excited state 1. The solution of Eqn. (1) with kye=0 can then be
used with the initial condition of Eqn. (10) or (13) and the periodicity condition N; i(T)= N;(0), j = 0,1,2, to determine the
dependence of the mean fluorescence count rate F = J' F(t)dt/T ontheaverage Iaser |rrad|ance

(N=1at/T (15)

For sub-nanosecond pulses, the solution of Egn. (1) with theinitia condition of Eqn. (10) yields
1—expr(—<l Mg

O ) ool ir)

(16)
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o 1—exp(—<|>/|s')

for rp <T,

O 1

T _ _ : 17)

where 1+Q Qexp( (1)1 ) N
lg =(nT /7)), (18)

md ~T/T ~T/T,

r, e''r-g''"

=R P
Q Z.P _Z.F 1_e—T/TP (19)
~rlE, for 7. T <7, . (20)
T

For the typical values of R ~1072, 7 ~1 us, T ~10 ns, Eqn. (20) gives Q ~1 and Eqgn. (17) shows that near saturation
triplet shelving reduces the mean fluorescence signal by ~50%. For sub-picosecond pulses, the solution of Egn. (1) with
theinitial condition of Egn. (13), and with Egn. (11) for one-photon excitation yields

1-exp(—2<|>/|s’)
2+ 2Q—(1+exp(—2<| >/|S’))(exp(—T/TF) +Q)
. 1-ep(-2(1),) (22

= Ckyy = , for 7. <T,
ko7 2+Q—Qexp(—2<|>/ls')

F=Ck, = (1-€7'") 1)

whereas Eqgn. (13) with Eqgn. (14) for two-photon excitation yields the same results as Egns. (21) and (22) but with < I >
replaced by

<I2>:T25t/T (23)
and I, replaced by
lg =(n'TIr.), (24)
where
N =0Ty | E. - (25)
Eqns. (4), (17), and (22) may be approximated by power series expansionsin(l ) toyield
F=cYa, (/1) @)
where n=l
a, =k, (-1)"/(1+Q), for ow exditation with (<ls, @)
a, =k, (TF /T)(—l)”/n!, for sub-nanosecond pulsed excitation with Q=0, Is- | & (28)

a, =k, (7¢ /2T)(—2)”/n!, for sub-picosecond pulsed excitation with Q=0, Is— |5, orls—~1". (29)

Fig. 2 illugrates the differences between Egns (4), (17), and (22) for the case of no triplet, R=Q =0, and dso a
comparison with the Taylor expansons of Egns. (26)—(29) in which only the firgt two terms are kept.

1

Fig. 2: F/ICky vs. 7Kl) as calculated by Egn. (4) with Q=0 (red;
08 top), and Egns. (16) (green; middle) and (21) (blue; bottom) for
T/ = 5. The dashed curves show the corresponding Taylor
06 expansions of Egns. (26), (27), (28), and (29) with just the first
F/Ckao — two terms kept. Note that the signa rate at which excitation
04 — saturation occurs is lower for pulsed excitation than for cw

P excitation, and is lower still for two-photon excitation. For cw
02 S R excitation, the first order Taylor approximation is adequate for

= 1y < ~0.2.
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2. FLUORESCENCE PROFILE WITH SATURATION

For a Gaussian laser beam focused by a moderate N.A. microscope objective, the irradiance profile near the focusis
op —2(x2 + y2)

1(x,y,2) = exp , (30)
naj(1+(z/zo)2) (é(1+(z/zo)2)
where P isthelaser power, y isthe beam waist, the Rayleigh rangeis
2, =n16/ 4, (31)
ng istherefractive index of the solvent, and A, is the vacuum wavelength of the laser. Moreover, for z< z
_20¢+y%) Oe+y?) 2
1 P -
I(x,y,2)=——e 4 = e ¥ e =p2maG(x 0)G(y, 0)G(z, O 32
(xy. 2= e J2naG(x 0)G(y, 96(z ) (32)
where 1 s
G(s,0) = exp| ——~ 33
(80)=—ep =5 (33)
denotes a Gaussian with standard deviation ¢, normalized such that
j_“’ dsG(s,0’) =1, (34)

and where we have set
o=w/2 and 0,=2,/42In2 (35)
so that the half-width of the Lorentzian profilein zis matched to the ha f-width of the Gaussian approximation.
Similarly, with [1+(z/ z))*]™" =G(z,0,/~2"" —1)\/570'2/\/2“” -1, we have
1"(x,y,2) = P"(27)¥2"n 0?2 g, (2Y" -1) Y2 G(x, o/ n)G(y, ol n)G(z, g, 1~/2"" -1). (36)

The mean number of fluorescence photons per second detected from a single molecule located at x,y,z is given by
Eqgn. (4), (16), or (21) with {I) replaced by I(x,y,2), which is approximated by the 3-D Gaussian profile of Egn. (32), and
with C replaced by the collection efficiency function C(x,y,z), which is aso approximated to be 3D-Gaussian in shape

C(xY,2) =G, (271)"* & 0., G(x, )Gy, %)G(z ) (37)
with Cy equal to the peak collection efficiency, and o: ,0c, equal to the standard deviations in the radial and axial
directions, as determined by the pinhole radius, and the magnification and numerical aperture of the microscope
objective. Fig. 3 shows that as the laser irradiance increases, the fluorescence profile does not attain the flat-top profile
that was assumed in Ref. [8] for C(x,y,2) = 1 and for the case of Eqgn. (21) for two-photon sub-picosecond excitation.

Since the product of two Gaussian functionsis another Gaussian,

G(s,0,)G(s,0,) =G(0, (07 +73)"*)G(s, (07" +03°) ™), (38)
Eqgn. (26) may be used to express the folouor@cence profile asa sum of 3-D Gaussian functions:
F(x,Y,2) =) ®,G(x,d()G(y,5(n))G(z,7,(n), (39)
where n=t
®, =(a,/13)CoP" (2> " 0P (2" -1 V2 0,08 0, (0 + O IM)H( &, + G I ), “0)
an) = (na'2 +ac'2)_l/2, a,(n) = ((21’n -1o” +ac'22)_l/2. (1)

For low laser power and no saturation, only the first term in the sum of Eqn. (39) need be retained and the profileis 3-D
Gaussian.

o2 Fig. 3: Gaussian irradiance profiles with no saturation
. . (dotted) and the resulting fluorescence profiles with
015 AN 01 saturation, obtained using Eqn. (4) for cw excitation (solid),
F(x)/Ckao o and Eqn. (21) for sub-picosecond excitation for T/7= =5
01 AA N e P (dashed). The profiles are for the cross-section at y = z=0,
,/1'7/// — =2 \\\\\T with 1(x)/1s= 0.1, 0.2, 0.3, 0.4, 0.5 x G(x,0). Note that the
0.05 ,ZL/ SR saturated profiles do not have the “flat-top” profile that was
/% N assumed in Ref. [8].

132 Proc. of SPIE Vol. 5700



3. FORM OF THE AUTOCORRELATION FUNCTION WITHOUT SATURATION

Thenormalized ACF isdefined as

FOF(t+
o) = LOFED) @)
(FOXF(t+1))
where F(t) isthe photon count rate at timet, and the angular brackets denote an average over all times, whereby
f— M 1 T 1 ! 1
(FO)F(t+1)) = |_T|Ln Ej_TF(t YE(t +7)dt’ . (43)

A derivation of the theoretical form of g(7) for the case of diffusion-induced concentration-fluctuations is given in the
early FCS literature. Here we give a reformulated derivation in terms of single-photon detection from single-molecules,
and the derivation is then extended to account for saturation. Let the number density of molecules be N molecules m™,
Note that N also eguals the probability density to find a single molecule at any location x,y,z If F(t) is a stationary
ergodic random process, then the time averages in Egn. (42) may be evaluated as ensemble averages and the average
total rate of photonsis independent of time and equd s the count rate averaged over all possible molecule locations:
(F())= j j j NF (x, y, Z)dxdydz + B (44)
=No® +B, (45)
where B is the total background count rate, and where we have retained only the first term of Eqgn. (39), omitted the 1
notation in @, and used Eqgn. (34) to perform the integrations. As F(t) is a stationary random variable, each of the two
factors in the denominator of Eqn. (42) is given by Eqgn. (45). The term F(t) F(t + 7) in the numerator is the rate of
detection of pairs of photons that are separated by an interval 7. The first photon may arise from a single-molecule
located at x3, y1, z1, with probability density N, or background. The second photon may arise either from the same single-
molecule, which has moved from X;, y1, z, t0 Xz, Y2, Z during the time interval 7, with a probability density
M(X1—=Xz, Y1—Y2, Z1=2, T) Or from adifferent single-molecule, again with probability density N, or from background. The
numerator of Egn. (42) isthus:

(FOFE+1)) = [[] cxdy,dzNF (4, ;. 2) [[[ 0y, dz,M (4 =%, ¥s =¥51 2 =2, 7)F (%, Y2, 2,)

2
+|I] dx i dzNF 04, v,,2) | +2B([f dxydzNF (4,1, 2) +B% 4
where
M(x,y,2,17) =G(x,0,(1))G(Y,0,(1))G(z.0, (7)) (47)
isthe probahility density for amolecule to diffuse from the origin to x,y,z at time 7, and
o, (r)=+/2Dr . (48)
Eqgn. (47) isthe solution of the diffusion equation
oN/at = D°N (49)

for theinitial condition of a moleculelocated at the origin, N(x, y, z,0) = 5(0,0,0), where J(x,y,z) isa3-D Dirac ddta
function, and D is the diffusion coefficient. If thereis a constant net flow component v =v,,v,,v, throughout the probe
volume, or if the sample is trandated as in scanning FCS, then aterm —v-ON is added to the right of Egn. (49) and the
Gaussian probability densities in Eqgn. (47) become increasingly displaced from the origin with time so that

M (x,Y,2,7) = G(x~V,7,0, (1))G(Y ~V7 0@ )G(Z -V 0 ,()) (50)
The integrations on the second line of Eqn. (46) are easily performed by use of Eqgn. (34), as was done to obtain Egn.
(45) from (44), to yied (NCD + B)z. For thefirgt ling, the integrations for each dimension may be performed separately.
For the x-dimension, theintegration is

|, = [G(x,0) [ dG(x =%, ~v7,0,(1))G(%,0) . (51)

Note that the convolution of two Gaussiansis another Gaussan, with awidth that isthe sum in quadrature of the widths
of thetwo:

jde(x,Jl)G(Xi X, 0,) =G(X, /o7 +a?). (52)

Application of Egn. (52) to Egn. (51) yidds
l,=G vxr,w/2§2+a,§):G(r/réx),1/(1+r/rD)IZ)/cJO, (53)
¥ =a,lv,, 1,=0fl4D, (54)

are the mean flow and diffusional residence times in the probe volume of a molecule that begins at the origin, and we
have used G(as,ao) = G(s,0)/a, and from Egn. (35) and Eqgn. (41) with n = 1 denoted

where
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-1/2

@ =20=2(4a’ + @), 7, =27 =2(47" + ) . (55)

For the z-dimension, theintegration is
egretion! ( rI7® \/(1+(a70/70)2r/r0)/2)/@0, . (56)
with @ _ =
) =71V, (57)
Applying Egns. (54) and (56) and I, = I in (46) yields
(FOF(t+1)) =(N®+B)’ +(N ¥/&z,)G,G,G, (58)
where
G,G,G, =G(r/1® JA+T I1,)12)G(r Ir ', [+ /rD)/Z)Gé F @+, 1Z)T I 5)12). (59)
For no flow, the product of the three Gaussian factors gives the familiar Lorentzian ACF shape:
G,G,G,(v=0) =7 *?[L+ 1/ 1,] "1 +(& 1 Z,)" 1/ 1,] 2. (60)
Substitution of Egns. (45) and (58) into Eqgn. (42) ylelds the following expression for the unity-background-subtracted
normalized ACF: _ 1 G,G,G,
g(r)=9g(r)-1= (61)

(1+ B/(Nd))) Nafz,
4. FORM OF THE AUTOCORRELATION FUNCTION WITH SATURATION
Tomodd saturation, highegc order termsfrom Egn. (39) must be used in Egns. (44) and (46). Eqgn. (45) becomes

(F(t))=N> o, +B, (62

and Eqn. (58) becomes i . 2 o o
(FOF(t+7)) :KNZ ®, +B] H(N/&7)>> & 0,6, (63)
where G(n’m) - G(n’m)G(n’m)G(n’m) ,”=1 n=l m=1 (64)
Gy =6 (v, 1T () +37(m) 03 ) =6( /e, (o) o7 (m) & +1/(2r,) ) fa, (65)

G{m™ :G(vzr,\/ﬁf(n) +a(m) +a§) :G(r/réz),\/(ﬁf(n) +522(m))/202 +@,/2,)° T/(ZTD))/fo. (66)
Substituting these results into Egn. (42) yields

o < V@) LT 00,6 (67
(X No, +B)’
If only the first two lowest order terms areretai ned theresult is
s (N @D)(@6" +20,06%) 6 o, /064 (69

N?(®? +20,®,) +2N OB B N&fzZ,(L+2d,/ § +2B/(N @)
where &Y isgiven by Egn. (59), and for no flow by Eqgn. (60), and

G‘l’z):Gz(r/réx'y),\/(a W +52(2))/a +r/(2TD)) (r/réz),\/(ﬁf(l) w02(2) /% +@O/zo)2r/(2rD)) /c:zgz,, (69)

and for no flow,

G“‘Z’(vz: 0) :zﬂ_alz[f +1/1,]7'¢, ;2(5)0/70)2r/rD]'“2, (70)
with sz:E, 52—30°2+2 =3 , for o. > o, 0., > 0,.

40 +20° 4 402 +20% 4 (71

Eqgn. (68) can be used as a fitting function for ACF data collected at laser powers where saturation begins to occur.

No additional empirical parameters are needed if the laser power and beam characterigtics can be measured and the

saturation intendity |s iscalculated from Eqgn. (6), or if ®,/®; is experimentally measured, as explained in section 6. The

power dependence of the background B must also be measured and included in the analysis. A similar procedure can be

followed to obtain the functiona form of cross-correlation functions with saturation. For example, if the samelaser beam

and collection optics define the same probe region for two different detection systems, a and b, which may respond to

different emission wavelength bands with peak collection efficiencies of CZ, C¢, and with backgrounds B?, B°, Egn.
(63) would be replaced by the cross-correlation

<Fa(t)|:b(t+r)> :(Ni(bz +BaJ(Ni (pﬁ +BbJ %N/ﬁg%)ii @ qfrynG(n,m)_ (72)

n=l m=
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5. EXPERIMENTAL MEASUREMENTS

Fig. 4a presents experimental measurements of the mean fluorescence count rate versus laser power, normalized by
the solution absorption at each wavelength used, for an 11.4 uM solution of Rhodamine B in water. For these
experiments, the incoming laser beam considerably under-filled the microscope objective to ensure that the beam was
not tightly focused in the sample and the fluorescence was collected only from the central region of the focused beam by
use of a small pinhole as a spatial filter. Under these conditions, it should not be necessary to account for the spatial
integrations of Eqgn. (44) and the fluorescence count rates are expected to directly follow the shape of Eqn. (4) for
continuous wave (cw) and Egn. (19) for sub-nanosecond pulsed excitation. Fig. 4a, which shows results for 532 nm
70ps/76MHz pulsed excitation and 514 nm cw excitation, thereby illustrates one of the key points that the fluorescence
rate at which excitation saturation occursislower for pulsed excitation than for cw excitation.

Fig. 4b presents a series of autocorreation curves collected from a 1.14 nM solution of Rhodamine B in water with
cw excitation at 514 nm. The major change apparent is that the amplitude decreases for increasng laser power due to
excitation saturation. From Egn. (61), one expects a decrease in ACF amplitude with increasing background B and hence
asmall (<~10%) correction for background has already been applied in the plots of Fig. 4b, by separately measuring the
background rate from pure water and renormalizing the curves by a factor of (1+ B / F)?, where F is the fluorescence
count rate. Detector afterpul ses were also calibrated and corrected for in the results of Fig. 4b. In addition to the decrease
in amplitude asthe laser power is increased, the width of the ACF is also found to increase dightly, consistent with Eqgn.
(68). However, other photophysical effects, such as triplet crossing and photobleaching may also contribute to the
changes as the laser power is increased. Although these effects can also be included in a curve-fitting model, a more
direct demonstration of the saturation modedl derived in section 4 would result if such effects were absent. Therefore, in
section 6, results from a Monte Carlo simulation are used to demonstrate the application of the saturation model.
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Fig. 4: () Experimental measurements of the fluorescence count rate versus laser power, normalized by the absorptivity
at the used wavelength, illustrating differences in the onset of saturation for pulsed (532 nm) and continuous wave (514
nm) irradiation. Thered curves are fits to Egns. (19) and (4) respectively. (b) Measured autocorrelation function curves,
after correction for background and afterpul ses, for laser powers from 30 to 500 pW at the sample. Asthe laser power is
increased, the ACF amplitude decreases, and the width increases dightly as the effective probe volume increases.

6. SSIMULATED ACF DATA WITH SATURATION

An ab-initio Monte Carlo smulation of FCS for cw excitation [9] was used to generate ACF data for known
experimental parameters, in order to demonstrate that curve fitting using Eqn. (68) can recover consistent parameters
when saturation is present. The simulation models excitation saturation by requiring a time delay following each
excitation of a molecule before subsequent excitation may occur, where the delay is a random real number with an
exponentid distribution with decay time equal to the fluorescence lifetime, or to the phosphorescence lifetime if triplet
crossing occurs. Fig. 5a shows a series of ACF data generated by the smulation with background, triplet crossing,
photobleaching, and solution flow set to zero, and with the pinhole opened so that o, > 0, 0., > 0, toalow the
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simplifications of Egns. (71). Fig. 5b shows a plot of the total fluorescence count rate for this same set of data, together
with acurvefit to a quadratic function

(F)=aP +bP”. (73)
Thetotd fluorescenceis expected to follow Egn. (62), and if only the firgt two terms are kept

(F)=N(®, + ). (74)
From Eqgn. (40) it may be seen that

o, 0P, ® 0 P, (75)
and hence, by comparing Egns. (73) and (74),

P,/®, =(b/a)P. (76)

The ACF in Fig. 5a are fit to the standard “pure-diffusion” formula of Egns. (60) and (61), and also, as shown in the
figure, to the “saturation” model given by Egns. (68), (60), and (70) using the measured value of @,/®, determined
from Fig. 5b and the known laser power, and with & =¢, =3/4 in Egn. (71). The ‘confocal parameter’ (& 1Z,)? ished
fixed so that there are two fitting parameters for each model. Fig. 6a shows that the decrease in amplitude of the ACF
with increasing laser power is incorrectly interpreted by the pure-diffusion modd as a change in the mean number of
molecules in the probe volume,  777°N&fz,, and Fig. 6b shows that the slight increase in width of the ACF with
increasing laser power is incorrectly interpreted as an increase in the diffusional residence time, 7 . By contragt, the
“saturation” mode gives consistent values as the laser power increases up to of ~250 pW. Beyond this point, a higher
order approximation of Eqgn. (67) with a cubic fit to Fig. 5b would be needed to achieve consistent parameter val ues.
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Fig. 5: (a) Series of smulated ACF for laser powers from 4 to 400 pW exhibiting changes due to excitation saturation;
(b) the total fluorescence count rate versus laser power for the datain (a), together with a quadratic curve fit.
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Fig. 6: The concentration (a), and the beam waist (b), calculated from the ACF fitting parameters results using the “pure
diffusion” model of Egns. (60) and (61), and the “saturation” model of Egns. (68), (60), and (70) and the fit to Fig. 5b.
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