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Introduction

Fluorescence correlation spectroscopy (FCS) was introduced
more than 30 years ago[1–3] and has experienced a renaissance
due to the availability of affordable laser sources with high
beam quality and temporal stability, low-noise single-photon
detectors, and microscope objectives with nearly perfect imag-
ing quality at high numerical aperture (NA).[4] FCS has become
an invaluable tool for studying the diffusion of molecules,[5–7]

binding and reaction kinetics,[8–14] single-molecule photophy-
sics,[15–23] and conformational dynamics of proteins;[24] for
recent reviews see refs. [25–28].
In FCS, time traces of fluorescence intensity, recorded with

high temporal resolution, are correlated with replicas of them-
selves shifted by different time values t. The result is the so-
called autocorrelation function (ACF) shown in Equation (1):

gðtÞ ¼ IðtÞIðt þ tÞih t ð1Þ

wherein I(t) is the fluorescence intensity at time t and I(t+t) is
the value at time t+t ; the brackets denote averaging over all
values of t. The value of the ACF is a measure of the probabili-
ty of detecting a photon at time t if there was a photon de-
tected at time zero. This probability is composed of two differ-
ent terms; if the two photons detected at time zero and at
time t, respectively, originate from one and the same mole-
cule, they are correlated, producing a time-dependent compo-
nent of the ACF. Alternatively, if the two photons originate
from uncorrelated background or from different non-interact-
ing molecules, the photons are statistically uncorrelated, and
thus contribute only a constant offset to the ACF. Thus, the
temporal behaviour of the ACF is solely determined by the cor-
related contributions of photons from individual molecules. In
this regard, FCS is a true single-molecule spectroscopy tech-

nique, although the analysis does not explicitly identify single-
molecule detection events.
The ACF is shaped by different properties of the fluorescing

molecules; on a nanosecond timescale, the ACF shows a steep
rise from zero to some maximum within the fluorescence life-
time. This photon antibunching reflects the fact that, after the
emission of a photon, a molecule needs to become re-excited
and to spend some time in the excited state before it can emit
the next photon.[29] On the nano- to microsecond timescale,
the ACF may be influenced by rotational diffusion of the mole-
cule.[30] On a microsecond timescale, the ACF is dominated by
fast processes such as triplet-state dynamics or photo-isomeri-
zation.[15,24] On a millisecond to second timescale, the ACF
decays because molecules leave the detection region by diffu-
sion.
The shape of the ACF due to diffusion is determined by the

molecule detection function (MDF) and by the diffusion coeffi-
cient of the molecules. The amplitude of the ACF is deter-
mined by the concentration of molecules. The MDF quantifies
the efficiency with which a photon is detected from a fluoresc-
ing molecule. The MDF depends on the intensity distribution
of the focused laser light and on the efficiency of detecting a
photon from its point of origin, but also on the photophysics
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Fluorescence correlation spectroscopy (FCS) has become an im-
portant tool for measuring diffusion, concentration, and molecu-
lar interactions of cellular components. The interpretation of FCS
data critically depends on the measurement set-up. Here, we
present a rigorous theory of FCS based on exact wave-optical cal-
culations. Six of the most important optical and photophysical

factors that influence FCS are studied: fluorescence anisotropy,
cover-slide thickness, refractive index of the sample, laser-beam
geometry, optical saturation, and pinhole adjustment. Our theo-
retical framework represents a general attempt to link all rele-
vant parameters of the experimental set-up with the measured
correlation function.
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of the fluorescing molecules and on their rotational diffusion.
These factors enter the MDF in a complicated way that does
not generally allow the factoring the MDF into a pure excita-
tion and a pure emission part.
In most publications on FCS, the MDF is assumed to have a

three-dimensional (3D) Gaussian shape.[31] This assumption sig-
nificantly simplifies the calculation of the autocorrelation func-
tion, but represents the experimental situation rather impre-
cisely. Moreover, this assumption introduces arbitrary parame-
ters (the transversal and longitudinal extent of the 3D Gaussian
MDF) that are difficult to relate to experimental parameters
such as the numerical aperture of the objective or the charac-
teristics of the laser-beam excitation and the confocal detec-
tion. Due to the lack of a straightforward relation between the
optical parameters of the measurement system and the empiri-
cal coefficients describing the shape of the 3D Gaussian, opti-
cal misalignment or parameter deviations cannot be taken into
account when modeling an FCS experiment.
A first comprehensive study pointing out the fallacy of the

3D Gaussian approximation for FCS was presented in ref. [32],
and in ref. [33] we presented a brief nontechnical discussion of
the various error sources that can effect the outcome of an
FCS measurement. Here, we present a rigorous theoretical
treatment of FCS based on exact wave-optical calculations of
the complete experimental set-up and systematically study the
impact on the ACF of different optical and photophysical fac-
tors. In particular, we investigate how these factors affect the
apparent values of the diffusion coefficient and concentration.
First, we study the influence of polarization (polarization of ex-
citation and detection, and fluorescence anisotropy of sample).
Second, we examine three major sources of optical aberration:
variation of cover-slide thickness, refractive-index mismatch,
and laser-beam astigmatism. Third, we examine the depend-
ence of the MDF on the excitation intensity—a fact that has
been well recognized only recently.[34–36] Finally, we briefly con-
sider the consequences of misalignment of the confocal aper-
ture.
The next section presents a comprehensive theory of FCS,

referring to previously published material as much as possible
while trying to be self-contained. The reader who is more in-
terested in the final results may skip the next section and
move directly to the Numerical Results and Discussion sec-
tions.

Theoretical Foundations

Autocorrelation and Diffusion

The standard set-up of a FCS measurement is shown in
Figure 1.[37] Fluorescent molecules are dissolved in an aqueous
solution that is placed on a cover slide. A collimated laser
beam with a perfect Gaussian TEM00 mode is coupled via a di-
chroic mirror into an objective with high NA that focuses the
laser into a diffraction limited spot in the sample. The dichroic
mirror is reflective at the laser’s wavelength and transmissive
at the wavelengths of the fluorescence emission. Fluorescence
light generated in the sample is collected by the same objec-

tive (so-called epi-fluorescence set-up), transmitted through
the dichroic mirror, and focused onto a circular confocal aper-
ture. Behind the aperture, the fluorescence light is refocused
onto a sensitive light detector, usually a single-photon count-
ing photomultiplier tube or a single-photon avalanche diode.
The confocal aperture effectively rejects fluorescence light that
is generated outside the focal plane. Both the restriction of
fluorescence generation (by diffraction-limited focusing) and
detection (by confocal detection) generate an effective detec-
tion volume of about 0.5 mm in diameter in the focal plane
and a few micrometers along the optical axis.
The calculation of the ACF is equivalent to determining the

probability of detecting a photon at time t+t if there was a
photon detected at time t. The fluorescence signal I(t) is com-
posed of the contributions from all fluorescent molecules in
the sample and background sources, as shown in Equation (2):

IðtÞ ¼
X
j

IjðtÞ þ IbgðtÞ ð2Þ

where Ij refers to the jth molecule, and the summation consid-
ers all N molecules in the sample. Ibg denotes the supposedly
uncorrelated but fluctuating background signal. Inserting
Equation (2) into g(t) yields Equations (3a) and (3b):

gðtÞ ¼
X
j

IjðtÞIjðt þ tÞ
� �

þ
X
j 6¼k

Ij
� �

Ikh i þ 2 Ibg
� �X

j

Ij
� �

þ Ibg
� �2

ð3aÞ

¼ N I1ðtÞI1ðt þ tÞh i þ NðN� 1Þ I1h i2þ2N Ibg
� �

I1h i þ Ibg
� �2

ð3bÞ

Figure 1. Principal scheme of a confocal epi-fluorescence microscope as
used in FCS. Shown is a set-up with a linearly polarized excitation laser. De-
tection is done with two detection channels after splitting the light with a
polarizing beam splitter. The detectors are usually single-photon avalanche
diodes or photomultiplier tubes. The vertical position of the objective can
be accurately adjusted using a piezoelectric actuator (not shown).
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where angular brackets denote averaging over time t. In Equa-
tion (3b), I1 refers to the intensity of any of the molecules; all
averages are independent of index j (it is assumed that there
only one molecular species within the sample so that each
molecule will give, in the limit of infinite averaging time, the
same average signal). The physically most significant part of
the ACF is the first, time-varying term in Equation (3b). It is
proportional to the conditional probability of detecting a fluo-
rescence photon at time t+t if there was a photon-detection
event from the same molecule at time t. This conditional prob-
ability can be calculated as a double integral over a product of
four probability functions: 1) the probability that a molecule is
found within a volume element dr0 at position r0, that is,
V�1dr0, where V is the total volume of the solution; 2) the prob-
ability density U(r0) of detecting a photon from a molecule at
position r0, that is, the MDF; 3) the probability density that a
molecule diffuses from position r0 to position r1 within time t,
which is given by the Green’s function G(r0�r0, t) of the diffu-
sion equation in free space shown in Equation (4):

G0ðr1 � r0; tÞ ¼
1

ð4pDtÞ3=2
exp �ðr1 � r0Þ2

4Dt

� �
ð4Þ

and 4) the probability density U(r1) of detecting a photon from
a molecule at position r1. Thus, one arrives at Equation (5):

I1ðtÞI1ðt þ tÞh i ¼ V�1
Z

dr1

Z
dr0Uðr1ÞG0ðr1 � r0; tÞUðr0Þ ð5Þ

where both integrations extend over the sample volume V. To
find the ACF, we also need the average intensity I1h i, which is
given by Equation (6):

I1h i ¼ V�1
Z

drUðrÞ ð6Þ

Inserting Equations (5) and (6) into g(t) yields the final result
shown in Equation (7):

gðtÞ ¼ c

Z
dr1Uðr1Þ

Z
dr0G0ðr1 � r0; tÞUðr0Þ

� �
þ c

Z
drUðrÞ þ Ibg

� �2

ð7Þ

where c denotes the concentration of fluorescent molecules
(numbers per volume) and we have used the fact that, in the
limit of large sample volume, N/V!c and N(N�1)/V2!c2. The
ACF, in particular the first term in Equation (7), is correct if the
only process correlating the photon detection at different
times is the diffusion of the molecules through the detection
volume, so that, at any time, the photon-detection probability
depends only on the position of the molecules in the sample
and is completely described by the MDF. Any additional corre-
lation, connected for example with the photophysical history
of a molecule such as fluorescence antibunching, triplet-state
dynamics, or any conformational dynamics which change the
fluorescence, are completely neglected, but can usually ac-
counted for by multiplicative exponential terms if such correla-
tions are much faster than the diffusion of the molecule.[24,38]

An important property of the ACF is that the concentration of
the fluorescent species can be derived from Equation (7) via
Equation (8):

gð1Þ
gð0Þ � gð1Þ ¼ c

R
drUðrÞ þ Ibg

� 	2R
drU2ðrÞ

ð8Þ

For negligible background Ibg one can define the effective de-
tection volume Veff through Equation (9):

Veff ¼
R
drUðrÞ

� 	2R
drU2ðrÞ

ð9Þ

so that, for negligible background, the left-hand side of Equa-
tion (8) equals cVeff, that is, the mean particle number within
Veff. Thus, the ACF is often used for estimating concentrations
of fluorescing molecules. Below, we will present results con-
cerning the impact of the different experimental conditions on
the effective detection volume and thereby the apparent con-
centration.

Equation (7) shows a simple but numerically important
point: to evaluate the double integral in Equation (7), one can
first calculate the function F(r,t), which represents the solution
to the diffusion equation after time t for initial condition
F(r,t=0)=U(r), and subsequently calculate the integralR
drUðrÞFðr; tÞ. Although all integrals extend over the sample

volume V, the MDF differs significantly from zero only in a very
small region: it falls off quickly to zero within a few microme-
ters from its position of maximum value. Thus, the numerical
integration requires only moderate computer memory.
The ACF can be simplified further by taking into account

that the MDF is almost symmetric around the optical axis.
Using cylindrical coordinates r= {1,f, z} with the coordinate z
oriented along the optical axis, any MDF can be developed in
a harmonic series as shown in Equation (10):

UðrÞ ¼
X1
m¼0

Umð1; zÞ cosm� ð10Þ

where the appearance of only cosine functions in the expan-
sion reflects the bilateral symmetry of the MDF which applies
to almost all excitation/detection conditions of practical inter-
est (excitation as well as detection that is well adjusted and
centered on the optical axis of the microscope). Inserting the
above expansion into the expression found for the ACF and in-
tegrating over the angular variables leads to Equations (11)
and (12):

gðtÞ ¼ pc
X1
m¼0

ð1þ dm;0Þ
Z

d11

Z
dzUmð1; zÞFmð1; z; tÞ

þ 2pc

Z
d11

Z
dzU0ð1; zÞ þ Ibg

� �2 ð11Þ
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Fmð1; z; tÞ¼
2pim expð�12=4DtÞ

ð4pDtÞ3=2
Z1

0

d1010

Z1

�1

dz0Umð10; z0Þ

Jm
i110

2Dt
exp � 120 þ ðz � z0Þ2

4Dt

� � ð12Þ

where Jm denotes Bessel functions of the first kind, and dm,0 is
Kronecker’s symbol being unity for m=0 and zero otherwise.
A modification is necessary if measurements are performed
close to an impenetrable interface, so that instead of using the
Green’s function of the diffusion equation in free space one
has to use the Green’s function in half space, which is easily re-
alized by replacing the last exponent in Equation (12) with the
sum in Equation (13):

exp � 12
0 þ ðz � z0Þ2

4Dt

� �
þ exp � 12

0 þ ðz þ z0 þ 2dÞ2
4Dt

� �
ð13Þ

where the d is the z-position of the interface. Although Equa-
tions (11) and (12) look more complex than Equation (7), they
now involve only double integrals, which are much easier to
handle numerically than the original three-dimensional inte-
grals. These equations will be the basis for all subsequent nu-
merical calculations of the ACF. They clearly illustrate the cen-
tral role played by the MDF as given by the functional coeffi-
cients Um(1,z), the knowledge of which completely determines
the ACF. Therefore, the next sections will deal with the deter-
mination of the MDF.

Molecule Detection Function

In the simplest case, the MDF is given by the product of the
excitation light intensity distribution in the sample times the
light collection efficiency (CEF) which is defined by the detec-
tion optics. As such, the MDF is equivalent to the point-spread
function (PSF) of confocal microscopy.[39,40] However, this equiv-
alence applies only if the fluorescing molecules exhibit suffi-
ciently fast rotational diffusion leading to decoupling between
their orientation during light absorption and fluorescence
emission. As will be shown below, for slowly rotating mole-
cules the situation becomes more complicated, and the MDF
cannot be described by a direct product of excitation light-in-
tensity distribution and the CEF. The situation becomes even
more complicated if one considers molecule detection close to
a medium with significantly different refractive index than that
of the sample solution (e.g. performing FCS near a dielectric or
a metallic mirror), leading to a change in the angular distribu-
tion of emission.
In the following, we derive a general expression for the MDF

that will be the cornerstone for the subsequent calculation
and analysis of the ACF. We make the assumption that the flu-
orescing molecules are electric-dipole absorbers and emitters.
However, a generalization is possible for more complex situa-
tions such as electronically or photophysically coupled multi-
chromophoric molecules or fluorescent nanocrystals with
exotic absorption and/or emission properties.[41] The derivation
of the MDF will proceed in several steps. First, we will describe

the excitation intensity distribution of the focused laser beam
in the sample, taking into account possible refractive-index
mismatch of the sample solution, inaccurate cover-slide thick-
ness, and small astigmatism of the exciting laser beam.
Second, we use the excitation intensity distribution to deter-
mine the excitation probability of a molecule within the focal
region, taking into account its orientation and photophysics,
including possible optical saturation caused by ground state
depletion. Third, we deal with the efficiency to detect a fluo-
rescence photon by the confocal detection set-up, taking into
account rotational diffusion of the molecules as well as non-
colinearity between absorption and emission dipole, interface
effects influencing the emission properties of the molecule, re-
fractive index mismatch, and deviations of cover slide thick-
ness. Finally, in a last synthesizing step, all the pieces are put
together to obtain the complete MDF.

Excitation Intensity Distribution

The theoretical foundations for calculating the focusing of a
laser beam through high-aperture optics were laid by Richards
and Wolf.[42,43] The core idea is to expand the electric field in
sample space into a superposition of plane waves and to find
the relation between polarization and amplitude of the plane
waves and that of the incoming laser beam. This plane-wave
representation is ideally suited for taking into account the in-
fluence of planar layers between the objective’s front lens and
the fluorescent molecule, that is, the cover-slide glass or the
sample solution. Additionally, we will consider the effect of as-
tigmatism of the exciting laser beam, that is, if the beam has
different focal positions in different planes along the axis of
propagation.[44,45] Such astigmatism is easily introduced when
using optical fibers for laser-mode cleaning, or when using (di-
chroic) mirrors with not perfectly flat surfaces. Although astig-
matism is often too small to be noticed in the collimated
beam before coupling it into the high-NA objective, it can
have a significant impact on the MDF after diffraction-limited
focusing.
In the paraxial approximation, the electric field amplitude of

a linearly polarized astigmatic laser beam is given by Equa-
tion (14):

E0 �
x̂

w1w2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ z21Þð1þ z22Þ

p exp � x2ð1� iz1Þ
w2

1ð1þ z21Þ
� y2ð1� iz2Þ
w2

2ð1þ z22Þ

� �

ð14Þ

where we have used Cartesian coordinates {x,y,z} with z along
the axis of propagation, x and y lying within the two principal
planes of the beam, and z=0 is the position of the back aper-
ture of the objective. The electric field polarization is assumed
to be along the x direction. The coordinates z1,2 are related to
the z-coordinate via z1,2=l(z�z1,2)/pw2

1;2, where w1,2 and z1,2 are
the beam waist diameters and positions in the two principal
planes, respectively. In addition, l is the laser wavelength in
air, which has a refractive index close to one. An astigmatic
beam is characterized by unequal focus positions z1 and z2,
and unequal values of w1 and w2 correspond to an elliptic
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beam profile. The electric field distribution that is obtained
after focusing a beam characterized by Equation (14) was de-
rived in detail in ref. [45] and is described by Equation (15):

Eexð1; �; zÞ ¼

H0ð1; zÞ þ
P1
q¼1

HðcÞ
2q ð1; zÞ cos 2q�

P1
q¼1

HðsÞ
2q ð1; zÞ sin 2q�

P1
q¼1

HðcÞ
2q�1ð1; zÞ cosð2q� 1Þ�

8>>>>>>>><
>>>>>>>>:

9>>>>>>>>=
>>>>>>>>;

ð15Þ

where the (1,z)-dependent H coefficients involving integrals
over Bessel functions. Equation (15) for the electric-field distri-
bution takes into account several experimental peculiarities of
an FCS measurement such as variations of cover-slide thick-
ness, refractive-index mismatch between immersion medium
and sample solution, or laser-beam astigmatism (for more de-
tails, see ref. [45]). Equation (15) is easily generalized for other
than x-polarized excitation. A y-polarized beam will generate a
field distribution that can be obtained from Equation (15) by
replacing Eex,x with �Eex,y, Eex,y with Eex,x, and f with f�p/2. Any
more complex excitation polarization such as circular polariza-
tion can be represented as a linear superposition of x- and y-
polarized beams.

Fluorescence Excitation Probability and Optical Saturation

For an ideal dipole absorber, the light absorption is propor-
tional to the square of the scalar product between the electric-
field amplitude vector Eex and the normalized dipole vector p̂,
that is, j p̂·Eex j 2. However, for calculating the ACF, one needs
the average excitation probability of a molecule at a given po-
sition, and this probability depends also on the optical satura-
tion. Optical saturation occurs when the excitation intensity be-
comes so large that the molecule spends more and more time
in a non-excitable state, so that increasing the excitation inten-
sity does not lead to a proportional increase in emitted fluores-
cence intensity, see, for example, ref. [46] . The most common
sources of optical saturation are: 1) excited-state saturation,
that is, the molecule is still in the excited state when the next
photon arrives; 2) triplet-state saturation, that is, the molecule
undergoes intersystem crossing from the excited to the triplet
state so that it can no longer become excited until it returns
back to the ground state; 3) other photoinduced transitions
into a nonfluorescing state, such as the photoinduced
cis–trans isomerization in cyanine dyes, or the optically in-
duced dark states in quantum dots. Although the exact rela-
tion between fluorescence emission intensity and excitation in-
tensity can be very complex[46] and even dependent on the ex-
citation mode (pulsed or continuous wave),[36] a good approxi-
mation of the induced fluorescence intensity is given by the
empirical relation in Equation (16):

Eex 
 p̂j j2
1þ Iex=Isat

ð16Þ

where Isat is the so-called saturation intensity, and Iex is the exci-
tation intensity, which is proportional to jEex j 2. It is important
to understand that the last relation is an average fluorescence
intensity which is established after the photophysical state oc-
cupancies of the molecule (occupancies of singlet ground
state, singlet excited state, and triplet state) have established a
stationary equilibrium with the excitation. Directly upon detec-
tion of a fluorescence photon from a molecule this is not the
case; at the photon-detection time, the molecule is back to its
ground state, and it needs time before the state-occupation
probabilities again reach stationary equilibrium. On the nano-
second timescale, this can be measured as photon antibunch-
ing, reflecting the equilibration between the ground and excit-
ed states; and on the microsecond timescale, a fast exponen-
tial decay of the ACF is the result of equilibration between sin-
glet and triplet states (or another non-fluorescing state). Only
after these fast relaxation processes is Equation (16) a valid de-
scription of the probability to see the next fluorescence
photon and is thus suitable for the calculation of the ACF on
correlation times longer than the fast relaxation towards the
stationary equilibrium. As already mentioned, the fast relaxa-
tion can be taken into account by incorporating exponentially
decaying terms into the ACF, but it does not affect the long-
time diffusion-mediated behavior of the ACF and will not be
the topic here.

Rotational Diffusion and Relation between Emission and
Absorption Dipole Orientation

Fluorescence excitation is not only dependent on the total ex-
citation intensity, but also on the orientation between absorp-
tion dipole and the local electric-field polarization. To elucidate
the latter effect, it is useful to split the electric field vector into
orientation and amplitude, Eex�ĝEex, where ĝ is a unit vector,
and E the modulus of the electric field vector, Eex= jEex j . If the
electric field is not linearly but elliptically polarized, ĝ will be a
complex-valued unit vector, where the real and imaginary
parts of ĝ are the half axes of the ellipse along which the field
vector rotates. The complicated structure and distribution of ĝ
in the diffraction limited focus is shown in Figure 2, assuming
the same optical parameters as used in the model results sec-
tion below. The probability to excite a molecule with absorp-
tion-dipole orientation p̂ is proportional to the square of the
modulus of the scalar product j ĝ·p̂ j (remember that ĝ is a
complex-valued vector). However, for the description of fluo-
rescence emission we need the orientation of the emission
dipole. Two peculiarities have to be taken into account:
1) there can be a non-zero angle c between the emission and
absorption dipoles; 2) the molecule randomly reorients be-
tween photon absorption and emission. A non-zero angle be-
tween absorption and emission dipole leads to an initial angu-
lar distribution probability of emission-dipole orientations dif-
ferent from the simple j ĝ·p̂ j 2-distribution for the absorption
dipole, namely to that shown in Equation (17):
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P0ðn̂; ĝÞ ¼
3
4p

ĝ 
 n̂j j2
 cos2 c� 1
2
sin2 c

� �
þ 3
8p

sin2 c ð17Þ

where n̂ is a unit vector along the emission dipole.[47] The sub-
sequent random reorientation of the molecule can be de-
scribed by a diffusion equation in angular space (rotational dif-
fusion), leading to a time-dependent distribution P(n̂, ĝ, t). For
the sake of simplicity, we will consider here only molecules
that behave as isotropic rotators (the rotational diffusion coef-
ficient is independent on rotation axis), which is an excellent
approximation for most cases of interest. The incorporation of
anisotropic rotators is technically possible but will lead to dra-
matically more complex relations. For an isotropic rotator, solv-
ing the rotational diffusion equation with the initial angular
distribution P0 leads to the time-dependent distribution of
emission dipole orientations in Equation (18):[48]

Pðn̂; ĝ; tÞ ¼ 3
4p

1
3
þ cos2 c� 1

2
sin2 c

� �
ĝ 
 n̂j j2� 1

3

� �
expð�6DrottÞ

� �

ð18Þ

where Drot is the rotational diffusion coefficient. What is
needed for the calculation of the ACF is the temporal average
of this distribution taking into account that the probability of
fluorescence photon emission is rapidly decaying on a nano-
second timescale. This leads to the averaged distribution of
emission dipole orientations in Equation (19):

�Pðn̂; ĝÞ ¼ 3
4p

1
3
þ Cc ĝ 
 n̂j j2� 1

3

� �� �
ð19Þ

where we introduce the abbreviation in Equation (20):

Cc ¼ cos2 c� 1
2
sin2 c

� �
expð�6DrottÞh i ð20Þ

The angular brackets denote integration over time t with
the fluorescence decay curve as a weight function. For a
mono-exponential fluorescence decay of exp(�t/t) with fluo-
rescence lifetime t, one finds expð�6DrottÞh i ¼ ð1þ 6DrottÞ�1.
The derived distribution P̄(n̂, ĝ) is the average distribution of

emission dipole orientations of emitting molecules in depend-
ence on the local excitation-field polarization ĝ, and is thus
also a function of position in space.

Fluorescence Detection Efficiency

The last piece necessary for constructing the MDF is the effi-
ciency with which a fluorescence photon is detected from a
molecule at position r and with emission-dipole orientation n̂.
The basic assumption here is that the detection efficiency is
proportional to the fluorescence light that passes through the
confocal aperture. Thus, one has to calculate the energy flux
through the open area of the confocal aperture. This is done
in two steps. Firstly, one calculates the angular distribution of
radiation generated by the fluorescing molecule directly in
front of the light-collecting objective lens, and secondly, one
calculates how this angular distribution of radiation is trans-
formed, by the light-collecting optics, into an energy flux
through the aperture. The first step involves representing the
molecular emission as a sum of plane waves and then tracing
each plane wave through the different intervening dielectric
layers (i.e. solution and cover slide) through to the objective’s
front lens. The second step is calculating the energy flux S
through the aperture by integrating the axial component of
the Poynting vector over the aperture area A using Equa-
tion (21):

S ¼ c
8p

Z
A

dA 
 ReðEem � B�emÞ ð21Þ

where c is the vacuum speed of light. Calculation of the elec-
tric and magnetic fields across the aperture is done similarly to
the calculation of the excitation intensity distribution in
sample space.[49–52] Following ref. [52] it can be shown that the
electric and magnetic fields in aperture space are given by
Equations (22) and (23):

Eem ¼ ½F0ð~1;~zÞ cosa� F2ð~1;~zÞ cosð2 ~�� aÞ
� 	

sin b

þF1ð~1;~zÞ cos b cos ~�
�
x̂þ

�
½F0ð~1;~zÞ sina� F2ð~1;~zÞ sinð2 ~�� aÞ�

sin bþ F1ð~1;~zÞ cos b sin ~�
�
ŷ

ð22Þ

Bem ¼
�
�G0ð~1;~zÞ sinaþ G2ð~1;~zÞ sinð2 ~�� aÞ
� 	

sin b

�G1ð~1;~zÞ cos b sin ~�
�
x̂þ

�
½G0ð~1;~zÞ cosa� G2ð~1;~zÞ cosð2 ~�� aÞ�

sin bþ G1ð~1;~zÞ cos b cos ~�
�
ŷ

ð23Þ

where Fj and Gj are functions involving integrals over Bessel
functions, b is the emission-dipole inclination towards the opti-
cal axis and a is the angle between its projection into a plane
perpendicular to the optical axis and the x axis. The coordi-
nates 1̃ and f̃ refer to a cylindrical coordinate system where
(1̃, f̃) is the transversal position of the molecule’s image in the
plane of the confocal aperture (see also Figure 3), and z̃ is the

Figure 2. Spatial distribution of the complex polarization structure of a fo-
cused laser beam within the focal plane of the objective (values are given in
micrometers). The incident laser beam is polarized along the x coordinate.
An ellipse corresponds to an elliptically polarized electromagnetic field, the
electric field vector rotating along the circumference of the ellipse. Only
along the axis x=0 does the electric field remain linearly polarized.
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aperture position along the optical axis within a coordinate
system in which z̃=0 defines the image plane. The chosen
(1̃, f̃)-coordinates are especially useful for performing the two-
dimensional integration of the energy flux over the aperture
area (see Supporting Information). As a final complication, one
has to take into account that the calculated energy flux
through the aperture has to be normalized by the total energy
flux Stot generated by the molecule into all directions. Only this
ratio gives the correct probability that an emitted photon is
transmitted through the aperture. Usually, if the molecule is far
away from interfaces, Stot does not depend on the molecule’s
position. However, when performing measurements close to
dielectric or metallic surfaces Stot starts to depend on the dis-
tance from this interface and the normalization becomes im-
portant.[52] For the sake of completeness let us mention that
the above expressions assume nonpolarized detection but can
easily be adapted to the presence of a polarizer within the de-
tection channel. For x-polarized detection, for example, one re-
tains in the expression for the electric field Eem only the x com-
ponent and in the magnetic field Bem only the y component.

Synthesis of the MDF

Finally, the desired MDF is the weighted average of the fluores-
cence excitation probability times the fluorescence detection
probability over all possible emission-dipole orientations,
where the weight function is given by the conditional proba-
bility distribution P̄(n̂,ĝ), as shown in Equation (24):

UðrÞ / E2exðrÞ
1þ E2exðrÞ=Isat

Z
dn̂�Pðn̂; ĝÞ Sðr; n̂Þ

Stotðz; n̂Þ
ð24Þ

The MDF depends on the position of the molecule in
sample space, and indirectly on the excitation and emission
conditions. As pointed out earlier, it is most convenient to
have a representation of the MDF as a Fourier series over the
angular variable f. The electric field amplitude distribution of
the exciting light can be represented as such a series expan-
sion, see Equation (15). Also, the function S(r, n̂) is represented
by a finite Fourier series (see Supporting Information). To arrive
at a Fourier-series expansion for U(r), one expands the factor
(1+ Iex/Isat)

�1 into a series bringing the f-dependent part into
the numerators of the expansion coefficients, and then recur-
sively applies a product formula for Fourier series (see Support-
ing Information). It is noteworthy that the resulting MDF
cannot, in general, be factorized into a simple product of a
purely excitation intensity distribution part and a purely fluo-
rescence detection part. This is due to the correlation between
excitation- and emission-dipole orientations coupled by rota-
tional diffusion. Only in the limit of infinitely fast rotational dif-
fusion (zero fluorescence anisotropy) can the MDF be factor-
ized. However, for slowly rotating fluorophores or fluorescence
labels corotating with a larger tagged molecule, this will not
be the case. Another important aspect is that the MDF explicit-
ly takes into account optical saturation, which makes it depen-
dent on excitation intensity. This also makes it different from
the standard PSF, which becomes identical to the MDF consid-
ered here only in the limit of infinitely low excitation intensity
and infinitely fast rotational diffusion.

Numerical Results

To numerically evaluate the ACF via Equations (11) and (12),
the MDF coefficients Um(1,z) are discretized on a square (1, z)-
grid with a grid spacing of l/30. The grid extension is chosen
large enough that the MDF has fallen below 10�3 of its maxi-
mum value everywhere. Further refinement or extension of the
grid size did not change the resulting ACF. All integrations in
Equations (11) and (12) were carried out using finite-element
summation. The optical parameters used in the subsequent
calculations were chosen to be similar to those of the Confo-
cor 2 system by Carl Zeiss. The Confocor 2 uses an infinity cor-
rected water-immersion objective with 1.2 NA. Image magnifi-
cation of the sample fluorescence on the 70-mm diameter con-
focal aperture is 40O employing a tube lens of 164.5-mm focal
length. The sample solution is assumed to have the refractive
index of water (1.333); the refractive index of the cover-slide
glass is assumed to be 1.52. Excitation is done with an Ar-ion
laser at 514.5 nm; the laser beam has a Gaussian profile of
5 mm 1/e2-radius, thus matching the objective’s back entry of
�4.9-mm radius and yielding a nearly diffraction-limited focus
of about 200-nm radius (1/e2 max. intensity). The laser focus
position is set at 200 mm above the cover-slide surface, which
is certainly a rather large value but is exactly the design focus
position of the Confocor system. Fluorescence emission is as-
sumed to peak around 570 nm. The model diffusion coefficient
was set to 5O10�5 cm2 s�1. All ratios between apparent and
actual diffusion coefficient below were determined by compar-
ing the calculated ACFs with the ideal ACF under ideal optical

Figure 3. Geometry of the energy flux from one fluorescing molecule
through the confocal aperture. The Fj, Gj in Equations (22) and (23) define
the energy-flux distribution with respect to a coordinate system centered at
the molecule’s image position in the aperture plane. That position is a dis-
tance M1 away from the optical axis, where 1 is the radial coordinate of the
molecule’s position in the sample solution, and M is the magnification of
imaging. In this coordinate system, integration over the aperture’s area is
done by letting 1̃ run from (0,M1�a) up to M1+a. For every value of 1̃, the
integration limits for f̃ are defined by the aperture’s edge and explicitly
given in Supporting Information.
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conditions (see also ref. [33]). The ratios between the apparent
and actual concentration below were determined as the ratios
between the ideal and calculated detection volume.
We start by investigating the shape of the ideal MDF if no

aberrations are present. To visualize the MDF shape, we will
always plot the 1/e2 iso-surface, that is, the surface where the
MDF has fallen off to �13% of its maximum value. All calcula-
tions assume a linearly polarized excitation laser. Three cases
of detection have to be considered: detection through an ana-
lyzer parallel to the laser polarization, detection through an an-
alyzer perpendicular to the laser polarization, and unpolarized
detection. The three resulting MDFs for the extreme case of a
completely anisotropic sample (vanishing rotational diffusion)
are visualized in Figure 4. It should be noted that the images
do not contain information about the absolute intensity of the
detected fluorescence signal, only about the shape of the MDF.
For a totally anisotropic sample, fluorescence intensity in the
parallel detection channel will be more than twice as large as
that in the perpendicular detection channel. However, fluores-
cence intensity does not affect the MDF and thus has no
impact on the ACF. As illustrated by Figure 4, the MDFs for the
different detection schemes are very similar, and the resulting
ACFs are nearly identical, even in the limit of nonrotating mol-
ecules. In a similar arrangement, the difference between the
ACFs for unpolarized and polarized excitation is rather margin-
al. Thus, the influence of the excitation polarization and polar-
ized detection on the diffusion-related part of the ACF can be
neglected, and in the following we will consider only polarized
excitation with unpolarized detection. It should be noted that
the situation dramatically changes when the timescale of the
ACF comes close to the average rotation time of the mole-
cules: on that timescale, the behavior of the ACF is influenced
by the rotation of the molecules with strong dependence on
the polarization properties of excitation and detection. This
usually happens on timescales of picoseconds to
hundred nanoseconds and can be included into an
ACF model in a similar way as, for example, the fast
triplet-state dynamics discussed above [15] and will
not be a topic herein.
The next effect studied is the impact of cover-slide

thickness on the MDF and thus ACF. Water-immersion
objectives are optically corrected for imaging
through cover slides of a definite thickness. Ad-
vanced objectives offer the possibility to adjust them
to a specific thickness value with an adjustment ring.
A deviation of the cover-slide thickness from its
design value introduces aberration into the optical
system, leading to deteriorated laser focusing and
fluorescence detection. Although cover slides are
sold with a specified thickness value, their actual
thickness can differ from that specified by a few per-
cent. We have studied absolute thickness deviations
between 0 and 10 mm. The sign of the thickness devi-
ation, that is, whether the cover slide is too thin or
too thick, is unimportant: an opposite sign leads to a
vertically reflected MDF and an identical ACF. Also,
the absolute value of the cover-slide thickness is un-

important, only the deviation value enters the calculation.
Figure 5 shows the impact of cover-slide thickness on the
shape of the MDF and ACF as well as the dependence of the
apparently determined diffusion coefficient and concentration
on thickness deviation. The latter dependencies were calculat-
ed by using the ACF generated by the ideal, aberration-free
MDF as a reference.[33] As can be seen, the additional (respec-
tively missing) layer of glass leads to an elongation of the MDF
and a slight shift along the optical axis. The enlargement of

Figure 4. The shape of the MDF for three different detection and correlation
schemes, visualized by displaying the isosurfaces where the MDF has fallen
to 1/e2�13% of its maximum value in the center. The left box shows the
MDF of the autocorrelation of the detector signal monitoring fluorescence
polarization parallel to the incident laser beam. The right box shows that of
the detector signal monitoring fluorescence polarization perpendicular to
the incident laser beam. The middle box shows the MDF for the cross-corre-
lation between both detectors. The extreme case of completely anisotropic
molecules was studied (where the maximum impact of polarization effects
on the ACF is expected). Vertical axis (z) is the optical axis ; all values are
given in micrometers, z=0 is at the surface of the cover slide. The polariza-
tion of the incident laser beam (E0) is also shown. Shading of the isosurfaces
indicates distance from the optical axis.

Figure 5. The large figure shows, from left to right, the MDF and ACF for three increasing
values of cover-slide thickness deviation, d=0, d=5 mm, and d=10 mm. The box size of
the MDF display is 1O1O2 mm3; the number next to the box gives the center position
along the optical axis in micrometers. Note the shift of the center of the MDF along the
optical axis for increasing values of d. The inset figure shows the dependence of appar-
ent diffusion coefficient and the chemical concentration on thickness deviation value.
These values would be obtained when performing a comparative FCS measurement
using an ideal ACF (d=0) as reference (as in the following figures).
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the MDF results in increased diffusion times, that is,
apparently lower diffusion coefficients, and in an ap-
parently increased concentration (there are more
molecules present in the detection volume because
the latter has become larger). As will be also seen
below, any aberration results in an increased detec-
tion volume and thus leads to the same trend of an
apparently lower diffusion coefficient and higher con-
centration with increasing aberration. The impact on
the apparent concentration is much stronger than on
the apparent diffusion, resulting for example, for a
cover-slide thickness deviation of 10 mm to an error
of over 100% for the first and of roughly 30% for the
second. It should be noted that the calculated errors
are not changing significantly when changing the
focus position in the solution.
This is in stark contrast to the effect of refractive-

index mismatch, which is considered next. An optical
microscope using a water-immersion objective is op-
timally corrected for imaging in water. However, in
many biophysical applications, one has to work in
buffer solutions with a slightly different refractive
index. Also, when measuring in cells or tissues, one faces simi-
larly slight refractive index variations. Typical values of interest
are between 1.333 and 1.360. Figure 6 shows the impact of re-
fractive index mismatch on the MDF and ACF and subsequent-
ly on the apparent diffusion coefficient and concentration. The
impact of even slight refractive-index mismatch is much more
dramatic than that of cover-slide thickness. This is mostly due
to the large distance of the focus position from the cover-slide
surface. In contrast to cover-slide thickness, the aberrations in-
troduced by refractive-index mismatch accumulate with in-
creasing distance of the focus from the cover-slide surface be-
cause an increasingly thicker layer of solution with mismatched
refractive index lies between the optics and the detection
volume. The effect of refractive-index mismatch can be much
reduced when positioning the detection volume
closer to the surface (e.g. 10 mm away, far enough to
avoid fluorescence detection of surface-adsorbed
molecules; see also ref. [33]).
The last purely optical effect considered is laser-

beam astigmatism, that is, different focal positions
within different axial planes. As was already men-
tioned, astigmatism can be introduced by mirror cur-
vature or by optical waveguides used for guiding the
excitation light towards the objective. We assume
that the laser-beam incident onto the objective is
well collimated and has a circular beam profile at the
objective’s back entry. This is modeled by setting
w1=w2�w0 and z2=z1�z0 in Equation (14), leading to
a circular beam profile at the position of the objec-
tive’s back aperture (z=0) with beam diameter
w ¼ w0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ z02

p
but different focus positions in the

x–z and y–z planes. As a measure of astigmatism we
use the quantity W= f2NA2z0/w

2,[45] where f is the
focal distance of the objective. We considered W-
values between 0 and p/4, corresponding for exam-

ple, to a non-flatness of the dichroic mirror of ~l/2. The result-
ing shape of the MDF and ACF as well as the apparent diffu-
sion coefficient and chemical concentration are shown in
Figure 7. As can be seen, the effect of astigmatism on the mea-
sured diffusion and concentration is of a similar magnitude to
that of the cover-slide thickness deviation. As for cover-slide
thickness, the effect of astigmatism is rather independent of
the focal position in the sample. It should be noted that the
dramatic change in the shape of the MDF for even slight astig-
matism of the exciting laser beam is due to its nearly diffrac-
tion-limited focusing. For larger focus diameter and a resulting
larger axial extension of the detection volume, the impact of
astigmatism will be much less significant.

Figure 6. The large figure shows, from left to right, the MDF and ACF for three increasing
values of refractive index of the sample solution, nm=1.333, 1.346, and 1.360. The box
size of the MDF displays is 1O1O5 mm3. Note again the shift of the center of the MDF
along the optical axis for increasing values of nm. The inset figure shows the depend-
ence of apparent diffusion coefficient and the concentration on refractive index.

Figure 7. The large figure shows, from left to right, the MDF and ACF for three increasing
values of laser beam astigmatism, W=0, W=p/4, and W=p/2. The box size of the MDF-
displays is 1O1O2 mm3. There is no shift of the center of the MDF along the optical axis
for increasing values of W. The inset figure shows the dependence of apparent diffusion
coefficient and the concentration on beam astigmatism.
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A particularly intriguing effect in an FCS measurement is the
dependence of the ACF on the excitation intensity due to opti-
cal saturation. The parameter of interest is the optical satura-
tion factor z which is defined by z=max Iex/Isat, where Isat is the
saturation intensity, as defined in Equation (16). This deter-
mines how large optical saturation is at the position of stron-
gest fluorescence excitation. Figure 8 shows how optical satu-
ration changes the shape of the MDF and ACF, and how the

apparent diffusion coefficient and concentration depend on z.
An important and novel feature is the behavior of the curves
of apparent diffusion coefficient and chemical concentration in
the limit of vanishing excitation intensity (z ! 0); whereas for
all optical effects studied before the slope of these curves
tended to zero for vanishing aberration (or astigmatism), its
absolute value now is largest at z=0. To understand the
reason for that behavior better, consider an ideal Gaussian ex-
citation profile e�x

2/2 with mean square deviation of one.
Figure 9 shows the widening of such a profile when trans-
formed by a saturation to e�x

2/2>/(1+ze�x
2/2). As can be seen, a

change in the profile width is fastest in the limit z!0, explain-
ing why one sees most of the changes in FCS at low saturation
levels.

Discussion

We presented results for the impact of cover-slide thickness,
refractive index, laser-beam astigmatism, and optical saturation
on the MDF, the ACF, and on determining diffusion coefficient
and concentration. In practice, one usually measures the ACF
for a sample with known diffusion coefficient and concentra-
tion and uses that ACF as reference for evaluating the results
for the sample of interest. As long as all optical parameters
such as cover-slide thickness, refractive index, beam astigma-
tism, and laser focus position within the sample solution are
not changed between reference and sample measurement,
and for negligible or equal optical saturation in the reference

and sample, a comparative determination of sample diffusion
and concentration with respect to the reference will give cor-
rect results. It is straightforward to check whether there is any
change in cover-slide thickness, refractive index, and focus po-
sition by measuring these values. Also, beam astigmatism will
not change from measurement to measurement as long as
nothing is changed within the excitation light path.
The situation becomes much more complicated for optical

saturation. To estimate realistic values of the satura-
tion parameter z, consider a dye having the following
photophysical parameters: extinction coefficient of
105 Lmol�1 cm�1, fluorescence lifetime of 3 ns, inter-
system crossing yield of 0.1%, and a triplet-state life-
time of 3 ms. Such values are typical for organic dyes
such as those used in FCS measurements. The
chosen values yield a saturation intensity of
�33.4 kWcm�2.[36] For the diffraction-limited focus,
this corresponds to a total laser power of roughly
125 mW, a typical value used in FCS measurements.
The saturation intensity will shift to even smaller
values with increasing intersystem crossing yield, trip-
let-state lifetime, or larger extinction coefficient.
Thus, optical saturation should always be taken into
account when performing FCS measurements with
diffraction limited focusing, that is, high peak excita-
tion intensities. It makes even comparative FCS meas-
urements difficult if the photophysics and thus opti-
cal saturation of sample and reference are different.
Moreover, many dyes change their photophysical

properties, in particular intersystem crossing yield and triplet-
state lifetime, upon binding for example, to a protein so that
even a comparative measurement between free and bound
dye may become flawed. An additional complication is the
large slope of the apparent diffusion and concentration curves
for vanishing optical saturation. This makes it difficult to ex-
trapolate their correct values for zero optical saturation by de-
termining them at decreasing excitation intensities and extra-
polating towards zero intensity. Due to the unknown slope
value at zero intensity, the extrapolation will have a large error

Figure 8. The large figure shows, from left to right, the MDF and ACF for three increasing
values of optical saturation, z=0, z=1, and z=2. The box size of the MDF displays is
1O1O2 mm3. The inset figure shows the dependence of apparent diffusion coefficient
and concentration on optical saturation that is, excitation intensity.

Figure 9. The change of the mean square deviation of the distribution e�x
2/2/

(1+ze�x
2/2>) with increasing value of z.
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margin. Moreover, when halving the excitation intensity, one
needs roughly four times longer to obtain an ACF of similar
signal-to-noise quality. This makes the acquisition of reliable
data points for decreasing values of z increasingly time-con-
suming.
Many of the discussed problems can be reduced when

using larger focus diameters, that is, when not working in the
diffraction limit of focusing. This is achieved by coupling into
the objective laser beams of smaller diameter. Figure 10 shows
the shape of the MDF and the size of the effective detection

volume in dependence on the excitation laser-beam diameter.
A tighter laser beam results in an effective reduction of the nu-
merical aperture upon focusing. This relaxes many of the aber-
rational effects discussed above. However, there are several
disadvantages of this approach. First, with decreasing laser-
beam diameter, the detection volume becomes increasingly
sensitive to variations in beam diameter, making measure-
ments less reproducible (see Figure 10). Second, a larger detec-
tion volume lowers the concentration range accessible by FCS
measurements.[53] Last but not least, a larger focus diameter
demands an increase in the total excitation power to achieve
comparable maximum count rates per molecule. This usually
leads to the introduction of photobleaching effects, which
were completely neglected in our considerations. Photobleach-
ing destroys the stationarity of an FCS measurement, that is,
the invariance of the ACF with respect to absolute time shifts,
which makes its theoretical treatment enormously complicated
and far beyond the scope of the present paper; but see
refs. [54–56]. Photobleaching is usually not an issue when
using diffraction-limited focusing, resulting in very short resi-
dence times of molecules within the detection volume (a few
dozen microseconds).
An important question is whether it is possible to recognize

any of the discussed artifacts by analyzing the shape of the

measured ACF. For that, it would be necessary that the ACF in
the presence of artifacts can be distinguished from a perfect
ACF. For an ideal measurement system, changing the diffusion
coefficient of the sample leads to a rescaling of the temporal
axis, which appears as a parallel shift of the ACF along the
time axis in a time-logarithmic plot. The ACFs in Figures 5 and
6 indicate that the aberrations introduced by cover-slide thick-
ness deviation and refractive-index mismatch lead to shapes of
the ACF which cannot be obtained by rescaling the temporal
axis. Thus, the presence of such aberrations can indeed be dis-
covered by comparing a measurement with an aberration-free
reference measurement. The situation is different for beam as-
tigmatism and optical saturation, as seen in Figures 7 and 8.
The ACFs changed by astigmatism or saturation are very simi-
lar to ideal ACFs for samples with slower diffusion coefficients.
Thus, it is generally impossible to distinguish between such
cases by simply checking the shape of the ACF.
A criterion proposed by Hess and Webb[32] for recognizing

deviations of the MDF from a supposedly ideal 3D Gaussian
distribution was to measure counts per molecule (CPM) at
changing values of the confocal aperture diameter. Knowing
the average fluorescence intensity and the average number of
molecules in the detection volume, the CPM is calculated as
the ratio of both numbers and is proportional, for a back-
ground-free measurement, to

R
drU2ðrÞ=

R
drUðrÞ.[32] They dem-

onstrated that, for an ideal three-dimensional Gaussian MDF,
the CPM is basically independent of aperture diameter, where-
as for more realistic MDFs this value, after reaching some maxi-
mum at low aperture diameter, steadily decreases for increas-
ing aperture diameter. Krouglova et al.[57] used that criterion in
their FCS measurements with a Confocor 2 to check for signifi-
cant deviations of the MDF from the ideal 3D Gaussian. Sur-
prisingly, they did not discover any maximum in the CPM as
predicted by Hess and Webb, but found a curve which rather
resembled that expected for a perfect 3D Gaussian. What prob-
ably happened was a slight misalignment of the aperture posi-
tion along the optical axis. This is demonstrated by Figure 11;
it shows the calculated CPM for varying aperture diameter and
for different values of aperture misalignment along the optical
axis. As can be seen, the qualitative dependence of the CPM
on aperture diameter can be completely inverted when shift-
ing the aperture along the optical axis. Surprisingly, when
trying to fit the resulting ACFs with the standard model based
on a 3D Gaussian MDF, the fit quality becomes even better for
increasing misalignment, being nearly perfect for a misalign-
ment value of 2 mm. This is also in accordance with the experi-
mental results reported in ref. [57], where the authors took the
nearly perfect fit of their measured ACFs by the standard
model as an additional proof of the prefect 3D Gaussian shape
of their MDF, which is by far not the case for a 2-mm misalign-
ment of the aperture (see Figure 11). Thus, the criterion of per-
fect “fitability” of an ACF by the standard model based on a
3D Gaussian MDF is also not a reliable check for the factual
presence of such a MDF or the absence of any artifacts. Fortu-
nately, for the final conclusions of ref. [57], that was of no im-
portance because the authors made comparative measure-
ments of diffusion coefficients using rhodamine 6G as the ref-

Figure 10. Dependence of detection volume and MDF on incident laser-
beam diameter. With increasing beam diameter, the ideal of a diffraction
limited focus is approached. Although a smaller laser-beam diameter allevi-
ates many of the aberrational effects discussed in the paper, it makes the
absolute size of the detection volume very sensitive with respect to beam
diameter. The box size of the MDF displays is 2O2O4 mm3.
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erence. Moreover, the probable misalignment of the aperture
had the additional effect that detection efficiency was maxi-
mum before (or after) the excitation intensity reached its maxi-
mum along the optical axis, thus alleviating also potential opti-
cal saturation effects (at the cost of a longer measurement
time).

Conclusions

We have developed an exhaustive theoretical framework for
the exact modeling of FCS measurements, in particular the dif-
fusion-related part of an ACF. The experimentally most impor-
tant artifacts of FCS where considered in detail. As was demon-
strated, an ACF is very sensitive to even slight optical aberra-
tion or saturation. In case of beam astigmatism or saturation, it
is moreover rather impossible to distinguish between an ACF
in the presence of these effects and an ACF measured on a
sample with slower diffusion coefficient. Also, the CPM criteri-
on or the criterion of fit quality with the standard model fit
based on a 3D Gaussian MDF can be misleading. The best
advice that can be given is to try to control as many as possi-
ble of the discussed optical parameters (cover-slide thickness,
sample refractive index, beam astigmatism), and to measure at
rather moderate excitation intensities. Taking a series of meas-
urements with varying excitation intensity will always be a
good choice for checking the dependence of the apparent dif-
fusion coefficient and concentration on intensity.
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