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The three-dimensional (3-D) coherent transfer function for reflection confocal microscopy of high-numerical-
aperture objectives is derived and calculated in the presence of refractive-index mismatch when a laser beam
is focused into a medium of refractive index different from its immersion medium. This aberrated coherent
transfer function is then used to estimate the readout efficiency of 3-D data bits recorded in a thick medium.
It is shown that the readout efficiency of confocal microscopy for 3-D bit data storage is decreased with the focal
depth of an objective in a recording medium. However, a high readout efficiency can be maintained if the tube
length of a reading objective is linearly altered to compensate for the spherical aberration caused by the
refractive-index mismatch. © 2001 Optical Society of America
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1. INTRODUCTION
One of the methods for recording information into a vol-
ume material is based on two-photon excitation.1–8 As a
result of the cooperative two-photon absorption, a physi-
cal and chemical reaction occurs only within the focal re-
gion of a high-numerical-aperture objective. Conse-
quently, information can be recorded as a three-
dimensional (3-D) bit array within a thick recording
medium. Depending on the physical and chemical reac-
tion in a recording process, one can choose a fluorescence
optical microscope5,7–9 or a phase contrast optical
microscope1–4 to read out the recorded data bits. In the
latter case, a reflection-mode confocal scanning micro-
scope can be used for reading out the data bits caused by
a change in refractive index under two-photon
excitation,2,10 provided that the passband of the 3-D co-
herent transfer function (CTF) for reflection confocal mi-
croscopy overlaps the support region of spatial frequen-
cies of recorded 3-D data bits.

The use of reflection confocal microscopy in 3-D optical
data storage allows one to perform recording and reading
in the same optical system, which may be miniaturized by
using fiber-optical components in practice. In addition, a
reflection confocal microscope exhibits a strong optical
sectioning effect,11,12 which provides high axial resolution
in the reading process.11,12 If a pinhole of appropriate
size is selected in the reading process, unwanted signals
resulting from background scattering may be reduced.11

However, the performance of confocal microscopy is
strongly degraded when a reading beam is focused deeply
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into a recording material that has a different refractive
index from its immersion medium. The mismatch of the
refractive indices results in spherical aberration depend-
ing on the focal depth of an objective13–15 and thus re-
duces the illumination power in the focal region.7,15 Fur-
ther, the resultant distortion of the 3-D diffraction
pattern of an objective in the focal region reduces the
strength of the 3-D CTF; the deeper the focal depth
within a thick material or sample is, the stronger the re-
duction of the strength of the 3-D CTF will be. Accord-
ingly, the readout efficiency of confocal microscopy is de-
creased with the focal depth even if the passband of the
3-D CTF overlaps the support region of spatial frequen-
cies of recorded data bits.

The aim of this paper is to investigate the dependence
of the 3-D CTF on the focal depth of an objective within a
thick sample and to estimate the readout efficiency of re-
flection confocal microscopy for 3-D bit data storage. In
Section 2, the 3-D CTF for reflection confocal microscopy
is derived in the presence of refractive index mismatch.
The dependence of the 3-D aberrated CTF on the focal
depth inside a thick sample is numerically revealed in
Section 3. The compensation for the spherical aberration
is also studied in terms of change in tube length of an ob-
jective. In Section 4, the readout efficiency of reflection
confocal microscopy is defined and calculated in terms of
the 3-D aberrated and compensated CTF. As a complete
discussion, the 3-D CTF for transmission confocal micros-
copy and the 3-D optical transfer function (OTF) for an
objective are given in Appendix A.
2001 Optical Society of America
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2. COHERENT TRANSFER FUNCTION IN
THE PRESENCE OF REFRACTIVE
INDEX MISMATCH
Let us first consider that an incident plane wave is fo-
cused by a high-numerical-aperture circular objective
from a medium of refractive index n1 into a thick medium
or sample of refractive index n2 . The diffraction pattern
of the objective in the focal region within the second me-
dium is distorted compared with the diffraction-limited
pattern by an objective in a uniform medium.16 This dis-
torted diffraction pattern of an objective can be expressed,
under the scalar approximation, as13–15

h~r, z ! 5 AE
0

a

P~u1!~ts 1 tp cos u2!J0~krn1 sin u1!

3 exp~iF 1 ikzn2 cos u2!sin u1du1 , (1)

which is also called the 3-D amplitude point spread func-
tion for an objective. Here u1 and u2 are the angles of a
ray of convergence in the first and second media, respec-
tively, and are linked by Snell’s law. P(u1) is the
apodization function for a high-numerical-aperture
objective.17,18 The radial and axial coordinates r and z
are defined with respect to the diffraction-limited focus
that would occur if no second medium were presented. ts
and tp , the Fresnel transmission coefficients for s and p
polarization states at the interface between the first and
second media,17 are the function of angles u1 and u2 .
The function F in Eq. (1) is called the spherical aberration
function caused by the mismatching of the refractive
indices13–15 and is given by

F 5 2kd~n1 cos u1 2 n2 cos u2!, (2)

where d represents the focal depth measured from the in-
terface of the two media to the diffraction-limited focus.13

It is clear that when n1 5 n2 5 n; i.e., when the refrac-
tive index of the first medium matches that of a second
medium, we have F 5 0. Thus Eq. (1) reduces to the 3-D
amplitude point spread function for an objective in a uni-
form medium.16

The 3-D CTF for an objective inside the second medium
can be obtained by performing the 3-D Fourier transform
of Eq. (1) with respect to r and z18 and is given by

c~l, s ! 5 P8~l !H d @s 2 ~1 2 l2!1/2#

~1 2 l2!1/2 J , (3)

where

P8~l ! 5 P~u1!
~ts 1 tp cos u2!exp~iF!cos u2

cos u1
, (4)

l 5 sin u2 . (5)

Here l and s are the radial and axial spatial frequencies,
respectively, and have been normalized by n2 /l.

Performing the 3-D autoconvolution of Eq. (3) gives rise
to the 3-D CTF for reflection confocal microscopy consist-
ing of a point detector.12 It is, however, noted that Eq. (3)
Fig. 1. Dependence of the modulus of the 3-D coherent transfer function on the focal depth d when a plane wave at wavelength 800 nm
is focused by an objective (NA 5 0.85) from air (n1 5 1) to a medium of refractive index 1.59: (a) d 5 0, (b) d 5 50 mm, (c)
d 5 100 mm, (d) d 5 200 mm.
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Fig. 2. Dependence of the modulus of the 3-D coherent transfer function on the focal depth d when a plane wave at wavelength 800 nm
is focused by an objective (NA 5 1.4) from immersion (n1 5 1.518) to a medium of refractive index 1.59: (a) d 5 0, (b) d 5 50 mm, (c)
d 5 100 mm, (d) d 5 200 mm.
has the same form as the 3-D CTF for an objective in the
absence of refractive-index mismatch18 except for the re-
placement of P(l) by P8(l). Therefore the 3-D CTF for
reflection confocal microscopy in the presence of
refractive-index mismatch can be evaluated by the inte-
gral method reported elsewhere19 (the 3-D CTF for trans-
mission confocal microscopy in the presence of refractive-
index mismatch is given in Appendix A):

Here

b0 5 sin21F usu~l2 1 s2!1/2

2lS 1 2
l 1 s2

4 D 1/2 S 1 2
2 cos a

usu D G , (7)

cr~l, s ! 5
4

p~l2 1 s2!1/2 5
E

0

p/2

P8~u2
1!P8~u2

2!db, 2~l sin

E
p/22b0

p/2

P8~u2
1!P8~u2

2!db, l2 1 s

0, otherw
cos u2
6 5

usu

2 F1 7 cos b
2l

usu~l2 1 s2!1/2 S 1 2
l2 1 s2

4 D 1/2G .

(8)

The value of a is determined by

a 5 sin21 S NA

n2
D , (9)

where NA is the numerical aperture of the objective.
The passband of Eq. (6) has the same form as that in

the absence of refractive-index mismatch but is defined
within the second medium. It cuts off at 2 sin a in the
transverse direction, while it exhibits low and high cut-off

usu cos a! < l2 1 s2 < 4

2~l sin u 1 usu cos a!, usu > 2 cos a6 . (6)
a 1

2 <

ise
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spatial frequencies at 2 cos a and 2 in the axial direction.
Unlike the aberration-free case,19 the 3-D CTF in Eq. (6)
becomes complex owing to the extra factor in Eq. (4). A
complex CTF may alter image contrast at some spatial
frequencies.

It should be pointed out that the 3-D CTF in Eq. (6) at
l 5 0 can be analytically expressed as

cr~l 5 0, s ! 5
2 cos2 u2

usu cos u1
~ts 1 tp cos u2!2 exp~2iF!,

(10)

where cos u2 5 usu/2. It is therefore clear that the modu-
lus of Eq. (10) is independent of the spherical aberration
F, which is consistent with the conclusion based on the
paraxial approximation.20

3. DEPENDENCE OF THE COHERENT
TRANSFER FUNCTION ON THE FOCAL
DEPTH
In all the numerical calculations, we assume that the
objective obeys the sine condition, which leads to
P(u1) 5 (cos u1)

1/2, as shown in Refs. 16–18. Let us first
consider a case of focusing a plane wave from air to a me-
dium or sample of refractive index 1.59 (see Ref. 2). Fig-
ure 1 shows the corresponding 3-D CTF for reflection con-
focal microscopy at different focal depths. At the
interface between the two media, the 3-D CTF is real and
looks similar to that for the aberration-free case.19 As
soon as the focus of the objective is moved into the second
medium or sample, the 3-D CTF becomes distorted. Like
the 3-D aberrated CTF under the paraxial
approximation,20 there exist axial modulations in the 3-D
CTF as shown in Fig. 1. At d 5 200 mm [Fig. 1(d)], the
value of the 3-D CTF within its passband is almost zero
except for the region near l 5 0. This feature implies
that only a thick object without transverse structures can
be sharply imaged.

When an oil-immersion objective of numerical aperture
1.4 is used for imaging in reflection confocal microscopy,
the passband of the 3-D CTF is significantly extended (see
Fig. 2). The value of the 3-D CTF within the region of
2(l sin a 1 usu cos a) > (l2 1 s2) is modulated and reduced,
but is not affected significantly in the region of 2(l sin a
1 usu cos a) < (l2 1 s2) < 4. This property implies that if
an oil-immersion objective of low numerical aperture is
employed, the imaging performance of reflection confocal
microscopy may not be degraded by the spherical aberra-
tion caused by refractive-index mismatch, as was ob-
served in the experiment.7

There are a number of ways to reduce the effect of
spherical aberration on 3-D imaging. One way is based
on complex-pupil-function synthesis21 and the other is
based on change in tube length at which an objective is
operated.22 An alteration of tube length of a high-
numerical-aperture objective results in primary spherical
aberration given, under the sine condition, by22

F1 5 B sin4~u1/2!. (11)
Fig. 3. Dependence of the modulus of the 3-D coherent transfer function on the focal depth d when a plane wave at wavelength 800 nm
is focused by an objective (NA 5 0.85) from air (n1 5 1) to a medium of refractive index 1.59 under the compensation condition of
B 5 21.5kd: (a) d 5 50, (b) d 5 100 mm, (c) d 5 200 mm, (d) d 5 400 mm.
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The effect of the spherical aberration in Eq. (2) on the
3-D CTF can be compensated for by an alteration of tube
length. It can be numerically shown that the 3-D ampli-
tude point spread function in Eq. (1) is least affected by
Eqs. (2) and (11) if

B ' 21.5kd. (12)

Under such a compensation condition, the 3-D CTF corre-
sponding to Fig. 1 is displayed in Fig. 3. As expected, the
3-D CTF does not exhibit a pronounced reduction up to
the focal depth at d 5 200 mm but shows modulations be-
yond that depth.

As a comparison, the modulus of the two-dimensional
in-focus CTF for a thin structure embedded in a thick
medium23 c2(l), which is the projection of the 3-D CTF in
the focal plane, is shown in Figs. 4 and 5. As expected,
the two-dimensional CTF does not change significantly
when the tube length of an objective is operated under the
condition given by Eq. (12).

4. READOUT EFFICIENCY OF REFLECTION
CONFOCAL MICROSCOPY
With the help of the 3-D CTF discussed in Sections 2 and
3, the measured image intensity of an object in a reflec-
tion confocal microscope can be expressed as11,12

Fig. 4. Dependence of the modulus of the 2-D coherent transfer
function for a dry objective of numerical aperture 0.85 on the fo-
cal depth (d 5 0, 20, 50, and 100 mm).

Fig. 5. Dependence of the modulus of the 2-D coherent transfer
function for an oil objective of numerical aperture 1.4 on the focal
depth (d 5 0, 20, 50, and 100 mm).
l~x, y, z ! 5 U E
2`

`

c~m, n, s !O~m, n, s !

3 exp@i2p~mx 1 ny 1 sz !#dmdndsU2

,

(13)

where O(m, n, s) is the 3-D Fourier transform of an ob-
ject function that is determined by the data bit array and
gives the distribution of spatial frequencies in an object.
It is clear that the right-hand size of Eq. (13) has a maxi-
mum value given by

I~x, y, z ! < E
2`

`

uc~m, n, s !O~m, n, s !u2dmdnds. (14)

In the case of two-photon excitation, the maximum sig-
nal in the reading process occurs when the passband of
the 3-D CTF completely overlaps the support region of
spatial frequencies of the recorded bits. Such a situation
usually occurs when the material response under two-
photon excitation becomes saturated if the peak power of
a recording beam is too high. Thus the maximum read-
out signal is given by the total volume of the modulus of
the 3-D CTF:

I~x, y, z ! < ME
2`

`

uc~m, n, s !u2dmdnds. (15)

Here M represents the maximum of the object spatial
spectrum uO(m, n, s)u2.

It is seen from Figs. 1–3 that the value of
*2`

` uc(m, n, s)u2dmdnds reduces when the focal depth d
of an objective becomes large. The value of
*2`

` uc(m, n, s)u2dmdnds normalized by the value at
d 5 0 can be called the readout efficiency h.

For a reflection confocal microscope consisting of a cir-
cular objective, the readout efficiency corresponding to
Figs. 1–3 is depicted in Fig. 6. It is noted that h de-
creases quickly when d . 10 mm. Beyond this region, h
exhibits an exponential decay with the focal depth d if
there is no compensation by a change in tube length, and
can be approximately expressed, for the cases in Figs. 1
and 2, as

h~d ! ' ~1 2 0.35!exp~2d/30! 1 0.18, d . 20 mm,
(16)

Fig. 6. Readout efficiency h of reflection confocal microscopy in
3-D data storage as a function of the focal depth d. The curve
for NA 5 1.4 (compensated) is similar to that for NA 5 0.85
(compensated).
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h~d ! ' ~1 2 0.35!exp~2d/39! 1 0.29, d . 20 mm,
(17)

respectively.

The readout efficiency exhibits an asymptotic value
given by the volume of the modulus of the 3-D CTF near
l 5 0. This signal acts as a background in reflection con-
focal microscopy within a thick sample and should be
avoided if high signal-to-noise ratio is needed. In that
sense, 3-D bit data storage in a multilayered medium23

leads to a high background, because the signal caused by
the interfaces, imaged by the CTF c(0, s), can be effi-
ciently collected by a confocal microscope, resulting in a
low signal-to-noise ratio. However, such a problem does
not exist in 3-D bit data storage in a uniform thick
medium.2,4

5. CONCLUSION
Under the scalar approximation, the 3-D CTF for reflec-
tion confocal microscopy of high-numerical-aperture ob-
jectives has been derived when a laser beam is focused
into a thick sample that has a different refractive index
from its immersion medium. The 3-D CTF in the pres-
ence of refractive-index mismatch is aberrated. The vol-
ume of the 3-D aberrated CTF is exponentially decreased
with the focal depth of the objective in the thick sample.
This feature leads to a reduction of the readout efficiency
of reflection confocal microscopy in 3-D optical data stor-
age. However, the effect of the spherical aberration can
be compensated for by an alternation of tube length.

Owing to the spherical aberration caused by refractive-
index mismatch, the 3-D CTF for transmission confocal
microscopy within a thick medium is different from the
3-D OTF for an objective in the incoherent imaging case.

APPENDIX A
In the case of focusing a beam in a uniform medium, the
3-D CTF for transmission confocal microscopy is the same
as the 3-D optical transfer function (OTF) for a high-
numerical-aperture objective for incoherent imaging.19

It is known from the transfer-function analysis under the
paraxial approximation that the 3-D OTF for an objective
is different from the 3-D CTF for transmission confocal
microscopy if there is spherical aberration.20 According

C~l, s ! 5
4

p~l2 1 s2!1/2 H E0

b

0,

c8~l, s ! 5
4

p~l2 1 s2!1/2 H E0

0,
to the integral method,19 we can easily express the 3-D
OTF for a high-numerical-aperture objective in the pres-
ence of refractive-index mismatch as

where P8* represents the complex-conjugate operation
of P8,

b08 5 cos21F usu~l2 1 s2!1/2

2lS 1 2
l2 1 s2

4 D 1/2 S 2 cos a

usu
1 1 D G ,

(A2)

cos u2
6 5

usu

2
F cos b

2l

usu~l2 1 s2!1/2A1 2
l2 1 s2

4
7 1G .

(A3)

For transmission confocal microscopy, two objectives
are involved in imaging.11,12 A thick sample of refractive
index n2 is thus sandwiched within the medium of refrac-
tive index n1 . Assume that the thickness of the sample
is L. Thus for a given focal depth of the first objective,
the focal depth of the second objective is L 2 d. The
spherical aberration presented to the first objective is
given by Eq. (2), whereas the spherical aberration caused
by the second objective is

F9 5 2k~L 2 d !~n1 cos u1 2 n2 cos u2!. (A4)

Finally the 3-D CTF for transmission confocal microscopy
becomes

where

P8~u2! 5 P~u1!
~ts 1 tp cos u2!exp~iF9!cos u2

cos u1
. (A6)
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