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Abstract The imaging equations are derived based on point spread function, the influence of

detector on resolution is simulated, and the optimum pinhole radius is proposed. To demonstrate

the theoretical calculation, the confocal imaging system is designed and established. The axial

response is measured for different pinhole, and the in-focus and out-of-focus images of bar target

are obtained with the confocal system.
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0 Introduction

Confocal concept was proposed by M. Minsky
in 1950 s™ and wasn't fully developed until 1980
s, In recent years, confocal imaging system
has attracted much attention™®~*! since it provides a
powerful means to achieve 3-D image of a thick
object because of its optical-sectioning property. In
principle, a point source is used to illuminate a
point on the sample and the light emitted from this
point is imaged through a pinhole placed at the
proper position onto a photomultiplier tube
(PMT). The major benefits of confocal system
include superior resolution and contrast.

Most of the theory presented before on
confocal system has taken the limiting case in
which the pinhole is considered to be a point and
hence represented mathematically by a Dirac delta
function. In practice, however, the pinhole always
has some finite size; otherwise it is impossible to
detect any light"*~'2) For weak scattering object,
the detected intensity is very small, so a large
pinhole is also necessary to increase the output
efficlency and the signal-to-noise ratio. In
addition, its size plays an important role on the
lateral and axial resolution of confocal system.

The detected image intensity was deduced, the
influence of pinhole size on resolution was analyzed
in this paper. A criterion for pinhole size is
introduced to ensure confocal imaging and
maximize signal-to-noise ratio, which is very
helpful in the practical design of confocal imaging
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system. We set up a confocal system, measure the
axial response with different pinhole and get the in-
focus and out-of-focus images of bar target. The
experimental results demonstrate the theoretical
calculation and optical-sectioning capability of the
confocal sytem.

Influence of detector on lateral
resolution

In standard confocal imaging system, the
detected image intensity of a point object with a

finite detector can be expressed ast'*''*)

I=|h (R |* * D) ¢Y)
where * denotes the convolution operation, D is
the sensitivity of the detector,h, and h; are the 3-D
amplitude point spread function of the objective
and the collector defined by

hiCu,v) =exp (:tisou)?P.-(p) .

exp (Hiug)] (uodpdp  (i=1,2) (2)

where P, (p) are the pupil function of the objective
and collector, J, is a Bessel function of the first
kind of zero order,u and v are optical coordinates
related to radial and axial coordinates respectively,
which are defined as

8w @ 3
u="zsin’5 (3)
_ 2 .

v—Trsma (4)

here, A denotes the wavelength, sina is the
numerical aperture,

For point detector, according to convolution
theorem, the detected image intensity can be
written as

I=h (urv) |? [ he Cus0) | (5)
while for infinite large detector, the detected image

intensity should be expressed as
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I=|h,(u,v)|* (6)
The above equation shows that for infinite large
detector, the objective determines the detected
intensity and the collector has not any influence on
it. In fact it becomes a conventional microscopy
system when the pinhole size is larger than a
certain size.

The parameter u in equation 2 represents the
defocus of the lens. In our case we suppose the
aberration-free lenses are focused on the object
plane and detecting plane, and so we can set u=0.
For simplicity, we assume that the objective and
the collector are circular and of equal numerical
aperture, also we suppose the finite size detector D
is defined as circ(v/v;) » where v, is the normalized
radius of the pinhole. Under the above condition,
the detected image intensity as a function of
detecting position for a variety of pinhole size can
be expressed as

Jo Cot) Jo (mt) pmdpdmdt D)

which is plotted in Fig. 1 for a variety of pinhole
radius v,;. It is clear that the smaller the pinhole
is, the sharper the peak is. Namely the confocal
system has narrower HWHM for smaller pinhole,
which can also be found in Fig. 2. It shows the
variation of the HWHM w,,; of the curves of Fig. 1

as a function of v, . We notice that the HWHM
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Fig.1 The variation of normalized intensity
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Fig. 2 HWHM uv,,; of the lateral response intensity

rises with the increase of pinhole size and remains
constant for w, > 7, which corresponds to the
indistinguishable curves in Fig. 1. Therefore when
vy >7, all the in-focus and out-of-focus signal can
pass the pinhole and then be detected by PMT. It
is actually not a confocal imaging system but a
conventional microscopy system.

2 Influence of detector on axial
resolution

The other important advantage of confocal

system is the depth-discrimination property.
Under the above condition, the axial response as a
function of the distance from focal plane in

standard confocal system may be written as

I o) =] Jexp Gug)Jo Copodolodv— (®)
It can be seen clearly from the above equation that
the detected intensity is related with the pinhole
size. Fig. 3 shows the HWHM u;,, of axial
response intensity as a function of v,. Here,v,=0
corresponds to point detector. With the increase of
HWHM becomes wider and axial
resolution lower. We also notice that the HWHM

remains nearly constant for v, <3 and increases

vy, the

rapidly with the rise of pinhole size for v,>3.
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Fig.3 HWHM u,,; of the axial response intensity
3 Experiment and discussion

To test the theoretical calculation, we set up a
confocal imaging system which is shown in Fig. 4.
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Fig. 4 The confocal system constructed
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In the system a He-Ne laser operating at 632. 8 nm
was used as the illumination light. Lens 1 and lens
2 were used to expand the beam. Two 10X lenses
were used as collector and objective. A PMT was
used as the detector and a reflector was used as the
sample.

The beam from He-Ne laser passes through
the illumination path and focuses on the sample.
The reflected signal from sample passes through
detecting path and received by PMT. When the
reflector is put on the focal plane, we can get the
maximum signal. However, when the reflector is
away from the focal plane, the detected signal
decreases. By moving the reflector axially, the
axial response of the confocal system can be
obtained.

Fig. 5 shows the axial response for different
pinhole radius. Obviously, larger pinhole brings
therefore lower axial

wider axial response,

resolution. The experimental results are in
accordance with theoretical analysis. Fig. 6(a) and
Fig. 6 (b) show the in-focus and out-of-focus
images of bar target, respectively. It can be seen
from the figures that the in-focus image is more
clearer and has higher contrast than out-of-focus
image. Therefore depth-discrimination ( optical
sectioning) capability can be achieved by the

confocal imaging system constructed.
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Fig.5 Axial response with different pinhole

According to the above analysis, the pinhole
size has great influence on lateral and axial
resolution. In order to achieve a true confocal
image, the size of the pinhole should be chosen as
small as possible. In practice, however, the
pinhole always has some finite size; otherwise it
would not be possible to detect any light. So a
larger pinhole is also necessary to increase the
output efficiency and signal-to-noise ratio
especially for weak scattering object. According to
Fig. 2 and Fig. 3,9,=3 may be a reasonable choice
of pinhole size that can ensure confocal imaging

and also maximize signal - to - noise ratio . As an

(a)In=focus image

(b)Out-of-focus image

Fig. 6 Images obtained with the confocal imaging system
example, for a 20X, 1. 5-numerical-aperture lens,
this criterion suggests that a 4. 0 pm-radius pinhole
is needed when He-Ne laser operating at 632. 8 nm
is used.

4 Conclusion

We derive the lateral and axial image intensity
distribution and analyze the influence of pinhole
size on the resolution. Qur research shows that the
confocal imaging system has narrower HWHM and
higher

demonstrate the theoretical calculation, we set up

resolution for smaller pinhole. To

a confocal system, measure the axial response of

the system and obtain the in-focus and out-of-focus

images of bar target. At last, we also introduce a

criterion for pinhole size to ensure confocal imaging

and maximize signal-to-noise ratio, which is very

useful in the practical design of confocal system.
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