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Selective imaging of surface fluorescence with very high
aperture microscope objectives
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Abstract. Three approaches to selective surface fluorescence detec-
tion are described. All three of them depend on the use of extremely
high numerical aperture (NA) objectives now commercially available
(1.45 NA from Zeiss and Olympus and 1.65 NA from Olympus). The
first two approaches are elaborations of ‘‘prismless’’ total internal re-
flection fluorescence (TIRF), one approach with a laser illumination
and the second with arc lamp illumination. The new higher NA ob-
jectives are much more suitable for TIRF work on biological cells in
culture than are 1.4 NA objectives previously described for prismless
TIRF. The third approach is not TIRF at all. It uses the high aperture
objective to selectively gather the emission of fluorophores located
close enough to the substrate for their near-field energy to be captured
by the substrate. Schematic diagrams, experimental demonstrations,
and practical suggestions for all these techniques are provided. © 2001
Society of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1335689]
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1 Introduction
The growing applications of single molecule optical
microscopy1–5 and subcellular secretory granule imaging6–12

have made selective detection of fluorophores near solid su
faces increasingly important. In such studies, the technica
goal is to markedly reduce background fluorescence from lo
cations in the sample other than the solid/liquid~usually glass/
water! interface. One approach is to use evanescent field ex
citation created by total internal reflection~TIR! at the
interface. TIR-excited fluorescence emanates from a very thi
optical section~easily adjustable to,0.1 mm!, about 1/5 the
effective thickness of confocal or two photon fluorescence
with a consequent reduction of background. In addition, TIR
fluorescence provides wide-field illumination and direct opti-
cal imaging rather than a computer-generated spatial map r
constructed from scanning spot data, thereby providing a fas
means of recording simultaneous events over the whole fiel
of view. TIR fluorescence excitation is usually set up by in-
troducing an oblique laser beam through a special prism.

Here we describe three approaches to selective surfac
fluorescence detection that do not rely upon prism-based TIR
microscopy. All three of them depend on the use of very high
numerical aperture~NA! objectives now commercially avail-
able ~1.45 NA from both Zeiss and Olympus and 1.65 NA
from Olympus!. The first two approaches are elaborations of
‘‘prismless’’ TIR, first introduced in 1989 by Stout and
Axelrod13 for use with 1.4 NA objectives. The new higher
1.45 NA ~60X! or 1.65 NA ~100X! objectives are qualita-
tively more suitable for TIR work on biological cells in cul-
ture than the older 1.4 NA objectives. The first prismless TIR
approach described here is for a laser illumination and th
second is for standard arc lamp illumination. The third ap-
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proach is not TIR at all. It uses a very high aperture object
to selectively gather the emission of any fluorophores loca
close enough to the substrate for their near-field energy to
captured by the substrate.

2 Methods and Results
2.1 Prismless TIR Fluorescence: Laser Excitation
Figure 1 shows a schematic diagram for prismless TIR wit
high aperture objective, using a laser source. The optical
tem has the following features.

a. The laser beam used for excitation is focused at the b
focal plane of the objective so that the light emerges from
objective in a collimated form~i.e., the ‘‘rays’’ are parallel to
each other!. This insures that all the rays are incident upon t
sample at the same angleu with respect to the optical axis.

b. The point of focus in the back focal plane is off axi
There is a one-to-one correspondence between the off-
radial distancer and the angleu. By increasingr ~by moving
the focusing lens!, the critical angle for TIR can be exceede
Further increases inr serve to reduce the characteristic ev
nescent field depth in a smooth and reproducible manner.
jectives with NA51.65 or 1.45~unlike the NA51.4 NA dis-
cussed in Stout and Axelrod, 1989! provide ample room for
fine adjustment of supercritical incidence angles before
focused beam runs into the inside edge of the objective.

c. The angle of convergence/divergence of the laser be
cone at the back focal plane proportionately determines
size of the illuminated region at the sample plane. La
angles~and consequent large illumination regions! can be pro-
duced by use of a beam expander placed just upbeam from
focusing lens.

1083-3668/2001/$15.00 © 2001 SPIE



Selective Imaging of Surface Fluorescence
Fig. 1 Schematic diagram of through-the-lens (prismless) TIRF using a
laser source. The alignment of this system calls for adjustment of the
exact x-y-z position, direction, and width of the beam immediately
after the expander, and the three-dimensional position of lens L. A
sample consisting of a diI-coated glass covered with a bath of aqueous
fluorescein solution is convenient for verifying proper alignment. The
z position of lens L is adjusted so that a beam propagating through the
objective/oil/coverslip/water sample region forms a minimum spot
size at a distant location (e.g., the ceiling) and is thereby collimated.
The x-y position is subsequently adjusted just past the position that
causes the distant spot to disappear because of TIR at the glass/water
interface. The proper centering of the illuminated TIR region in the
field of view is determined by the central propagation direction of the
cone of light at the back focal plane; this can be set by a coordinated
positioning of both the lens L and the beam expander. The size of the
illuminated region is determined by the width of the beam as it leaves
the expander.
-

,

-
.

d

e
r

-

s to
ro-
ack

the
on
i
ue

rc

from

in-
sed
of
of

m.

ght
ble

ut
d. The orientation of the central axis of the laser beam
cone at the back focal plane determines whether the TIR
illuminated portion of the field of view is centered on the
microscope objective’s optical axis.

Figure 2 compares epi illumination~‘‘EPI,’’ in this case
laser illumination at a subcritical incidence angle! with TIR
fluorescence~both using an Olympus 1.65 NA objective! on
diI-label cells in a culture containing bovine chromaffin cells
and other cells adhered to the surface. Figure 3 shows a sim
lar comparison on chromaffin cells with GFP~green fluores-
cent protein!-marked secretory granules. As discussed below
the 1.65 NA objective requires special high refractive index
oil and coverslips, whereas the newer 1.45 NA utilizes stan
dard immersion oil and coverslips, an important advantage
Figure 4 shows EPI vs TIR on these chromaffin cells with
GFP-marked secretory granules, but here with the 1.45 NA
objective.

2.2 Prismless TIR Fluorescence: Hg Arc Excitation
Figure 5 shows a schematic diagram for prismless TIR with a
high aperture objective, using an arc lamp source. In standar
Kohler epi illumination, a real image of the arc is focused
upon the back focal plane of the objective to ensure that th
arc is completely defocused on the sample. For TIR, Kohle
illumination is still used, but only a circular annulus region at
the back focal plane should be illuminated. The central dark
portion of the annulus should have a radius sufficient to pre
vent any subcritical angle of light to emerge from the objec-
tive. To form this annulus of illumination, the Hg arc can be
brought to a focus upbeam with a special high-aperture~pos-
sibly aspheric! lens. At that focus, a small centered opaque
i-disk can be introduced. A second high-aperture lens serve
recollimate the Hg arc light. Standard lenses in the mic
scope system then focus the arc image at the objective b
focal plane, but now with a centered sharp shadow of
opaque disk. The result is a hollow cone of light incident up
the TIR interface with a half angle sufficient for TIR. Ep
illumination can be achieved simply by removing the opaq
disk, which can be mounted on a slider.

Figure 6 shows EPI vs TIR fluorescence with a Hg a
source on samples that:~a! emit orange fluorescence from
surface-bound carbocyanine dye and green fluorescence
an overlying aqueous layer of dissolved fluorescein; and~b!,
~c! show substrate contact regions of carbocyanine-labeled
tact erythrocyte cells. A notable feature is that Hg-arc ba
TIR does not suffer from interference fringes characteristic
laser coherent light. However, at least 90% of the energy
the incident light is blocked by the opaque disk in this syste
With a 1.4 NA objective,13 this loss was partially overcome
by use of a special custom-made conical in the excitation li
path. However, it appears that the extra aperture availa
with a 1.65 NA~and to a lesser extent, a 1.45 NA! objective
is sufficient to illuminate a sample brightly enough witho
such extra optical intervention.~‘‘Brightly enough’’ means

Fig. 2 EPI vs TIR prismless fluorescence photographs with the Olym-
pus 1.65 NA 100X objective and an argon laser source of wavelength
488 nm. These are cells in a culture consisting of mixed bovine chro-
maffin cells and some other bovine cell types, with plasma mem-
branes labeled by 3,38-dioctadecylindocarbocyanine ((diI-C18-3, or
diI). The curved ‘‘bullseye’’ fringes seen in some of the panels are
interference fringes in the coherent excitation light. The EPI is pro-
duced by moving lens L (in Figure 1) in the y direction until the angle
of incidence becomes subcritical. The images were recorded on stan-
dard 35 mm photographic color print film and reproduced in gray-
scale here.
Journal of Biomedical Optics d January 2001 d Vol. 6 No. 1 7



Axelrod
Fig. 3 EPI vs TIR prismless fluorescence photographs with the Olym-
pus 1.65 NA 100X objective and an argon laser source of wavelength
488 nm. These are bovine chromaffin cells marked with GFP-atrial
naturetic protein (GFP-ANP), which is found almost exclusively in the
secretory granules. The substrate is LAFN21 glass (n51.78). The EPI
is produced by moving lens L (in Figure 1) in the y direction until the
angle of incidence becomes subcritical. The images were recorded on
standard 35 mm photographic color print film and reproduced in
grayscale here.
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that for the standard dyes used in cell biology, photobleachin
rather than efficiency of excitation limits the number of emis-
sion photons that can be collected in a typical imaging expo
sure time.!

2.3 Near Field Emission Imaging
Unlike the previous two high aperture surface-selective tech
niques, the technique described in this section does not de
pend on TIR excitation at all, and in fact works with standard
EPI illumination and should work even with nonoptical exci-
tation such as chemiluminescence. It is based on the fact th
the radiation emission pattern of an oscillating dipole14 ~a
classical model for an excited fluorophore! can be expressed
as a continuous superposition of plane waves~by spatial Fou-
rier transforming!. Some~not all! of these plane waves, which
travel in all directions from the fluorophore, have wavelengths
given byl5c/(nn) as expected for propagating light, where
n is the invariant frequency of light,n is the refractive index
of the liquid in which the fluorophore resides, andc is the
speed of light in vacuum. However, this restricted set of plane
waves is not sufficient to describe the actual radiation emis
sion pattern; other plane waves with shorter wavelengths mu
be mixed in. However, since the frequency of the light is
invariant ~determined by the color!, the only way to obtain
shorter wavelengths is for the plane waves to be exponentiall
decaying in one of the three spatial directions.
8 Journal of Biomedical Optics d January 2001 d Vol. 6 No. 1
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Fig. 4 EPI vs TIR prismless fluorescence photographs with the Olym-
pus 1.45 NA 60X objective and an argon laser source of wavelength
488 nm. These are three different bovine chromaffin cells containing
secretory granules marked with GFP-ANP. The EPI is produced by
moving lens L (in Figure 1) in the y direction until the angle of inci-
dence becomes subcritical. The images were recorded by a cooled
monochrome charge coupled device (CCD) camera (Photometrics
Star-1).

Fig. 5 Schematic diagram of through-the-lens (prismless) TIRF using
an arc lamp source, in this case a 100 W Hg arc. The incident illu-
mination at the TIR surface (the sample plane) is actually a hollow
cylindrically symmetric cone around the optical axis forming a ring
annulus at the objective back focal plane, but illumination through
only one off-axis location is shown for pictorial clarity. The illumina-
tion path is centered around the optical axis as in standard arc lamp
EPI, but added lenses L1 and L2 create (and then recollimate) a new
on-axis focal point for the arc. At that focus, an opaque disk is in-
serted.



Selective Imaging of Surface Fluorescence
Fig. 6 EPI (left panels) vs TIR (right panels) prismless fluorescence with the Olympus 1.65 NA 100X objective and an Hg arc source, as described
in the caption of Figure 5. (a) and (b) The sample here consists of a diI-coated glass (prepared by exposure to a 0.5 mg/ml diI in ethanol solution
followed by immediate rinsing with water) covered with a bath of aqueous fluorescein solution. The nonuniformities and scratches apparent in the
orange diI TIR fluorescence are features of the glass surface and serve to highlight the surface selectivity of the illumination and are convenient for
verifying proper alignment. The limited field of view is determined by the effective illumination aperture of the particular L1 and L2 lens system
used here, not by the aperture of the objective itself. (c)–(f) Whole human erythrocytes labeled with diI (by incubating washed erythrocytes 0.5
mg/ml diI in ethanol injected as a 2% dispersion in phosphate buffered saline) followed by several rinses in phosphate buffered saline containing
1 mg/ml bovine serum albumin, followed by settling and adhering onto LAFN21 coverslips. The plane of focus for the EPI and TIR views are the
same; note the concave shape which produces a donut pattern in the TIR views. For all the panels, the images were recorded on standard 35 mm
photographic color print film and reproduced in color here without alteration of the color balance. For the demonstration described here, the
opaque disk in the illumination path was simply a plastic transparency sheet imprinted (by a laser printer) with a black 18-point Times Roman
period (.) symbol. Although this was adequate to demonstrate efficacy and feasibility, a more perfectly circular reflective metallized dot would
improve the physical robustness and optical precision.
Journal of Biomedical Optics d January 2001 d Vol. 6 No. 1 9
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In a slightly more mathematical view~see Ref. 15 for rig-
orous details!, a plane wave has a wave vectork given by

k5kxx̂1kyŷ1kzẑ,

where thez direction is chosen as the normal to the interface,
and the square scalar amplitude ofk is fixed by the frequency
n according to

k25~2pnn/c!25kx
21ky

21kz
2.

Short wavelengths are obtained by using plane waves wit
k2,(kx

21ky
2), which forceskz

2 to be negative, thereby mak-
ing kz imaginary which corresponds to plane waves which
exponentially decay in thez direction. The exponential decay
‘‘starts’’ at the z position of the fluorophore. The fluoro-
phore’s ‘‘near field’’ is defined as this set of exponentially
decaying plane waves withk2,(kx

21ky
2). Clearly, this set is

not a single exponential but superposition~actually a continu-
ous integral! of exponentially decaying waves of a range of
characteristic decay lengths each given by2p/ukzu. These
near field waves have wave fronts more closely spaced tha
would be expected for propagating light in the liquid medium
surrounding the fluorophore. Where the ‘‘tails’’ of the expo-
nentially decaying wave fronts touch the surface of the glass
refraction converts some of the near field energy into propa
gating light in the glass. Because the periodicity of the wave
fronts must match at both sides of the boundary, the nea
field-derived propagating light in the glass is directed in a
hollow coneonly into angles greater than some critical angle
~‘‘supercritical’’!. ~That critical angle is the very same as
would be the TIR critical angle for the same frequency of
light passing from the solid toward the liquid.! Noneof the
far-field propagating energy, for whichk2>(kx

21ky
2), is cast

into that high angle hollow cone. Therefore, collection and
imaging of the supercritical high angle hollow cone light se-
lects exclusively for fluorophores that are sufficiently close to
the surface for the surface to capture their near fields. Th
purpose of the optical alteration described here is to block ou
all the subcritical angle emission light and capture all the
supercritical light up to the limiting aperture of the objective.
Near-field light propagating in the glass at any one particula
hollow cone angle corresponds to a single exponential nea
field decay, but typically a wider range of supercritical angles
is collected by the objective, corresponding to a weighted
integral of exponentials with a range of decay lengths.

To implement this supercritical emission selection in a mi-
croscope~Figure 7!, an opaque disk of appropriate diameter is
placed~on a slider! at a plane equivalent to the objective’s
back focal plane. That equivalent plane may be easily acce
sible ~as it is in the Olympus IX-70 microscope!, situated in
the emission beam path well past the dichroic mirror/barrie
filter cube where the opaque disk installation will not block
epi-illumination excitation light. By viewing an adsorbed
carbocyanine/dissolved fluorescein sample~as mentioned ear-
lier for testing prismless TIR! with the eyepiece removed, a
filled circular green emission area~corresponding to the far-
field emission mainly from fluorescein in the bulk! sur-
rounded by an orange annulus~corresponding to the near-
fieldemission of diI! will be seen. The opaque disk diameter is
chosen to exactly cover and block the green area.
10 Journal of Biomedical Optics d January 2001 d Vol. 6 No. 1
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Fig. 7 Schematic diagram of the surface-selective near-field emission
in an Olympus IX-70 microscope. At the top, a magnified view of the
sample region shows the electric field of the near-field corresponding
to one particular kz as an exponential decay (shown with graded
shading) extending in the z direction away from a single fluorophore
(shown as a black dot). The lateral spacing (left to right here) of the
wave fronts for that one contribution to the near field is shown in a
series of vertical stripes. If the fluorophore is close enough to the glass,
the tails of the decaying near-field wave fronts are captured by the
glass and converted into light propagating away at a particular super-
critical angle. A complete picture of the near field would show a
continuous spectrum of decay lengths, each corresponding to differ-
ent wave front spacings, with shorter decay lengths corresponding to
closer wave front spacings. The total near field is a superposition of all
such different kz contributions, with their relative wave fronts all
aligned exactly in phase at the lateral position of the fluorophore so
that the region laterally nearest the fluorophore is the brightest with a
rapid decay to either side. Each different kz contribution gives rise to
light in the glass propagating at a different supercritical angle. Far-field
light is shown as a series of circular wave fronts emanating from the
fluorophore and refracting into the glass at subcritical angles only. The
lower part of the figure shows the fate of the super- and subcritical
light rays in the microscope. An opaque disk is inserted in an acces-
sible region at a plane complementary to the objective back focal
plane, concentric with the optical axis and with a radius just sufficient
to block out all the subcritical light. The correct radius of the opaque
disk can be determined by observing this plane directly (with the
eyepiece removed) with a diI/fluorescein preparation (as described in
the Figure 6 caption) on the sample stage; the subcritical light will
appear green, surrounded by an orange annulus. When placed at the
correct longitudinal position along the optical axis, the opaque disk
will show no parallax relative to the orange annulus. The emission
light forms a hollow cylindrically symmetric cone around the optical
axis after the opaque disk; emission light is shown traversing one
off-axis location for pictorial clarity only. Subcritical light is actually
blocked at the real opaque disk; the diagram shows the blockage at
the image of the disk at the objective’s back focal plane to illustrate
the principle.
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Selective Imaging of Surface Fluorescence
Figure 8 shows the near-field imaging effects with the
Olympus NA51.65 objective and standard epi illumination
with an arc lamp. Two samples are displayed:~a!, ~b! the
diI/fluorescein preparation, and~c!, ~d! diI-labeled cells in a
bovine chromaffin cell culture, some of which are closely
adhered to the glass substrate. In both cases, the surface
lectivity is obvious.

In this technique, the excitation can be either arc lamp o
laser; this choice has no bearing on the effect. The excitatio
can be standard nonsectioning epi illumination or even chem
luminescence; the surface selectivity property arises entirel
in the emission path. However, if the illumination is chosen to
be TIR, then the surface selectivity is further enhanced~with
an even thinner optical section! since then both the excitation
and the emission will be surface selective.

Note that the light-collecting advantage of very high aper-
ture objectives~.1.4! resides purely in their ability to capture
supercritical near-field light. The ‘‘extra’’ numerical aperture
does not help in gathering far-field emission light because
none of it propagates in the glass at the supercritical angle
~and thence into the corresponding high apertures!.

3 Discussion
High aperture objectives are used here to achieve surface s
lectivity in two distinct modes:~a! by TIR excitation, and~b!
by selective near-field emission imaging. A previous paper13

introduced the TIR approach. The difference here is the use o
higher aperture objectives~1.45 and 1.65, instead of 1.4!
which make the approach usable for the first time on living
cell samples with their high and locally variable cytoplasmic
refractive index~;1.38!. The selective near-field emission
approach is entirely new but uses the same objectives.

We discuss here the advantages and drawbacks of the
methods.

3.1 Prismless TIR Excitation
The prismless~through-the-lens! TIR system is clearly the
simplest and most convenient method for producing an eva
nescent excitation field because it leaves the sample com
pletely accessible and does not require a separate prism th
might interfere with other instrumentation near the sample. I
allows for a continuously adjustable incidence angle which
provides a continuously adjustable evanescent field depth.

The basic laser-based prismless optical system shown he
can be modified for annular or rotating illumination, polariza-
tion control, or fiberoptic input.

The main problems are associated with the NA51.65 ob-
jective itself; that objective requires a special high index im-
mersion oil ~1.78, available from Cargille! and special high
index ~1.78! coverslips. The oil is volatile and odiferous, and
leaves a crystalline residue when it evaporates~in a few hours
at most!. The special coverslips are fragile and extremely ex-
pensive. There are several possibilities here. Schott glass-typ
LAFN21 is provided by Olympus; this type cannot be cleaned
by acid because it tends to corrode or dissolve. Sapphire
another possibility, but is birefringent and no less expensive
A less expensive, less fragile, and more acid-resistant glas
alternative is Schott glass-type SF11, available in custom cu
0.125 mm thickness coverslips~from VA Optical Company,
San Anselmo, CA!. SF11 is slightly more autofluorescent than
e-
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LAFN21, but not enough to cause a problem in cell biologic
studies. However, for single molecule fluorescence wo
speckled autofluorescence can be much worse than ov
diffuse autofluorescence, and samples of all three ty
should be evaluated in an imaging system.

The newer NA51.45 objectives, which use standard gla
coverslips and standard immersion oil, completely avoid
these materials-related problems. These objectives are cle
the method of choice for versatile total internal reflecti
fluorescence~TIRF! microscopy. The main advantage of th
1.65 NA relative to the 1.45 NA objective for these TIR
applications is for arc lamp illumination. Since the opaq
disk in the excitation path blocks at least 90% of the arc lig
energy, the wider permissible usable annulus of the 1.65~ver-
sus the 1.45! will transmit more excitation light. For dim
samples, this difference can be important. On the other ha
the 60X magnification of the 1.45 NA magnification rath
than the 100X of the 1.65 NA will tend to produce bright
images.

A technical limit to achieving very high apertures in ob
jectives that use standard oil and glass coverslips is the a
rations incurred by imaging very high angle rays. Howev
perhaps an objective can be designed in which the extr
periphery~corresponding to, say, 1.5 NA! is used for TIRF
excitation without regard to aberration control, but fluore
cence emission is imaged only from the more central~and
better corrected! radii corresponding to 1.45 NA or less.

The typical prisms that can be used in a variety of pris
based TIRF configurations16 are much less expensive tha
1.45 or 1.65 NA objectives. In addition, prism-based metho
tend to produce a ‘‘cleaner’’ excitation with less excitatio
light scattered into subcritical angles, as happens inside a
croscope objective. But only the objective-based prisml
TIRF approach can employ an arc source~rather than just a
laser!. TIRF in either its prism- or objective-based prismle
forms is much less expensive than confocal or two-pho
microscopy for optical sectioning at a surface.

3.2 Near-Field Emission Imaging
The use of an opaque disk to block subcritical far-field em
sion light is completely distinct from near-field optical sca
ning microscopy~NSOM!. NSOM is a scanning techniqu
based on a very sharp scanned optical probe, used for
purpose of achieving super-resolution in the lateral directi
The present technique is a wide-field technique for the p
pose of quickly achieving surface selectivity compatible w
any type of luminescence excitation.

Two drawbacks to near-field emission imaging by bloc
ing subcritical angle emission may limit its usefulness
some applications. First, the lateral resolution is significan
degraded, by perhaps a factor of 2. This degradation may
due to the physical optics of using only a small fraction~a thin
peripheral ring! of the aperture, and may also be due to hi
angle aberrations. Second, all of the subcritical angle ligh
blocked, even from surface-proximal fluorophores. Th
blockage results in an image that is somewhat dim, alb
surface selective. In view of these drawbacks, applicati
where lateral spatial details may not be as important as
face selectivity and sample accessibility~e.g., studies ofin
vitro proteins and supported membranes! are probably pre-
ferred.
Journal of Biomedical Optics d January 2001 d Vol. 6 No. 1 11



Axelrod
Fig. 8 Surface near-field emission photographs with Hg arc illumination, Olympus 1.65 NA 100X objective, and LAFN21 substrate. The left panels
are ‘‘near-field only’’ images with the opaque disk installed and blocking subcritical light. The right panels show the same fields of view with the
opaque disk removed and thereby transmitting all the light. (a) and (b) DiI adsorbed on the substrate with overlaying fluorescein solution. The
orange color and the obvious surface scratches in the left panels show clear surface selectivity, in comparison with the green color and relative
uniformity of bulk fluorescein in the right panels. (c) and (d) DiI labeled cells in a culture containing bovine chromaffin cells and some other cell
types. The left panels show much out of focus fluorescence from more distal regions of the clump (although the focal plane is the same for the two
sets of panels). All images were recorded with an Olympus DP10 color digital CCD camera with contrast and brightness subsequently optimized
for each; color balance was not altered. For the demonstration here, the opaque disk in the emission path was the head of a short flathead screw
of diameter 2.7 mm, glued to a thin wire bridging across the circular aperture. A more perfectly circular disk with a more precisely selected
diameter would doubtlessly produce a higher quality surface-selective image, but the effect is clear.
12 Journal of Biomedical Optics d January 2001 d Vol. 6 No. 1
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