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Diffraction-limited focusing of a 
laser beam for the purpose of 

scanning a surface to either explore or 
modify that surface is the basis of 
several important technologies. Ex
amples include scanning optical 
microscopy, optical disk data storage, 
and laser printing. The size of the 
focused spot and the corresponding 
depth of focus are important factors 
in determining the performance char
acteristics of these systems. This 
month's column is part one of a two-
part series that examines methods of 
forming the focused spot, and attempts 
to clarify the relation between the spot 
size and the depth of focus. The first 
part addresses imaging through air, 
immersion oil, and cover plates. Next 
month's column will continue this 
discussion, concentrating on imaging 
through solid immersion lenses. 

Principle of operation 
The essential features of a 
scanning optical microscope 
are shown in Figure 1. A laser 
beam is sent through an ob
jective lens to form a focused 
spot on the sample. Ideally, 
the objective is corrected for 
all aberrations, yielding a 
diffraction-limited focused 
spot. The light reflected from 
the sample returns through 
the objective and is redirect
ed by the beam-splitter to 
a detection module. The 
detection module may be 
designed to monitor the 
power, the phase, or the 
polarization state of the 
returning beam. The electri
cal signal S(x, y) produced by 
the detector is thus represen
tative of the small area of the 
sample illuminated by the 
focused spot at and around 
the point (x, y). The sample is 
moved to different locations by the XY 
stage on which it is mounted, and the 
signal S(x, y), plotted against the sam
ple's position, yields an image of the 
sample's surface over the scanned area. 

Spot size at best focus 
The most important component of 
any optical microscope is its objec
tive lens. The quality of the focused 
spot produced by the objective de

termines the resolution of the 
images obtained, so it is im
portant to have a very small, 
aberration-free spot at the 
focal plane of the objective. 
Figure 2, a schematic of an ob
jective lens, defines some of its 
important characteristics. The 
converging cone of light has a 
half-angle θ. The numerical 
aperture (NA) of the lens is de
fined in terms of this half-angle 
and the refractive index n of 
the medium in which the sam
ple is immersed: 

When the sample is in air (n = 1) 
the NA is less than unity, be

cause sinθ is upper-bounded by 1. 
However, if the sample is embedded 
in a liquid or solid of refractive index 
n > 1, the NA can be as large as n. 

The diameter, D, of an aberra
tion-free focused spot is given by 
diffraction theory as1 

where λ 0 is the vacuum wavelength 
of the laser beam. The above equa
tion only gives a rough estimate of 
the spot diameter; the exact value 
depends on how the diameter is 
defined [e.g., the diameter of the 
first dark ring of the Airy disk, or 
the full width at half maximum 
(FWHM) of the intensity distribu
tion] on the distribution of light at 
the entrance pupil of the lens (e.g., 
uniform or truncated Gaussian), 
and on the state of polarization of 
the laser beam. The proportionality 
constant between D and λ 0 / N A is 
typically between 0.5 and 1.5, 
depending on the circumstances. 

Figure 3 shows plots of intensity 
distribution at the focal plane of the 
0.615 NA objective shown in Figure 
2.2 The incident beam is assumed to 

Figure 1. Diagram of a s c a n n i n g opt ical m i c r o s c o p e . The object ive lens 
f o c u s e s the laser b e a m at the point (x, y) o n the s a m p l e . The XY s c a n 
ner on which the s a m p l e is mounted m o v e s the s a m p l e in smal l s t e p s 
a long both X a n d Y d i rect ions , cover ing the a r e a of interest . At e a c h 
point the ref lected light is p icked up by the detec tor m o d u l e a n d c o n 
verted to a signal S (x , y). A plot of S (x , y) c o n s t i t u t e s the image of the 
s c a n n e d area . 

Figure 2. A polar ized b e a m of light is brought to 
diffraction-l imited f o c u s by a m i c r o s c o p e objective tens. 
S i n c e s c a n n i n g m i c r o s c o p y is typically d o n e with a mono
chromat ic laser b e a m , chromat ic aberrat ions of the lens 
are of no c o n c e r n . B e n d i n g of the polarizat ion vector , 
however , is signif icant a n d m u s t be taken into c o n s i d e r a 
t ion. The half-angle θ of the f o c u s e d c o n e is u s e d to 
def ine the NA of the l e n s . The depth of f o c u s is within ± δ 
of the foca l p lane . For a high-NA singlet, s u c h a s the plano
convex shown here, diffraction-limited per formance over a 
flat field c a n be ach ieved only with an aspher ic sur face . 
This particular l ens , d e s i g n e d for operat ion at λ0 = 633 nm, 
has the following set of parameters : n = 1 . 8 0 6 0 9 2 , R c = 
0 . 9 8 4 6 m m , K = -1.00938, A4 = 6.16672 X 10-2, A6 = 
1 . 4 2 9 4 8 X 10-2, A8= -2.14376 X 10-2, A10 = 8.12147 
X 10-3, aperture radius = 1 m m , t h i c k n e s s = 1 .142 m m . 
The lens NA is 0.615 a n d its focal length is 1.2315 m m . 
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be uniform and linearly polarized 
along the X-axis. The bending of the 
rays by the lens produces E-field 
components along the Y- and Z-axes 
as well; the distributions of these 
components, which carry a small 
fraction of the total optical energy, are 
shown in Figures 3b and 3c. The log
arithmic scale of these plots enhances 
the rings of light around the central 
bright spot; typically these rings are 
weak and do not contribute much to 
the scanning signal. The central 
bright spot in Figure 3a is the most 
important contributor to the signal, 
but for accurate measurements the ef
fects of the entire focused spot should 
be taken into consideration. 

Depth of focus 
Another important characteristic of 
the focused spot is its depth of 
focus. Typically for high-NA objec
tives, the range over which the spot 
size can be considered to be small is 
quite limited. As shown in Figure 2, 
if the sample moves by ±δ along the 
Z-axis, deviations from perfect fo
cus may be tolerable, otherwise the 
quality of the scanning signal suf
fers. The order of magnitude of the 
depth of focus is given by the theory 
of diffraction as δ/λ = ± (D/λ) 2 , 
which is an expression for the 
Rayleigh range3 of the beam in a 
medium in which the wavelength is 
λ. This expression may be written 

The proportionality constant be
tween δ and D 2 /λ depends on the 
performance criteria of the system, 
and may be anywhere in the range 
of 0.1-1. For the 0.615 NA lens 
described earlier in Figure 2, plots of 

total intensity distribution (i.e., 
X-, Y-, and Z-components of polar
ization combined) at several dis
tances from focus are shown in Fig
ure 4.2 At best focus, a small 
elongation of the spot along the X-
axis can be observed. This is charac
teristic of focused spots obtained 
with linearly-polarized light at high 
NA. (The spot is always elongated 
along the direction of incident 
polarization.) The FWHM of the 
spot at this point is 0.57 μm along X 
and 0.51 μm along Y. Equations 2 
and 3 predict δ = ±λ 0 /NA 2 = ±1.67 
μm, in qualitative agreement with the 
distributions of Figure 4. The spot 
diameter is substantially enlarged 
when the depth of focus is exceeded. 

Oil immersion objective 
To obtain improved resolution one 
may use an oil immersion objective. 
As shown in Figure 5, the front ele
ment of this type of lens is in contact 
with a fluid of some specific refrac
tive index n. (The front element is 
typically an aplanatic sphere; for a 
discussion of aplanatism see "Abbe's 
sine condition," OPN, Feb. 1998, 
page 56.) The front element of the 
lens, the fluid, and 
the cover plate pro
tecting the sample 
(if any) should all 
have the same, or 
nearly the same, 
refractive index. 
Thus, upon emerg
ing from the objec
tive, the rays go 
directly to the sam
ple's surface without 
further bending. 
Under such condi
tions the wave
length of the light 
within the immer
sion oil is reduced 
by a factor of n, in 

Figure 3. Logarithmic plots of intensity distribution 
at the focal plane of the 0.615 NA objective shown 
in Figure 2. The incident beam is uniform and has 
linear polarization along the X-axis. From left to 
right: X-, Y-, and Z-components of polarization at 
best focus. The integrated intensities of the three 
components are in the ratio of 1 : 0.002 : 0.113. 

Figure 4. Loga
rithmic plots of 
total intensity 
distribution at 
and near the 
focus of the 
0.615-NA objec
tive shown in 
Figure 2. From 
top to bottom, 
Δz = 2 μm, 1.5 
μm, 1 μm, 0.5 
μm, and 0. 
Because of 
symmetry be
tween the two 
sides of focus, 
the distributions 
for ±Δz are the 
same. At best 
focus the spot's 
FWHM is 0.57 μm 
along X and 0.51 
μm along Y. 

Figure 5. An oil immersion objective 
focuses the beam onto the sample 
through an index-matched fluid of 
refractive index n. The fluid is in con
tact with both the sample and the front 
element of the lens. The rays that 
emerge from the objective do not bend 
on their way to the sample, thus form
ing a high-NA cone of light. For a given 
half-angle θ of the cone, the NA of an 
oil immersion objective is superior to 
that of an air-incidence objective by a 
factor of n. 
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consequence of which the effective 
N A of the lens increases by the same 
factor. Equations 1-3 apply to this 
case as well, showing that for a given 
cone angle θ both the spot size D and 
the depth of focus δ shrink by a fac
tor of n, as compared to an objective 
designed for operation in air. 

For an oil immersion lens having 
s inθ = 0.615 and n = 2, Figure 6 
shows plots of the total intensity dis
tribution at 1-μm defocus (top) and 
at best focus (bottom). Compared 
to Figure 4, which corresponds to 
the same value of θ in air, it is ap
parent that both the spot diameter 
and the depth o f focus have 
decreased by a factor of n = 2. 

Line scans across a grating 
Figure 7 shows the cross-section of a 
diffraction grating. The grating is 
coated with a thick layer of gold , 
(n, k) = (0.14, 3.37), has a groove 
depth of 170 n m , and a period of 
1.5 μ m of which 0.5 μ m is the groove 
width, 0.66 μ m is the land width, and 
the remaining 0.34 μ m is taken up by 
the two side-walls pitched at 45°. For 
the purpose of imaging this grating, 
the assumed detector module in the 
system of Figure 1 is a split-detector, 
oriented with its splitting line parallel 
to the grooves. As will be described 
below, the outputs S 1 , S 2 of the split-
detector can be combined in differ
ent ways to yield the scanning signal. 

Figure 8 shows plots of a single 
line-scan of the grating in the direction 
perpendicular to the grooves; the 

scalar theory of diffraction has been 
used to compute these plots. 2 The 
dashed curves correspond to a 0.6-NA 
air-incidence objective, while the solid 
curves represent a 1.2-NA oil-immer
sion objective. The scans in Figure 8a, 
obtained by adding S 1 and S 2 , repre
sent the total optical power returning 
from the sample. The monitored sig
nal in Figure 8b is the so-called push-
pull signal, (S1 - S 2)/(S 1 + S 2), 
which is sensitive to the position 
of the grooves' edges. Clearly, 
the o i l - immers ion objective 
with its superior N A provides a 
better resolution in both cases. 

The origin of the push-pull 
s ignal used for sensing the 
groove-edge may be under
stood by considering Figure 9, 
which shows the intensity dis
tribution in the exit pupi l of 
the objective lens for three cas
es, f rom top to bot tom: the 
spot is focused on the land cen
ter, on the groove edge, and on 
the groove center. The symme
try of this so-called "baseball 
pattern" is such that, with the 
beam focused on the land or 
on the groove, the split-detec
tor receives equal amounts of 
light on both its halves. How
ever, on the groove edge the 
diffraction orders appearing on 
one side of the baseball pattern 
have a different phase than 
those appearing on the oppo
site side, and therefore, the 
asymmetry between the two 
halves of the baseball pattern 
yields a fairly large differential 
signal. Since these calculations 
are based on the scalar theory 
o f d i f f rac t ion , a n o m a l o u s 
effects due to surface plasmon 
excitation and dependence on 
the beam's polarization state 
are not observed. Such effects 
will show up later in our full 
vector diffraction calculations. 

Focusing through a cover plate 
At times it is necessary to ob
serve a sample t h r o u g h a 
transparent cover plate. Bio
logical samples, for instance, 

are usually prepared between a pair 
of thin glass plates. Similarly, com
pact discs protect their storage layer 
f rom dust and fingerprints by re
quiring the light to go through a 1.2-
m m thick plastic substrate. In either 
case, the objective lens must be cor
rected for the specific thickness and 
refractive index of the cover plate. 

As shown in Figure 10, a cone of 

Figure 6. Logarithmic 
plots of intensity distrib
ution at and near the 
focus of an oil-immersion 
objective. The objective 
consists of the 0.615-NA 
lens of Figure 2 in 
conjunction with a 
hemispherical glass cap. 
Both the cap and the 
immersion oil have index 
n = 2, resulting in an 
overall NA of 1.23. 
Top: Δz = 1 μm away 
from the focal plane. 
Bottom: best focus; 
FWHM = 0.28 μm along 
X, 0.25 μm along Y. 

Figure 7. Cross section of a diffraction grating used in 
computer simulations (period = 1.5 μm). The gold coat
ing is thick enough to prevent the light from penetrating 
through to the other side. 

Figure 8. Scalar diffraction theory applied to the grating 
of Figure 7 yields these single-line scans in the direction 
perpendicular to the grooves. The scanned period extends 
from the center of the land at -0.75 μm to the center of 
the adjacent land at +0.75 μm, with the groove center at 
0. The dashed fines correspond to a 0.6-NA air-incidence 
objective, while the solid lines represent a 1.2-NA oil-
immersion objective. The detector module consists of a 
split-detector aligned with the grooves, yielding the 
signals S1 and S 2 . (a) Sum signal scans corresponding to 
the total reflected optical power. (b) Differential signal 
scans corresponding to the push-pull method. 
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light focused through a parallel plate 
becomes compressed toward the op
tical axis, its NA sinθ shrinking by 
the refractive index n of the plate. At 
the same time, the wavelength of the 
light inside the plate also shrinks by 
the same factor, that is, λ = λ 0 /n . The 
net effect is that the spot diameter D 

does not change as a result of focus
ing through the cover plate. Howev
er, Equation 3 implies that the depth 
of focus will improve. This would be 
true, of course, if one interpreted the 
depth of focus as the depth of the 
sample interrogated by the focused 
beam while the sample remained at 
rest. But what happens if one moved 
the sample in the ±Z direction and 
determined the distance Δz over 
which the image of the sample re
mained sharp? One finds in the latter 
case that focusing through the cover 
plate does not improve the depth of 
focus at all. In other words, the 
depths of focus with and without the 
cover plate are exactly the same. 
(Keep in mind that the objective lens 
is corrected for each case separately.) 

The reason for the above apparent 
discrepancy is as follows. If one moves 
the sample and the cover plate togeth
er by Δz along the positive Z-axis, the 
top of the cover plate also moves away 
from the lens by the same distance. 
Consequently the focused spot re
cedes from the sample's surface by 
nΔz, which is greater than the actual 
travel of the sample. (This analysis, 
which ignores residual spherical aber

rations, is quite straightforward and 
requires only the use of Snell's law and 
simple geometry. It also applies to the 
case where the sample and the cover 
plate move along the negative Z-axis.) 
Thus, as long as the lens remains sta
tionary while the sample and the cov
er plate travel together along Z, the 
cover plate does not cause an increase, 
nor a decrease, of the depth of focus. 
Aside from protecting the sample, fo
cusing through the cover plate has no 
obvious advantages. 
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Figure 9. Computed baseball patterns at the exit 
pupil of the 1.2-NA oil-immersion objective during 
the scans depicted in Figure 8. From top to bottom: 
The focused spot is on the land center, on the 
groove edge, and on the groove center. 

Figure 10. Focus
ing through a 
transparent cover 
plate of refractive 
index n. The cone 
angle shrinks by a 
factor of n, but the 
spot size and the 
depth of focus are 
not affected. 

Patent Design 

Diffractive 
Magnifier 

BY J. BRIAN CALDWELL 

Patent: U.S. 5,703,721 
Issued: December 30, 1997 
Title: Optical Magnifier 
Example: #2 of 5 
Inventors: Joseph R. Bietry, Lee R. 

Estelle, and Paul D. 
Ludington 

Assignee: Eastman Kodak Company 

Diffractive op
tical elements 

have a number of 
theoretical ad
vantages over con
ventional lenses, 
including a nega
tive Abbe num
ber, highly ab
normal partial dispersion, and zero 
petzval sum contribution. Howev
er, their use in visible light applica
tions has to date been limited be
cause of stray light problems. One 
application where this seems to be 
less of an issue is in visual systems 
such as eyepieces and magnifiers. 

This month's 
design (see Fig. 
1), is a two-ele
ment magnifier 
with a diffractive 
surface placed 
on the back 
surface of a bi
convex element. 

Whereas previous diffractive eye
piece designs took advantage of the 
color correcting abilities of the dif
fractive surface,1 this design uses a 
diffractive surface to primarily cor
rect high-order field curvature, 
astigmatism, and distortion. Two as
pheric surfaces are used to help con-

Figure 1. High performance magnifier 
using both diffractive and aspherical 
surfaces. 
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