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28.1 GLOSSARY

f focal length

M magnification

n refractive index

NA numerical aperture

z distance along optical axis

wavelength of light

I irradiance, sometimes called intensity

28.2 INTRODUCTION

The optical principles and basic lens design needed to generate a diffraction-limited, highly magni-
fied image with the light microscope were already essentially perfected a century ago. Ernst Abbe 
demonstrated how a minimum of two successive orders of diffracted light had to be captured in 
order for a particular spacing to be resolved (see historical sketch about Abbe principle1). Thus, he 
explained and demonstrated with beautiful experiments the role of the wavelength of the imaging 
light and the numerical aperture (NA n sin , Fig. 1)2 of the objective and condenser lenses on the 
resolving power of the microscope. In general, the minimum spacing  for line gratings that can just 
be resolved cannot be smaller than

2 NA
(1)

when the NA of the condenser is equal to the NA of the objective.
For generating an image, contrast is just as important as resolution. Much of the early use of 

the light microscope depended on the relatively high image contrast that could be generated by dif-
ferential absorption, scattering, reflection, birefringence, and the like due to specimen composition 
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or structure. Specimens, such as unstained living cells and other transparent objects introducing 
small optical path differences, were generally not amenable to direct microscopic observation for 
they would not produce detectable image contrast when brought to exact focus.

These impediments were removed by Zernike who showed how contrast in the microscope image 
is generated by interference between the light waves that make up the direct rays (that are undevi-
ated by the specimen) and those that were scattered and suffered a phase difference by the presence 
of the specimen. Using this principle, Zernike invented the phase-contrast microscope.3 For the first 
time it became possible to see, in focus, the image of small, nonabsorbing objects. Zernike’s revela-
tions, together with Gabor’s further contributions,4 not only opened up opportunities for the design 
of various types of interference-dependent image-forming devices but, even more importantly, 
improved our understanding of the basic wave optics involved in microscope image formation.

About the same time as Zernike’s contributions, perfection of the electron microscope made it 
possible to image objects down to the nanometer range, albeit necessitating use of a high-vacuum 
environment and other conditions compatible with electron imaging. Thus, for four decades follow-
ing World War II, the light microscope in many fields took a back seat to the electron microscope.

During the last decades, however, the light microscope has reemerged as an indispensable, 
powerful tool for investigating the submicron world in many fields of application. In biology and 
medicine, appropriate tags, such as fluorescent tags, are used to signal the presence and location 
of selected molecular species with exceptionally high sensitivity. Dynamic behaviors of objects far 
below the limit of resolution are visualized by digitally enhanced video microscopy directly in their 
natural (e.g., aqueous) environment. Very thin optical sections are imaged by video microscopy, and 
even more effectively with confocal optics. Quantitative measurements are made rapidly with the 
aid of digital image analysis.

Specimen

Condenser iris
diaphragm

+

+

Rear focal plane
(    back aperture)
of objective lens

~

FIGURE 1 Definition of numerical 
aperture of objective (NAobj n sin ) and 
condenser (NAcond n sin ).2
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At the same time, computer chips and related information-processing and storage devices, whose 
availability in part has spurred the new developments in light microscopy, are themselves miniatur-
ized to microscopic dimensions and packaged with increasingly higher density. These electronic and 
photonic devices in turn call for improved means for mass manufacturing and inspection, both of 
which require advanced microscope optics.

Driven by the new needs and aided in part by computerized ray tracing and the introduction 
of new optical materials, we see today another epochal advance in the quality of lens design. The 
precision and remote control capabilities of mechanical components are also steadily improving.
Furthermore, we may expect another surge of progress, hand-in-hand with development of improved 
electro-optical and electromechanical devices, in regulated image filtration, contrast-generating 
schemes, as well as in optical manipulation of the specimen employing microscope optics.

There are a number of excellent review articles and books discussing the optical principles of 
light microscopes1,5,6 and microscopic techniques,2,7–10 and their applications.11–14 Among the many 
resources on microscopy available on the Internet, the Molecular Expressions website (http://www.
microscopy.fsu.edu/index.html) stands out for its comprehensive treatment, beautiful illustrations, 
and interactive tutorials on the subject. 

The present chapter is intended in part to bridge the territories of the manufacturer and the user 
of the microscope, including those who incorporate microscope optics into other equipment or 
apply them in unconventional ways. In this revision for the third edition of the Handbook of Optics,
we reorganized the material, expanded the description of techniques that are typically covered only 
in passing by recent reviews and books on microscopy (e.g. interference and polarization micros-
copy), and added brief descriptions of imaging modes that are based on new optical concepts or 
new approaches to extract quantitative information from traditional imaging modes.

Many of the optical concepts and techniques, which are introduced here in the context of 
microscopy, are discussed in more detail in other chapters of this Handbook. On general optical 
considerations consult the Handbook chapters in this volume, “General Principles of Geometrical 
Optics” (Chap. 1) and on optical elements, such as “Lenses” (Chap. 17), “Polarizers” (Chap. 13), as 
well as chapters on physical optics for wave phenomena such as “Interference” (Chap. 2), “Diffraction” 
(Chap. 3), “Coherence Theory” (Chaps. 5 and 6), and “Polarization” (Chap. 12) which, as phenomena, 
are essential to the workings of the various contrast modes of the microscope. Material on image 
detection and processing can be found in Handbook chapters on vision in Vol. III, imaging detectors in 
Vol. II, and optical information and image processing in Chap. 11 of this volume.

28.3  OPTICAL ARRANGEMENTS, LENSES,  
AND RESOLUTION

Optical Arrangements

Geometric Optical Train, Magnification, Conjugate Planes In the optical train of a compound 
microscope (Fig. 2) invented by Galileo around 1610, the objective lens Lob projects an inverted, 
real, magnified image O  of the specimen O (or object plane) into the intermediate image plane (or 
primary image plane). The intermediate image plane is located at a fixed distance f z  behind Lob,
where f  is the back focal length of Lob and z  is the optical tube length of the microscope. In general, 
O  is an aerial image for which an ocular Loc (or the eyepiece) acts as a magnifier in front of the eye. 
Since Loc, coupled with the corneal surface and lens of the eye, produces an erect image O  of O on 
the retina, the object appears inverted to the observer. The ocular may also be used to project the 
image onto a screen. The aerial image at O  can also be exposed directly onto conventional film or 
an electronic sensor.

Continuing with the schematic diagram in Fig. 2, using thin-lens approximations, O is placed at 
a short distance z just outside of the front focal plane of Lob, such that z + f = a, where f is the front 
focal length of Lob and a is the distance between O and Lob. O  is formed at a distance b = (z  + f )
behind Lob. For a height y of O, the image height y  = y b/a. Thus, Lob magnifies O by Mob = b/a.
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Also, Mob = f /z = z /f . Mob is the transverse or lateral magnification of Lob. In the case of an infinity-
corrected objective (Fig. 3), Mob is the ratio ftb/f, with ftb the focal length of the specific tube lens 
Ltb. In turn, y  is magnified by Loc by a factor Moc = 25 cm / foc, where foc is the focal length of the 
ocular (in cm) and 25 cm is the so-called near distance from the observer’s eye (see Vol. II of this 
Handbook). Thus, the total transverse magnification of the microscope Mtot = Mob Moc.

Note that most microscope objectives are corrected for use only within a narrow range of image 
distances, and, in case of older style objectives, only in conjunction with specific groups of oculars. 
Mob, which is the magnification inscribed on the barrel of the objective lens, is defined for its specified 
tube length (for high-power objectives, Mob z /f ) or, in case of infinity-corrected objectives, when 
used together with its specified tube lens. These factors, as well as those mentioned under “Microscope 
Lenses, Aberrations,” must be kept in mind when a microscope objective is used as a magnifying lens, 
or in reverse as a high-numerical-aperture reducing lens, to form a truly diffraction-limited image. 

Continuing the optical train back to the light source in a transilluminating microscope, Fig. 4a
shows the ray paths and foci of the waves that focus on an on-axis point in the specimen. In Köhler 
illumination, the distance between the specimen and the condenser are adjusted so that the image of 
the field diaphragm in the illuminator is superimposed with the focused region of the specimen, and 
the lamp collector lens is adjusted so that the source image is focused in the plane of the condenser 
aperture diaphragm. Thus, O, O, O  and O  all lie in image planes that are conjugate with each other.

Tracing the rays emitted from a point in the light source (Fig. 4b), the rays are parallel between 
the condenser and the objective lenses. This situation arises because in Köhler illumination the light 

FIGURE 2 Ray path in the microscope from object to observer’s eye 
(see text).

FIGURE 3 Ray path in microscope with infinity-corrected objective and 
tube lens.



MICROSCOPES  28.5

source (the filament of an incandescent bulb or the bright arc of a discharge lamp) is projected into 
the front focal plane of the condenser. Also, since the pupil of an (experienced) observer’s eye is 
placed at the eyepoint or back focal plane of the ocular, the four aperture planes L, L , L , and L  are 
again conjugate to each other.

As inspection of Fig. 4a and b15 shows, the field planes and aperture planes are in reciprocal space 
relative to each other throughout the whole optical system. This reciprocal relationship explains how 
the various diaphragms and stops affect the cone angles, paths, and obliquity of the illuminating and 
image-forming rays, and the brightness, uniformity, and size of the microscope field. More funda-
mentally, a thorough grasp of these reciprocal relationships is needed to understand the wave optics 
of microscope image formation and for designing various contrast-generating devices and other 
microscope optical systems.

Transillumination The full impact of the illumination system on the final quality of the micro-
scope image is often not appreciated by the microscope user or designer. Undoubtedly, part of this 
neglect arises from a lack of understanding of the roles played by these components, in particular the 
condenser, and the common practice of closing down the condenser iris diaphragm to adjust image 
contrast for comfortable viewing. Regardless of the conventional view, critical examination of the 
microscope image or point spread function reveals the importance of the alignment, focus, tilt, NA, 
and effective aperture function of the condenser. The effects are especially noticeable when contrast is 
enhanced, e.g., by video microscopy. A further illustration of the importance of the illumination on 
the resolving power of the light microscope can be found in the section on “Structured Illumination.”

(a) (b)

Illuminated field
diaphragm

Object

Primary image

Retina

Eyepiece

Field diaphragm of
eyepiece

Aperture diaphragm
of objective
Objective

Condenser

Illuminated field
diaphragm
Lamp collector

Lamp

Eye Exit pupil of microscope
(Ramsden disc)

Back focal plane
of objective

Illuminating aperture
diaphragm

Lamp filament

FIGURE 4 Ray paths in a transmitted light microscope adjusted for Köhler illumination. Two sets of 
conjugate planes are shown: set O in (a) is conjugate with the object O and with the field diaphragm planes; 
set L in (b) is conjugate with the lamp filament L and with aperture diaphragm planes.15
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Ernst Abbe was the first to systematically analyze the resolving power of microscope optics by 
fabricating precision line gratings and imaging them in the microscope. As indicated earlier, a grating 
is resolved if the objective lens captures at least two successive diffraction orders which are typically 
the zero- and first-order diffraction. Abbe summarized his results in a simple expression, relating the 
minimum resolvable pitch  to the numerical aperture of the objective and condenser lens:

NA NAobj cond

(2)

with  the wavelength of light used. This formula can be derived by considering the diffraction of 
linear gratings that are illuminated obliquely. In the limiting case of zero condenser NA, the grating 
is illuminated coherently by a collimated beam of light that is parallel to the microscope’s optical 
axis. The minimum resolvable pitch is proportional to the wavelength and inversely proportional to 
the objective NA. By increasing the condenser NA, oblique rays are added to the illuminating light, 
increasing the angular span between diffraction orders captured by the same objective lens, and thus 
decreasing the minimum resolvable pitch. By making the condenser and objective NA equal, the 
grating is effectively illuminated incoherently and Eq. (2) reduces to Eq. (1). 

The influence of the condenser NA on resolving two nearby point objects was considered by 
Hopkins and Barham.16 They applied the Rayleigh criterion for resolving two pinholes that are 
equally bright and illuminated incoherently (NAcond  NAobj) and found a minimally resolved distance 
d 0 61. /NAobj (Fig. 5, m  1).17 Distance d is a factor 1.22 larger than the limiting pitch of a grating 
illuminated and imaged by the same condenser and objective lens [Eq. (1)]. However, for the case of 
coherent illumination (NAcond  0), the minimal distance of two resolved points only increases by 
40 percent instead of 100 percent, as is the case for gratings. Hopkins and Barham calculated a maxi-
mum resolution (minimal d) for NAcond  1.5  NAobj. Such high NAcond is usually not achievable for 
high-NA objective lenses, and, in addition, with most objectives, flare due to internal reflection would 
reduce image contrast to an extent possibly unsalvageable even with video contrast enhancement. 
Again, reduction of NAcond, generally achieved by closing down the condenser iris diaphragm, tends 

FIGURE 5 Effect of the condenser aperture on the resolution of 
two pinholes of equal brightness. m is the ratio of the numerical aper-
tures of condenser to objective. L is the minimum resolved distance 
between the pinholes (Rayleigh criterion) in units of the wavelength 
divided by the objective aperture.17
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to raise image contrast so that even experienced microscopists tend to use an NAcond (0.3, . . . , 0.5)
NAobj to obtain a compromise between resolution and visibility. With video and other modes of elec-
tronic enhancement, the loss of contrast can be reversed so that improved lateral, and especially axial, 
resolution is achieved by using an NAcond that equals, or nearly equals, the NAobj.

Under optimum circumstances, the light source and condenser should be focused for Köhler 
illumination (Fig. 4) to minimize flare and to improve the homogeneity of field illumination. 
Alternately, image brightness, especially in the middle of the field, can be maximized by critical 
illumination where the condenser is somewhat defocused from Köhler illumination to produce an 
image of the source rather than the field diaphragm superimposed on the specimen. Either mode of 
illumination can yield resolution approximately as given by Eq. (2).

The aperture function of the microscope can become nonuniform, or limited, for a number of 
reasons. These include misalignment between the objective and condenser lenses; misalignment of 
the condenser iris (relative to the condenser lens elements); misalignment of the illuminator and 
condenser axes; tilted objective or condenser lenses or lens elements; nonuniform illumination of the 
condenser aperture; limited source size; nonuniform intensity distribution in the source; and improper 
choice, or focusing, of the condenser or source collector. Whether intentional or accidental, these con-
ditions can reduce the effective NAcond and/or induce oblique illumination, thus sacrificing resolution 
and image quality. An improvement, using a single optical fiber light scrambler, which allows the filling 
of the full condenser aperture with uniform illumination and little loss of field brightness (especially 
when using concentrated arc lamps) was introduced by Ellis18 (also see Figs. 3-13, 3-14 in Ref. 2).

Epi-Illumination In the epi-illumination mode, a beam splitter, part-aperture-filling mirror, 
or wavelength-discriminating dichromatic (unfortunately often called dichroic) mirror, placed 
behind the objective lens diverts the illuminating beam (originating from a light source placed in 
the side arm of the microscope) into the objective lens, which also acts as the condenser (Fig. 6).19

Alternatively, a second set of lenses and a beam-diverting mirror (both of whose centers are bored 
out and are arranged coaxially around the objective lens) can provide a larger NA-illuminating 
beam, much as in dark field illumination in the transillumination mode.

FIGURE 6 Schematic of epi-illuminating light path. The rotatable 
set of filter cubes with excitation filters, dichromatic mirrors, and bar-
rier filters matched to specific fluorochromes are used in epifluorescence 
microscopy.19
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This latter approach limits the maximum NA of the objective lens to around 1.25, but has the 
advantage that the illuminating beam traverses a path completely isolated from the image-forming 
beam. When the two beams do pass through the same objective lens, as is the case with most epi-
illuminating systems, the lens elements must be carefully designed (by appropriate choice of cur-
vature and use of highly efficient antireflection coating) to reduce hot spots and flare introduced by 
(multiple) reflection at the lens surfaces. Modern microscope objectives for metallurgical and indus-
trial epi-illuminating systems in particular are designed to meet these qualities. In addition, circular 
polarizers (linear polarizer plus /4 wave plate) and appropriate stops are used to further exclude 
light reflected from the surfaces of lens elements, cover glass, and the like. For epi-illumination 
fluorescence microscopy, dichromatic beam splitters, and barrier filters can reduce background con-
tamination that arises from the exciting beam to less than one part in 104.

Orthoscopic versus Conoscopic Imaging The common mode of observation through a microscope 
is by orthoscopic observation of the focused image. For certain specific applications, particularly 
with polarizing microscopes, examination of the aperture plane, or conoscopic observation, sheds 
valuable complementary information.

Conoscopic observation can be made either by replacing the regular ocular with a telescope that 
brings the aperture plane into focus or by inserting a Bertrand lens (that serves as a telescope objec-
tive) in front of a regular ocular. Conversely, one can observe the aperture plane simply by remov-
ing the ocular and looking down the microscope body tube (in the absence of a Bertrand lens) or 
by examining the Ramsden disk above the ocular with a magnifier. Levoy and Oldenbourg used a 
microlens array for generating a hybrid image that consists of an array of small conoscopic images, 
each sampling a different object area.20,21

The polar coordinates of each point in the aperture plane, that is the radius r and azimuth angle 
 are related to the rays traversing the specimen by: r  sin  and  azimuth orientation of the ray 

projected onto the aperture plane (Fig. 7). Thus, conoscopic observation provides a plane projection 
of all of the rays traversing the specimen in three-dimensional space. For specimens, such as single 
crystal flakes or polished mineral sections in which a single crystal is illuminated (optically isolated) 

FIGURE 7 Parallel rays with inclination 
and azimuth orientation  traversing the speci-
men plane, and focused by the objective lens at a 
point with radius r and same azimuth angle  in 
the aperture plane.
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by closing down the field diaphragm, the conoscopic image reveals whether the crystal is uniaxial 
or biaxial, its optic axis angle and directions, as well as sign and strength of birefringence and other 
anisotropic or optically active properties of the crystal.22

Conoscopic observation also reveals several attributes of the condenser aperture plane and its 
conjugate planes (e.g., in Köhler illumination, the plane of the condenser iris diaphragm and the 
illuminating source). Thus, conoscopy can be used for checking the size, homogeneity, and alignment 
of the illuminating light source as well as the size and alignment of the condenser iris diaphragm and 
phase-contrast annulus (located at the front focal plane of the condenser) relative to the objective exit 
pupil or the phase ring (located at the back focal plane of the objective). It also reveals the state of 
extinction in polarized light and interference-contrast microscopy and provides a visual estimate of 
the aperture transfer function for the particular optical components and settings that are used.

The aperture plane of the microscope is also the Fourier plane of the image, so that diffraction 
introduced by periodic textures in the specimen can be visualized in the aperture plane by cono-
scopic observation. Depending on the NA of the objective and the spatial period in the specimen, 
the pattern of diffraction up to many higher orders can be visualized in the aperture plane when the 
condenser iris is closed down to illuminate the specimen with a parallel beam of light. Closing down 
the condenser iris restricts the zero-order light to a small area in the aperture plane and higher-
order diffraction maxima produce additional images of the diaphragm displaced in the directions of 
the periodic texture in the specimen. 

Microscope Lenses, Aberrations

Objective Lenses With few exceptions, microscope objective lenses are designed to form a diffraction-
limited image in a specific image plane that is located at a fixed distance from the objective lens (or from 
the tube lens in the case of an infinity-focus system). The field of view is often quite limited, and the 
front element of the objective is placed close to the specimen with which it must lie in optical contact 
through a medium of defined refractive index n, usually air (n  1, dry objectives), water (n  1.33, water 
immersion objectives), oil (n  1.52, oil immersion objectives) or other high refractive index media.

Depending on the degree of correction, objectives are generally classified into achromats, 
fluorites, and apochromats with a plan designation added to lenses with low curvature of field and 
distortion (Table 1). Some of these characteristics are inscribed on the objective lens barrel, such 
as Plan Apo 60/1.40 oil 160/0.17, meaning 60 power/1.40 NA Plan Apochromatic objective lens 
designed to be used with oil immersion between the objective front element and the specimen, cov-
ered by an 0.17-mm-thick coverslip, and used at a 160-mm mechanical tube length. Another exam-
ple might be Epiplan-Neofluar 50 /0.85 /0, which translates to Plan “Fluorite” objective designed 
for epi-illumination (i.e., surface illumination of specimen through the objective lens rather than 
through a separate condenser) with a 50  magnification and 0.85 NA to be used in air (i.e., without 
added immersion medium between the objective front element and coverslip or specimen), with no 
coverslip, and an (optical) tube length of infinity. “Infinity-corrected” objectives require the use of 

TABLE 1 Objective Lens Types and Corrections

Type Spherical Chromatic Flatness

Achromat  2 No
F-achromat  2 Improved
Neofluar 3 < 3 No
Plan-neofluar 3 < 3 Yes
Plan apochromat 4 > 4 Yes

 corrected for two wavelengths at two specific aperture angles.
2  corrected for blue and red (broad range of visible spectrum).
3  corrected for blue, green, and red (full range of visible spectrum).
4  corrected for dark blue, blue, green, and red.
Source: Zeiss publication #41-9048/83.
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a designated tube lens to eliminate residual aberrations and to bring the rays to focus into the image 
plane. Several other codes are inscribed or color-coded on microscope objectives (Tables 2 and 3).

Older style objective lenses are designed to be used with a specified group of oculars or tube 
lenses that are placed at specific distances in order to remove residual errors. For example, compen-
sation oculars were used in conjunction with apochromatic and other high-NA objectives to elimi-
nate lateral chromatic aberration and improve flatness of field. However, modern style objectives 
together with their tube lenses are typically fully corrected so as not to require additional chromatic 
or other type corrections.

Coverslip Correction For objective lenses with large NAs, the optical properties and thicknesses 
of the media lying between its front element and the specimen critically affect the calculations 

TABLE 2 Common Abbreviations Designating Objective Lens Types

DIC, NIC Differential (Nomarski) interference contrast

L, LL, LD, LWD, ELWD, ULWD Long working distance (extra-) (ultra-)

FL, FLUOR, NEOFLUOR, FLUOTAR With corrections as with “fluorite” objectives but no longer 
implies the inclusion of fluorite elements

PHASE, PHACO, PC, PH 1, 2, 3, etc. Phase contrast, using phase condenser annulus 1, 2, 3, etc.

DL, DM, PLL, PL, PM, PH, NL, NM, NH Phase contrast: dark low, dark medium, positive low low, low, 
medium, high contrast (regions with higher refractive index 
appear darker); negative low, medium, high contrast (regions 
with higher refractive index appear lighter)

PL, PLAN; EF Flat field; extended field (larger field of view but not as high as 
with PLAN, achromats unless otherwise desginated)

PLAN APO Flat field apochromat

NPL Normal field of view plan

P, PO, POL Low birefringence, for polarized light

UV UV transmitting (down to approx. 340 nm), for UV-excited 
epifluorescence

ULTRAFLUAR Fluorite objective for imaging down to approx. 250 nm in UV as 
well as in the visible range

CORR, W/CORR With correction collar

I, IRIS, W/IRIS Adjustable NA, with iris diaphragm built into back focal plane

M Metallographic

NC, NCG No coverslip

EPI Surface illumination (specimen illuminated through objective 
lens), as contrasted to dia- or transillumination

BD, HD For use in bright or darkfield (hell, dunkel)

CF Chrome-free (Nikon: objective independently corrected 
longitudinal chromatic aberrations at specified tube length)

ICS Infinity color-corrected system (Carl Zeiss: objective lens 
designed for infinity focus with lateral and longitudinal 
chromatic aberrations corrected in conjunction with a specified 
tube lens)

OIL, HI, H; WATER, W; GLY Oil immersion, Homogeneous immersion, water immersion, 
glycerol immersion

U, UT Designed to be used with universal stage (magnification/NA 
applies for use with glass hemisphere; divide both values by 
1.51 when hemisphere is not used)

DI; MI; TI Michelson Interferometry: noncontact; multiple-beam (Tollanski)

ICT; ICR Interference contrast: in transillumination; in reflected light
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needed to satisfy the aplanatic and sine conditions and otherwise to correct for image aberrations. 
For homogeneous immersion objectives (that are designed to be used with the refractive indices 
and dispersion of the immersion oil, coverslip, and medium imbibing the specimen, all matched to 
that of the objective lens front element), the calculation is straightforward since all the media can be 
considered an extension of the front lens element.

However, with nonimmersion objectives, the cover glass can become a source of chromatic aber-
ration, which is worse the larger the dispersion and the greater the thickness of the cover glass. The 
spherical aberration is also proportional to the thickness of the cover glass. In designing objectives 
not to be used with homogeneous immersion, one assumes the presence of a standard cover glass 
and other specific optical media between the front lens element and the specimen. As one departs 
from these designated conditions, spherical aberration (and also coma) increases with the NA of the 
lens, since the difference between the tangent and sine of the angle of incidence is responsible for 
departure from the needed sine condition.

It should also be noted that oil immersion objectives fail to provide full correction, or full NA, 
when the specimen is mounted in an imbibing medium with a different refractive index, for exam-
ple aqueous media, even with the objective and cover glass properly oil-contacted to each other. 
With such an arrangement, the diffraction image can degrade noticeably as one focuses into the 
specimen by as little as a few micrometers.23 Special water immersion objectives (e.g., Nikon Plan 
Apo 60 /1.2 NA and short-wavelength transmitting Fluor 40 /1.0 NA, both with collar to correct 
coverslip thickness deviation from 0.17 mm) overcome such aberrations, even when the specimen is 
imaged through an aqueous medium of 200-μm thickness.

For lenses that are designed to be used with a standard coverslip of 0.17-mm thickness (and nD
1.515), departure from standard thickness is not overly critical for objectives with NA of 0.4 or less. 
However, for high-NA, nonhomogeneous immersion lenses, the problem becomes especially critical 
so that even a few micrometers’ departure of the cover glass thickness degrades the image with high-
dry objectvies (i.e., nonimmersion objectives with high NA) of NA above 0.8 (Fig. 8).24 To compensate 
for such error, well-corrected, high-dry objectives are equipped with correction collars that adjust the 
spacing of their intermediate lens elements according to the thickness of the cover glass. Likewise, 
objective lenses that are made to be viewed through layers of silicon or plastic, or of different immer-
sion media (e.g., water/glycerol/oil immersion lenses), are equipped with correction collars.

The use of objective lenses with correction collars does, however, demand that the observer is 
experienced and alert enough to reset the collar using appropriate image criteria. Also, the focus tends 
to shift, and the image may wander, during adjustment of the correction collar. Figure 9 shows an 

TABLE 3 Color-Coded Rings on Microscope Objectives

Color code (narrow colored ring located near the specimen end of objective)

Black Oil immersion
Orange Glycerol immersion
White Water immersion
Red Special

Magnification color code (narrow band located further away from specimen 
than immersion code)

Color Magnification

Black 1, 1.25, 1.5
Brown 2, 2.5
Red 4, 5
Yellow 10
Green 16, 20
Turquoise blue 25, 32
Light blue 40, 50
Cobalt (dark) blue 60, 63
White (cream) 100 and higher
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FIGURE 8 Calculated maximum intensity in the image of a point object 
versus the deviation of the coverglass thickness from the ideal thickness.24

G1 G2

(a)

G3

G1 G2

(b)

G3

FIGURE 9 High-dry objective lens (60 /0.7 NA) equipped with 
a correction collar for (a) focusing at the surface or (b) through plane 
glass of up to 1.5-mm thickness. The lens group G2 is moved forward 
to enhance the spherical and chromatic correction by G1 and G2 when 
focused on the surface, while it is moving backward to compensate for 
the presence of the glass layer when focusing deeper through the glass.24

(U.S. Patent 4666256.)
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example of a 60/0.7 objective lens equipped with a correction collar for focusing at the surface or 
through a cover glass of up to 1.5-mm thickness without altering the focal setting of the lens.

Tube Lengths and Tube Lenses for Which Microscope Objectives Are Corrected For finite-focused 
“biological” objective lenses, most manufacturers had standardized the mechanical tube length to 
160 mm. More recently most manufacturers have switched to infinity focus for their biomedical and 
metallurgical microscopes.

For infinity-focused objective lenses, the rays emanating from a given object point are paral-
lel between the objective and tube lens. Since the physical distance (Dp, Fig. 3) and optical path 
length between the objective and tube lens are not critical, optical plane-parallel components, such 
as compensators, analyzers, and beam splitters, can be inserted in this space without altering the 
objective’s corrections. The tube lens focuses the parallel rays onto the intermediate image plane.

The magnification of an infinity-focused objective lens is calculated by dividing the focal length of 
the tube lens (also called reference focal length) by the focal length of the objective lens. The reference 
focal lengths adopted by several manufacturers are listed in Table 4.

Working Distance Microscope objectives are generally designed with a short free working distance, 
that is the distance from the front element of the objective lens to the surface of the cover glass or, 
in the case of lenses that are designed to be used without cover glass, to the specimen surface. For 
some applications, however, a long free working distance is indispensable, and special objectives are 
designed for such use despite the difficulty involved in achieving large numerical apertures and the 
needed degree of correction.

Field Size, Distortion The diameter of the field in a microscope is expressed by the field-of-view 
number, or simply field number, which is the diameter of the field in millimeters measured in the 
intermediate image plane. The field size in the object plane is obviously the field number divided 
by the magnification of the objective. While the field number is often limited by the magnification 
and field stop of the ocular, there is clearly a limit that is also imposed by the design of the objective 
lens. In early microscope objectives, the maximum usable field diameter tended to be about 18 mm 
or considerably less, but with modern plan apochromats and other special flat field objectives, 
the maximum usable field can be as large as 28 mm or more. The maximum useful field number of 
objective lenses, while available from the manufacturers, is unfortunately not commonly listed in 
microscope catalogs. Acknowledging that these figures depend on proper combination with specific 
tube lenses and oculars, we should encourage listing of such data together with, for example, UV 
transmission characteristics (e.g., as the wavelength at which the transmission drops to 50 percent, 
or some other agreed upon fraction).

Design of Modern Microscope Objectives Unlike earlier objective lenses in which the reduction of 
secondary chromatic aberration or curvature of field were not stressed, modern microscope objectives 
that do correct for these errors over a wide field tend to be very complex. Here we shall examine two 
examples, the first a 60/1.40 Plan Apochromat oil-immersion lens from Nikon (Fig. 10).24

Starting with the hyperhemisphere at the front end (left side of Fig. 10) of the objective, this 
aplanatic element is designed to fulfill Abbe’s sine condition in order to minimize off-axis spheri-
cal aberration and coma, while providing approximately half the total magnifying power of the 
objective (Fig. 11). In earlier designs, the hyperhemisphere has been made with as small a radius 

TABLE 4 Reference Focal Lengths for Infinity-
Focused Objective Lenses

Leica 200 mm B, M
Olympus 180 mm B, M
Carl Zeiss 164.5 mm B, M
Nikon 200 mm B, M

B  biological, M  metallurgical.
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as possible in order to maximize its magnifying power and to minimize its spherical and chro-
matic aberrations, since these aberrations increase proportionally with the focal length of the lens. 
Modern demands for larger field size and reduced curvature of field, however, introduce a conflict-
ing requirement, namely, the need to maintain as large a radius as practical in order to minimize the 
hyperhemisphere’s contribution to the Petzval sum (the algebraic sum of the positive and negative 
curvatures multiplied by the refractive indices of the lens elements).25 The hyperhemisphere in these 
Plan Apochromats is made with a high-index, low-dispersion material to compensate for the greater 
radius. Additionally, a negative meniscus is generated in the front surface of the hyperhemisphere 
to which is cemented a minute, plano-convex lens. The negative curvature in the hyperhemisphere 
contributes to the reduction of the Petzval sum. At the same time the minute plano-convex lens 
protects the material of the hyperhemisphere which is less resistant to weathering. Index matching 
between the minute plano-convex lens and immersion oil eliminates or minimizes the refraction 
and reflection at the lens-oil interface and provides maximum transmission of the all-important 
high-NA rays into the objective lens. The index matching also reduces the influence of manufacturing 
errors of this minute lens element on the performance of the objective.

FIGURE 10 Design of Nikon Plan Apochromat oil-immersion objec-
tive with 60  magnification and 1.40 NA.24

FIGURE 11 Aplanatic condition of the hyperhemisphere placed at the front end of an 
oil-immersion objective. The front lens has the same refractive index as the coverglass and 
immersion oil. The aplanatic condition describes the necessary relationship between refrac-
tive index n, distance d between object and spherical surface, and radius r of the spherical 
surface, in order to make all rays emanating from an object point on the axis leave the hemi-
spherical surface after refraction without introducing spherical aberration. According to the 
sine condition, the magnification  has to be constant for all angles . On the right, the small 
amount of longitudinal spherical aberration and chromatic deviation due to dispersion from 
the ideal focus point of the hyperhemisphere is shown for different wavelengths ( C  656 
nm, d  588 nm, F  486 nm, g  436 nm). Abscissa: longitudinal deviation on lens axis. 
Ordinate: numerical aperture from 0 (lens axis) to 1.4 NA.24

NA = 1
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Spherical
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The low-dispersion-glass singlet behind the aplanatic hyperhemisphere further reduces the 
cone angle of the rays entering the doublets that follow, allowing these and the subsequent lenses 
to concentrate on correcting axial and lateral chromatic aberration as well as curvature of field. 
These errors, as well as residual spherical aberrations, are corrected by inclusion of low-dispersion 
positive and high-dispersion negative lens elements, use of thick-lens elements, appropriate place-
ment of positive and negative lens curvatures, and through extensive ray tracing. Near the exit pupil, 
the height of the ray paths through the concave surfaces is reduced in order to generate additional 
negative values that minimize the Petzval sum (to complement the inadequate negative contribution 
made by the concave surface in the hyperhemisphere), so that field flatness can be improved without 
overly reducing the objective lens’ magnifying power or adding to its spherical aberration.

In reality, the Petzval sum of the objective as a whole is made somewhat negative in order to 
compensate for the inevitable positive Petzval sum contributed by the ocular. Thus, the image at the 
intermediate image surface, especially the sagittal surface of modern objectives, bows away from the 
object. Unless the image area is relatively small, one needs to use specified oculars in order to attain 
maximum field flatness combined with optimum correction otherwise.

Unlike earlier objective lenses whose design did not appreciably vary from one manufacturer to 
another, the design of lenses in modern microscope objectives can vary considerably. For example, 
compare the Nikon Chrome Free 60/1.4 Plan Apo objective discussed above and the Zeiss Infinity 
Color-Corrected Systems 63/1.4 Plan Apo objective in Fig. 12. Both are excellent, state-of-the-art 
lenses. But in addition to general design philosophy, including the decision to avoid or to use tube 
lenses to achieve full chromatic corrections, other factors such as choice of optical elements with 
special dispersion characteristics; degrees of UV transmission; freedom from fluorescence, birefrin-
gence, aging loss of transmittance, and the like all affect the arrangement of choice.

While a modern research-grade microscope is corrected to keep the aberrations from spreading the 
image of a point source beyond the Airy disk, geometrical distortion of the image formed by micro-
scope objectives tends not to be as well-corrected (e.g., compared to photographic objectives at the 
same picture angle). Thus, in objectives for biological use, pincushion distortions of up to 1 percent 
may be present. However, in objectives that are designed for imaging semiconductors, the distortion 
may be as low as 0.1 percent and they can be considered nearly distortion-free. To reduce stray light 
and flare, modern microscope objectives contain lens elements with carefully tuned, antireflection 
coatings, and lens curvatures are selected to minimize ghost images arising from multiple reflections.

Given the sophisticated design to provide a wide flat field, with spherical aberrations corrected 
over a broad wavelength range, and with low longitudinal as well as chromatic aberrations corrected 
at high NA, the aberration curves of these modern microscope objectives no longer remain simple 
cubic curves, but turn into complex combinations of higher-order curves (Fig. 13).

FIGURE 12 Carl Zeiss Infinity Color-Corrected 63/1.4 Plan Apo objective. 
(Courtesy of E. Keller, Carl Zeiss, N.Y.)
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Oculars As conventionally illustrated, the ocular in a light microscope further magnifies the 
primary (intermediate) image formed by the objective lens (Figs. 2 and 3). The ocular can also 
be viewed as the front elements of a macro (relay) lens system made up of the ocular plus the 
refractive elements of the viewer’s eye (Fig. 4a) or a video or photographic camera lens. Special 
video and photo oculars combine these functions of the ocular plus the video or photo lenses into 
single units.

The intermediate image plane (that lies between the lenses in many ocular types or precedes the 
lens elements in the Ramsden-type oculars), or its conjugate plane is used to place field-limiting 
stops, iris diaphragms, reticles, micrometer scales, comparator beam splitters, and the like that need 
to appear in the same focal plane as the specimen.

The Ramsden disk, the exit pupil of the objective lens imaged by the ocular, generally appears 
a short distance above the ocular (Fig. 4b). Since the Ramsden disk should lie in the observer’s 
pupil, special high-eye-point oculars are provided for the benefit of observers wearing corrective 
eye glasses (especially those for astigmatism). High-eye-point oculars are also used for inserting 
beam-deviating devices (such as the scanning mirrors in laser scanning confocal microscopes) or 
aperture-modifying devices (such as aperture occluders for stereo viewing through single objective 
binocular microscopes2).

The magnification of an ocular is defined as 25 cm divided by the ocular’s focal length. On 
the ocular, the magnification and field number are inscribed (e.g., as 10 /20, meaning 10-power 
or 25-mm focal length with a field of view of 20-mm diameter), together with manufacturer’s 
name and special attributes of the ocular such as chromatic-aberration-free (CF), wide-field 
(W, WF, EWF), plan (P, Pl), compensation (Comp, C, K), high-eye-point (H, picture of glasses), 
with cross hair and orientation stub for crystallography (pol), projection (pro), photographic 
(photo), video (TV), and the like. Also, special oculars provide larger and flatter fields of view 
(designated wide field, extra wide field, plan, periplan, hyperplan, etc., some with field numbers 
ranging up to 28 mm).

FIGURE 13 Spherical aberration curves for spectral lines 
(C, d, F, and g) of a highly corrected modern microscope objective 
with a high numerical aperture.24 Ordinate: numerical aperture 
from 0 (lens axis) to NA  0.95. Abscissa: longitudinal deviation 
of focal distance on lens axis indicated in millimeters. (The depth 
of focus for a 40 /0.95 NA apochromatic objective is approxi-
mately 1 mm which corresponds to a depth of field of 0.6 um in 
specimen space.)
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Compared to microscope objective lenses, fewer design standards have been adopted and fewer 
standard abbreviations are used to designate the performance or function of the oculars. Two 
physical parameters of the oculars have, however, become more or less standardized. The outside 
diameter of the ocular is either 23.2 mm or 30.0 mm, and the reference distance, or the parafocal-
izing distance of the ocular (i.e., the location of the intermediate image plane below the flange of the 
ocular) is now generally set to 10 mm.

In the past, oculars with wide ranges of incremental magnifications were provided to adjust the 
total image magnification of the microscope, but this practice is now replaced by the use of much 
fewer, better-corrected oculars coupled with a telan magnification changer in the microscope’s body 
tube, or a zoom projection ocular.

Factors affecting choice of ocular focal length and magnification include optimizing the micro-
scope total magnification and image resolution to match the MTF characteristics of the detector and 
to adjust the available field coverage. In video-enhanced fluorescence, differential interference con-
trast, polarizing, dark field, and the like microscopy, the total magnification often needs to be raised 
beyond the classical “empty magnification” limit, in order to be able to visualize minute objects 
whose diameters lie well below the limit of microscope resolution.2 However, depending on the 
MTF characteristics, sensitivity, and total pixels available in the sensor, conflicts may arise between 
the need for greater magnification, image brightness, and field coverage. To optimize the total image 
magnification, fine trimming of the ocular magnification may be needed, in addition to choosing 
an objective with the appropriate magnification and NA-to-magnification ratio. Zoom oculars are 
especially suited for fine-tuning the magnification to optimize S/N ratio and image integration time 
in video microscopy. For very low light level images, for example in photon-counting imaging, ocu-
lar magnifications of less than one may be needed in order to sufficiently elevate the S/N ratio, albeit 
at a sacrifice to spatial resolution.

In addition to adjusting image magnification and placing the microscope’s exit pupil at a 
convenient location, the ocular compensates for the aberrations that have not been adequately 
corrected in the objective and tube lens. Huygens oculars combined with lower-power achromatic 
objectives, and compensating oculars combined with higher-NA achromatic and apochromatic 
objectives, correct for lateral chromatic aberration. Some higher-NA achromatic objectives are 
purposely designed to provide residual aberrations (including field curvature) that are similar to 
those in the apochromats, so that the same compensation oculars can be used to compensate for 
both types of objectives.

Modern objectives used with the appropriate tube lens are sufficiently well corrected to require 
minimum or no compensatory correction by the oculars. In research-grade microscopes, the 
image projected by the objective and tube lens is often recorded directly by placing an electronic 
image sensor into the intermediate image plane. With objectives that are designed to produce 
well-corrected intermediate images, oculars themselves are made independently free of lateral and 
longitudinal chromatic and some spherical aberrations. Regardless of the degree of correction 
relegated to the ocular, modern microscopes provide images with color corrections, fields of view, 
and flatness of field much superior to earlier models.

Resolution

Airy Disk and Lateral Resolution Given a perfect objective lens and an infinitely small point of 
light residing in the specimen plane, the image formed in the intermediate image plane by the 
objective lens is not another infinitely small point, but a diffraction image with a finite spread 
(Fig. 14a). This Airy diffraction image is the Fraunhofer diffraction pattern formed by the exit 
pupil of the objective lens from which spherical waves converge to the focal point. The distribu-
tion of irradiance of the diffraction image (Fig. 14b)26 is given by an expression containing the 
first-order Bessel function J1(v):

I v I
J v

v
( )

( )
0

1

2
2

(3)
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with v proportional to the diffraction angle. If the irradiance is calculated as a function of radius 
measured from the center of the Airy diffraction pattern located in the intermediate image plane, v
takes on the form

v
M

ri2
NA

(4)

where NA is the numerical aperture and M the magnification of the objective lens,  the wavelength 
of light, and ri the radial distances measured in the intermediate image plane. If we express ri as a 
distance ro in the object plane, with ri M ro, we obtain the more familiar relationship:

v ro2
NA

(5)

The central bright disk of the diffraction image is known as the Airy disk, and its radius (the radius 
from the central peak to the first minimum of the diffraction image) in object plane units is given by

rAiry NA
0 61. (6)

When there exist two equally bright, self-luminous points of light separated by a small distance d in 
object space, that is the specimen plane, their diffraction images lie side by side in the image plane. 
The sum of the two diffraction images, assuming the two points of light were mutually incoherent, 
appears as in Fig. 15a. As d becomes smaller so that the first minimum of one diffraction image 
overlaps with the central maximum of the neighboring diffraction image (d rAiry, Fig. 15b),26

their sum (measured along the axis joining the two maxima) still contains a dip of 26.5 percent of 
the peak intensities that signals the twoness of the source points (the Rayleigh criterion). Once d
becomes less than this distance, the two diffraction images rapidly pass a stage where instead of a 
small dip, their sum shows a flat peak (the Sparrow criterion) at d  0.78 rAiry, and thereafter the sum 
of the diffraction images appears essentially indistinguishable from one arising from a single point 
source instead of two. In other words, we can no longer resolve the image of the two points once 
they are closer than the Rayleigh criterion, and we loose all cues of the twoness at spacings below 
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FIGURE 14 Airy pattern of circular aperture: image (a) of central Airy disk, first dark ring and 
subsidiary maximum and graph (b) of radial intensity distribution.26
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the Sparrow criterion. Since the diameter of the Airy diffraction image is governed by NAobj and the 
wavelength of the image-forming light , this resolution limit normally cannot be exceeded (for 
exceptions, see the section “Beyond the Diffraction Limit” later in this chapter).

The consideration given here for two-point sources of light applies equally well to two absorbing 
dots, assuming that they were illuminated incoherently. (Note, however, that it may, in fact, be dif-
ficult or impossible to illuminate the two dots totally incoherently since their spacing may approach 
the diameter of the diffraction image of the illuminating wave. For the influence of the condenser 
NA on resolution in transillumination, refer to the section on “Transillumination” earlier in this 
chapter. Also, the contrast of the diffraction images of the individual absorbing dots diminishes rap-
idly as their diameters are decreased, since the geometrical size of such small dots would occupy a 
decreasing fraction of the diameter of their diffraction images. For further detail see.)27

The image of an infinitely small point or line thus acquires a diameter equal to that of the Airy 
disk when the total magnification of the image becomes sufficiently large so that we can actually 
perceive the diameter of the Airy disk. In classical microscopy, such a large magnification was deemed 
useless and defined as empty magnification. The situation is, however, quite different when one is 
visualizing objects smaller than the limit of resolution with video microscopy. The location of the 
Airy disk can, in fact, be established with very high precision. Distances between lines that are clearly 
isolated from each other can, therefore be measured to a precision much greater than the resolution 
limit of the microscope. Also, minute movements of nanometer or even Ångstrom steps have been 
measured with video-enhanced light microscopy using the center of gravity of the highly magnified 
diffraction image of marker particles (see “Beyond the Diffraction Limit” later in this chapter).

Three-Dimensional Diffraction Pattern, Axial Resolution, Depth of Focus, Depth of Field The 
two-dimensional Airy pattern that is formed in the image plane of a point object is, in fact, a cross 
section of a three-dimensional pattern that extends along the optical axis of the microscope. As 
one focuses an objective lens for short distances above and below exact focus, the brightness of the 
central spot periodically oscillates between bright and dark as its absolute intensity also diminishes. 
Simultaneously, the diameters of the outer rings expand, both events taking place symmetrically 
above and below the plane of focus in an aberration-free system (Fig. 16).28

FIGURE 15 Overlapping Airy patterns: (a) clearly resolved and (b) center of Airy pat-
terns separated by d  rAiry, Rayleigh criterion.26
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Figure 17 shows an isophote (lines of equal brightness) of the longitudinal section of this three-
dimensional diffraction image. The relationship between v and the lateral distance ri is given by Eq. (4). 
The axial distance zi, oriented perpendicular to the image plane, is related to u by

u
M

zi2
2NA

2
(7)

In the graph we recognize at v  1.22  (and u  0, focal plane) the first minimum of the Airy pat-
tern which we discussed in the preceding section. The intensity distribution along u perpendicular 
to the focal plane has its first minima at u  ±4  and v  0( z1 in Fig. 17a). To find the actual 
extent of the three-dimensional diffraction pattern near the intermediate plane of the microscope, 
we express the dimensionless variables v and u of Fig. 17c as actual distances in image space.

FIGURE 16 The evolution of the diffraction image of a circular aperture with 
differing planes of focus in an aberration-free system.28
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FIGURE 17 (a) Axial intensity distribution of irradiance near focal point;23 (b) meridional 
section through diffraction pattern near focal point of a point source of light focused by lens 
with a uniform circular aperture;23 and (c) contour plot (isophote) of the same cross section as in 
(b).17,23,29 The three-dimensional diffraction pattern is obtained by rotating the meridional sec-
tion around the optic axis. The three-dimensional diffraction pattern is also called the intensity 
point spread function.
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The first minimum (u  4 ) is at a distance z1  (2M2 )/NA2. To transfer distance zi in image 
space to distance zo in object space, we use the relationship zi zoM

2/n. (Note that for small axial 
distances, to a close approximation, the axial magnification is the square of the lateral magnifica-
tion M divided by the refractive index n of the object medium.) The distance from the center of the 
three-dimensional diffraction pattern to the first axial minimum in object space is then given by:

z
n

min 2
2NA

(8)

zmin corresponds to the distance by which we have to raise the microscope objective in order to 
change from exact focus of a small pinhole to the first intensity minimum in the center of the 
observed diffraction pattern (see Fig. 16).

In correspondence to the lateral resolution limit, which is taken as the Airy disk radius rAiry [Eq. (6)], 
we can use zmin as a measure of the limit of axial resolution of microscope optics. Note that the ratio 
of axial to lateral resolution (zmin/rAiry  3.28 n/NA) is inversely proportional to the numerical aperture 
of the objective lens.

The axial resolution of the microscope is closely related to the depth of focus, which is the axial 
depth on both sides of the image plane within which the image remains acceptably sharp (e.g., when 
a focusing screen at the image plane is displaced axially without moving the object or objective). 
The depth of focus D is usually defined as 1/4 of the axial distance between the first minima above 
and below focus of the diffraction image of a small pinhole. In the intermediate image plane, this 
distance is equal to z1/2, with z1 defined earlier. The depth of focus defined by z1 is the diffraction-
limited, or physical, depth of focus.

A second and sometimes dominating contribution to the total depth of focus derives from the 
lateral resolution of the detector used to capture the image. This geometric depth of focus depends 
on the detector resolution and the geometric shape of the light cone converging to the image point. 
If the detector is placed in the intermediate image plane of an objective with magnification M and 
numerical aperture NA, the geometrical depth of focus D is given by

D
M

e
NA

(9)

with e the smallest distance resolved by the detector (e is measured on the detector’s face plate).
The depth in specimen space that appears to be in focus within the image, without readjustment 

of the microscope focus, is the depth of field (unfortunately often also called the depth of focus). To 
derive expressions for the depth of field, we can apply the same arguments as outlined above for the 
depth of focus. Instead of moving the image plane in and out of focus, we keep the image plane in 
the ideal focus position and move the small pinhole in object space. Axial distances in object space, 
however, are a factor n/M2 smaller than corresponding distances in image space. Therefore, we apply 
this factor to the expression for the geometrical depth of focus [Eq. (9)] and add the physical depth 
of field [derived from Eq. (8)] for the total depth of field dtot:

d
n n

M
etot 2NA NA

(10)

Notice that the diffraction-limited depth of field shrinks inversely proportionally with the square of 
the NA, while the lateral limit of resolution is reduced inversely proportionally to the first power 
of the NA. Thus, the axial resolution and thinness of optical sections that can be attained are affected 
by the system NA much more so than is the lateral resolution of the microscope.

These values for the depth of field, and the distribution of intensities in the three-dimensional 
diffraction pattern, are calculated for incoherently illuminated (or emitting) point sources (i.e., 
NAcond  NAobj). In general, the depth of field increases, up to a factor of 2, as the coherence of 
illumination increases (i.e., as NAcond  0). However, the three-dimensional point spread function 
with partially coherent illumination can depart in complex ways from that so far discussed when 
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the aperture function is not uniform. In a number of phase-based, contrast-generating modes of 
microscopy, the depth of field may turn out to be unexpectedly shallower than that predicted from 
Eq. (9) and may yield extremely thin optical sections.30

Beyond the Diffraction Limit In recent years the microscope’s limit of resolution, as stated in 
Eq. (1), has been exceeded by different means, relying either on optical, photophysical, photo-
chemical, or computational methods, or a combination thereof. Here we briefly refer to some 
of the schemes that rely on photonic properties of the specimen, while later in this chapter we 
will touch on schemes that rely on far-field optical methods, such as structured illumination and 
confocal microscopy.

Driven by the success of fluorescence microscopy in biomedical research and the need for higher 
resolution to understand the molecular machinery of the living cell, several methods were devised 
that exploit the photophysical and photochemical nature of fluorescent molecules. Most of these 
“super-resolving” methods take advantage of the fact that the position of a single fluorescent mol-
ecule (or point of light) can be determined to a much higher precision than the optical resolution 
of an imaging system. While the resolution of a traditional microscope, as described by Eq. (1), typi-
cally does not exceed 200 nm, the same microscope can be used to determine the position of a single 
fluorophore to 20 nm or better, depending on the number of photons captured and the mobility of 
the fluorescent molecule.31,32 Here we briefly describe those methods that have become prominent 
and are recognized by their acronyms. For a more detailed discussion we refer to a number of excel-
lent reviews33–36 and to the original publications cited below.

Fluorescence imaging with one nanometer accuracy (FIONA) was introduced to measure the 
detailed stepping motion of a molecular motor (myosin V) along an immobilized track (filamentous 
actin).37 The detailed, hand-over-hand motion was determined by measuring the location of a single 
fluorophore, attached to the motor-protein, with a spatial resolution of 1.5 nm and a temporal reso-
lution of 0.5 s. The challenge here included the recording of a sufficient number of photons, within 
the 0.5 s time window, to localize a single fluorophore that also needed to be photostable enough to 
allow its observation over several minutes.

Photo-activated localization microscopy (PALM) was introduced to localize immobilized fluo-
rophores at nanometer spatial resolution.38 To this end, fluorophores are used that have to be pho-
toactivated to become fluorescent. A low dose of typically short wavelength light activates a small, 
random subset of fluorophores that are spaced far enough for their point spread functions to not 
overlap. The locations of activated fluorophores are measured at nanometer precision and during 
the measurement process fluorophores become irreversibly bleached. The cycle of low-dose acti-
vation and subsequent position measurements is repeated many times and the aggregate position 
information from all cycles is assembled into a single, super-resolution image.

Stochastic optical reconstruction microscopy (STORM) uses similar principles as PALM but 
exploits photo-switchable fluorophores that can be turned on and off by exposing them to light 
pulses of differing wavelengths.39

Single molecule high-resolution colocalization (SHREC) takes advantage of separating the fluo-
rescence of two or more single fluorophores by their spectral characteristics.40 By using chromati-
cally differing fluorescent molecules as probes, the probes can approach each other closer than the 
Rayleigh limit and still be distinguished. The technique is typically used to measure intramolecular 
distances of 10 nm or more in doubly labeled macromolecules or molecular complexes.

Fluorescence resonance energy transfer or Förster resonance energy transfer (FRET) refers to a 
photophysical effect that transfers the excitation energy of a fluorescent donor molecule to a nearby 
fluorescent acceptor molecule. The appropriately chosen donor and acceptor molecules have to be 
less than 10 nm apart for the radiationless transfer to be effective. For example, FRET can be used to 
analyze the conformational change of a protein that brings two molecular subunits closer together 
or farther apart, resulting in enhanced or reduced acceptor fluorescence, respectively. Hence, FRET 
is a ratiometric method that allows measurement of the internal distance in the molecular frame 
rather than in the laboratory frame, which makes it largely immune to instrumental noise and drift. 
While regular FRET reveals the population distributions of interdye distances, single molecule FRET 
is used to monitor single molecules for long stretches of time.41,42
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Stimulated emission depletion (STED) provides a means of point spread function engineering 
to improve the optical resolution beyond the diffraction limit. A typical single-point scanning STED 
microscope uses a regularly focused excitation beam that is superimposed by a doughnut-shaped 
STED beam that instantly quenches excited molecules at the periphery of the excitation spot, thus con-
fining fluorescence emission to the doughnut zero. Saturated quenching results in a fluorescent spot far 
below diffraction whose scanning across the sample yields a subdiffraction-resolution image.34,43

All the above methods rely on fluorescence microscopy. A general approach to improve resolu-
tion was proposed by Harris44 who argued that the diffraction pattern in the Fourier plane can be 
extrapolated beyond the spatial frequency that is cut off by the NA of the objective lens—in other 
words, that the limit of resolution can be exceeded by computational extrapolation of the diffraction 
orders as long as the specimen is illuminated in a narrowly limited field.

The field of illumination can be reduced beyond that defined by diffraction by placing the min-
ute exit aperture of a tapered light guide or a minute pinhole closely adjacent to the specimen. By 
scanning such an aperture relative to the specimen, one obtains a proximity-scanned image whose 
resolution is no longer limited by the diffraction orders captured by the objective lens. Instead, only 
the size of the scanning pinhole and its proximity to the specimen limit the resolution.45

For nonoptical microscopes, for example in scanning tunneling, force, and other proximity- 
scanning microscopes, resolution down to atomic dimensions can be obtained on images that reflect 
topological, electronic, ionic, and mechanical properties of the specimen surface.46 In these types 
of proximity-scanning microscopes, a fine-tipped probe, mounted on a piezoelectric transducer 
that provides finely controlled x, y, and z displacements of the probe, interacts with specific proper-
ties of the specimen surface (alternatively, the probe may be fixed and the sample mounted to the 
transducer). The resulting interaction signal is detected and fed back to the z-axis transducer, which 
generally induces the probe tip to rise and fall with the surface contour (that reflects the particular 
electrical or mechanical property of the surface) as the probe is scanned in a raster fashion along 
the x and y directions over an area several tens of angstroms to several tens of micrometers wide. A 
highly magnified contour image of the atomic or molecular lattices is generated on a monitor that 
displays the z signal as a function of the x, y position.

28.4 CONTRAST AND IMAGING MODES

In microscopy, the generation of adequate and meaningful contrast is as important as providing 
the needed resolution. Many specimens are practically transparent and differ from their surround-
ings only by slight changes in refractive index, absorbance, reflectance, or optical anisotropy such as 
birefringence and dichroism. Most objects that are black or show clear color when reasonably thick 
become transparent or colorless when their thickness is reduced to a few tenths of a micrometer 
(since absorption varies exponentially with thickness). Additionally, in microscopy the specimen is 
often illuminated using a highly convergent beam to maximize resolution, thus reducing shadows 
and other contrast cues that aid detection of objects in macroscopic imaging. Furthermore, contrast 
is reduced at high spatial frequency because of an inherent fall-off of the contrast transfer function.

Many modes of contrast generation are used in microscopy partly to overcome these limitations 
and partly to measure, or detect, selected optical characteristics of the specimen. Thus, in addition to 
simply raising contrast to make an object visible, the introduction of contrast that reflects a specific 
physical or chemical characteristic of the specimen may impart particularly important information.

As a quantitative measure of expected contrast generation as functions of spatial frequencies, the 
modulation transfer functions (MTFs, of sinusoidal gratings) can be calculated theoretically for var-
ious contrast-generating modes assuming ideal lenses (Figs. 18 and 19),47,48 or on the basis of mea-
sured point or line spread functions.49 Alternatively, the contrast transfer function (CTF, of square 
wave gratings) can be measured directly using test targets made by electron lithography (Fig. 20).50

The rapid advance of electronic imaging and digital image processing in recent years made the 
quantitative evaluation of microscope images much more practical. Many computerized image-
processing platforms provide standard functions to characterize the morphology and geometric 
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FIGURE 18 Modulation transfer function (MTF) curves 
for microscope lenses, calculated for periodic specimens in 
focus: (a) each curve represents a different numerical aper-
ture (NA), which is the same for the objective and condenser 
lens in these curves. (b) These MTF curves all represent an 
objective lens of 1.32 NA, but with different condenser NAs; 
the conditions are otherwise the same as in (a). (Courtesy of 
Dr. G. W. Ellis.)2

relationship between image features. In addition, specialized systems that provide computer control 
of microscope components and settings in conjunction with quantitative image analysis provide 
advanced imaging modalities and new contrast modes that can no longer be viewed through the 
ocular, but can only be displayed on a computer screen. These hybrid contrast modes usually build 
on a traditional imaging mode and extend it through exact control and quantitation of image con-
tent. Therefore, in the following section we will present traditional imaging modes and give brief 
descriptions of related hybrid contrast modes.

Bright Field

Whether on an upright or inverted microscope, bright field is the prototypic illumination mode in 
microscopy (Fig. 4). In transmission bright-field illumination, image contrast commonly arises from 
absorption by stained objects, pigments, metal particles, etc., that possess exceptionally high extinction 



28.26  INSTRUMENTS

FIGURE 19 Modulation transfer function curves calculated for different 
modes of microscope contrast generation. A  bright field, B  phase contrast, 
C  differential interference contrast, and D  single-sideband edge enhance-
ment. The curves are plotted with their peak modulation normalized to 1.0. 
(Courtesy of Dr. G. W. Ellis.)2

FIGURE 20 Measured contrast transfer values plotted as a function of 
spatial period in Airy disk diameter units, to normalize the values measured 
with different lenses and wavelengths. Data points were obtained with a laser 
spot scan microscope operating in the confocal reflection mode (solid points)
and the nonconfocal transmission mode (circles). Curves are calculated con-
trast transfer values for the coherent confocal and the incoherent nonconfocal 
imaging mode.50
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coefficients (Fig. 21). Transparent objects only generate very weak contrast based on Becke lines 
introduced by refraction at object boundaries that are slightly out of focus. (The dark Becke line, 
which is used for immersion determination of refractive index of particles,51 surrounds, or lies just 
inside, a boundary with a sharp gradient of refractive index when the boundary is slightly above or 
below focus. The Becke line disappears altogether when a thin boundary is exactly in focus.)

To gain additional contrast, especially in bright-field microscopy, the condenser NA is com-
monly reduced by closing down its iris diaphragm. This practice results in loss of resolution and 
superimposition of diffraction rings, Becke lines, and other undesirable optical effects originating 
from regions of the specimen that are not exactly in focus. The various modes of optical contrast 
enhancement discussed in following sections obviate this limitation and provide images with 
improved lateral and axial resolution as well as improved contrast.

Before the advent of phase-contrast and differential interference-contrast (DIC) microscopy, oblique 
illumination (that can be attained by off-centering a partially closed condenser iris diaphragm) was used 
to generate contrast of transparent objects. While this particular approach suffered from the problems 
listed in the previous paragraph, combination of oblique illumination at large condenser NA with video 
contrast enhancement proves to be an effective method for generating DIC-like thin optical sections.52

Recently, the optical phenomenon that leads to the formation of the Becke line has been explored 
more thoroughly, from a theoretical and an experimental point of view.53–56 The goal is to retrieve 
phase information from images of objects that affect the phase of transmitted or reflected light, but 
not necessarily its amplitude. Usually, phase information is gained from specially designed setups 
that enhance interference effects between light waves that have different optical paths through the 
specimen. The following sections on phase-contrast, polarized light, and interference microscopy 
give examples of these specialized imaging modes. Streibl,53 on the other hand, proposed to use a 
regular bright field microscope and the phenomenon of the Becke line to retrieve phase information 
of weakly scattering objects. He presented a theoretical framework based on the intensity transport 
equation and demonstrated the enhancement of phase objects based on images that were recorded 
at slightly different focus positions. Nugent and collaborators55–57 have refined the theory and devel-
oped a practical implementation called quantitative phase microscopy.

FIGURE 21 Siemens star, line and dot patterns that are part of the MBL/NNF test target imaged in bright 
field using transmitted light and a 60 /1.4 NA Plan Apo oil immersion objective lens (Nikon Inc.) and matching 
condenser. The dark background is due to the low transmittance of the 50-nm-thick aluminum film. Bright fea-
tures were edged into the film using electron lithography. Numbers above and below bar gratings show period 
in microns. The Siemens star consists of 36 wedge pairs, with an outer diameter of 75 μm. The period near the 
outer edge is 6.5 μm, decreasing continuously toward the center. The smallest period is 0.1 μm near the inner 
black disk, which has a diameter of 1.2 μm.
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In reflection bright-field microscopy, the image is formed by the reflected or backscattered light 
of the specimen, which is illuminated through the objective (see the section “Epi-illumination”). 
Reflection contrast is used primarily for opaque and thick samples, especially for metals and semi-
conductors. Reflection contrast is also finding increasing applications in autoradiography and in 
correlative light and electron microscopy for detecting the distribution of colloidal gold particles 
that are conjugated to antibodies and other selective indicators.

Total frustrated reflection microscopy58 generates contrast due to objects that are present in a 
low-refractive-index medium located within the evanescent wave that extends over a distance only 
a fraction of a wavelength from the microscope coverslip surface. Regions of the specimen whose 
refractive index differs from its milieu produce interference fringes whose contrast sensitively 
reflects the refractive index difference and distance from the coverslip surface.

Dark Field

In dark field microscopy the illuminating beam is prevented from entering the image-forming ray 
paths. The background of the field is dark, and only light scattered by optical discontinuities in 
the specimen is designed to appear in the image as bright lines or dots. Thus, contrast can become 
extremely high, and diffraction images can be detected as bright points or lines even when the 
diameter of the scattering object becomes vanishingly small compared to the microscope’s limit of 
resolution.8,27,30,59

For small objects that are not obscured by other light-scattering particles (a condition rather 
difficult to achieve) and are free in a fluid substrate, Brownian motion of the object and the time 
constant and sensitivity of the detector, rather than the object’s absolute size, are more likely to set a 
lower limit to the size of the object that can be clearly visualized with dark field microscopy.

Phase-Contrast and Other Aperture-Modifying 
Contrast Modes

Microscopic objects, distinguished from their surround only by a difference of refractive index, lose 
their Becke line and disappear altogether when brought exactly into focus. Nevertheless, light dif-
fracted by the small object still suffers a /4 phase shift relative to the undeviated background wave 
by the very act of being scattered (by a nonabsorbing object; the phase shift upon scattering by an 
absorbing object is /2).60 As shown in Fig. 22, light s scattered by the small object and the undevi-
ated light u, both originating from a common small point A of the condenser aperture, traverse dif-
ferent regions of the objective lens aperture. At the objective aperture, the undeviated light traverses 
only point B that is conjugate to A, while the scattered light passes those regions of the aperture 
defined by the spatial periods of the object.

Since light waves s and u arise from the same points in object space but traverse regions that 
are spatially separated in the objective aperture plane, a phase plate introduced in that plane can be 
used to modify the relative phase and amplitudes of those two waves. The phase plate is configured 
to subtract (or add) a /4 phase to u relative to s so as to introduce a /2 (or zero) phase difference 
between the two and, in addition, to reduce the amplitude of the u wave so that it approximates that 
of the s wave. Thus, when the two waves come to focus together in the image plane, they interfere 
destructively or constructively to produce a darker or brighter in-focus image of the small, transpar-
ent object against a dark gray background (positive and negative phase contrast).

As generally implemented, an annulus replaces the pinhole in the condenser aperture, and a 
complementary phase ring in the objective aperture plane or its conjugates (covering a somewhat 
larger area than the undisturbed image of the annulus in order to handle the u waves displaced 
by out-of-focus irregularities in the specimen) replaces the simple phase disk. Figure 23 shows an
example of a phase object that was imaged using phase-contrast optics as described above. The object is
a Siemens star that was etched into a thin layer of silica and imaged using a Olympus 100 /1.3NA 
Plan Apo objective and condenser with complementary phase rings.



MICROSCOPES  28.29

In the Polanret system, the phase retardation and effective absorbance of the phase ring can be 
modified by use of polarization optical components so that the optical path difference of a moderately 
small object can be measured by seeking the darkest setting of the object.61,62 Similarly, the Polanret 
system can be used to accentuate color or low contrast due to slight absorption by the object.

Several modes of microscopy, including phase contrast, take advantage of the facts that (1) the 
front condenser and back objective lens apertures are conjugate planes, (2) the illuminating beam 
arising out of each point of the condenser aperture is variously deviated by the specimen structure 
according to its spatial frequency, and (3) the back objective aperture is the Fourier plane of the 
specimen plane.

In Hoffman modulation contrast microscopy, the condenser aperture contains a slit mask with 
the slit placed toward the edge of the aperture. The objective aperture holds a second, comple-
mentary mask, called a modulator, which consists of two parts (Fig. 24).63 The dark part covers the 
smaller sector to one side of the projected slit and the gray part covers the slit area. The objective 
mask thus attenuates the zero-order light undeviated by the specimen and removes the light dif-
fracted by the specimen to one side of the zero-order beam. The light deviated by specimen struc-
ture away from the dark sector of the mask passes unchanged, while the light deviated toward the 
dark sector is blocked. Thus, the image becomes shadow-cast, similar in appearance to DIC that 
reflects gradients of refractive indices or of optical path differences in the specimen.

Developed by Gordon W. Ellis in 197864 single-sideband edge enhancement microscopy (SSEE) 
generates directional image contrast of phase objects, with greater modulation transfer than by 
phase-contrast or DIC microscopy at high spatial frequencies (Fig. 19). SSEE is also capable of gen-
erating exceptionally thin optical sections (Fig. 25). (In 1988, Ellis also devised aperture-scanning 
phase-contrast microscopy, a method which generates full resolution phase-contrast images with 
virtually no halos;65 see Fig. 2-47 in Ref. 2.)

FIGURE 22 Optical principle of phase-contrast 
microscopy illustrating the phase relationships between 
waves of the light s scattered by the specimen and the 
undeviated light u (see text).
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SSEE takes advantage of the fact that illuminated by a condenser whose aperture is half masked, 
the two side bands (shifted by specimen diffraction to the left and right) are both phase shifted 
relative to the illuminating light (carrier wave) by /4, but with opposite signs. (As shown by 
Zernike,60 the image contrast of a phase grating viewed with a bright field microscope disappears 
at exact focus, since the two side bands are in opposite phase.)

In the SSEE microscope, contrast is generated by interference between the attenuated carrier 
wave and one of the side bands (Fig. 26). Alternately, both side bands may be used with one of the 
side bands phase shifted by /2 (and appropriately attenuated) relative to the other. Interference 
between the attenuated carrier wave and the side band generates a high-contrast, high-resolution, 
in-focus image of the specimen’s phase boundaries proportional to their orientation perpendicular 
to the straight edge of the half mask in the condenser. 

FIGURE 23 Siemens star etched into 90-nm-thick SiO2 layer and imaged 
with phase contrast. The dimensions of the star pattern are the same as the one 
described in Fig. 21. The wedges that were etched away appear bright in this 
image. Light that has passed through the etched wedges is phase-advanced with 
respect to light that has passed through the rest of the pattern. (The SiO2 layer 
was deposited on a 170-μm-thick coverglass, etched using electron lithography, 
and mounted on a microscope slide, leaving an air gap between slide and silica 
layer; 100 /1.3NA oil immersion Plan Apo objective.) The intensity profile along 
a horizontal line near the top illustrates deviations from the step function of the 
corresponding optical path difference. The accentuation of the edge contrast in 
this profile is an artifact of the phase-contrast method commonly implemented 
in form of an illumination ring in the condenser aperture and a complementary 
phase ring in the objective aperture.
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FIGURE 24 Schematic diagram indi-
cating regions of the modulator that modify 
light from phase gradients in the object to 
enhance contrast.63

FIGURE 25 Optical section of the silicate shell of a diatom (Surirella gemma) observed 
with SSEE. The tiny pores are in focus over only a highly limited region of the shell due to the 
highly effective optical sectioning capability of SSEE. (Image copied and cropped from Fig. 2-50 in 
Ref. 2. Original image courtesy of Dr. Gordon W. Ellis, University of Pennsylvania.)
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FIGURE 26 Schematic diagram of the edge enhancement single-sideband 
microscope (SSEE).64
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In SSEE, polarizing elements placed after the specimen attenuate and phase shift the carrier wave 
relative to the side bands (Fig. 26). Thus by adjusting the azimuth of the polarizer immediately fol-
lowing the specimen, one can capture exceptionally high resolution images reflecting the birefrin-
gence distribution and axes in the specimen (Fig. 27). Also, since the specimen is not sandwiched 
between crossed polarizers, image contrast in SSEE is not affected by birefringence of the specimen 
chamber as is the case with polarization and DIC microscopy.

Interference

While all modes of contrast generation in light microscopy in fact depend on interference phenom-
ena, a group of instruments is nevertheless known separately as interference microscopes. These 
microscopes form part of an interferometer, or contain an interferometer, that allows direct mea-
surements of optical path difference (or generation of contrast) based on interference between the 
waves passing the specimen and a reference wave. The interferometric and polarization microscopy 
techniques, which are considered below, generate complementary phase images of the specimen: 
distribution of refractive index and distribution of refractive index anisotropy, respectively. 

Many interference microscopes employ amplitude-dividing beam splitters for setting up the 
two-beam interference scheme. Instead of amplitude division, division of wavefront can also be used 
to create both beam paths, especially when using a laser light source. Among the many designs that 
have been proposed and manufactured, amplitude division interference microscopes can be classi-
fied into three major groups: (1) the two-arm type with two separate beam paths, one containing 
the sample, the other for controlling the reference beam, with separate microscope optics in both 
arms or microscope optics only in the sample arm; (2) the beam-shearing type in which the refer-
ence wave is generated by displacing a beam laterally within the field of a single microscope; and 

FIGURE 27 Gyres of chromosomes in live sperm head of cave cricket. The images were obtained 
with SSEE using selected e-vectors as described in the text. Besides rectified polarization microscopy 
(Fig. 36), few contrast-generating methods besides SSEE have been able to distinctly display these 
chromosome gyres. (Image copied from Fig. 2-51 in Ref. 2. Original image courtesy of Dr. Gordon W. 
Ellis, University of Pennsylvania.)
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(3) the dual focus type in which the reference wave is focused to a different level than the specimen 
plane, again in a single microscope. All schemes can be implemented in transmission or reflection 
mode.66,67

The image in an interferometric microscope is created by the superposition of a probe and a 
reference beam. We denote the intensities in the probe and reference beam as Ip and Ir, and their 
respective phases as p and r . The intensity that results from superimposing the probe and reference 
beam can be expressed as described in17,26

I I I I Ip r pr p r p r2| | cos( ) (11)

where | |pr  is the modulus of the normalized mutual coherence function or the degree of coher-
ence between the probe and reference image. This equation does not include polarization effects and 
assumes that both interfering beams have the same polarization. For quasi-monochromatic light the 
optical path difference (OPD) that is associated with the phase angle difference is given by

OPD
2

( )p r
(12)

where  is the center wavelength.
We note that in Eq. (11) I can stand for an array of intensity values representing the pixels of a 

digital image that was recorded with an appropriate camera attached to an interference microscope.
When using white light, each wavelength produces its own interference picture. White light 

interference pictures are only observed when the optical path difference between the probe and the 
reference beam is less than a few wavelengths. Let’s assume that in a uniform image region the OPD 
is zero, hence the interference of each wavelength is constructive and the recorded spectrum in that 
region is white. However, if the OPD is finite, the wavelength that is twice the OPD is suppressed due 
to destructive interference and therefore that wavelength is missing from the spectrum recorded in 
the region. When systematically increasing the OPD from 0 to 2000 nm, for example, a characteristic 
change in spectrum is observed in the region, transitioning from white (OPD = 0), to blue (OPD = 
300 nm), to yellow (OPD = 600 nm), to indigo (OPD = 900 nm), to a greenish yellow (OPD = 1600 
nm), and bluish grey (OPD = 2000 nm).68 As the OPD increases above 1000 nm, colors become less 
saturated and approach white again for OPDs of several thousand nanometers.

In some interferometric schemes there is an additional achromatic half-wave phase shift, for 
instance, due to polarization transformation, reflection, and the like. In this case, a zero optical path 
difference produces destructive interference at all wavelengths and a uniform image region with 
zero OPD appears black. For small OPDs (< 200 nm) the destructive interference is relaxed for all 
wavelengths simultaneously and the brightness of the region increases, first with a white spectral 
composition. With increasing OPD, the region becomes colored due to constructive and destructive
interference of specific wavelengths leading to the following color sequence: light yellow (OPD = 300 
nm), indigo (OPD = 600 nm), yellow (OPD = 900 nm), grey blue (OPD = 1600 nm), and whitish grey
(OPD = 2000 nm). This sequence of interference colors is reproduced in the Michel-Lévy chart (see
Fig. 28), which is used to rapidly estimate the OPD based on the observed color of a uniform region. 
When the OPD increases above 2000 nm, the interference colors turn white and can no longer be 
used to reliably determine the OPD.

Both interference schemes are implemented. The scheme with destructive interference at 0 OPD 
is more sensitive (higher signal to noise ratio) for measuring small OPDs, because the background 
of 0 OPD is black (ideally) and doesn’t carry any shot noise, while the white light intensity of con-
structively interfering beams is subject to shot noise.

When using monochromatic light, the optical path difference between the probe and refer-
ence beam can be determined precisely by measuring the intensity in a uniform image region [see 
Eq. (11)]. However, measurements of OPDs that are larger than the wavelength  of the mono-
chromatic light result in an apparent OPD that is between 0 and . This ambiguity is often referred 
to as the order of the OPD. The order can be determined by making measurements with two or 
more wavelengths.



F
IG

U
R

E
 2

8
M

ic
h

el
 L

év
y 

C
ol

or
 C

h
ar

t 
of

 in
te

rf
er

en
ce

 c
ol

or
s.

 T
h

e 
h

or
iz

on
ta

l s
eq

u
en

ce
 o

f 
co

lo
rs

 is
 a

ss
oc

ia
te

d 
w

it
h

 t
h

e 
in

te
rf

er
en

ce
 o

f 
tw

o 
be

am
s 

of
 w

h
it

e 
lig

h
t 

w
h

os
e 

m
u

tu
al

 p
at

h
 d

if
fe

re
n

ce
 in

cr
ea

se
s 

fr
om

 0
 (

le
ft

, b
la

ck
 f

or
 d

es
tr

u
ct

iv
e 

in
te

rf
er

en
ce

) 
to

 m
or

e 
th

an
 1

70
0 

n
m

 (
ri

gh
t, 

pa
le

 g
re

en
).

 B
y 

co
m

pa
ri

n
g 

an
 e

xp
er

im
en

ta
lly

 
ob

se
rv

ed
 c

ol
or

 w
it

h
 t

h
e 

co
lo

rs
 o

f 
th

is
 c

h
ar

t, 
on

e 
ca

n
 e

st
im

at
e 

th
e 

pa
th

 d
if

fe
re

n
ce

 c
au

se
d,

 f
or

 e
xa

m
pl

e,
 b

y 
th

e 
pa

rt
ia

l r
ef

le
ct

io
n

 o
ff

 a
 t

h
in

 d
ie

le
ct

ri
c 

fi
lm

 (
e.

g.
, s

oa
p 

bu
bb

le
) 

or
 t

ra
n

sm
is

si
on

 t
h

ro
u

gh
 a

 t
h

in
 b

ir
ef

ri
n

ge
n

t 
sh

ee
t 

(e
.g

., 
m

ic
a)

 s
an

dw
ic

h
ed

 b
et

w
ee

n
 c

ro
ss

ed
 p

ol
ar

iz
er

s.
 F

or
 b

ir
ef

ri
n

ge
n

t 
m

at
er

ia
ls

, t
h

e 
pa

th
 d

if
fe

re
n

ce
 is

 t
h

e 
pr

od
u

ct
 o

f 
th

e 
bi

re
fr

in
ge

n
ce

 (
in

di
ca

te
d 

al
on

g 
th

e 
u

pp
er

 a
n

d 
ri

gh
t 

ed
ge

) 
an

d 
th

e 
th

ic
kn

es
s 

(l
ef

t 
ed

ge
) 

of
 t

h
e 

m
at

er
ia

l. 
T

h
e 

di
ag

on
al

 l
in

es
 a

ss
is

t 
in

 e
st

im
at

in
g 

on
e 

of
 t

h
e 

qu
an

ti
ti

es
 (

bi
re

fr
in

ge
n

ce
 o

r 
th

ic
kn

es
s)

 f
ro

m
 t

h
e 

ob
se

rv
ed

 c
ol

or
, i

f 
th

e 
ot

h
er

 q
u

an
ti

ty
 i

s 
kn

ow
n

. T
h

is
 b

ri
gh

tn
es

s/
co

lo
r 

se
qu

en
ce

 i
s 

sp
ec

if
ic

 t
o 

in
te

rf
er

en
ce

 
ph

en
om

en
a 

th
at

 r
es

u
lt

 i
n

 d
es

tr
u

ct
iv

e 
in

te
rf

er
en

ce
 f

or
 z

er
o 

pa
th

 d
if

fe
re

n
ce

 (
e.

g.
, b

ir
ef

ri
n

ge
n

t 
sh

ee
t 

be
tw

ee
n

 c
ro

ss
ed

 p
ol

ar
iz

er
s)

. A
 c

om
pl

em
en

ta
ry

 c
ol

or
 s

eq
u

en
ce

 
ap

pl
ie

s 
to

 i
n

te
rf

er
en

ce
 p

h
en

om
en

a 
th

at
 r

es
u

lt
 i

n
 c

on
st

ru
ct

iv
e 

in
te

rf
er

en
ce

 a
t 

ze
ro

 p
at

h
 d

if
fe

re
n

ce
 (

e.
g.

, b
ir

ef
ri

n
ge

n
t 

sh
ee

t 
be

tw
ee

n
 p

ar
al

le
l 

po
la

ri
ze

rs
).

 (
Se

e 
al

so
 

co
lo

r 
in

se
rt

.)
 (

T
he

 c
ha

rt
 w

as
 g

en
er

ou
sl

y 
pr

ov
id

ed
 b

y 
R

ud
i R

ot
te

nf
us

se
r 

an
d 

B
ec

ky
 H

oh
m

an
 o

f C
ar

l Z
ei

ss
 M

ic
ro

Im
ag

in
g 

In
c.

)

28.35



F
IG

U
R

E
 2

8
.2

8
M

ic
h

el
 L

év
y 

C
ol

or
 C

h
ar

t 
of

 i
n

te
rf

er
en

ce
 c

ol
or

s.
 T

h
e 

h
or

iz
on

ta
l 

se
qu

en
ce

 o
f 

co
lo

rs
 i

s 
as

so
ci

at
ed

 w
it

h
 t

h
e 

in
te

rf
er

en
ce

 o
f 

tw
o 

be
am

s 
of

 
w

h
it

e 
lig

h
t 

w
h

os
e 

m
u

tu
al

 p
at

h
 d

if
fe

re
n

ce
 i

n
cr

ea
se

s 
fr

om
 0

 (
le

ft
, b

la
ck

 f
or

 d
es

tr
u

ct
iv

e 
in

te
rf

er
en

ce
) 

to
 m

or
e 

th
an

 1
70

0 
n

m
 (

ri
gh

t, 
pa

le
 g

re
en

).
 B

y 
co

m
pa

ri
n

g 
an

 
ex

pe
ri

m
en

ta
lly

 o
bs

er
ve

d 
co

lo
r 

w
it

h
 t

h
e 

co
lo

rs
 o

f 
th

is
 c

h
ar

t, 
on

e 
ca

n
 e

st
im

at
e 

th
e 

pa
th

 d
if

fe
re

n
ce

 c
au

se
d,

 f
or

 e
xa

m
pl

e,
 b

y 
th

e 
p

ar
ti

al
 r

ef
le

ct
io

n
 o

ff
 a

 t
h

in
 d

ie
le

ct
ri

c 
fi

lm
 (

e.
g.

, s
oa

p 
bu

bb
le

) 
or

 t
ra

n
sm

is
si

on
 t

h
ro

u
gh

 a
 t

h
in

 b
ir

ef
ri

n
ge

n
t 

sh
ee

t 
(e

.g
., 

m
ic

a)
 s

an
dw

ic
h

ed
 b

et
w

ee
n

 c
ro

ss
ed

 p
ol

ar
iz

er
s.

 F
or

 b
ir

ef
ri

n
ge

n
t 

m
at

er
ia

ls
, t

h
e 

pa
th

 
di

ff
er

en
ce

 i
s 

th
e 

pr
od

u
ct

 o
f 

th
e 

bi
re

fr
in

ge
n

ce
 (

in
di

ca
te

d 
al

on
g 

th
e 

u
pp

er
 a

n
d 

ri
gh

t 
ed

ge
) 

an
d 

th
e 

th
ic

kn
es

s 
(l

ef
t 

ed
ge

) 
of

 t
h

e 
m

at
er

ia
l. 

T
h

e 
di

ag
on

al
 li

n
es

 a
ss

is
t 

in
 

es
ti

m
at

in
g 

on
e 

of
 t

h
e 

qu
an

ti
ti

es
 (

bi
re

fr
in

ge
n

ce
 o

r 
th

ic
kn

es
s)

 f
ro

m
 t

h
e 

ob
se

rv
ed

 c
ol

or
, i

f 
th

e 
ot

h
er

 q
u

an
ti

ty
 is

 k
n

ow
n

. T
h

is
 b

ri
gh

tn
es

s/
co

lo
r 

se
qu

en
ce

 is
 s

pe
ci

fi
c 

to
 

in
te

rf
er

en
ce

 p
h

en
om

en
a 

th
at

 r
es

u
lt

 in
 d

es
tr

u
ct

iv
e 

in
te

rf
er

en
ce

 fo
r 

ze
ro

 p
at

h
 d

if
fe

re
n

ce
 (

e.
g.

, b
ir

ef
ri

n
ge

n
t 

sh
ee

t 
be

tw
ee

n
 c

ro
ss

ed
 p

ol
ar

iz
er

s.
) 

A
 c

om
pl

em
en

ta
ry

 c
ol

or
 

se
qu

en
ce

 a
pp

lie
s 

to
 in

te
rf

er
en

ce
 p

h
en

om
en

a 
th

at
 r

es
u

lt
 in

 c
on

st
ru

ct
iv

e 
in

te
rf

er
en

ce
 a

t 
ze

ro
 p

at
h

 d
if

fe
re

n
ce

 (
e.

g.
, b

ir
ef

ri
n

ge
n

t 
sh

ee
t 

be
tw

ee
n

 p
ar

al
le

l p
ol

ar
iz

er
s.

) 



28.36  INSTRUMENTS

Further improvement in measuring the OPD can be achieved by controlling the phase of the 
reference beam. For example, we can measure the probe plus reference image four times, each 
time changing the phase of the reference image by a quarter wavelength. According to Eqs. (11) 
and (12) we find

I I I I Ip r pr p r2
2

| | OPDcos

I I I I Ip r pr p r2
2

| | OPDsin

I I I I Ip r pr p r2
2

| | OPDcos

I I I I Ip r pr p r2
2

| | OPDsin

(13)

Assuming all other factors constant we can compute the OPD based on the four intensity mea-
surements:

OPD
2

4 2

1 3

arctan
I I

I I
(14)

The last expression relates the OPD to a ratio of intensity differences. Hence, the OPD is mea-
sured independent of an intensity offset (because only intensity differences are entered) and inde-
pendent of a gain factor that is common to all four intensity values (because only an intensity ratio 
is entered).

As noted earlier, I1, . . . , I4 can be interpreted as arrays of intensity values representing the pixels 
of four digital images. In this case, the expression for OPD represents an image arithmetic operation 
that generates a map of the spatial variations of the measured optical path differences. This or simi-
lar image-processing schemes can be implemented using various interference microscope designs 
after adding appropriate equipment for electronic imaging and phase control.

Mach-Zehnder Interference Microscope The classical two-arm interference microscope with iden-
tical optics in both arms is the Mach-Zehnder interference microscope as designed by Horn (Leitz of 
Wetzlar) in the 1950s (Fig. 29). The intricate and sturdy design earned it the nickname “Rolls Royce 
of the microscopes,”69 including its cost, which was comparable to that of an electron microscope of 
the time. The microscope, while straightforward in principle, requires close matching of the optics 
in the two interferometer arms and a mechanical design that provides exceptional precision and stabil-
ity. Thus, in addition to using matched pairs of objectives and condensers and inserting a blank slide 
(that is similar to the specimen-containing slide) into the reference arm, one needs to carefully adjust 
the built-in beam deviators, path equalizers, and wedge components to reduce the difference in optical 
path length between the two arms to less than the coherence length of the quasi-monochromatic light. 
(The coherence length of light with a center wavelength  and a bandwidth of  is 2 30/ m
for 550 10nm nm, .) While unfortunately no longer manufactured, this type of microscope 
permits precise interferometric measurements of microscopic objects both in the uniform field mode 
and the fringe displacement mode, and can even be used to generate holograms.2

Linnik Interference Microscope In 1933, V.P. Linnik proposed a two-arm reflective-type interfer-
ence microscope with two matching objectives and a single ocular.70 The optical scheme, also called 
the Linnik microinterferometer, is shown in Fig. 30a. The illumination is split and recombined by 
the same beam splitter before the microscope objective lens where the beam has low divergence. The 
probe beam and reference beam then pass through separate but matching objectives and reflect off 
the specimen and reference mirror, respectively. The objectives can have high NA and short work-
ing distance, but require close matching for efficient interference of the probe and reference beams 
in the common image plane or behind the ocular. Closely matched objectives reduce the influence 
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FIGURE 29 Designed by Horn the Mach-Zehnder-type interference microscope with two complete sets of microscope 
optics, one in each arm of a Mach-Zehnder interferometer.
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FIGURE 30 The Linnik-type interference microscope with two identical objectives, one in each arm.

of chromatic dispersion and other optical aberrations on the interference image. This is essential if a 
broad-band light source is used, because the dispersion and the optical path length must be closely 
matched across the entire useful field in each arm. Linnik type interference microscopes are still 
manufactured by LOMO, Russia.

The original Linnik design can be modified as proposed here by Michael Shribak and shown 
in Fig. 30b. The modification replaces the regular beam splitter with a polarizing one and adds 
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FIGURE 31 The Jamin-Lebedev type interference microscope.

quarter-wave plates to improve sensitivity and to provide a convenient way of measuring the phase. 
Its enhanced features include a rotatable polarizer, which is used to balance the intensities of the 
probe and reference beam. The quarter-wave plates following the beam splitter create circularly 
polarized light, which is reflected by the specimen/reference surface. The reflection induces an inver-
sion of the circularity of the two beams, which causes them to be combined after the beam splitter in 
the arm with the Senarmont compensator and ocular. The compensator consists of a quarter-wave 
plate at azimuth 45° and a rotatable analyzer at azimuth . Image regions with different phase angles 
can be brought to extinction by rotating the analyzer to different angles. The phase difference 
between two regions with extinction angles 1 and 2 is 2 2 1( ). Other compensation schemes 
can be used, including liquid crystal devices, and a camera can be added for quantitative imaging.

Jamin-Lebedev Interference Microscope The first interference microscope was constructed by 
Lebedev in 193071–73 using a beam-shearing design based on the two-beam polarization interfer-
ence scheme introduced by Jamin in 1868.74 The optical scheme of the Jamin-Lebedev interference 
microscope is shown in Fig. 31.

In this instrument, a small plane-parallel plate of calcite is cut at 45° to the optic axis and 
cemented to the front of the objective lens. An identical calcite plate is cemented to the front of the 
condenser, with an additional half-wave plate facing the specimen. The axes of the two calcite plates 
are parallel, and at 45° to the axes of the half-wave plate. The specimen under investigation is placed 
between the half-wave plate and the calcite plate fixed to the objective. The plate fixed to the objective 
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produces the necessary lateral separation between the probe and reference beams in the intermedi-
ate image plane of the microscope. Thanks to the calcite and half-wave plate placed next to the 
condenser, the path difference of the interfering rays does not vary with the inclination of the rays. 
This compensation permits quite large openings of the substage condenser diaphragm.

In the beam-shearing Jamin-Lebedev microscope, the probe and reference beam travel a com-
mon physical path except along the short distance between the two calcite plates. Because of the 
common path many design criteria, including mechanical stability and duplication of optical com-
ponents, can be significantly relaxed in this beam shearing microscope, compared to the dual-arm 
Mach-Zehnder design. The compromise lies in the lateral shear distance between probe and refer-
ence beam, which is limited by the field size and the requirement for telecentric paths for both probe 
and reference beam. Because both, the probe and reference beam pass through the same specimen 
slide, the observer has to be wary of ghost images introduced by the reference beam.

The design shown in Fig. 30 was manufactured in the 1960s by Carl Zeiss, Oberkochen, West 
Germany. The calcite plate next to the objective lens can be slightly rotated to align the shear planes 
of the two calcite plates. An additional calcite plate introduces a bias in the optical path difference 
adjusted by a small tilt of the plate. The microscope comes with three pairs of matched condenser 
and objective lenses, with the objectives designated as 10 /0.22NA, 40 /0.65NA, and 100 /1.0NA Oil. 
Their shear distances are 500, 170, and 50 μm, respectively. Optical path differences of less than one 
wavelength are measured using monochromatic light and a Senarmont compensator. For measuring 
higher path differences, white light and a Michel-Levy chart (Fig. 28) can be used. 

Differential Interference-Contrast Microscope Differential interference-contrast (DIC) microscopy 
is used extensively in materials research and the life sciences for observing microscopic particles 
and structures that are associated with refractive index and thickness changes in the specimen. 
A DIC microscope is a beam-shearing interferometer in which the reference beam is sheared by 
only a small amount, generally by less than the diameter of the Airy disk that is associated with 
the imaging optics. The technique produces a shadow-cast image that displays the local gradients 
of the optical path length. A region of the specimen where the optical path length increases along 
a reference direction appears brighter (or darker), while a region where the optical path length 
decreases appears in reverse contrast. As the gradient of the optical path grows steeper, image 
contrast is increased. Another important feature of the DIC technique is that it produces effective 
optical sectioning. This is particularly obvious when high numerical aperture (NA) objectives are 
used together with high NA condenser illumination. The thin optical section is a consequence of 
the small shear between the interfering beams, which are appreciably separated only in a thin layer 
around the focal plane.

The DIC technique was invented by F. H. Smith in 1947.75,76 He placed between a pair of polariz-
ers one Wollaston prism at the front focal plane of the condenser and a second one in the back focal 
plane of the objective lens (Fig. 32). The first Wollaston prism splits the linearly polarized input 
beam into two orthogonally polarized beams that are separated by a small angle 1. The condenser 
lens converts the angular split in the focal plane into a small spatial shear in the object plane. The 
objective lens joins the two beams again in the back focal plane where the second Wollaston prism 
deviates the beams to form two parallel beams again. While parallel, the two beams are orthogonally 
polarized and therefore cannot interfere. Therefore, a linear analyzer is needed after the second 
Wollaston prism to create a common polarization and to enable the beams to interfere. The interfer-
ence generates the typical relief image representing the optical path gradients in the specimen (see 
inset in Fig. 32). 

The small angular split 1 and 2 in the condenser and objective focal planes are related to the shear 
amount d in the object plane and the focal lengths of the condenser ( fc) and objective ( fob) lenses by

f f dc 1 2ob (15)

This optical configuration creates a polarizing shearing interferometer, by which one visualizes optical 
path gradients of the specimen under investigation.

In conventional medium- to high-NA objective lenses, the back focal plane is located inside the 
lens system and therefore not available for insertion of a Wollaston prism. If the Wollaston prism 
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FIGURE 32 DIC microscope setup: polarizer at 45° azimuth; WP1: first Wollaston prism at 0° azimuth; 1: splitting angle; fc:
condenser lens focal distance; d: shear amount; : optical path difference introduced by specimen under investigation; : azimuth 
of rotatable stage; fob: objective lens focal distance; WP2: second Wollaston prism at 0° azimuth (the second prism introduces 
bias ); 2: splitting angle; analyzer at 45° azimuth; Wollaston prism can be replaced by Nomarski prism.

is placed far from the back focal plane, the prism produces parallel beams, but the beams are spa-
tially displaced and hence are not recombined. Therefore, the Smith DIC system requires specially 
designed objective lenses that allow the insertion of a Wollaston prism.

In 1952 G. Nomarski proposed a special prism, the Nomarski prism, which simultaneously 
introduced spatial displacement and angular deviation of two orthogonally polarized beams77,78

(see inset in Fig. 31). The prism can therefore be placed outside the objective lens. By using crystal 
wedges with appropriately oriented axes, the Nomarski prism recombines the two beams that were 
separated by the condenser Wollaston prism, as though a regular Wollaston prism were located in 
the back aperture plane of the objective lens. The Nomarski DIC scheme can therefore be used with 
regular high NA microscope objectives.

A DIC image can be modeled as the superposition of one image over an identical copy that is 
displaced by a small amount d and phase shifted by a bias . The intensity distribution I(x, y) of the 
combined image depends on the specimen orientation and varies proportionally with the cosine of 
the angle between the gradients azimuth  and the relative direction of wavefront shear :79

I x y I x y d x y( , ) cos ( ( , ) cos( ( , )
1
2

1
2

0 )) (16)

where I0 is the initial beam intensity, (x, y) and (x, y) are the gradient magnitude and azimuth. 
(For a theoretical framework of DIC imaging see Refs. 8, 79–81.)

Thus, regular DIC techniques show the two-dimensional distribution of optical path or phase 
gradients projected onto the shear direction. It is therefore prudent to examine unknown objects at 
several azimuth orientations.
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Video-enhanced DIC (VE-DIC), in addition to providing images with improved contrast, allows 
the removal of unwanted background signal (such as shading and fixed image noise due to dust 
particles or other imperfections in the optical system) by subtraction of a reference image with no 
specimen.82 Salmon and Tran gave a comprehensive description of the VE-DIC method.83 They 
indicate that the best optical contrast of microscopic, lowly refractile particles can be achieved with 
a bias of 1/15-1/20 the wavelength.

A further increase in sensitivity and sectioning capability was achieved by video-enhanced DIC 
microscopy with retardation modulation.84–87 By switching the polarization of the incident light in 
alternate video frames with a computer-controlled liquid crystal variable retarder, the contrast signal 
is increased by a factor of 2, relative to “standard” video-enhanced DIC. The modulator switches 
image highlights into shadows and vice versa. By subtracting alternate frames, a difference DIC 
image is created in which contrast is doubled while image defects and noise tend to be cancelled.

Recently, Carl Zeiss introduced a “C-DIC” technique for reflective-type microscopes, which 
avoids the need to rotate the specimen. Instead, the new system uses a single, mechanically rotatable 
Nomarski prism that is shared between the illumination and imaging path.88

Even in a transmission-type microscope one can obtain a DIC image using only one Wollaston 
or Nomarski prism placed in the imaging path, if the illumination beam is made spatially coherent.  
Pluta described a DIC setup with a slit condenser diaphragm.8 A similar system is currently manufac-
tured by Carl Zeiss called a “PlasDIC.” In the latter case the specimen is illuminated with unpolarized 
light using a condenser that has a slit in its aperture plane. Only a single polarizer is used and placed 
behind the Nomarski prism that follows the objective. The system is less sensitive to birefringence of 
the specimen, can be used with plastic dishes, and does not require strain-free optics. Disadvantages 
include a reduced illumination intensity caused by the slit (instead of a fully open aperture) and a 
deterioration of the optical sectioning capability.

The contrast in DIC images is proportional to the scalar product between the phase gradient in 
the specimen and the shear generated in the microscope’s prisms. Based on the phase gradient it is 
possible to restore the phase information using computational methods. The restored phase image 
shows the refractive index (dry mass) distribution within a thin layer of the specimen. Compared to 
a conventional phase-contrast image, the DIC-based phase image provides better sectioning due to 
the intrinsic sectioning capability of the DIC method.

The DIC phase image can be obtained by computing the line integral parallel to the shear 
direction.79,89 Other techniques use iterative phase computation,90 noniterative Fourier phase 
integration,91 or nonlinear optimization using hierarchical representations.92 Axelrod et al. used two 
phase-shifted DIC images to reconstruct the phase based on linearized expressions of interference.93

Biggs developed an iterative deconvolution approach for computation of phase images, based on the 
same principles as deconvolution techniques normally used to remove out-of-focus haze.94

Dyson and Mirau Interference Microscopes A third group of interference microscopes, in which 
the reference wave is focused to a different level than the specimen plane, are represented by the 
Dyson and Mirau interference microscopes.

In 1950, J. Dyson designed a double-focus system for transmitted light (Fig. 33a).95 In this sys-
tem, the initial transparent beam-dividing surface is formed on the upper side of the first glass plate 
mounted normally to the optical axis of the microscope immediately beneath the specimen slide. 
The illuminating beam, convergently directed through this upper surface by the substage condenser, 
is then partially reflected back to the lower surface of the plate, which has a small opaquely silvered, 
reflecting central spot. The lower surface of the first plate therefore reflects this second beam back 
through the upper surface of the plate. As a result, the specimen area is illuminated by two beams, 
one of which is focused on the specimen after direct transmission through the plate while the other 
reaches the specimen in a defocused condition due to internal reflection within the plate. A similar
plate between the specimen and the objective lens functions in much the same way, so that the por-
tion of the second defocused beam, which passes directly through it becomes combined with a por-
tion of the first focused beam internally reflected within it.

The image formed by the microscope objective consequently consists of a correctly focused 
image of the specimen area seen in interferometric comparison with a strongly defocused image of it. 
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A glass block with an upper spherical surface, which is fully reflecting apart from a central totally 
transmitting spot is included between the second plate and the objective to allow medium- and high-
power objective lenses to focus through to the specimen. The two plates are made slightly wedge-
shaped so that the optical path difference can be manually adjusted by traversing the condenser 
plate in a direction parallel to the principal section of the wedge across the optical axis of the micro-
scope. This operation varies the effective thickness difference between the two plates and thereby 
controls the optical path difference. By calibrating this movement the optical path difference can be 
determined.

Mirau introduced a single objective reflecting system.96 In this design (Fig. 33b) a flat, semire-
flecting beam-dividing surface is placed midway between the front of the objective and the specimen 
surface. A small central area of the front surface of the objective is silvered to form a miniature mir-
ror, a reflected image of which becomes superimposed on the normal image of the specimen surface 
by virtue of the intervening semireflecting beam divider. To maintain the required degree of optical 
path similarity, the beam-dividing surface is formed on the internal side of one of a pair of identical 
plates, which are cemented together.

Holographic Soon after its invention the laser was employed for holographic imaging in micros-
copy. In the early 1960s, Gordon Ellis built one of the first holographic microscopes.97 He used a 
helium-neon laser as light source and photographic film for recording the hologram. After develop-
ment of the film, the hologram allowed to reconstruct images using a divergent laser beam.

In digital holographic microscopy (DHM), the hologram of interfering wave fronts is recorded 
with an electronic sensor (e.g. CCD chip, Fig. 34)98 and images are digitally reconstructed by a 
computer. A digitized hologram represents a three-dimensional record of the optical features of 
the specimen. Based on a single hologram, several images can be reconstructed that correspond to 
specific focus planes in the specimen. Furthermore, the digital reconstruction allows to simulate 
different contrast modes, such as phase contrast and dark field imaging.99–101 In addition to the 
specimen, the hologram can also contain information on the rest of the optical path, depending on 
the coherence length of the light source. For example, a hologram can provide the opportunity to 
correct for lens aberrations.102

FIGURE 33 (a) Dyson and (b) Mirau’s interference microscope. In (b), the incident light beam, emerging from the objective 
O1, is split in two parts in the semireflective surface. One part is transmitted to the object P and the other is reflected to the refer-
ence area R extending over a small portion of the objective front surface. The wavefronts reflected by R and P are recombined at G
to produce the interference pattern.5
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The digital analysis of a set of holograms, each recorded with a beam that illuminates the sample 
from a different direction, allows to emulate an objective with a larger numerical aperture than actu-
ally employed, leading to a corresponding enhancement in image resolution.103

Optical Coherence Tomography Optical coherence tomography (OCT) is an imaging method that 
performs depth-resolved imaging of various turbid media. At the core of the OCT technique is a 
low-coherence, two-arm interferometer, which works in reflection mode.104,105 The low-coherence 
interferometer is used to select only a small volume named the “coherence gate” that determines the 
depth in the sample from where the back-reflected or back-scattered signal is processed. The depth 
of the coherence gate is defined and controlled by matching the optical path in the probe and refer-
ence interferometer arms. A variable delay line in one of the arms changes the gate position. In addi-
tion to its depth-selectivity feature, the low coherence interferometer is used to “amplify” very weak 
signals back-scattered by the sample.

In OCT, the coherence length is shortened to a distance of several micrometers, thanks to the use 
of a broadband light source. Light of appropriate bandwidth is typically generated by a superlumines-
cent diode or laser with extremely short pulses. The spatial resolution of OCT in the axial direction is 
provided by the coherence gate, which selects signal light only from a cross-sectional volume of thick-
ness defined by the coherence length of the illumination source. Superluminescent diodes typically 
provide 10- to 20-μm axial resolution. Higher resolution can be obtained with ultrashort pulsed lasers.

Interference of the light reflected by the sample and the reference mirror in the interferometer 
arms can occur only when the optical path lengths of the two arms match to within the coherence 
length of the optical source. Depth scanning can be performed in the time- or spectral domain. 
Time-domain OCT systems vary the reference arm path length, inducing changes in the depth from 
which the backscattered light of the sample is detected. In spectral-domain or Fourier-domain OCT, 
the axial signal intensity is calculated based on changes in the interference spectrum. The interfer-
ence between probe and reference beam causes changes in the spectrum which is measured using a 
suitable spectrometer,106 or by rapidly and repeatedly sweeping a narrow line width laser source in a 
mode called swept-source OCT.106–108

FIGURE 34 Optical principle of a holographic microscope. A collimated laser beam is divided by the 
beamsplitter BS1. One beam passes through the specimen and the microscope objective lens and forms the object 
wave. The second beam is the reference wave and is recombined on-axis with the first beam behind the objective 
lens. The interference pattern (hologram) of the object and reference wave is recorded by a CCD camera that 
is located near a conjugate plane of the backfocal plane of the objective lens. Other optical setups are possible, 
including for reflective-type specimens and for using an off-axis interference arrangement.98
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In addition to amplitude and phase, OCT can also be used to analyze changes in polarization of 
the probe beam, revealing the polarization properties (birefringence, dichroism) of selected regions 
inside a turbid medium.109

Optical coherence microscopy (OCM) combines the advantages of confocal microscopy with 
the principles of low-coherence interferometry.104,110,111 High contrast and detection sensitivity 
are achieved via rejection of out-of-focus light, resulting in improved optical sectioning capabili-
ties deep within highly scattering media. Both OCT and OCM usually employ single-mode optical 
fibers for illuminating and collecting light from the sample. However, OCT uses a low NA objective 
lens with an extended depth of field, providing sectioning through coherence only. OCM, on the 
other hand, utilizes a high NA lens, providing sectioning through a combination of coherence and 
confocal effects.

Polarizing

The polarizing microscope (Fig. 35) generally differs from a standard transilluminating micro-
scope by the addition of a polarizer before the condenser; a compensator slot and analyzer 
behind the objective lens; strain-free optics; a graduated, revolving stage; centrable lens mounts; 
cross-hairs in the ocular aligned parallel or at 45° to the polarizer axes; and a focusable Bertrand 
lens that can be inserted for conoscopic observation of interference patterns in the back aperture 
of the objective lens. In addition, the front element of the condenser can be swung into place for 
higher-NA conoscopic observations or swung out for low-NA orthoscopic observations of larger 
field areas.

The same components can be made to fit on an epi-illumination stand for observing opaque 
or reflective-type samples, such as in metallurgy. As outlined earlier, in epi-illumination a beam-
splitting mirror separates the illumination and imaging light paths before the objective lens. In 
polarizing microscopy one needs to pay special attention to the beam-splitting mirror, which typi-
cally introduces polarization aberrations. The aberrations can be significantly reduced by a so-called 
Smith reflector replacing the regular dichromatic or half-shaded mirror. While a regular beam 
splitter reflects the incoming beam with a 45° angle of incidence, the Smith reflector uses two 22.5° 
reflections, first off a full mirror, followed by a second reflection off a 50/50 beam splitter. While 
the number of reflections has doubled, the steeper angle of incidence of 22.5° for both reflections 
reduces the overall polarization distortions compared to a regular beam splitter.

Filter
Light

source

Polarizer
Polarization

rectifier

Meniscus

Ocular
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FIGURE 35 Optical train of a polarized light microscope with polarizer, analyzer, and compensator. An optional polar-
ization rectifier can achieve improved sensitivity for low retardance measurements. With an optional Bertrand lens one exam-
ines the objective back focal plane for conoscopic interference figures.
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Equipped with these standard components, the polarizing microscope represents a powerful 
analytical tool for the identification of crystals, fibers, and other optically anisotropic materials.51,68

With standard polarizing microscopes, one can image and measure polarization optical parameters 
on objects which are larger than a few micrometers and which introduce retardance values greater 
than several tens of nanometers. However, as the dimension of the object or magnitude of retar-
dance decrease below these ranges, one needs to use special techniques or devices for detecting and 
measuring birefringence or even for generating a reliable image with high-NA lenses.

The basic ingredients that are needed to detect low levels of birefringence (retardance  10 nm) 
are high-extinction optics, use of low-retardance compensator, light source with high irradiance, 
and high-sensitivity detector (e.g., dark adaptation for visual observation and measurements). 
The need for high extinction optics applies to all components of the polarization optical train, 
which starts and ends with the polarizer and analyzer, respectively, and all optical components 
placed between them. Most manufacturers carry objective and condenser lenses that are either 
made or specially selected for polarized light observations. Such objectives typically carry the 
designation P, PO, or POL on their lens barrel and are designed to induce minimal polarization 
distortions (see Table 2).

Dichroic polarizing filters have replaced calcite prisms (which introduce astigmatism to all but 
collimated rays) as polarizer and analyzer in all but the most demanding applications. Modern 
dichroic polarizers are available with extinction factors better than 1000 and transmission better 
than 90 percent of the light that is fully polarized parallel to the transmission axis. These specs are 
satisfactory for most applications, in part because even POL-designated microscope lenses that are 
placed between the polarizer and analyzer cause polarization distortions that typically reduce the 
extinction of the polarization optical train significantly below 1000. The polarization distortions 
are typically caused by stress birefringence in the lens glass and by the differential transmission and 
phase shift of polarized light that passes through the peripheral regions of highly curved lens sur-
faces.112 The latter distortions result in four bright quadrants separated by a dark cross (the Maltese 
cross) that is seen conoscopically for crossed linear polarizers in the absence of a birefringent speci-
men. These distortions also give rise to anomalous diffraction, based on a four-leaved clover pattern 
replacing the Airy disk or each weakly birefringent image point.113,114

To counteract polarization distortions that occur at high NA lens surfaces, Inoué and colleagues 
have introduced polarization rectifiers115,116 made of a zero power lens with meniscus and a half-
wave plate (Fig. 35). Using rectified optics Inoué and Sato117 were able to reveal the chromosome 
arrangement in living sperm based on high-contrast polarized light images (Fig. 36). Unfortunately, 
rectifiers are commercially not available for modern microscope objectives, which contain many 
lens elements and complex antireflection coatings, making the construction of a rectifier highly spe-
cific to each objective and condenser lens. However, some manufacturers have succeeded better than 
others in selecting antireflection coatings that minimize the polarization distortions. Therefore, it is 
advisable to carefully select microscope optics, testing the polarization performance of similar lenses 
from several manufacturers and even within the product range of the same manufacturer, before 
acquiring critical components.

The compensator is located between the polarizer and analyzer, either before or after the speci-
men. There are several types of compensators (often named after their inventors), which are typi-
cally made of birefringent plates or wedges that can be translated or rotated in fine increments while 
observing the specimen.118 The effect of the compensator on the polarization of the transmitted or 
reflected light either adds to or subtracts from (compensates) the effect caused by the specimen. 
While not absolutely necessary for some basic observations, the compensator (a) can significantly 
improve the detection and visibility of weakly birefringent objects, (b) is required to determine the 
slow and fast axis of specimen birefringence, and (c) is an indispensable tool for the quantitative 
measurement of object birefringence (see, e.g., Ref. 119); for a discussion of the Poincaré sphere as 
an analogue device to compute the effect of compensators, or of birefringent objects in general, on 
polarized light see Ref. 120).

Over the years several schemes have been proposed to automate the measurement process and 
exploit more fully the analytical power of the polarizing microscope. These schemes invariably 
involve the traditional compensator, which is either moved under computer control121 or replaced 
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by electro-optical modulators, such as Pockel-cells,122 Faraday rotators,123 and liquid crystal variable 
retarders.124 These schemes also involve quantitative intensity measurements using electronic light 
detectors, such as photomultipliers or charge-coupled device (CCD) cameras. For strictly quantita-
tive measurements, acquisition and processing algorithms relate measured image intensities and 
compensator settings to optical characteristics of the specimen (see, e.g., Ref. 125). As an example 
of a quantitative, high-resolution birefringence map, we show in Fig. 37 the retardance image of a 
Siemens star that was etched into a thin silica layer.50 The image was recorded using the LC-PolScope 
equipped with a liquid-crystal universal compensator.126

Polarized light microscopy is usually practiced in two, mutually exclusive observation modes, 
called orthoscopy and conoscopy. In orthoscopy, the specimen is viewed directly, while in conoscopy 
the ocular is replaced by a telescope lens that lets one observe conoscopic interference figures formed 
in the back focal plane of the objective lens.68 In conoscopy, the sample birefringence is measured as a 
function of the tilt angle of rays passing through the specimen. Hence, this observation mode reveals 
the inclination angle of the optic axis of a uniformly birefringent specimen region, in addition to the 
azimuth of the optic axis. In orthoscopy, the inclination angle, which is the angle between the optic 
axis and the plane of observation, is usually not evident. Recently, orthoscopic and conoscopic views 
were combined in a single, so-called polarized light field image recorded with a microlens array in the 
intermediate image plane of an LC-PolScope.21

Another approach to measuring the three-dimensional birefringence properties of small bire-
fringent objects uses a so-called universal stage, invented by E.S. Fedorov more than 100 years ago, in 

FIGURE 36 Sperm head observed with a rectified polarizing micro-
scope at three different settings of mica compensator. Detailed distribu-
tion of birefringence in these chromosomes is shown with great clarity 
by immersion in dimethyl sulfoxide (refractive index 1.475). White bars: 
positions of chromosomal “breaks”; probably correspond to the end of 
each chromosome.117
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which the specimen is mounted between two glass hemispheres.22 Rotation of the specimen through 
measured angles around two or more axes allows one to explore the three-dimensional birefringence 
patterns of a small specimen region that is located in the common center of rotation. Alternatives to 
the universal stage include the spindle stage by Bloss128 and motorized goniometric stages by Glazer 
and collaborators.129,130

Instead of rotating the specimen under a stationary optical system, Shribak and Oldenbourg 
implemented a scheme involving a high numerical aperture imaging system and oblique illumination 
with varying tilt angle of the illuminating beam.131 For each angle a high-resolution retardance map 
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FIGURE 37 Siemens star etched into 90-nm-thick SiO2 layer and imaged with the LC-PolScope. The 
dimensions of the star pattern are the same as the one described in Fig. 21. Image brightness is linearly propor-
tional to the retardance measured at all pixel locations. Insets show magnified portions of the pattern with lines 
indicating the measured slow axis orientation. (a) In the central region birefringence is observed all the way to 
the inner black disk. Unresolved wedge tips generate form birefringence with the slow axes parallel to the wedge 
orientations. (b) Edges of a well-resolved wedge portion display edge birefringence, which is composed of two 
birefringent layers flanking each edge.127 (60 /1.4 NA PlanApo oil objective lens and oil condenser with aper-
ture diaphragm reduced to 0.9 NA.)
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is generated representing the polarization properties of the sample as projected along the tilted axis 
of illumination. Four such maps, each generated with a different tilt angle, are combined to produce 
a three-dimensional birefringence map. The system is called Scanned Aperture LC-PolScope and is 
described here in more detail in the section “Aperture Scanning.”

Fluorescence

Fluorescence microscopy is one of the few modes of microscopy in which the illuminating wave-
length differs from that of the emitted. In early designs, the exciting waves were prevented from con-
taminating the fluorescence image by a combination of (1) special illumination (such as the use of a 
dark-field condenser) that prevented the direct rays from entering the objective lens, and (2) the use 
of a barrier filter. The barrier filter absorbs the exciting light while transmitting much of the longer 
fluorescence wavelengths.

Today most fluorescence microscopes (or attachments) use epi-illumination incorporating 
interchangeable filter cubes (after Ploem, see Fig. 6) that are matched to the fluorochrome. The fil-
ter cube is placed in the collimated beam between the objective and a tube lens, at the intersection 
of the microscope axis and that of the excitation illuminator located on a side arm. The objective 
lens serves both as the condenser and the objective. A field diaphragm, and sometimes an aperture 
iris, is placed in the illuminating side arm together with the source collector at appropriate conju-
gate planes. The illuminating beam, commonly emitted by a xenon or mercury arc lamp, is filtered 
through a narrow band path interference filter and reflected down into the objective by a dichro-
matic beam splitter. The fluorescence imaging beam originating from the specimen passes straight 
through the dichromatic beam splitter and associated barrier filter and reaches the ocular or camera. 
Each fluorescence cube contains the appropriate excitation interference filter, dichromatic beam 
splitter, and barrier filter so that they can be switched as a group, for example, to rapidly inspect 
specimens containing (or stained with) multiple fluorochromes.

For fluorochromes requiring shorter-wave UV excitation, objective lenses must be designed 
for greater short-wavelength transmission and low autofluorescence. While aberrations for the 
shorter-UV exciting wavelengths are generally not as well-corrected as for the imaging wavelengths, 
it should be noted that such aberrations, or lack of parfocality, directly affect the resolution and effi-
ciency in the case of confocal fluorescence microscopes.

Also, it should be noted that, while little effort is commonly made to fill the objective aperture 
with the illuminating beam (presumably with the rationale that this should not affect image resolu-
tion because each fluorescent object is emitting incoherently relative to its close neighbor), one finds 
that in practice the fluorescent image is much improved by filling the aperture, for example, by use 
of an optical fiber light scrambler. While the reasons for this improvement are not fully understood, 
one explanation might lie in the more efficient excitation of randomly oriented fluorophores by a 
high-NA illumination beam, which excites even those fluorophores that have their linear transition 
moment aligned parallel to the microscope axis.

While most fluorescence microscopes today use epi-illumination (since epi-illumination pro-
vides advantages such as avoiding loss of excitation by self-absorption by underlying fluorochrome 
layers, generating an image that more closely approximates an intuitive one when reconstructed 
in three dimensions, etc.), improvements in interference filters open up new opportunities for 
fluorescence microscopy using transillumination. New interference filters are available with excep-
tionally high extinction (>105) and sharp cutoff of the excitation wavelengths, coupled with high 
transmission of the pass band. With transillumination, one can more reliably combine fluorescence 
with polarization-based microscopy or carry out polarized fluorescence measurements with greater 
accuracy, since one can avoid the use of dichromatic beam splitters, which tend to be optically 
anisotropic.

Fluorescence microscopy particularly benefits from electronic imaging, especially with the use of 
low-noise, chilled CCDs as imaging detectors, digital computers to enhance and rapidly process the 
signal (such as in ratio imaging), and the new fluorescence-conjugated chemical probes that provide 
incredible sensitivity and selectivity.11,12,132–135
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For imaging specimens that are labeled with more than two or three types of spectrally distinct 
fluorophores, a technique known as spectral imaging is becoming available. Spectral imaging com-
bines spectroscopy and imaging, measuring the spectral composition of the light recorded at each 
point of the image. When spectral imaging is applied to fluorescence microscopy, the filter cube is 
modified as to transmit a broad range of emission wavelengths. A spectrometer placed before the 
detector samples the emission spectrum at appropriate resolution and intervals (channels) for wave-
lengths longer than the excitation wavelength. Spectral imaging systems can either be integrated into 
the microscope (manufacturers include Leica, Nikon, Zeiss) or can be added to an existing stand 
(manufacturers include Cambridge Research and Instrumentation Inc., Lightform Inc.). Datasets 
are typically stored as stacks of images, in which each slice corresponds to a wavelength channel. 
Powerful algorithms reduce an experimental dataset to indicate for each image point the weighted 
contributions of pure fluorophores whose spectra are stored in a library.136,137

Confocal Microscopy

In confocal microscopy, the specimen is scanned point by point either by displacing the specimen 
(stage scanning) or by scanning a minute illuminating spot (beam scanning), generally in a TV-raster 
fashion. In either case, the scanning spot is an Airy disk formed by a high-NA objective lens. An exit 
pinhole is placed conjugate to the spot being scanned so that only the light originating from the 
scanned spot is transmitted through the exit pinhole. Thus, light originating from other regions of 
the specimen or optical system is prevented from reaching the photo detector (Fig. 38).138,139

This optical arrangement reduces blurring of the image from out-of-focus light scattering, fluo-
rescence, and the like, and yields exceptionally clear, thin optical sections. The optical sections can 
then be processed and assembled electronically to yield three-dimensional displays or tilted plane 
projections. Alternatively, the specimen itself can be scanned through a tilted plane (e.g., by imple-
menting a series of x scans with y, z incremented) to yield a section viewed from any desired orienta-
tion, including that normal to the microscope axis.

FIGURE 38 Optical path in simple confocal microscope. The condenser lens C forms 
an image of the first pinhole A onto a confocal spot D in the specimen S. The objective lens 
O forms an image of D into the second (exit) pinhole B which is confocal with D and A.
Another point, such as E in the specimen, would not be focused at A or B, so that the illumi-
nation would be less and, in addition, most of the light g-h scattered from E would not pass 
the exit pinhole. The light reaching the phototube P from E is thus greatly attenuated com-
pared to that from the confocal point D. In addition, the exit pinhole could be made small 
enough to exclude the diffraction rings in the image of D, so that the resolving power of the 
microscope is improved. The phototube provides a signal of the light passing through points 
D1, D2, D3, etc. (not shown), as the specimen is scanned. D1, D2, D3, etc. can lie in a plane nor-
mal to the optical axis of the microscope (as in conventional microscopy), or parallel to it, or 
at any angle defined by the scanning pattern, so that optical sections can be made at angles 
tilted from the conventional image plane. Since, in the stage-scanning system, D is a small 
spot that lies on the axis of the microscope, lenses C and O can be considerably simpler than 
conventional microscope lenses.138,139
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The stage-scanning confocal microscope can yield vastly expanded fields of view. Here the image 
area is not limited by the field of view of the optics but only by the range of movement of the speci-
men and ability of the photo detector and processor to handle the vast information generated at 
high speed. Furthermore, the objective lens needs only to be corrected for a narrow field of view on 
axis.6,138 Laser disk recorders are a form of application that takes advantage of these attributes.

The beam-scanning confocal microscope is typically implemented in the reflective or epi-illumination 
mode. This mode has the advantage that the illuminating beam and the returning light scattered 
back by the sample pass through the same objective lens and beam-steering devices needed for scanning 
the sample. The prototype of a modern beam-scanning confocal microscope uses two galvanometric 
mirrors (one for each dimension of a two-dimensional image) that scan a focused laser beam across 
a stationary sample field. The backscattered light is collected by the objective and bounces off the 
same mirrors which “descan” the returning light before it passes through a stationary beamsplitter 
(to separate the backscattered light from the incoming beam) and a stationary exit pinhole. The exit 
pinhole is located in a conjugate image plane, while the scanning mirrors are located in positions that 
are conjugate to the back focal plane of the objective lens. By (indirectly) placing the mirrors into 
the objective back focal plane, the angular scan of the mirrors is translated into a positional scan of 
the focused laser beam in the specimen. Beam-scanning microscopes typically require additional 
relay optics that project the objective back focal plane into the mirror locations.

The laser-scanning, epi-illuminating confocal microscope was developed into a practical instru-
ment in the late 1980s and immediately adopted with great enthusiasm for fluorescence imaging in 
the life sciences. Because laser beams are typically highly collimated, a source or entrance pinhole is 
commonly omitted in this instrument. The beam splitter combining and separating the illumina-
tion and imaging paths is implemented as a dichroic (also called dichromatic) mirror providing 
high reflectivity at short wavelengths and high transmissivity at longer wavelengths (or vice versa, 
depending on the particular optical design). A whole industry has evolved around designing and 
manufacturing dichromatic mirrors that are appropriate for specific fluorescent dyes and combina-
tion of dyes.

For direct viewing of confocal images in reflective mode a Nipkow disk is used for scanning 
multiple beams across a stationary sample field. The multiple beams originate in many thousands 
of pinholes arranged helically on a modified Nipkow disk that is located in the image plane of the 
objective lens. Thus, a single spinning disk can be made to provide synchronously scanning entrance 
and exit pinholes.140,141 To overcome the considerable light loss associated with the original designs 
by Petrán and Kino, Yokogawa Electric Corp. employed a second, coaxially aligned Nipkow disk 
containing microlenses in its CSU-10 disk confocal scanner (Fig. 39). Each pinhole on the first 
Nipkow disk has a corresponding microlens on the second Nipkow disk that focuses the laser light 
into the pinhole. Thus, the light efficiency is increased by a factor equal to the ratio of the microlens 
to pinhole area. Instead of the 1 percent or so found with conventional Nipkow disk systems, some 
40 to 60 percent of the light impinging on the disk containing the microlenses becomes transmitted 
through the pinholes to illuminate the specimen. Accordingly, the CSU-10 provides a light efficient 
scan unit that permits direct visual viewing of the confocal image, a great advantage when studying 
moving objects such as living cells.142,143

In a confocal microscope, the exit pinhole can be made smaller than the diameter of the Airy dif-
fraction image formed by the objective lens so that the Airy disk is trimmed down to regions near 
its central peak. With this optical arrangement, the unit diffraction pattern that makes up the image 
turns out to be the square of the Airy pattern given in Eq. (2). Thus, the radius at half maximum 
of the central bright area (Airy disk) is reduced by a factor of 1.36. (The radial position of the first 
minimum in both patterns is still equal to rAiry.) The shape of the unit diffraction pattern is thus 
sharpened so that, compared to nonconfocal imaging, two points which radiate incoherently (as 
in fluorescence microscopy) can be expected to approach each other by up to a factor of 2 closer 
to each other before their diffraction patterns encounter the Rayleigh limit. In Fig. 20 the contrast 
transfer characteristics of a confocal microscope in the coherent imaging mode is compared with 
the nonconfocal, incoherent imaging mode using the same lenses. Note that the limiting resolution 
is the same for both imaging modes, while the contrast transfer of the confocal mode increase more 
steeply for increasing grating periods.
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FIGURE 39 Schematic of the Yokogawa CSU-10 confocal 
disk scanner. The expanded and collimated laser beam illuminates 
the upper Nipkow disk containing some 20,000 microlenses. Each 
microlens focuses the laser beam onto its corresponding pinhole, 
thus significantly raising the fraction of the illuminating beam that 
is transmitted by the main Nipkow disk containing the pinhole 
array. The backscattered or fluorescent light is collected by the 
objective lens and focused back onto the Nipkow disk containing 
the array of pinholes, which now act as confocal exit pinholes. A 
beam splitter located between the first and second Nipkow disk 
reflects the light toward a camera. A lens projects an image of the 
pinhole array onto the camera, that acquires a confocal image while 
the Nipkow disk rotates with high speed. After carefully designing 
the array pattern and implementing a precise and vibration-free 
rotation of the Nipkow disks, the confocal disk scanner can produce 
clean, high-resolution images free of fixed pattern noise. In fluores-
cence imaging, the camera can be replaced by an ocular for direct 
viewing of the confocal image. (Schematic provided by Yokogawa 
Electric Corporation.)

Rather than using confocal optics to eliminate image blurring from out-of-focus planes, one can 
achieve the same end by computational deconvolution of a stack of serial optical sections obtained 
by wide field microscopy.49,144,145 While computationally intensive and time consuming, this image 
restoration method allows one to isolate clean optical sections from a stack of images that can be 
acquired at higher speed and higher efficiency than with laser-scanning confocal microscopy and in 
modes of contrast generation typically not accessible to confocal imaging.

Alternatively, thin optical sections can be obtained directly with digital enhanced video micros-
copy using high-NA condenser and objective lenses. Requiring little processing, this approach is 
especially convenient when many stacks of optical sections have to be acquired at high rates in suc-
cession, for example in order to record rapid, three-dimensional changes in microscopic domains 
over time.
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Structured Illumination

The quest for improved resolution beyond the diffraction limit has led to the development of sev-
eral methods that modify the illumination pattern in wide-field microscopy. In standard wide field 
microscopy, the specimen is illuminated using condenser optics that ideally projects a uniform field 
of light into the specimen. In structured illumination setups, however, a finely patterned illuminat-
ing field is projected into the specimen, providing a means for generating optical sections similar to 
confocal microscopy and for improving resolution.

Wilson and colleagues146 first described a simple method of obtaining optical sectioning in a con-
ventional wide-field microscope by projecting a single-spatial-frequency grid pattern onto the object. 
Images taken at three spatial positions of the grid were processed in real time to produce optically 
sectioned images that are substantially similar to those obtained with confocal microscopes. The sec-
tioning capability is achieved by superimposing an illumination pattern that is only in focus at a thin 
section through the specimen, while all other sections of the specimen are illuminated with a more or 
less blurred version of the pattern. The specimen with the superimposed grid pattern is then imaged 
with regular wide field optics focused on the grid pattern inside the specimen. Hence, all image fea-
tures that have the grid pattern imposed on them are located in this specimen section, while image 
features from other sections of the specimen appear nearly uniformly illuminated. For removing those 
out-of-focus features and removing the intruding effect of the illumination pattern on the specimen 
image, three raw sample images are recorded, each with the illumination pattern slightly shifted in 
position. Subsequently, the raw images are computationally combined to generate an optical section of 
the sample without the grid pattern noticeable in the image. The company Carl Zeiss has adopted this 
strategy in its ApoTome slider module for generating optical sections using epi-illumination.

Instead with a regular grid pattern, the sample can also be illuminated with a random speckle 
pattern to provide depth discrimination in thick, fluorescently labeled tissues.147,148 The technique 
consists of illuminating a sample with a sequence of speckle patterns and displaying the differential 
intensity variance of the resultant sequence of fluorescence images. The advantage of speckle illumi-
nation is that it provides diffraction-limited illumination granularity that is highly contrasted even 
in scattering media.

Structured illumination strategies that go beyond optical sections and provide lateral reso-
lution that exceeds the classical diffraction limit by a factor of 2 or more have been devised by 
Gustafsson.149 The sample is illuminated with a series of excitation light patterns, which cause nor-
mally inaccessible high-resolution information to be encoded into the observed image. The recorded 
images are linearly processed to extract the new information and produce a reconstruction with 
twice the normal resolution. Unlike confocal microscopy, the resolution improvement is achieved 
with no need to discard any of the light arriving from the specimen.

In addition to improving the lateral resolution this method can be applied in three dimensions to 
double the axial as well as the lateral resolution, with true optical sectioning.150 A grating is used to 
generate three mutually coherent light beams, which interfere in the specimen to form an illumina-
tion pattern that varies both laterally and axially. The spatially structured excitation intensity causes 
normally unreachable high-resolution information to become encoded into the observed images 
through spatial frequency mixing. This new information is computationally extracted and used to 
generate a three-dimensional reconstruction with twice as high resolution, in all three dimensions, 
as is possible in a conventional wide-field microscope.

Structured illumination is primarily used in fluorescence microscopy, where in principle it is 
capable of unlimited resolution. To achieve unlimited resolution, structured illumination has to 
be combined with a nonlinear dependence of the fluorescence emission rate on the illumination 
intensity.151,152 As an example of this concept, Gustafsson experimentally demonstrated saturated 
structured-illumination microscopy, in which the nonlinearity arises from saturation of the excited 
state. This method can be used in a simple, wide-field (nonscanning) microscope, which uses only 
a single, inexpensive laser, and requires no unusual photophysical properties of the fluorophore. 
The practical resolving power is determined by the signal-to-noise ratio, which in turn is limited by 
photobleaching. Experimental results show that a two-dimensional point resolution of < 50 nm is 
possible on sufficiently bright and photostable samples.
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Light Field

Instead of increasing resolution in a single image plane, it is sometimes desirable to trade lateral 
resolution for axial resolution in a three-dimensional image stack. To this end, Marc Levoy and 
colleagues20 have replaced the regular camera on a standard, wide-field microscope by a camera 
with microlens array, a so-called light field camera or plenoptic camera.153 The array consists of a 
hundred thousand or more microlenses arranged in a square up to the size of the microscope’s field 
number. The array is placed in the intermediate image plane of the objective lens. Behind the array 
the sensor chip is located in the backfocal plane of the microlenses. In other words, the light field 
camera samples the specimen image on a regular grid at intervals that corresponds to the pitch of 
the microlens array. At each grid point the camera captures a small subimage of the objective’s back 
focal plane. Hence, the camera captures a hybrid image of the specimen that is sampled not only in 
space but also along different directions through the specimen.

The raw light field image, when presented to the eye, cannot be directly interpreted since it con-
sists of a multitude of small disk-shaped images (of the objective’s back focal plane) arranged on a 
regular grid. However, a single light field image is used to reconstruct a multitude of conventional 
images of a specimen that is viewed along different directions or focused to different object planes.20

These differing views are all based on a single light field image that was captured by a single camera 
exposure. Hence light field microscopy can be especially useful when imaging three-dimensional 
structures that change rapidly in time, such as living cells and tissues. Based on a single snapshot 
one can reconstruct a stack of optical sections that were all recorded at the same point in time, thus 
avoiding registration problems between sections.

However, the versatility of generating different views and optical sections from a single light 
field image comes at a price. The sacrifice one makes is a reduction in image size. Specifically, if 
each microlens subimage contains N N pixels, then the computed images will contain N 2 fewer 
pixels than if the microlenses were not present. In return, we can compute N2 unique oblique 
views of the specimen, and we can generate a focal stack containing N slices with nonoverlapping 
depths of field.20

The recording of light field images is compatible with several contrast modes, including fluores-
cence and polarized light microscopy. One of the first areas to take advantage of simultaneous opti-
cal sections was fluorescence microscopy of functional neuronal tissues and the recording of three-
dimensional excitation patterns. In polarized light field microscopy, the microlens array generates 
a hybrid image consisting of an array of small conoscopic images, each sampling a different object 
area.21 Analysis of the array of conoscopic images reveals the birefringence of each object area as a 
function of the propagation direction of transmitted light rays. Compared to traditional conoscopy 
and related methods, the vastly improved throughput and quantitative analysis afforded by the light 
field LC-PolScope, for example, make it the instrument of choice for measuring three-dimensional 
birefringence parameters of complex structures. Since light field microscopy was implemented only 
a few years ago, additional application areas of this new method are likely to emerge in the future.

Aperture Scanning

In the aperture-scanning microscope devised by Ellis for phase-contrast microscopy, the tip of a 
flexible signal optical fiber, illuminated by an Hg arc, makes rapid circular sweeps at the periphery of 
the condenser aperture.65 This circular, scanning illumination spot replaces the conventional phase 
annulus in the condenser aperture plane. A quarter-wave plate and absorber, both covering only a 
small area conjugate to the illuminating spot, spins in synchrony with the fiber at the objective back 
aperture (or its projected conjugate). Thus, the specimen is illuminated by a narrow, coherent beam 
that enters the specimen obliquely at high NA, with the azimuth orientation of the beam swinging 
around and around to generate a full cone of illumination within the integration time of the detec-
tor. With this aperture-scanning approach, the specimen is illuminated by a large-NA cone of light
which is temporally incoherent, with the phase disk covering only a small fraction of the area nor-
mally occupied by the phase ring in conventional phase-contrast systems. The small size of the phase 
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disk, while appropriately reducing the amplitude and introducing the requisite /4 wave phase 
retardation to the rays not scattered by the specimen, allows the transmission of a much larger frac-
tion of the scattered rays that carry the high spatial frequency information. The aperture-scanning 
phase-contrast microscope thus provides a very thin optical section. The image is also virtually free 
of the phase halo that obscures image detail adjacent to refractile boundaries in conventional phase-
contrast microscopy.

For polarized light microscopy an aperture scanning scheme was designed and built by Shribak 
and Oldenbourg using a liquid crystal device in the front focal plane of the condenser lens.131,154

The liquid crystal device was designed for two functions: (1) to create oblique illumination of the 
specimen, and (2) to measure the birefringence parameters of microscopic objects for each of four 
oblique tilt angles of illumination. By measuring the object retardance along each of the four tilted 
projections, the inclination angle of the optic axis of birefringent objects was revealed, in addition to 
the orientation or azimuth angle in the plane of focus. The inclination angle of the optic axis is usu-
ally not evident from traditional polarized light images (see section on polarized light).

Extending this concept, modulation of the transfer functions of the condenser and objective 
apertures with electro-optical devices should open up intriguing new opportunities. Such modula-
tion eliminates the need for mechanical scanning devices, the spatial distribution of the modulation 
function can be altered at will, and the amplitude and phase of light passing each point in the aper-
ture can be adjusted rapidly, even coupled dynamically to the image signal through a feedback loop 
to generate dynamic spatial filters that enhance or select desired features in the image.

28.5 MANIPULATION OF SPECIMEN

In addition to viewing microscopic specimens, the light microscope and microscope objectives are 
also used to project reduced high-intensity images of source patterns into the object plane in order 
to optically manipulate minute regions of the specimen. Photolithography and laser disk record-
ers are examples of important industrial applications, which have prompted the design of specially 
modified objective lenses for such purposes.

Microbeam Irradiation, Ablation

Many applications are also found in the biomedical field, initially using UV-transmitting, mod-
erately high NA objectives that are parfocalized for visible light and UV down to approximately 
250 nm (Zeiss Ultrafluar, also quartz monochromats from Leitz). In its extreme form, a concen-
trated image of a circular- or slit-shaped UV or laser source of selected wavelengths is imaged 
onto a biological specimen to locally ablate a small targeted organelle; for example, a part of a 
chromosome, the microtubules attached thereto, or tiny segments of cross-striated muscle, are 
irradiated with the microbeam in order to sever their mechanical connections and, for example, 
to analyze force transduction mechanisms.155,156 In other cases, oriented chromophores can be 
selectively altered at the submolecular level, for example, by polarized UV microbeam irradiation. 
The stacking arrangement of the DNA nucleotide bases (which exhibit a strong UV dichroism, as 
well as birefringence in visible light) can be selectively altered and disclose the coiling arrange-
ment of DNA molecules within each diffraction-limited spot in the nucleus of living sperm.117

Brief microirradiation of slit- or grid-shaped patterns of UV are used to bleach fluorescent dyes 
incorporated into membranes of living cells. The time course of recovery of fluorescence into the 
bleached zone measures the rate of diffusion of the fluorescently tagged molecules in the mem-
brane and reveals unexpected mobility patterns of cell membrane components.157,158

Lasers have become the dominant source for microbeam irradiation experiments in cell and 
developmental biology and in other application areas. Laser sources can have a wide range of tun-
able wavelengths (217 to 800 nm), energies, and exposure durations (down to 25  10 12).159 They are 
often used together with sensitizing dyes or fluorescent markers to target specific organelles.160 They 
can be used in conjunction with versatile beam-shaping optics such as spatial light modulators.161
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Photosensitive and Caged Compounds

Selected target molecules within minute regions in living cells can be modified, tagged, or activated 
by focused beams of light. The target molecules can be naturally photosensitive species such as 
chlorophyll (which produces oxygen where illuminated with the appropriate visible wavelengths), 
rhodopsin (which isomerizes and triggers the release of calcium ions and action potentials in retinal 
cells), or artificially introduced photosensitive reagents such as the drug colchicine (whose antimi-
totic activity is abolished locally with 366-nm irradiation).

Of the photosensitive compounds, the caged compounds have a far-reaching potential. These are 
compounds that are synthesized so as to “cage” and hide the active chemical group until a photo-
sensitive part of the compound is altered (e.g., by long-wavelength UV irradiation) and unmasks 
the hidden active group. Thus, by preloading with the appropriate caged compound and irradiat-
ing the cell selectively in the region of interest, one can test the role of the uncaged compound. 
For example, the role of ATP can be tested using caged ATP and ATP analogs; response to subtle 
increase in calcium ions can be seen using caged calcium or caged calcium chelators.162,163 Likewise, 
caged fluorescent dyes are irradiated to locally label and follow the transport of subunits within 
macromolecular filaments in a dividing cell.164 Caged glutamate in brain slices was photolyzed 
using a holographically generated illumination pattern for simultaneous multispot activation of 
different dendrites.161

Optical Tweezers

Intense laser beams concentrated into a diffraction spot can generate a photon-driven force 
great enough to capture and suspend small particles whose refractive index differs from its 
surrounding.165,166 Applied to microscopy, a single swimming bacterium or micrometer-sized organ-
elles in live cells can be trapped and moved about at will at the focus of a near-infrared laser beam 
focused by an objective lens of high NA. While the energy density concentrated at the laser focus is 
very high, the temperature of the trapped object remains within a degree or so of its environment; 
biological targets typically exhibit low absorbance at near-infrared wavelengths and thermal diffu-
sion through water from such minute bodies turns out to be highly effective. Thus, the bacterium 
continues to multiply while still trapped in the focused spot, and it swims away freely when the laser 
beam is interrupted.

The ability to use “optical tweezers,” not only to capture and move about minute objects but to 
be able to instantly release the object, provides the microscopist with a unique form of noninvasive, 
quick-release micromanipulator.167

Optical tweezers are now being used in the investigation of an increasing number of biochemi-
cal and biophysical processes, from the basic mechanical properties of biological polymers to the 
multitude of molecular machines that drive the internal dynamics of the cell. Innovation continues 
in all areas of instrumentation and technique, with much of this work focusing on the refinement 
of established methods and on the integration of this tool with other forms of single-molecule 
manipulation or detection. These developments have important implications for the expanded use 
of optical tweezers in biochemical research.168
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