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 1 7 . 1  GLOSSARY

 f  focal length
 M  magnification
 n  refractive index

 NA  numerical aperture
 z  distance along optical axis
 l  wavelength of light

 1 7 . 2  INTRODUCTION

 Historic Overview

 The optical principles and basic lens design needed to generate a dif fraction-limited ,
 highly magnified image with the light microscope were already essentially perfected a
 century ago .  Ernst Abbe demonstrated how a minimum of two successive orders of
 dif fracted light had to be captured in order for a particular spacing to be resolved (see
 historical sketch about Abbe principle 1 ) .  Thus ,  he explained and demonstrated with
 beautiful experiments the role of the wavelength of the imaging light and the numerical
 aperture (NA ,  NA  5  n  sin  Θ ,  Fig .  1) of the objective and condenser lenses on the resolving
 power of the microscope .  In general ,  the minimum spacing  d   for line gratings that can just
 be resolved cannot be smaller than

 d  5
 l

 2  NA
 (1)

 when the NA of the condenser is equal to the NA of the objective .
 With the NA of the Lister-type objective (Fig .  2 a ) extended by the addition of an

 aplanatic hyperhemisphere in the Amici-type objective (Fig .  2 b ) ,  and further by the
 incorporation of homogeneous immersion (Fig .  2 c ) ,  the numerical aperture of the
 objective lens was raised from around 0 . 25 to 0 . 65 and to 1 . 25 .  The apochromatic
 objective (Fig .  2 d ) was introduced in 1986 .  By incorporating low-dispersion fluorite lens
 17 .1



 17 .2  OPTICAL INSTRUMENTS
 FIGURE 1  Definition of numerical aperture of objec-
 tive (NA o b j  5  n  sin  Θ ) and condenser (NA c o n d  5
 n 9  sin  Θ 9 ) . 6

 elements ,  the apochromats provided good correction for lateral as well as longitudinal
 chromatic aberration up to an NA of 1 . 35 when used in conjunction with a compensating
 eyepiece ,  albeit with residual error of the secondary spectrum and appreciable curvature of
 field .  Early high-resolution compound microscopes were equipped with an (oil-
 immersible) Abbe condenser whose iris diaphragm ,  placed at the front focal plane of the
 condenser ,  could be of f-centered to achieve oblique illumination .

 Much of the early use of the light microscope depended on the relatively high image
 contrast that could be generated by dif ferential absorption ,  reflection ,  birefringence ,  etc .,
 due to specimen composition or structure .  Specimens ,  such as unstained living cells and
 other transparent objects introducing small optical path dif ferences ,  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 Zernicke who showed how contrast in the
 microscope image is generated by interference between the light waves that make up the
 direct rays (that are undeviated by the specimen) and those that were scattered and
 suf fered a phase dif ference by the presence of the specimen .  Using this principle ,  Zernicke
 invented the phase contrast microscope . 2  For the first time it became possible to see ,  in
 focus ,  the image of small ,  nonabsorbing objects .  Zernicke’s revelations ,  together with
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 FIGURE 2  ( a ) Lister-type ,  ( b ) Amici-type ,  and ( c ) oil-contacted achromatic objec-
 tives .  In ( d ) an apochromat is shown ,  with fluorite elements shaded . 5 7

 Gabor’s further contributions , 3  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 Zernicke’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 following World War II ,  the light microscope in many fields took a back
 seat to the electron microscope .

 During the last decade ,  however ,  the light microscope has reemerged as an indispen-
 sable ,  powerful tool for investigating the submicron world in many fields of application .  In
 biology and medicine ,  appropriate tags ,  such as fluorescent and especially immunofluores-
 cent tags ,  are used to signal the presence and location of selected molecular species with
 exceptionally high sensitivity .  Dynamic behavior 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 ef fectively with confocal optics .  Quantitative measurements are made
 rapidly with the aid of digital image analysis .

 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 miniaturized 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 .
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 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 de-
 vices ,  in regulated image filtration ,  contrast-generating schemes ,  as well as in optical
 manipulation of the specimen employing microscope optics .

 Outline

 In the following ,  we first review the general optical considerations that enter into the use
 and design of the light microscope ,  examine several commonly used modes of contrast
 generation ,  discuss additional modes of microscopy ,  list some applications in which the
 microscope is used to optically manipulate the specimen ,  and describe some accepted
 mechanical standards .

 Many of the above subjects 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 Handbook chapters on Geometric Optics (Vol .  I ,  Chap .  1) and on
 Optical Elements ,  such as Lenses (Vol .  II ,  Chap .  1) ,  Mirrors (Vol .  II ,  Chap .  2) ,  Polarizers
 (Vol .  II ,  Chap .  3) ,  etc .,  as well as chapters on Physical Optics for wave phenomena such as
 Interference (Vol .  I ,  Chap .  2) ,  Dif fraction (Vol .  I ,  Chap .  3) ,  Coherence (Vol .  1 ,  Chap .  4) ,
 and Polarization (Vol .  I ,  Chap .  5) 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 articles on Vision ,  Imaging Detectors ,  and Optical Information
 and Image Processing .

 There are a number of excellent review articles and books discussing the optical
 principles of light microscopes 1 , 4 , 5  and microscopic techniques 6 – 8  and their applications . 9 – 1 1

 The present article 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 .  Thus ,  the article emphasizes basic
 principles and does not attempt to discuss specialized instruments such as operating
 microscopes ,  specific inspection microscopes ,  etc .

 1 7 . 3  GENERAL OPTICAL CONSIDERATIONS

 Geometrical and Wave Optical Train , Magnification

 In an optical train of a conventional microscope (Fig .  3) ,  the objective lens  L o b  projects an
 inverted ,  real ,  magnified image  O 9  of the specimen  O  (or object) into the intermediate

 FIGURE 3  Ray path in the microscope from object to
 observer’s eye (see text) .
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 FIGURE 4  Ray path in microscope with infinity-corrected
 objective and tube lens .

 image plane (or primary image plane) .  The intermediate image plane is located at a fixed
 distance  f  9  1  z 9  behind  L o b ,  where  f  9  is the back focal length of  L o b  and  z 9  is the optical
 tube length of the microscope .  In general ,   O 9  is an aerial image for which an ocular  L o c  (or
 the eyepiece) acts as a magnifier in front of the eye .  Since  L o c  ,  coupled with the corneal
 surface and lens of the eye ,  produces an erect image  O 0   of  O  on the retina ,  the object
 appears inverted to the observer .  The ocular may conversely be used as a projector .

 Continuing with the schematic diagram in Fig .  3 ,  using thin-lens approximations ,   O  is
 placed at a short distance  z  just outside of the front focus of  L o b ,  such that  z  1  f  5  a ,  where
 f  is the front focal length of  L o b  and  a  is the distance between  O  and  L o b .   O 9  is formed at
 a distance  b  5  ( z 9  1  f  9 ) behind  L o b .  For a height  y  of  O ,  the image height  y 9  5  y  3  b  / a .
 Thus ,   L o b  magnifies  O  by  M o b  5  b  / a .  Also ,   M o b  5  f  / z  5  z 9 / f  9 . M o b  is the transverse
 magnification (or lateral magnification) of  L o b .  In turn ,   y 9  is magnified by  L o c  by a factor
 M o c  5  25  cm / f o c ,  where  f o c  is the focal length of the ocular and 25  cm is the so-called near
 distance from the observer’s eye (see section on Vision in this Handbook) .  Thus ,  the total
 transverse magnification of the microscope  M t o t  5  M o b  3  M o c .

 Note that most microscope objectives are corrected for use only within a narrow range
 of image distances ,  and ,  in general ,  only in conjunction with specific groups of oculars .   M o b ,
 which is the magnification inscribed on the barrel of the objective lens ,  is defined for its
 specified tube length (for high-power objectives ,   M o b  5  z 9 / f  ) .  In the case of an infinity-
 corrected objective ,   M o b  is the ratio  y 9 / y  as used in conjunction with a specific tube lens  L t b
 (Fig .  4) .  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
 dif fraction-limited image .

 Conjugate Planes

 Continuing the optical train back to the light source in a transilluminating microscope ,  Fig .
 5 a  shows the ray paths and foci of the waves that focus on an on-axis point in the
 specimen .  In Ko ̈  hler 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 9 ,
 and  O 0   all lie in image planes that are conjugate with each other .

 Tracing the rays emitted from a point in the light source (Fig .  5 b ) ,  the rays are parallel
 between the condenser and the objective lenses ,  thus the specimen is illuminated by a
 plane wavefront .  This situation arises because the iris diaphragm of the condenser is built
 into the front focal plane of the condenser .  Also ,  since the pupil of an (experienced)
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 FIGURE 5  Ray paths in a transmitted light microscope adjusted for Ko ̈  hler 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 . 5 8

 observer’s eye is placed at the eyepoint or back focal plane of the ocular ,  the four aperture
 planes  L ,  L 9 ,  L 0 ,  and  L -   are again conjugate to each other .

 As inspection of these two figures 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 af fect the cone
 angles ,  paths ,  and obliquity of the illuminating and image-forming rays ,  and the brightness ,
 uniformity ,  and size of the microscope field .  More fundamentally ,  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 .

 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 dif fraction image with a finite spread (Fig .  6 a ) .  This
 Airy dif fraction image is the Fraunhofer dif fraction pattern formed by the exit pupil of the
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 (a)  (b)

 FIGURE 6  Airy pattern of circular aperture :  image ( a ) of central Airy disk ,  first dark ring and subsidiary
 maximum ;  graph ( b ) of radial intensity distribution . 5 9

 objective lens from which spherical waves converge to the focal point .  The distribution of
 irradiance of the dif fraction image (Fig .  6 b ) is given by an expression containing the first
 order Bessel function  J 1 ( y  ) :

 I ( y  )  5  I 0 S 2 J 1 ( y  )
 y

 D 2

 (2)

 with  y    proportional to the dif fraction angle .  If the irradiance is calculated as a function of
 radius measured from the center of the Airy dif fraction pattern located in the intermediate
 image plane ,   y    takes on the form :

 y  5  2 π
 NA
 M l

 r i  (3)

 where NA is the numerical aperture and  M  the magnification of the objective lens ,   l   the
 wavelength of light ,  and  r i   the radial distances measured in the intermediate image plane .
 If we express  r i   as a distance  r o   in object space ,  with  r i  5  Mr o  ,  we obtain the more familiar
 relationship :

 y  5  2 π
 NA
 l

 r o  (4)

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

 r Airy  5  0 . 61
 l

 NA
 (5)

 When there exist two equally bright ,  self-luminous points of light separated by a small
 distance  d  in object space ,  i . e .,  the specimen plane ,  their dif fraction images lie side-by-side
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 FIGURE 7  Overlapping Airy patterns :  ( a ) clearly resolved ;  ( b ) center of Airy patterns
 separated by  d  5  r A i r y ,  Rayleigh criterion . 5 9

 in the image plane .  The sum of the two dif fraction images ,  assuming the two points of light
 were mutually incoherent ,  appears as in Fig .  7 a .  As  d  becomes smaller so that the first
 minimum of one dif fraction image overlaps with the central maximum of the neighboring
 dif fraction image ( d  5  r A i r y ,  Fig .  7 b ) ,  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 dif fraction images rapidly pass a stage where instead of a small dip ,  their sum shows a
 flat peak (the Sparrow criterion) at  d  5  0 . 78  r A i r y ,  and thereafter the sum of the dif fraction
 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 lose all cues of the periodicity at
 spacings below the Sparrow criterion .  Since the diameter of the Airy dif fraction image is
 governed by NA o b j  and the wavelength of the image-forming light  l  ,  this resolution limit
 normally cannot be exceeded (for exceptions ,  see the sections on ‘‘Confocal Microscopy’’
 and ‘‘Proximity Scanning Microscopy’’ 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 dif fraction image of the illuminating wave .
 For the influence of the condenser NA on resolution in transillumination ,  refer to the
 section on ‘‘Transillumination’’ later in this chapter .  Also ,  the contrast of the dif fraction
 images of the individual absorbing dots diminishes rapidly as their diameters are
 decreased ,  since the geometrical size of such small dots would occupy a decreasing fraction
 of the diameter of their dif fraction images .  For further detail see Ref .  12 . )

 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 suf ficiently 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 dif ferent when one is visualizing objects smaller than the limit of resolution
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 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  Å ngstrom steps have been
 measured with video-enhanced light microscopy using the center of gravity of the highly
 magnified dif fraction image of marker particles . 1 3

 Three-dimensional Dif fraction 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 .  8) .

 Figure 9 c  shows an isophot of the longitudinal section of this three-dimensional
 dif fraction image .  In the graph we recognize at  y  5  1 . 22 π   (and  u  5  0 ,  focal plane) the first
 minimum of the Airy pattern which we discussed in the previous section .  The intensity
 distribution along  u  perpendicular to the focal plane has its first minima at  u  5  Ú 4 π   and
 y  5  0   ( Ú z 1  in Fig .  9 a ) .

 To find the actual extent of the three-dimensional dif fraction pattern near the
 intermediate plane of the microscope ,  we express the dimensionless variables  y    and  u  of
 Fig .  9 c  as actual distances in image space .  The relationship between  y    and the lateral
 distance  r i   is given by Eq .  (3) .  The axial distance  z i ,  oriented perpendicular to the image
 plane ,  is related to  u  by :

 u  5  2 π
 NA 2

 M 2 l
 z i  (6)

 The first minimum ( u  5  4 π  ) is at a distance  z 1  5  (2 M 2 l ) / NA 2 .  To transfer distance  z i   in
 image space to distance  z o   in object space ,  we use the relationship  z i  5  z o M 2 / n .  (Note that
 for small axial distances ,  to a close approximation ,  the axial magnification is the square of
 the lateral magnification  M  divided by the refractive index  n  of the object medium . ) The
 distance from the center of the three-dimensional dif fraction pattern to the first axial
 minimum in object space is then given by :

 z m i n  5  2
 l n

 NA 2  (7)

 z m i n  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 dif fraction pattern (see Fig .  8) .

 In correspondence to the lateral resolution limit which is taken as the Airy disk radius
 r A i r y  [Eq .  (5)] ,  we can use  z m i n  as a measure of the limit of axial resolution of microscope
 optics .  Note that the ratio of axial to lateral resolution ( z m i n / r A i r y  5  3 . 28  n  / NA) is inversely
 proportional to the numerical aperture of the objective .

 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 dif fraction image
 of a small pinhole .  In the intermediate image plane ,  this distance is equal to  z 1 / 2 ,  with  z 1
 defined earlier .  The depth of focus defined by  z 1  is the dif fraction-limited ,  or physical ,
 depth of focus .
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 FIGURE 8  The evolution of the dif fraction image of a circular aperture with dif fering
 planes of focus in an aberration-free system . 6 0

 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  5
 M

 NA
 e  (8)
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 (a)

 (b)

 (c)

 FIGURE 9  ( a ) Axial intensity distribution of irradiance near focal point ; 1 5

 ( b )   meridional section through dif fraction pattern near focal point of a point
 source of light focused by lens with a uniform circular aperture ; 1 5  ( c ) contour
 plot (isophot) of the same cross section as in ( b ) . 3 5  The three-dimensional
 dif fraction pattern is obtained by rotating the meridional section around the
 optic axis .  The three-dimensional dif fraction pattern is also called the
 intensity point spread function .
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 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  / M 2  smaller
 than corresponding distances in image space .  Therefore ,  we apply this factor to the
 expression for the geometrical depth of focus [Eq .  (8)] and add the physical depth of field
 [derived from Eq .  (7)] for the total depth of field  d t o t :

 d t o t  5
 l n

 NA 2  1
 n

 M NA
 e  (9)

 Notice that the dif fraction-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 af fected 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 dif fraction pattern ,  are calculated for incoherently illuminated (or
 emitting) point sources (i . e .,  NA c o n d  $  NA o b j ) .  In general ,  the depth of field increases ,  up
 to a factor of two ,  as the coherence of illumination increases (i . e .,  as NA c o n d  5  0) .
 However ,  the three-dimensional point spread function with partially coherent illumination
 can depart in complex ways from that so far discussed when the aperture function is not
 uniform (see sections on ‘‘Phase Contrast and Other Aperture-modifying Contrast
 Modes , ’’ ‘‘Polarizing , ’’ and ‘‘Interference’’ later in this chapter) .  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 . 1 4

 1 7 . 4  MICROSCOPE LENSES , ABERRATIONS

 Designations of Objective Lenses

 With few exceptions ,  microscope objective lenses are designed to form a dif fraction-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 (see
 Sects .  ‘‘Coverslip Correction , ’’ ‘‘Tube Lengths and Tube Lenses for which Microscope
 Objectives Are Corrected , ’’ and ‘‘Mechanical Standards’’ later in this chapter) for
 standardized distances commonly used for microscope objectives) .

 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 ,  covered by an 0 . 17-mm-thick coverslip ,  and
 used at a 160-mm mechanical tube length .  Another example might be Epiplan-Neofluar



 MICROSCOPES  17 .13
 TABLE 1  Objective Lens Types and Corrections

 Type  Spherical  Chromatic  Flatness

 Achromat
 F-Achromat
 Neofluar
 Plan-Neofluar
 Plan Apochromat

 p

 p

 3 l
 3 l
 4 l

 2 l
 2 l

 , 3 l
 , 3 l
 . 4 l

 No
 Improved

 No
 Yes
 Yes

 *  5  corrected for two wavelengths at two specific aperture angles .
 2 l  5  corrected for blue and red (broad range of visible spectrum) .
 3 l  5  corrected for blue ,  green ,  and red (full range of visible

 spectrum) .
 4 l  5  corrected for dark blue ,  blue ,  green ,  and red .

 Source :  Zeiss publication  4 41-9048 / 83 .

 50 3 / 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 3  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
 may require the use of a designated tube lens to eliminate residual aberration and to bring
 the rays to focus into the image plane .  Achromats are usually not designated as such ,  and
 several other codes are inscribed or color-coded on microscope objectives (Tables 2 and 3) .

 Most 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 ,
 compensation oculars are used in conjunction with apochromatic and other high-NA
 objectives to eliminate lateral chromatic aberration and improve flatness of field .  However ,
 some lenses such as Nikon CF (Chrome Free) and current Zeiss Jena objectives are fully
 corrected so as not to require additional chromatic correction by a tube lens or the ocular .

 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 af fect the calculations 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 aberration 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 dif ference
 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 dif ferent refractive
 index ,  e . g .,  aqueous media ,  even with the objective and cover glass properly oil-contacted
 to each other .  With such an arrangement ,  the dif fraction image can degrade noticeably as
 one focuses into the specimen by as little as a few micrometers . 1 5  Special water immersion
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 TABLE 2  Common Abbreviations Designating Objective Lens Types

 DIC ,  NIC  Dif ferential (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 fleld 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

 objectives (e . g .,  Nikon Plan Apo 60 3 / 1 . 2 NA and short-wavelength transmitting Fluor
 40 3 / 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- m m thickness .

 For lenses that are designed to be used with a standard coverslip of 0 . 17-mm thickness
 (and  n D  5  1 . 515) ,  departure from standard thickness is not overly critical for objectives
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 TABLE 3  Color-coded Rings on Microscope Objectives

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

 Black
 Orange
 White
 Red

 Oil immersion
 Glycerol immersion
 Water immersion
 Special

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

 Color  Magnification

 Black
 Brown
 Red
 Yellow
 Green
 Turquoise blue
 Light blue
 Cobalt (dark) blue
 White (cream)

 1 ,  1 . 25
 2 ,  2 . 5
 4 ,  5
 10
 16 ,  20
 25 ,  32
 40 ,  50
 60 ,  63
 100

 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 objecti y  es  (i . e .,  nonimmersion objectives
 with high NA) of NA above 0 . 8 (Fig .  10) .  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
 dif ferent immersion media (e . g .,  water / glycerol / oil immersion lenses) ,  are equipped with
 correction collars .

 FIGURE 10  Calculated maximum intensity in the image of a
 point object versus the deviation of the coverglass thickness from
 the ideal thickness of 0 . 17  mm . 6 1
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 FIGURE 11  High-dry objective lens (60 3 / 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  G 2  is moved forward to
 enhance the spherical and chromatic correction by  G 1
 and  G 2  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 . 6 1  (U . S .
 Patent 4666256 . )

 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 11 shows an 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 have standardized the
 mechanical tube length to 160  mm (see Fig .  37) .  Most manufacturers use infinity focus for
 their metallurgical series (except Nikon uses a finite ,  210-mm mechanical tube length) .
 Carl Zeiss ,  Carl Zeiss Jena ,  Reichert and more recently Leica and Olympus have switched
 to infinity focus for both biological and metallurgical objectives .

 For infinity-focused objective lenses ,  the rays emanating from a given object point are
 parallel between the objective and tube lens .  Since the physical distance ( D p  ,  Fig .  4) and
 optical path length between the objective and tube lens are not critical ,  optical
 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 a
 reference focal length  by the focal length of the objective lens .  The reference focal lengths
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 TABLE 4  Reference Focal Lengths for Infinity-
 focused Objective Lenses

 Leica
 Olympus
 Reichert
 Carl Zeiss
 Carl Zeiss Jena

 200  mm
 180  mm
 183 . 1  mm
 160  mm
 250  mm*

 B ,  M
 B ,  M
 B ,  M
 B ,  M
 B ,  M

 B  5  biological ,  M  5  metallurgical .
 *  Subject to change in near future .

 adopted by several manufacturers are listed in Table 4 .  For the ICS (Infinity Color-
 Corrected System optics) of Carl Zeiss ,  the reference focal length is fixed at 160  mm (both
 biological and metallographic) with the tube lens correcting the residual chromatic
 aberrations of the objective lenses .  For current Carl Zeiss Jena infinity-corrected objectives
 (biological and metallographic) ,  the objectives themselves are fully corrected for lateral
 and longitudinal chromatic aberrations ,  and tube lenses of various focal lengths are used
 to change magnification .

 Working Distance

 Microscope objectives are generally designed with a short free working distance ,  i . e .,  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 dif ficulty involved in achieving large
 numerical apertures and the needed degree of correction .  Table 5 lists some objectives that
 provide extra-long working distances .

 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

 TABLE 5  Some Microscope Objectives with Long Working Distances Relative to NA

 Manufacturer  Type  Mag / NA  FWD (mm)  CvrGl (mm)  Remarks*

 Nikon
 Leica
 Zeiss
 Leica
 Leica
 Olympus
 Leica
 Nikon
 Nikon
 Olympus
 Olympus

 CF Plan Apo
 EF Achromat
 Plan Apo
 Plan Fluotar
 Plan
 Plan Achro
 Plan
 CF Plan
 CF Plan
 Neo S Plan
 Neo S Plan

 4 / 0 . 20
 4 / 0 . 12
 5 / 0 . 16

 10 / 0 . 25
 20 / 0 . 40
 20 / 0 . 40
 40 / 0 . 60
 40 / 0 . 50
 60 / 0 . 70
 80 / 0 . 75

 100 / 0 . 80

 15 . 0
 24 . 0
 12 . 2
 19 . 8
 11 . 0
 10 . 5
 6 . 8

 10 . 1
 3 . 05
 4 . 10
 3 . 20

 0
 0 – 2
 0
 0 . 17
 0 . 17
 0
 0

 TL  5  160  mm
 Pol ,  TL  5  160  mm
 ICO
 ICO ,  f . ref 200  mm ,  Pol
 ICO ,  f . ref 200  mm
 Corr ,  TL  5  160  mm
 ICO ,  f . ref 200  mm
 TL  5  210  mm
 TL  5  160  mm
 ICO ,  f . ref 180  mm
 ICO ,  f . ref 180  mm

 FWD :  free working distance ;  CvrGl :  thickness of coverglass ;  TL :  mechanical tube length ;  ICO :  infinity-corrected
 objective ,  f . ref . :  reference focal length .

 *  See Table 2 for other abbreviations .
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 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 transmis-
 sion 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 .  12) .

 Starting with the hyperhemisphere at the front end (left side of figure) of the objective ,
 this aplanatic element is designed to fulfill Abbe’s sine condition in order to minimize
 of f-axis spherical aberration and coma ,  while providing approximately half the total
 magnifying power of the objective (Fig .  13) .  In earlier designs ,  the hyperhemisphere has
 been made with as small a radius as possible in order to maximize its magnifying power
 and to minimize its spherical and chromatic 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 conflicting 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) .  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 .

 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 placement of positive and negative lens

 FIGURE 12  Design of Nikon Plan Apochromat oil-immersion
 objective with 60 3  magnification and 1 . 40 NA . 6 1
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 FIGURE 13  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
 refractive 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 hemispherical surface after refraction without introducing spherical aberra-
 tion .  On the right ,  the small amount of spherical aberration and deviation from the
 ideal focus point of the hyperhemisphere is shown for dif ferent wavelengths ( C  5
 656  nm ,   d  5  588  nm ,   F  5  486  nm ,   g  5  436  nm) . 6 1

 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 (Figs .  2 a  to 2 d ) 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 .  14 .  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 ,
 birefringence ,  aging loss of transmittance ,  etc .,  all af fect 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 microscope 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 ,
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 FIGURE 14  Carl Zeiss Infinity Color-Corrected 63 / 1 . 4 Plan
 Apo objective .  ( Courtesy of E . Keller , Carl Zeiss , N .Y . )

 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 .  15) .

 Oculars

 As conventionally illustrated ,  the ocular in a light microscope further magnifies the
 primary (intermediate) image formed by the objective lens (Figs .  3 and 4) .  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 .  5 a ) 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 .

 FIGURE 15  Spherical aberration of a highly cor-
 rected modern microscope objective with a high
 numerical aperture . 6 1



 MICROSCOPES  17 .21
 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 ,  etc .,  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 .  5 b ) .  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 microscopes 6 ) .

 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 3 / 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) ,  etc .  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) .

 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 parafocalizing 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 af fecting choice of ocular focal length and magnification include optimizing the
 microscope total magnification and image resolution to match the MTF characteristics of
 the detector and to adjust the available field coverage .  In video-enhanced fluorescence ,
 DIC ,  polarizing ,  dark field ,  etc .,  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 . 6
 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 ,  e . g .,  in photon-counting imaging ,  ocular
 magnifications of less than one may be needed in order to suf ficiently 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 .

 Certain classes of modern objectives are suf ficiently well corrected to require minimum
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 compensatory correction by the oculars .  For example ,  the Nikon CF objectives and the
 current Zeiss Jena objectives are designed to produce suf ficiently well-corrected intermedi-
 ate images so that the oculars themselves also 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 .

 1 7 . 5  CONTRAST GENERATION

 In microscopy ,  the generation of adequate and meaningful contrast is as important as
 providing the needed resolution .  Many specimens are transparent and dif fer from their
 surroundings only in slight dif ferences of refractive index ,  reflectance ,  or birefringence .
 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 ,  the specimen is illuminated
 at large cone angles to maximize resolution under the microscope ,  thus reducing the
 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-of f
 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 provide 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 various contrast-generating modes assuming ideal lenses (Figs .
 16 and 17 1 6 ) ,  or on the basis of measured point or line spread functions . 1 7  Alternatively ,
 the contrast transfer function (CTF ,  of square wave gratings) can be measured directly
 using test targets made by electron lithography (Fig .  18) .

 In the remainder of this section ,  we survey microscope optical systems according to
 their modes of contrast generation .

 Bright Field

 Whether on an upright or inverted microscope ,  bright field is the prototypic illumination
 mode in microscopy (Fig .  5) .  In transmission bright-field illumination ,  image contrast
 commonly arises from absorption by stained objects ,  pigments ,  metal particles ,  etc .,  that
 possess exceptionally high extinction coef ficients ,  or in the case of transparent objects ,
 from the 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 , 1 8  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
 commonly reduced by closing down its iris diaphragm .  This practice results in loss of
 resolution and superimposition of dif fraction rings ,  Becke lines ,  and other undesirable
 optical ef fects 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
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 FIGURE 16  Modulation transfer function (MTF) curves for microscope
 lenses ,  calculated for periodic specimens in focus :  ( a ) each curve
 represents a dif ferent numerical aperture (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 dif ferent condenser NAs ;
 the conditions are otherwise the same as in ( a ) .  ( Courtesy of Dr . G . W .
 Ellis . ) 6

 limitation and provide images with improved lateral and axial resolution as well as
 improved contrast .

 Before the advent of phase contrast and DIC microscopy ,  oblique illumination (that can
 be attained by of f-centering a partially closed condenser iris diaphragm) was used to
 generate contrast of transparent objects .  While this particular approach suf fered from the
 problems listed in the previous paragraph ,  combination of oblique illumination at large
 condenser NA with video contrast enhancement proves to be an ef fective method for
 generating DIC-like thin optical sections . 1 9
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 FIGURE 17  Modulation transfer function curves calculated for
 dif ferent modes of microscope contrast generation .  A  5  bright
 field ,  B  5  phase contrast ,  C  5  dif ferential interference contrast ,  and
 D  5  single-sideband edge enhancement .  The curves are plotted
 with their peak modulation normalized to 1 . 0 .  ( Courtesy of Dr . G .
 W . Ellis . ) 6

 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
 sect .  on ‘‘Epi-illumination’’) .  Reflection contrast is used primarily for opaque and thick
 samples ,  especially for metals and semiconductors .  Reflection contrast is also finding
 increasing applications in autoradiography and in correlative light and electron micros-
 copy for detecting the distribution of colloidal gold particles that are conjugated to
 antibodies and other selective indicators .

 FIGURE 18  Measured contrast transfer values plotted as a
 function of spatial period in Airy disk diameter units ,  to
 normalize the values measured with dif ferent 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 contrast transfer values for
 the coherent confocal and the incoherent nonconfocal imag-
 ing mode . 6 2
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 Total frustrated reflection microscopy 2 0  generates contrast due to objects that are
 present in a low-refractive-index medium located within the evanescent wave that extends
 only a few wavelengths’ distance from the microscope coverslip surface .  Regions of the
 specimen whose refractive index dif fers from its milieu produce interference fringes whose
 contrast sensitively reflects the refractive index dif ference 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 dif fraction 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 . 4 , 12 , 14

 For small objects that are not obscured by other light-scattering particles (a condition
 rather dif ficult 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 dif ference of refractive
 index ,  lose their Becke line and disappear altogether when brought exactly into focus .
 Nevertheless ,  light dif fracted by the small object still suf fers a  l  / 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  l  / 2 2 1 ) .  As shown in Fig .
 19 ,  light  s  scattered by the small object and the undeviated 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  l  / 4 phase to  u  relative to  s  so as to
 introduce a  l  / 2 (or zero) phase dif ference 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 ,  transparent
 object against a dark gray background .

 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 .

 In the Polanret system ,  the phase retardation and ef fective absorbance of the phase ring
 can be modified by use of polarization optical components so that the optical path
 dif ference of a moderately small object can be measured by seeking the darkest setting of
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 FIGURE 19  Optical principle of phase contrast
 microscopy illustrating the phase relationships bet-
 ween waves of the light  s  scattered by the specimen
 and the undeviated light  u  (see text) .

 the object . 2 2  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 ,  specifically take advantage of
 the facts that (1) the condenser and 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 objective aperture
 is the Fourier plane .

 In modulation contrast microscopy ,  the condenser aperture contains a slit mask with the
 slit placed towards the edge of the aperture .  The objective aperture holds a second ,
 complementary mask ,  called a modulator ,  which consists of two parts (Fig .  20) .  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 structure away from the dark sector of the mask
 passes unchanged ,  while the light deviated towards the dark sector is blocked .  Thus ,  the
 image becomes shadow-cast ,  similar in appearance to dif ferential interference contrast
 (DIC) that reflects gradients of refractive indices or of optical path dif ferences in the
 specimen .

 In single sideband edge enhancement (SSBEE) microscopy ,  a halfstop is placed at the
 front focal plane of the condenser to occlude one half of the condenser aperture .  A
 complementary spatial filter in the objective aperture attenuates the undeviated beam and
 controls its phase displacement by adjustable amounts relative to the light scattered by the
 object into the aperture region obscured by the condenser halfstop (single sideband 2 3 ) .
 Thus ,  we again acquire an image similar in appearance to DIC ,  but which ,  unlike DIC ,
 does not require polarization optical elements to sandwich the specimen ,  and thus can be
 used to detect very minute anisotropies of refractive index at high resolution .  The SSBEE
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 FIGURE 20  Schematic diagram indicating regions
 of the modulator that modify light from phase
 gradients in the object to enhance contrast . 6 3

 system takes advantage of the fact that one needs to capture only one of the two beams
 (sidebands) deviated by dif fraction in order to gain the information regarding the spatial
 frequency in the specimen that gives rise to that particular dif fraction angle .

 Polarizing

 The polarizing microscope generally dif fers from a standard transilluminating microscope
 by the addition of a polarizer below the condenser ;  a compensator slot and analyzer above
 the objective lens ;  strain-free optics ;  a graduated ,  revolving stage ;  centrable lens mounts ;
 cross hairs in the ocular aligned parallel or at 45 8  to the polarizer axes ;  and a focusable
 Bertrand lens that can be inserted for conoscopic observation of interference patterns at
 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 .

 Calcite polarizing prisms (which introduce astigmatism to all but collimated rays) have
 mostly been replaced in recent years by dichroic polarizing filters .  The polarizing filters
 are thin and cost very much less ,  although inferior in transmittance and extinction
 compared to high-quality polarizing prisms .  The lower transmittance through a pair of
 polarizing filters is especially detracting in high-extinction polarized light or DIC
 microscopy ,  since only a small fraction of light originating from a low birefringence or path
 dif ference in the sample reaches the observer’s eyes or the video detector .

 With standard polarizing microscopes ,  one can image and measure polarization optical
 parameters 1 8 , 2 4  on objects which are larger than a few micrometers and which introduce
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 retardances greater than several tens of nanometers .  However ,  as the dimension of the
 object or magnitude of retardance 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) .  These needs can be understood from the following formula :

 I  5  I p (sin 2  ( R  / 2)  1  1 / EF)  (10)

 where  I  is the irradiance of the specimen with a retardance of  R  (radians) ,   L p   is the
 irradiance of the field when the polarizer and analyzer axes are parallel (i . e .,  maximum
 transmission) ,  and the extinction factor EF  5  I p  / I c ,  where  I c   is the irradiance when  R  5  0 . 2 5

 For example ,  when the specimen retardance is 2  nm at a wavelength of 555  nm ,  then
 R  5  2 π  3  2 / 555 ,  sin 2  ( R  / 2)  5  1  3  10 2 4 .  In other words ,  the specimen has only twice the
 irradiance as the background even when EF is as large as 10 4 .  The field is also only 10 2 4  of
 its irradiance compared to when the polarizer and analyzer axes are set parallel ,  or when
 observing a specimen with a full wavelength retardance between crossed polarizers .
 Inclusion of the compensator adds a bias compensation that increases contrast (the
 irradiance of the specimen relative to that of the background field) as well as field
 irradiance .  An intense light source and dark adaptation of the observer also help shift the
 field and specimen irradiance into ranges that reduce the contrast threshold of the eye (or
 improve the S / N ratio of a photoelectric detector or for photography) .

 The EF of a polarizing microscope rapidly drops (to as low as 2  3  10 2  when
 NA o b j  5  NA c o n d  5  1 . 25) as the NA of the system is raised ,  even with polarizer EF  .  10 5 ,
 and using carefully selected objective and condenser lenses that are free from strain
 birefringence or birefringent inclusions .  The loss of EF originates from the rotation of
 polarization plane and birefringence that results from dif ferential transmission of the  P  and
 S  components at the optical interfaces .  The depolarization results in four bright quadrants
 separated by a dark cross that is seen conoscopically for crossed polarizers in the absence
 of a specimen .  The depolarization also gives rise to anomalous dif fraction ,  and a
 four-leaved clover pattern replaces the Airy disk or each weakly birefringent image point 2 6

 (see Ref .  6 ,  Fig .  III-23) .
 Anomalous dif fraction and the loss of EF at high NAs are both eliminated or drastically

 reduced by introducing polarization rectifiers (Fig .  21) .  The rectifier corrects for the
 dif ferential  P  vs .   S  transmission loss regardless of their absolute values ,  thus resulting in a
 uniformly high extinction for the full aperture (Fig .  22) .  The resulting uniform aperture
 function accounts for the absence of anomalous dif fraction in a rectified system . 2 7  The
 image improvement achieved with rectifiers in a polarizing microscope is demonstrated in
 Fig .  23 .

 Interference

 While all modes of contrast generation in light microscopy in fact depend on interference
 phenomena ,  a group of instruments is nevertheless known separately as interference
 microscopes .  These microscopes form part of an interferometer ,  or contain an interfero-
 meter ,  that allows direct measurements of optical path dif ference (or generaton of
 contrast) based on inteference between the waves passing the specimen and a reference
 wave .

 Among the many designs that have been manufactured or proposed ,  interference
 microscopes can be classified into three major groups :  (1) the Mach-Zehnder type where
 two complete sets of microscope optics are placed ,  one in each arm of a Mach-Zehnder
 interferometer ;  (2) the beam-shearing type in which the reference wave is generated by
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 FIGURE 21  Arrangement of polarization rectifiers .  Recti-
 fiers are placed above the objective  A ,  below the condenser  B ,
 or at both  A  and  B .  The glass or air meniscus introduces
 additional rotation to each beam of light which equals the
 amount introduced by the lenses and the specimen slide .  The
 sense of rotation is ,  however ,  reversed by the half-wave plate
 so rectification is achieved over the whole aperture . 6 4

 FIGURE 22  Appearance of the back aperture of a 1 . 25-NA strain-free
 objective with and without rectifiers .  The condenser ,  which is identical with
 the objective ,  is used at full aperture .  ( a ) Crossed polarizers ,  no rectifier ;  ( b )
 polarizer turned 2 8 ,  no rectifier ;  ( c ) crossed polarizers ,  with rectifiers in both
 condenser and objective .  Photographs were given identical exposures . 6 4
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 FIGURE 23  ( Top ) Photograph of an epithelial cell from a human mouth taken
 with a 43 3 / 0 . 85-NA strain-free objective and a 43 3 / 0 . 63 strain-free condenser
 equipped with a rectifier .  Polarizers crossed ,  1-nm background retardation
 (horizontal image width approx .  150  m m) .  ( Bottom ) Identical to  top  but without a
 rectifier .  Notice the brighter background and the total lack of detail and contrast
 in the image . 6 4
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 displacing a beam laterally within the field of a single microscope ;  and (3) the Mirau type
 in which the reference wave is focused to a dif ferent level than the specimen plane ,  again
 in a single microscope .

 The Mach-Zehnder type (Fig .  24) ,  while straightforward in principle ,  requires close

 FIGURE 24  Mach-Zehnder type interference microscope
 with two complete sets of microscope optics ,  one in each arm
 of a Mach-Zehnder interferometer .  The compensators
 P 1  ,  P 2  ,  P 3 ,  and  P 4  introduced into the beam path permit
 optimum contrast setting and adjust for any variation of the
 interference picture .  ( Reproduced from E . Leitz Inc . , Catalog
 No .  5 0 0 - 1 0 1   Interference Systems ,  1 9 7 2 . )
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 matching of the optics in the two interferometer arms and a mechanical design that
 provides exceptional precision and stability .  Thus ,  in addition to using one of the matched
 pairs of objectives and the corresponding matched pairs of condensers that are mounted on
 special sliders ,  and inserting a blank slide (that is similar to the specimen-containing slide)
 into the reference path ,  for each specimen change ,  one needs to carefully adjust the
 built-in beam deviators ,  path equalizers ,  and wedge components to correct for deviation of
 the beam paths and to precisely equalize the optical paths through the two microscopes .
 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 (Dr .  G .  W .
 Ellis ,  personal communication) .

 Several variations exist of the two latter types of interference microscopes . 4 , 2 8  Many
 designs use a polarizer ,  polarized beam splitters ,  and a half-wave plate sandwiching the
 specimen to generate and recombine the two beams ,  and a quarter-wave plate and
 graduated rotatable analyzer to measure optical path dif ference (Fig .  25) .  Depending on
 the crystal arrangements in the polarizing beam splitter ,  the reference beam is either
 laterally displaced in the field or at a dif ferent focal level from the primary imaging beam .
 In this type of interference microscope ,  one needs to be wary of ghost images introduced
 by the dual beam paths .  Some interference microscopes for noncontact surface profiling
 employ objectives according to the design of Mirau (Fig .  26) .

 With all the interference microscopes ,  both monochromatic and white light illumination
 can be used .  Monochromatic illumination allows precise measurement of optical path
 dif ference and determination of the dry mass (i . e .,  reduced weight) of the specimen if its
 thickness is known or can be calibrated ,  e . g .,  by altering the refractive index of the
 immersion medium . 2 9 , 3 0  White light illumination allows determination of the order of the
 fringes or interference colors .  In uniform field mode ,  the interference color has been used
 as a method of contrast generation ,  but such use of the interference microscope was soon
 replaced by DIC which can be used with higher-NA lenses and thus provide greater image
 resolution .

 Dif ferential Interference Contrast (DIC)

 Dif ferential interference contrast (DIC) microscopy provides a monochromatic shadow-
 cast image that ef fectively displays the gradient of optical paths for both low and high
 spatial frequencies .  Those regions of the specimen where the optical paths increase along a
 reference direction appear brighter (or darker) ,  while those regions where the path
 dif ferences decrease appear in reverse contrast .  Image contrast is greater the steeper the
 gradient of path dif ference .  Thus ,  a spherical object with higher index than its surround
 would appear to be highlighted on one side with shadows cast on the other side .  Objects
 whose refractive index is less than the surround appear with reverse shadow-cast
 appearance as though it were a depression .  Very thin filaments or sharp interfaces likewise
 appear shadow-cast and with good contrast ,  even when their diameter or separation falls
 way below the limit of resolution of the optical system .

 DIC is basically a beam-shearing interference contrast system in which the reference
 beam is sheared by a minuscule amount ,  generally by somewhat less than the diameter of
 the Airy disk .  The basic system devised by Smith 3 1  is a modified polarizing microscope to
 which two Wollaston prisms are added ,  one at the front focal plane of the condenser and
 the other at the back focal plane of the objective lens (Fig .  27) .  The condenser Wollaston
 converts each ray illuminating the specimen into two ,  slightly displaced ,  parallel beams
 that are orthogonally polarized relative to each other .  In the second Wollaston prism
 above the objective ,  the two beams become recombined again .

 The phase dif ference between the two beams ,  introduced by a gradient of thickness or
 refractive index in the specimen ,  results in elliptical polarization for the recombined beam
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 FIGURE 25  Jamin-Lebedef f interferometer microscope .  The reference and object beam are polarized orthogonally
 by the birefringent beam splitter and are separated by a sizeable fraction of the field diameter .  The half-wave plate
 switches the polarization of the two beams so that the second birefringent plate in front of the objective serves as a
 beam combiner .  The compensator (quarter-wave plate and graduated rotatable analyzer) serves to measure optical
 path dif ferences between reference and object beam . 6 5

 that leaves the second Wollaston .  A deSenarmont compensator (a quarter-wave plate in
 extinction position and rotatable analyzer) is placed above the second Wollaston to
 extinguish light that has suf fered a particular phase shift relative to the other beam .
 Alternatively ,  the quarter-wave plate can be inserted between a rotatable polarizer and the
 condenser Wollaston prism .

 In medium- to high-power objective lenses ,  the back focal plane is usually inside the
 lens system and therefore not available for insertion of a Wollaston prism .  To avoid this
 problem ,  Nomarski 3 2  introduced a modification of the Wollaston prism that can be placed
 outside of the objective lens (Fig .  28) .  By using crystal wedges with appropriately oriented
 axes ,  the Nomarski prism recombines the two beams that were separated by the
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 FIGURE 26  Mirau’s interference microscope .  The
 incident light beam ,  emerging from the objective  O 1 ,
 is split in two parts in the semireflective plate  G .
 One part is transmitted to the object  P  and the other
 is reflected to the reference 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 . 4

 condenser Wollaston as though a regular Wollaston prism were located in the proper plane
 in the objective lens .  Regions of the specimen with selected phase shifts are compensated
 by translating the Nomarski prism .  A second modification introduced by Nomarski (and
 for a while adopted by Nikon) uses a single crystal in place of the condenser Wollaston and
 a three-part prism in place of the Nomarski prism described above . 3 3

 Fluorescence

 Fluorescence microscopy is one of the few modes of microscopy in which the illuminating
 wavelength dif fers from that of the emitted .  In early designs ,  the exciting waves were
 prevented from contaminating 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 .  ( Note :  For
 every fluorochrome ,  the longer wavelength portion of the absorption curve ,  i . e .,  the
 excitation wavelengths ,  overlaps with the shorter wavelength tail of its fluorescence
 emission curve . )

 Today most fluorescence microscopes (or attachments) use epi-illumination incorporat-
 ing interchangeable filter cubes (after Ploem ,  see Fig .  30) that are matched to the
 fluorochrome .  The filter 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 ,  are placed in the illuminating side arm
 together with the source collector at appropriate conjugate 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 dichromatic beam splitter .
 The fluorescent imaging beam originating from the specimen passes straight through the
 dichromatic beam splitter and associated barrier filter and reaches the ocular .  Each
 fluorescent 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 fluorochrome .
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 FIGURE 27  The optical system for dif ferential interference contrast (DIC ,  see text) . 6 5

 For fluorochrome 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
 parafocality ,  directly af fect the resolution in the case of confocal fluorescence microscopes .

 Also ,  it should be noted that ,  while little ef fort is commonly made to fill the objective
 aperture with the illuminating beam (presumably with the rationale that this should not
 af fect image resolution 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 (see the section
 on ‘‘Transillumination’’ later in this chapter) .  (The reason for this improvement is still not
 fully understood—whether it is solely due to the increased level of illumination which ,  in
 turn ,  provides improved signal of the intrinsically low-light fluorescent image (but why
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 FIGURE 28  Standard Nomarski interference contrast with modified
 Wollaston prisms which are placed outside the focal planes of condenser
 and objective . 8

 should the scrambler improve the level of illumination to start with?) or whether NA c o n d
 does af fect resolution in fluorescence microscopy after all . )

 While most fluorescence microscopes today use epi-illumination (since epi-illumination
 provides advantages such as avoiding loss of excitation by self-absorption by underlying
 fluorochrome layers ,  generating an image that more closely approximates an intuitive one
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 when reconstructed in three dimensions ,  etc . ) ,  improvements in interference filters open
 up new opportunities for fluorescence microscopy using transillumination .  New inter-
 ference filters are available with exceptionally high extinction ( . 10 5 ) and sharp cutof f 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 video 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 (see also pp .  17 . 46 –
 17 . 48) . 9–11 , 34

 1 7 . 6  ILLUMINATION AND IMAGING MODES

 Transillumination

 The full impact of the illumination system on the final quality of the microscope 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 .  Also ,  it may in part stem
 from Zernicke’s consideration that the microscope resolution is independent of the
 condenser’s correction (cited ,  e . g .,  in Ref .  35) .  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 ef fective aperture function of the condenser .  The ef fects
 are especially noticeable when contrast is enhanced ,  e . g .,  by video microscopy .

 The theoretical influence of condenser NA on image resolution has been calculated by
 Hopkins and Barham , 3 6  who showed that maximum resolution could be obtained at
 NA c o n d  5  1 . 5  3  NA o b j  (Fig .  29) .  Such high NA c o n d  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 .  For NA c o n d  #  NA o b j ,  the minimum resolvable distance between two point
 objects is commonly given by the formula :

 d  5
 1 . 22 l

 NA o b j  1  NA c o n d
 (11)

 which expresses the importance of NA cond  on resolution .  Again ,  reduction of NA cond ,
 generally achieved by closing down the condenser iris diaphragm ,  tends to raise image
 contrast so that even experienced microscopists tend to use an NA cond  <  (0 . 3  ?  ?  ?  0 . 5)  3
 NA o b j  to obtain a compromise between resolution and visibility .  With video and other
 modes of electronic enhancement ,  the loss of contrast can be reversed so that improved
 lateral ,  and especially axial ,  resolution is achieved by using an NA c o n d  that equals ,  or nearly
 equals ,  the NA o b j .  With a larger NA c o n d ,  the S / N ratio is simultaneously improved by the
 increased photon flux that illuminates the specimen .

 Under optimum circumstances ,  the light source and condenser should be focused for
 Ko ̈  hler illumination (Fig .  5) 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
 Ko ̈  hler illumination to produce an image of the source rather than the field diaphragm
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 FIGURE 29  Ef fect of the condenser aperture on the resolution of two
 pinholes of equal brightness .   m  is the ratio of the numerical apertures
 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 . 3 5

 superimposed on the specimen .  Either mode of illumination can yield resolution
 approximately as given by Eq .  (11) .

 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 conditions can
 reduce the ef fective NA c o n d  and / or induce oblique illumination ,  thus sacrificing resolution
 and image quality .  An improvement ,  using a single optical fiber light scrambler ,  that 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 Ellis 3 7  (also
 see Figs .  III-21 ,  III-22 in Ref .  6) .

 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 .
 30) .  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 .

 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
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 FIGURE 30  Schematic of epi-illuminating light path .  The rotatable set of filter cubes with
 excitation filters ,  dichromatic mirrors ,  and barrier filters matched to specific fluorochromes are used
 in epifluorescence microscopy . 6 6

 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 curvature and use of highly ef ficient antireflection coating) to
 reduce hot spots and flare introduced by (multiple) reflection at the lens surfaces .  Modern
 microscope objectives for metallurgical and industrial epi-illuminating systems in
 particular are designed to meet these qualities .  In addition ,  circular polarizers (linear
 polarizers plus  l  / 4 wave plates) and appropriate stops are used to further exclude light
 reflected from the surfaces of lens elements ,  cover glass ,  etc .  For epi-illumination
 fluorescence microscopy ,  dichromatic beam splitters and barrier filters can reduce
 background contamination that arises from the exciting beam to less than one part in 10 4 .

 Orthoscopic vs . 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 micro-
 scopes ,  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 objective) in front of a regular ocular .  Conversely ,  one can observe
 the aperture plane simply by removing the ocular and looking down the microscope body
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 FIGURE 31  Parallel rays with inclination  θ   and
 azimuth orientation  a  ,  traversing the specimen
 plane ,  and focused by the objective lens at a point
 with radius  r  and same azimuth angle  a   in the
 aperture plane .

 tube (in the absence of a Bertrand lens) or by examining the Ramsden disk above the
 ocular with a magnifier .

 The polar coordinates of each point in the aperture plane ,  i . e .,  the radius  r  and
 azimuth angle  a  ,  are related to the rays traversing the specimen by :   r  5  sin  θ   and
 a  5  (azimuth orientation of the ray projected onto the aperture plane) (Fig .  31) .  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) 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 . 2 4

 Conoscopic observation also reveals several attributes of the condenser aperture plane
 and its conjugate planes (e . g .,  in Ko ̈  hler 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
 dif fraction introduced by periodic texture in the specimen can be visualized in the aperture
 plane by conoscopic observation .  Depending on the NA of the objective and the spatial
 period in the specimen ,  the pattern of dif fraction up to many higher orders can be
 visualized when the condenser iris is closed down and laterally displaced to illuminate the
 specimen with a narrow ,  oblique ,  coherent (monochromatic) beam ,  and the zero-order
 intensity is suppressed (e . g .,  by the use of appropriate polarizers and compensator) .

 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
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 FIGURE 32  Optical path in simple confocal micro-
 scope .  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 illumination 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 compared to that from the confocal point  D .
 In addition ,  the exit pinhole could be made small
 enough to exclude the dif fraction 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  D 1  ,  D 2  ,  D 3 ,  etc .  ( not shown ) ,  as
 the specimen is scanned .   D 1  ,  D 2  ,  D 3 ,  etc .  can lie in a
 plane normal 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 conven-
 tional 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 . 3 8 , 6 7

 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 are
 prevented from reaching the photo detector (Fig .  32) .

 This optical arrangement reduces blurring of the image from out-of-focus light
 scattering ,  fluorescence ,  etc .,  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 implementing a series of  x  scans with  y ,  z
 incremented) to yield a section viewed from any desired orientation ,  including that normal
 to the microscope axis .

 In addition to yielding optical sections with exceptional image (S / N) quality ,  confocal
 microscopes of the stage-scanning type can be used to vastly expand the field 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 specimen 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 . 5 , 3 8  Laser disk recorders are a form of
 application that takes advantage of these attributes .

 Beam-scanning confocal microscopes can be classified into two types .  In the  disk -
 scanning  type ,  the source and exit pinholes ,  arranged helically on a modified Nipkow disk ,
 concurrently scan (1) the field plane that is located in front of the collector lens of the light
 source and (2) the image plane of the objective lens .  By using epi-illumination ,  these two
 planes lie at the same distance ,  both above the objective lens .  Thus ,  a single spinning disk
 (with symmetrically placed pinholes that alternatively serve as entrance and exit pinholes
 in the Petra ́  n ä   type ,  or used with a beam splitter so that each pinhole serves both as
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 FIGURE 33  Kino-type real-time confocal microscope (see text) . 4 0

 entrance and exit pinholes in the Kino type) can be made to provide synchronously
 scanning entrance and exit pinholes (Fig .  33) . 39 , 40  The  disk - scanning  type confocal
 microscope suf fers from light loss due to the small areas occupied by the pinholes (even
 though several pinholes are made to scan the field simultaneously) but has the advantage
 of permitting direct visual viewing of the confocal image .

 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 dif fraction
 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
 r A i r y . ) The shape of the unit dif fraction pattern is thus sharpened so that ,  compared to
 nonconfocal imaging ,  two points which radiate incoherently (as in fluorescence micros-
 copy) can be expected to approach each other by up to a factor of  4 2 closer to each other
 before their dif fraction patterns encounter the Rayleigh limit .  Figure 18 compares the
 contrast transfer characteristics of a confocal microscope in the coherent imaging mode
 with the same lenses used in the nonconfocal ,  incoherent imaging mode .

 In the laser-scanning epi-illuminating confocal microscope (which was developed into a
 practical instrument in the late 1980s and immediately adopted with great enthusiasm) ,  a
 source pinhole is commonly omitted since the focused beam of the single-mode (TEM 0 0 )
 laser itself produces a pointlike source .  This source is expanded by relay lenses (or
 mirrors) and the ocular to fully cover the back aperture of a very well-corrected ,  flat-field
 objective lens and then focused onto the specimen where it forms a minute Airy disk
 defined by the NA of the objective and wavelength of the laser source .  The Airy disk
 formed by the objective is scanned in the  x ,  y  image plane by two galvanometer mirrors
 placed at the eyepoint of the ocular (or its conjugate plane in order to insure that the
 direction of the rays alone is deviated at the aperture plane and that the objective
 aperture remains fully illuminated throughout the scanning) .  Viewed from the specimen
 towards the source ,  the two mirrors swing the source image (in sawtooth waves rapidly
 along the  x  direction and slowly along the  y  direction) so that the specimen is scanned
 along these orthogonal axes in a raster pattern by the Airy spot formed by the objective
 lens .

 The scanned spot is imaged by the same set of lenses ,  and the image-forming beam is
 deviated by the same two sets of swinging mirrors ,  in reverse order ,  so that the image of
 the scanned spot becomes stationary at its image plane .  The paths of the illuminating beam
 and the return imaging beam are shared until the two paths are separated by a
 (dichromatic) beam splitter into :  (1) the path from the laser ,  and (2) the path to the exit
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 pinhole .  The location of the exit pinhole is adjusted to lie in the conjugate image plane
 coaxially with the source point ,  therefore ,  confocal with the source point and the scanning
 spot .  The confocally adjusted exit pinhole intercepts the final Airy disk formed by the
 objective lens and trims away the surrounding rings as well as the outer foot of the disk .
 Depending on the amount of light available (or tolerable by the specimen) and the
 permissible scan duration for forming the image ,  a compromise is often needed between
 reduction of the exit pinhole diameter (that improves image resolution and optical
 sectioning capability) and expansion of the pinhole diameter to allow more light to reach
 the photodetector .  When the need to acquire confocal images at high rate is frustrated by
 the limited amount of light reaching the photodetector ,  the exit pinhole can be replaced by
 a slit ,  with surprisingly little deterioration of optical sectioning capability .

 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 video microscopy . 1 7 , 4 1  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 a much higher speed than with laser-scanning
 confocal microscopy and in modes of contrast generation not accessible to confocal
 imaging .

 Alternatively ,  thin optical sections can be obtained directly with digital enhanced video
 microscopy 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 succession ,  e . g .,  in order to record rapid ,  three-dimensional changes in
 microscopic domains over time .

 Proximity-scanning Microscopy

 A microscope’s limit of resolution [Eq .  (1)] can be exceeded by narrowing the field of
 illumination .  In confocal microscopy ,  the resolution is expected to be improved by up to a
 factor of  4 2 by illuminating the field point by point with an Airy dif fraction spot and by
 using a small confocal exit pinhole .  Even in the absence of confocal optics ,  Harris 4 2  has
 argued that the dif fraction pattern in the Fourier plane can be extrapolated beyond the
 spatial frequency that is cut of f by the NA of the objective lens—in other words ,  that the
 limit of resolution can be exceeded by computational extrapolation of the dif fraction
 orders as long as the specimen is illuminated in a narrowly limited field .

 The field of illumination can be reduced beyond that defined by dif fraction by placing
 the minute 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 dif fraction orders
 captured by the objective lens .  Instead ,  only the size of the scanning pinhole and its
 proximity to the specimen limit the resolution . 4 3

 For non-optical microscopes ,  e . g .,  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 . 4 4  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 properties 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  Å ngstroms 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 .
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 Aperture Scanning

 In the aperture-scanning microscope devised by Ellis 4 5  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 .  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
 detector .  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 normally occupied by the phase ring in conventional phase contrast
 systems .  The small size of the phase disk ,  while appropriately reducing the amplitude and
 introducing the requisite 1 / 4 wave phase retardation to the rays not scattered by the
 specimen ,  allows the transmission of a much larger fraction 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 .

 Extending this concept ,  modulation of the transfer functions of the condenser and
 objective apertures with electro-optical devices should open up intriguing new oppor-
 tunities .  Such modulation 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 aperture 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 .

 Video Enhancement and Digital Image Processing

 Video and related forms of electronic imaging of fer a number of advantages that vastly
 extend the utility of the light microscope .  The electronic signal generated by the video
 camera can be readily amplified and biased to boost contrast in desired gray-value ranges
 of the image while suppressing unwanted background signal noise and light due to flare ,
 inadequate extinction ,  etc .  (Fig .  34) .  Through such analog processing ,  one gains the
 opportunity to use objective lenses at higher condenser NA ,  and in contrast modes that
 previously could not generate an image with high enough contrast for direct observation .
 Thus ,  in DIC ,  polarized light ,  and other modes of microscopy ,  one can now use

 FIGURE 34  Analog contrast enhancement of video signal :  ( a ) original signal ;  ( b ) sync pulses
 removed and signal level adjusted to suppress background noise ;  ( c ) signal amplified and sync pulses
 added back .
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 FIGURE 35  Diatom frustule viewed between crossed polarizers and a  l / 10 compensator
 without ( left ) and with ( right ) analog video enhancement . 6 8

 better-corrected lenses ,  such as the 1 . 4 NA Plan Apo objective illuminated with
 matched-NA condenser ,  to generate images with greater resolution coupled with vastly
 improved contrast for objects that previously could barely be detected (Fig .  35) .

 Compared to visual observation or photography ,  which are based on logarithmic
 responses of photochemical detectors ,  an ideal video signal responds linearly to image
 intensity .  Thus ,  in addition to analog enhancement ,  the video signal can be digitized in a
 straightforward fashion and processed with a digital computer .  Today ,  the video signal can
 be digitized (e . g .,  to 640  3  480 pixels at 256 gray levels) and processed at video frame rate
 (30 frames / s) with a fairly simple personal computer to which is added an imaging board
 that contains digitizers ,  look-up tables ,  frame stores ,  video bus ,  logic units ,  and flexible
 operational and routing alternatives .  These functions are controlled by software residing in
 the host computer .  With such a digital image processor ,  one can carry out a large variety of
 operations ,  much of them on line ,  at video rate ,  including image capture ,  storage ,  grayscale
 stretching ,  binarizing ;  interimage manipulations such as averaging ,  subtraction ,  superposi-
 tion ,  ratio imaging ,  selection of minimum or maximum value pixels ;  interpixel manipula-
 tions such as spatial filtering ,  gradient dif ferentiation ,  unsharp masking ;  and many forms of
 (automatic) quantitative analyses of image geometrics and intensities .  With such digital
 image processors ,  image defects due to uneven microscope illumination or fixed pattern
 noise can simply be subtracted away ,  noise in low-light-level images can be suppressed by
 frame averaging or spatial filtering ,  and contrast and desired spatial frequencies can be
 boosted or suppressed ,  etc .  (Fig .  36) .

 Not only does analog and digital image processing permit the full use of the light
 microscope to deliver the theoretical maximum resolution in contrast modes and on
 specimens that hitherto escaped detection ,  but the clean ,  high contrast image provides
 opportunities for direct observation of the dynamic behavior of individual ,  unresolvable
 molecular filaments and membranes .  The image of these nanometer-thick filaments
 (expanded to their Airy disk diameter) clearly depicts their mobility ,  polymerization-
 depolymerization ,  interaction with organelles in living cells ,  etc .  Thus ,  new insights are
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 FIGURE 36  Muscle thin section in matched index medium (totally invisible without video
 enhancement) .  With analog video enhancement ( left ) ;  with analog and digital enhancement ( right ) .
 ( Reproduced from American Laboratory , April  1 9 8 9 . )

 gained by observing the behavior of individual macromolecular assemblies that were not
 anticipated from conventional chemical analyses that relied on statistical behavior of large
 numbers of sample molecules .

 In addition to extending the applicable range of image detection and maximizing the
 attainable resolution in the  x  – y  plane ,  the digitally processed ,  high-NA video images
 provide clearer and thinner optical sections .  The ef fects of video enhancement on  z -axis
 resolution and optical sectioning is all the more striking since they rise as the square of
 operative NA as contrasted to the linear rise of lateral resolution with NA .

 Ratio Imaging

 The concentration of minute quantities of specific ions and chemicals can be measured
 accurately in living cells and other irregularly shaped objects by fluorescence ratio imaging .
 For example the pH ,  and micromolar to nanomolar concentrations of calcium ions ,  can be
 measured in pico- to femtoliter volumes in active nerve and kidney cells preloaded with
 fluorescent reporter dyes such as SNARF and Fura-2 . 1 0 , 3 4  The concentrations ,  as well as
 the spreading waves of the pH or calcium ion within the cell ,  can be followed
 second-by-second with a digital processor coupled to a fluorescence microscope equipped
 with low-light-level video camera and illuminated alternatively with ,  for example 340- and
 380-nm excitation wavelengths .  The reporter dye is formulated so as to emit fluorescence
 as a sensitive function of the ion concentration at one of the two exciting wavelengths ,
 while at the other exciting wavelength the emission does not vary (isosbestic point) or is an
 inverse function of the ion concentration .  Thus ,  for each pixel ,  the ratio of fluorescence
 intensities emitted by the reporter dye excited at the two wavelengths provides the
 concentration of the ionic species independent of sample thickness and local dye
 concentration .
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 Three-dimensional Imaging

 For low-power observations ,  the three-dimensional features of a specimen can be viewed
 directly under a dissecting microscope equipped with pairs of tilted objectives ,  erecting
 prisms ,  and oculars (Greenough type) ,  or through a single larger objective lens whose
 aperture is divided to provide the left- and right-eye images with appropriate stereoscopic
 parallax .  With high-NA objectives ,  these approaches are not very ef fective owing to the
 shallow depth of field .

 With the new capability to obtain serial optical sections through the highest-NA
 objectives using confocal or video-enhanced microscopy ,  and to rapidly store ,  retrieve ,  and
 manipulate the stored images in a digital computer ,  one can now generate stereoscopic and
 other three-dimensional views representing a substantial depth of the specimen at the
 highest resolution of the light microscope . 4 6  The stack of ultrathin optical sections can be
 used directly as acquired through the high-NA objectives or after digital deconvolution to
 further improve the quality of each optical section by reducing undesired contributions
 from out-of-focus fluorescence ,  light scattering ,  etc . 1 7 , 4 1

 1 7 . 7  OPTICAL MANIPULATION OF SPECIMEN WITH THE LIGHT
 MICROSCOPE

 In confocal microscopy ,  light initially travels ‘‘in a reverse path’’ through an objective lens
 to form a dif fraction-limited image of the source pinhole into the specimen plane .  In a
 similar vein ,  the light microscope and microscope objectives are increasingly used to
 project reduced high-intensity images of source patterns into the object plane in order to
 manipulate minute regions of the specimen optically .  Photolithography and laser disk
 recorders are examples of important industrial applications which have prompted the
 design of specially modified objective lenses for such purposes .

 Microbeam Irradiation , Caged Compounds

 Many applications are also found in the biomedical field ,  some using UV-transmitting ,
 moderately high NA objectives that are parafocalized for visible light and UV down to
 approximately 250  nm (Zeiss Ultrafluar and catadioptric objectives from Cooke-A . E . I .,
 also quartz monochromats from Leitz) .  In its extreme form ,  a concentrated 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 . 4 7 , 4 8  In other cases ,  oriented chro-
 mophores 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 arrangement of DNA molecules within each dif fraction-
 limited spot in the nucleus of living sperm . 4 9  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 dif fusion of the fluorescently tagged molecules in the membrane and reveals unexpected
 mobility patterns of cell membrane components . 50 , 51

 Also ,  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
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 release of calcium ions and action potentials in retinal cells) ,  or artificially introduced
 photosensitive reagents such as the drug colchicine (whose antimitotic activity is abolished
 locally with 366-nm irradiation) .

 Of the photosensitive compounds ,  the  caged compounds  promise a far-reaching
 potential .  These are compounds that are synthesized so as to ‘‘cage’’ and hide the active
 chemical group until a photosensitive 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 irradiating 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 . 52 , 53  Likewise ,
 caged fluorescent dyes are irradiated to locally label and follow the transport of subunits
 within macromolecular filaments in a dividing cell . 5 4

 Optical Tweezers

 Intense laser beams concentrated into a dif fraction spot can generate a photon-driven
 force great enough to capture and suspend small particles whose refractive index dif fers
 from its surrounding . 5 5  Applied to microscopy ,  a single swimming bacterium or
 micrometer-sized organelles 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 dif fusion through water from
 such minute bodies turns out to be highly ef fective .  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 . 5 6

 1 7 . 8  MECHANICAL STANDARDS

 Some mechanical dimensions for the light microscope have gradually become standardized
 internationally (Fig .  37 ,  Table 6) .  While the standards permit more ready interchange of

 FIGURE 37  Dimensions for standard microscopes with finite focus objectives .
 See text section on ‘‘Tube Lengths and Tube Lenses for which Microscope
 Objectives Are Corrected’’ for further detail . 6
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 TABLE 6  Royal Microscopical Society Standardized Objective Screw Thread Dimensions (in mm)

 Thread  Ext .  diam .  Pitch diam .  Core diam .  Calc .  play male / female  Allowance  Tolerance

 Female  Max
 Min

 20 . 396
 20 . 320

 19 . 944
 19 . 868

 19 . 492
 19 . 416  Min .  0 . 046

 1 0 . 076
 0  0 . 076

 Male  Max
 Min

 20 . 274
 20 . 198

 19 . 822
 19 . 746

 19 . 370
 19 . 294

 Max .  0 . 198  2 0 . 046
 2 0 . 122  0 . 076

 Based on data given in the specification by the RMS [ J . R . Microsc . Soc .  56 : 377 – 380 (1936)] and now standardized in ISO Standard
 8038 (1985) and in BS 7012 ,  pt .  4 .

 Standard for ocular tube diameter :  23 . 2  mm or 30 . 0  mm .

 objective lenses ,  oculars ,  etc .,  of dif ferent makes ,  in order to achieve optimum correction
 one still needs to be alert to the design constraint assumed by each manufacturer (finite or
 infinity focus ,  tube length ,  type and thickness of coverslip and immersion medium ,
 aberrations corrected in objective alone or in combination with tube lens or with ocular ,
 field size ,  and wavelength for correction ,  etc . :  see section on‘‘Microscope Lenses ,
 Aberations’’ in this chapter) .  The safest approach is to use the objectives and oculars on
 the microscope body supplied ,  but for those well-versed in the art ,  standardized
 dimensions do allow for greater flexibility of choice and innovative application .
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