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Introduction

Equipment for differential interference contrast in transmitted light microscopy
designed by Nomarskr (1952, 1955) and manufactured under licence from the
C.N.R.S. by Carl Zeiss/Oberkochen (German Federal Republic), has recently
become generally available. It is one of a series of devices that rely on the inter-
ference of a pair of wavefronts (PILLER, 1962) to generate contrast, and it is
constructed in such a way that it can be used as an accessory on the standard Zeiss
microscopes. A brief description was issued by the manufacturers in December,
1968 (Zeiss-Publication). The Zeiss equipment necessary for differential interference
microscopy in transmitted light comprises the following accessories: (I) a single
beam-splitting slide, consisting of a modified quartz Wollaston prism oriented at
45° to an attached analyser, and mounted in a screw-driven carriage (so that a
variable amount of bias compensation can be introduced at will), which is accom-
modated in the normal analyser slot between the objectives and eyepiece; (II) a
strain-free achromatized condenser, fitted with three auxiliary modified Wollaston
prisms, in addition to two annular stops for phase-contrast microscopy (Zeiss-Publi-
cation, 1968). A detailed theoretical and practical evaluation of the prototype was
undertaken by us over the last four years, at the request of Dr. HOrST PILLER of
Carl Zeiss. The results were presented at the Centenary Conference of the Royal
Microscopical Society in London, 1966 (ALLEN, Davip, HirsH, 1966; DaviD,
ALLEN, HirsH, WATTERS, 1966). These will be published in full later, in the Journal
of the Royal Microscopical Society.

The purposes of the present paper are to illustrate and to describe briefly some of
the properties of differential interference microscopes. This paper is complementary to,
and should be read in conjunction with, the Zeiss description of the equipment now
being produced (1966). It is meant as an introduction to differential interference
microscopy for those who until now used only phase-contrast microscopy and image-
duplication (PILLER, 1962) interference microscopy in their work, and as a short
practical guide to the interpretation of differential interference images. Several
hundred scientists have already acquired the Zeiss/Nomarski equipment in the brief
period since our first publications about it (ALLEN et al., 1966; DAVID et al., 1966;
BAJER, ALLEN, 1966; BAJER, ALLEN, 1966), and it is becoming an indispensable tool
for biological and medical work of many kinds. The discussion that follows (except for
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constructional details and a few factors relating to performance) is also applicable in
a general -way to alternative designs of differential interference microscopes (FRANCON,
1953, 1961; FRANCON, YAMAMOTO, 1962) produced by other manufacturers.

The principal advantages of the Zeiss/Nomarski design in biological work are:
(I) Images of phase-objects are perceived as though “shadow-cast”; differential
interference contrast is a function of the gradient in phase difference
across the objects, and there is a related azimuth effect. These properties facilitate the
interpretation of images of complicated objects. (II) Exceptionally high resolution and
contrast are obtainable simultaneously for a wide range of objects, including many
biological objects that do not produce useful images with other methods of optical
microscopy. (III) Contrast can be varied instrumentally to suit the object. (IV)
Because maximum contrast is obtained at a large aperture of the condenser, the high
lateral resolution of the instrument is matched by a corresponding shallowness of the
depth of field. This readily permits the ‘“optical sectioning” of relatively thick bio-
logical objects, with exceptional freedom from spurious contrast due to out-of-focus
object details, which is so often troublesome in phase-contrast systems. (V) Extended
objects (e.g. organized tissue-cultures, whole animals and embryos, thick and even
ultra-thin microtome sections) can be examined as well as separate objects, which is
not the case with the image-duplication interference equipment. (VI) Amplitude and
mixed phase-amplitude objects (e.g. stained sections, naturally pigmented protists
and other cells, Feulgen-treated chromosome spreads) can be examined as readily as
pure phase objects, and the optical properties of the differential interference instru-
ment then enhance the contrast due to absorption.

The differential interference contrast equipment does not render image-duplication
interference and phase-contrast microscopes obsolete. It is one more tool — a particu-
larly valuable one — with which to probe the interaction between radiation and matter,
a tool to be used systematically in conjunction with the other methods of micro-
scopy (SwANN, MitchisoN, 1950). The image-duplication interference microscope
remains the instrument of choice for quantitative refractometry of small objects, and
the phase-contrast microscope for the morphological study of extended objects that
are either too anisotropic or require too large a condenser working distance to be
examined profitably under the existing differential interference microscopes.

How is the “shadow-cast” image formed?

Upon examining the image of a transparent microscopic object with the differential
interference equipment for the first time, it is easy to be misled by the beautiful
plasticity of the resulting pattern of highlights and shadows into supposing that the
differential equipment yields true 3-dimensional images, and that the actual surface
topography of an object can be perceived directly. This impression is totally erroneous
for the majority of hiological specimens. The sole exceptions are: backed replicas
and simple interfaces between media of different refractive index. It is of the greatest
practical importance to master the very simple physical principles which govern the
generation of the “shadow-cast” effect. Only thus can errors of interpretation be
avoided, and the microscope be properly adjusted for optimum results.



69, 4 Zeiss-Nomarski differential interference equipment for transmitted-light microscopy 195

The Zeiss/Nomarski differential interference contrast equipment for transmitted
light is simply a polarizing two-beam shearing interference device, in which the lateral
separation between the two interfering beams is very small. The principle of operation
of the differential interference microscope equipment is best understood by comparing
it with the related and more familiar image-duplication equipment (PILLER, 1962).

Basic design

Both instruments can be considered to be modified polarizing microscopes, fitted
with birefringent beam-splitters, auxiliary prisms and bias compensators (ALLEN et al.,
1966; DAVID etal., 1966). The arrangement of the three instruments is illustrated in
Fig.1 (see also PILLER, 1962; Zeiss-Publication, 1968; ALLEN et al., 1966; DAVID

B. IMAGE DUPLICATION C. DIFFERENTIAL

A. POLARIZING INTERFERENCE INTERFERENCE
(Unrectified) (Nomarski)

Final Image

Ramsden disc
Eyepiece
Intermediate Image
Analyser
Compensator | Wallaston

Exit pupil
of objective
Objective

|
Beam-

{ | Modified
%
[ spiitter

Object plane
As2 plate

Condenser
Moditfied

Aperture _stop Wollaston

Polarizer

Field stop
Collector

Light source

Fig. 1. Diagrammatic reprcsentation of the arrangement of the major optical components in the
basic polarizing (A), and the derived image-duplication (B), and differ-
ential (C) interference microscopes. The interference microscopes differ from the
parent instrument in that birefringent crystal accessories are used to split the incident beam into
two mutually coherent components that are capable of interfering; in the image-duplication in-
strument, the beam-splitter is a calcite plate, and in the differential instrument, a modified Wollaston
quartz prism. In both cases, the beam-splitter is matched by an auxiliary crystal component that
cancels out the birefringence of the beam-splitter, therefore providing an even background. In this
diagram, the axial location of pupillary planes is indicated by open circles, and of field planes by
suitably oriented arrows.
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etal., 1966). In both interference instruments, the optical object (defined as the plane
wavefront that is retarded or advanced by the microscopic object) is sheared laterally
by the beam-splitter in a direction at 45° to the plane of polarization of the incident
beam (Northwest-Southeast as one looks down the eyepiece). The optical object is
divided into two laterally separated wavefronts in the plane of the image; these wave-
fronts, being coherent, interfere after passing through the analyser, giving rise to
interference contrast. Two separate image points are obtained for each point in the
optical object. At any point in the beam emerging from the analyser, the intensity (/)
is a function of the phase difference in radians (4(4")}), between the interfering
wavefronts (2') at the point 4”:

Ig[max Sinz'.‘lz"’—/j(A,) +Imin (1)

where [,y is the maximum intensity transmitted by the system, [,;, the minimum
possible intensity (Zeiss-Publication, 1968; ALLEN et al., 1966; DAVID et al., 1966),
and A(2") the phase difference between the interfering beams at that point.

I80°

\OBJECT

Fig. 2, Diagrammatic representation of a flattened spheroid (e.g. a nucleus) in the field of an

interference microscope. X —X represents the direction of shear of the beam-splitter (calcite plate

in the image-duplication instrument, modified Wollaston in the differential). The azimuth angle § is

measured from the direction of shear. Points 4, B, and C, define three azimuths through the object.
See text and Figs. 3—5.
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Fig. 3. Sheared wavefronts in the primary image plane of the image-duplication interference micro-
scope obtained for the object drawn in Fig. 2. In (A) the microscope was set at extinction, and in (B)
a positive bias retardation, A, was added. The wavefront is a representation of the profile or
elevation of a plane wave, 2, that we imagine moves along the optical axis of the microscope,
is retarded or advanced in places as it interacts with the microscopic object (thereby becoming the
“optical object”, ), and is finally sheared by the beam-splitter into two wavefronts, The
sheared waveironts are represented in Fig. 3 by X7 and 3. The retardation introduced by the
dephasing object is Aonj, and a is the distance of shear produced by the beam-splitter in the plane
of the image. See text, and Figs. 2, 4—5.

The differences in the kinds of images obtained with the two instruments are
attributable to the difference in the amount of shear produced by their beam-splitters.
In the image-duplication system, the distances of shear in the plane of the object when
using the objective-condenser sets 10/0.22, 40/0.65, and 100/1.0, are 560 wm,
180 um, and 56 um, respectively. In the differential system, the corresponding figures.
for the 16/0.32, 40/0.65, and 100/1.25 objectives, are approximately 1.32 wm,
0.55 pm, and 0.22 um, respectively.

The consequences of small shear are more easily understood by considering an
example. Let the microscopic object be a small flattened spheroid (say, the nucleus
of a fibroblast of about 20 um in diameter), phase-retarding in relation to its sur-
round. This object is represented in Fig.2. The corresponding sheared wavefronts
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in the plane of the primary image are represented in Fig. 3 for the image-duplication
equipment, and in Fig. 4 for the differential equipment. We shall consider 3 azimuths
of the globule (Fig.2): 40, BO, and CO, respectively parallel to, at 45°, and at
right angles to the direction of shear, XX. We shall also consider the eflects of varying
bias compensation.

Fig. 4. Sheared wavefronts in the primary image plane of the differential interference microscope

obtained for the object drawn in Fig. 2. To keep the diagram to reasonable dimensions, the object

is now given a diameter of 2 um. Nine combinations of azimuths and bias retardations are drawn.

The diagram indicates how the effective lateral separation between the interfering wavefronts

decreases as the azimuth increases between 0 and 90° (azimuths A0, BO and CO of Fig. 2), and

how bias compensation can be used to achieve maximum contrast at various azimuths (D and G).
See text and Figs. 2—3, 5.

Fig. 3 A represents the sheared wavefronts (27 and 23) in the image-duplication
interference equipment, when the bias compensator is adjusted to produce zero
retardation between the wavefronts in the region of the background (4,=0). The
wavefronts are laterally sheared by a distance a (56 um in the case of the oil-immer-
sion objective), which is large in relation to the dimensions of the dephasing object
(ca. 20 um). There is now no lateral overlap at all between the wavefronts in the
region of the object. Point A1 lies directly under the plane portion of the “reference”
sheared wavefront X9, and point 4sunder a corresponding plane portion of wave-
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front =7 . The phase dlﬂerence between wavefronts 4(4") in the region of point A’
(respectwely, A: and 4s), is the optical path difference between point 4 (respectively,
A1 and 43) and its background, represented in Fig. 3 A as 4,,,;. This phase difference,
Ao » can be measured precisely with the image-duplication instrument (BARER, 1952;
Davies, WiLkINS, 1952; Ross, 1967). Now, if we add a bias retardation (4, % 0,
Fig. 3B), by any kind of compensation (e.g. DE SENARMONT or EHRINGHAUS, or
by tilting the auxiliary calcite plate of the condenser), we can vary contrast at will,
vet the wavefronts remain ust as laterally separated in the region of the objects as
when the background was at extinction. The phase difference between the interfering
wavefronts in terms of the object (see Eq. (1)) can be expressed as:

A(A’)E Aghj+A])- (2)

Therefore, the intensity of the beam emerging from the analyser, in the region of the
object (Iyy;) is:

Loyj = Inmas sin® § (Aops + Ay) + Igin « (3)

Further, there is no lateral overlap at any azimuth, so that the emergent beam has
precisely the same intensity along azimuths 40, BO and CO (Fig. 2). , ,

Fig. 4 A—1I, represents the corresponding sheared wavefronts (27 and ;) ob-
tained with the differential 1nterference equipment, for the object drawn in Fig. 2, but
now 2 um in diameter, Wavefronts 371 and 25 interfere in precisely the same way as
in the image-duplication instrument, and the intensity at any point of the emergent
beam is once again a function of the phase-difference between the wavefronts at that
point, (A4") (see Eq.(1)). However, there is now an important difference. The distance
of shear is very small (about 0.2 #m with the 100/1.25 oil-immersion objective) in
relation to the dimensions of the object, and therefore in the differential system there
always is a substantial lateral overlap between the wavefronts. In Fig.4 A—C, the
interfering wavefronts correspond to a zero bias retardation or extinction (adjusted
by turning the micrometer screw of the beam-splitter). At A we have the wavefronts
corresponding to azimuth 40 of Fig. 2 (parallel to the direction of shear). In the
differential system the phase difference between the sheared wavefronts no longer
corresponds to the phase difference between points in the optical object and the object
surround (Eq. (2)), but to the gradient in phase difference across the optical object:

A4 )=« -:3 A (A") + 4, (4)
X

and therefore:

55 3] ’
[ubj =TI,y sin® % a = 4101:;‘ (A ) +Ab + Iin » (5)

where a is the effective lateral shear in the plane of the object, and z is the direction
of shear (direction XX in Fig. 2).

At extinction (Fig. 4, A and B), there is no phase difference between the wavefronts
in the background, and where the sheared wavefronts intersect. These regions would
appear uniformly dark (4,=0, 4(4") =0, [ =1, Egs. (1), (3), and (5)), flanked
by two regions of equal brightness having intensity peaks at 4; and A4s at a distance a
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from each other. However, one slope of each partially sheared wavefront is now phase-
advancing in relation to the background region, and the other is phase-retarding.
Therefore, after adding a bias retardation, 4y, one slope would be brightened and
the other darkened, producing the shadow-cast effect.

Considering azimuths BO and CO (Fig.4 B, C), we see that, because of the lateral
overlap of the sheared wavefronts, the effective lateral separation between wavefronts,
in the direction of shear, becomes progressively smaller at azimuths making increasing
angles f# with the direction of shear, and it reaches zero at right angles (azimuth CO,
Fig. 4 C). This property becomes readily understandable by considering what hap-
pens to the globule in the image plane (Fig. 5). For f=90°, no interference contrast
is generated. For any particular azimuth, the effective lateral separation between wave-
fronts is the lateral separation in the direction of shear, multiplied by the cosine of
the angle £, made by that azimuth with the direction of shear.

To exploit the “optical shadow-casting” possibilities to the full, it is necessary to
use bias compensation rationally. In Fig. 4 D —F, we see the effects of adding a small
amount of background retardation. Along the azimuth parallel to the direction of

180°

Fig. 5. Diagrammatic representation of a flattened spheroid (see Fig. 2), but now 2 um in diameter,

as it might appear in the field of a differential interference microscope. This diagram is related to

Fig. 4 thus; if we section Fig. 5 along azimuths 40, BO and CO, we obtain the elevations or profiles

drawn in Fig. 4 A—C. Fig. 5 illustrates how the overlap between waveironts produces a variable
shear, in the direction of shear, XX, for points 4, B and C. See text and Figs, 2—4,
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shear, A0, f=0° (Fig. 4 D), there now is a complete superimposition of the sheared
wavefronts along the trailing edge of the optical object (or southeastern region of
azimuth 40). The phase difference in this region is zero, and so is the resultant light
intensity. The phase difference between wavefronts along the opposite slope is
emphasized, hence producing an intensity gradient between the leading and trailing
edges of the optical object in the direction of shear; and the background intensity is
intermediate between these. Along an azimuth at right angles to the direction of
shear, CO (Fig.4F), no differential interference contrast is generated, and the
intensity is that of the background. The object would appear as though illuminated
obliquely by a source northwest of 4. It should be noted that, for any optical object,
either slope can be made to merge with its sheared portion, depending on the sign of
the bias compensation added. Further, slopes can be made to merge at any azimuth,
by rotation of the object and suitable adjustment of the bias compensator, as shown in
Fig. 4 G—1. The degree of bias compensation required to darken maximally one
slope of an optical object is also the correct setting for obtaining the maximum pos-
sible contrast between that object and its surround.

Operational principles

The principles of operation of the differential interference microscope equipment
can be summarized in a set of postulates derived from the analysis given above.

Postulate I. The optical property
of a microscopic object that generates
differential interference contrast is the
gradient of phase difference across the
object in the direction of shear; the op-
tical object is perceived by its slopes.

Therefore, in the generation of differ-
ential interference contrast, the geometri-
cal configuration of the object is a more
important property than the absolute phase
shift produced by it. Steep gradients in
phase difference (e.g. refractive inter-
faces, such as those defined by the mem-
branes, filaments, and edges of globules
and vacuoles, that characterize biological
objects) are emphasized, and they appear
in sharp contrast to their background;
gentle slopes, even when they introduce
quite large absolute optical path differ-
ences, are minimized, and they may gen-
erate little or no interference contrast.

This property is illustrated in Figs. 6 —8. Fig. 6. Diatom Stauroneis acuta, Zeiss image-

Fig. 6 represents the diatom Stauramlais duplication interference microscope equipment I,
acuta, photographed under the Zeiss 40/0.65 A4y = + 551 nm. Compare with Fig. 7.
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image-duplication interference equipment 40/0.65 (PILLER, 1962). From the inter-
ference colour-contours, we see that there is an absolute optical path difference of
about 2!/4 1 between the centre of the frustule and the immersion medium. When the
same object is photographed under the Zeiss/Nomarski differential interference equip-
ment 40/0.65 (Fig. 7), we see that this large but gradual phase difference does not

i

/

10g

| SSSSEREE a—

Fig. 7. Diatom Stauroneis acuta (same specimen as in Fig.6), Zeiss/Nomarski differential inter-
ference equipment 40/0.65. Ap o> +91 nm. The arrow indicates the direction of shear. Compare
with Fig. 6.

contribute significantly to differential interference contrast: only the steep gradients
of the valve details are emphasized. Finally, in Fig. 8, we have one of the most
difficult of all biological objects, photographed under the Zeiss/Nomarski differential
equipment 100/1.25: a living dividing cell of the African bloodlily Haemanthus
katherinae, showing quite clearly the tenuous spindle fibre filaments (BAJER, ALLEN,
1966 a and 1966 b). These filaments cannot be seen clearly by other methods of
optical microscopy applicable to the study of living cells.
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Postulate II. Contrast varies proportionately with the cosine of the angle
made by the azimuth of the object with the direction of shear.

The most spectacular demonstration of this principle is afforded by essentially
unidimensional structures. Fig. 9 A, B, illustrates the diatom Hantzschia amphioxys,
photographed under the Zeiss/Nomarski differential interference equipment, 100/1.25.

v _ 3 i, N

Fig. 8. Haemanthus katherinae, endosperm cell, in metaphase. Zeiss/Nomarski differential inter-
ference equipment 100/1.25.

In Fig. 9 A, the long axis of the diatom was oriented at 90° to the direction of shear
(large arrow) ; in B, parallel. This diatom has surface ridges oriented at 90° to its
long axis, studded with cortical fenestrations about 0.18 xm in diameter (small arrows
in A). The cortical fenestrations are clearly visible in A, but not the larger ridges; the
ridges are beautifully sharp in B, but not the fenestrations. Because of this, it is impor-
tant to examine unknown objects at several azimuths, and to indicate the direction of
shear in all differential interference micrographs. The azimuth effect is equally obvious
in radially symmetrical objects, such as the diatom Arachnodiscus ehrenbergi (Fig.10),
here photographed under the Zeiss/Nomarski system 100/1.25.




