Reprint

Collection of four articles from ZEISS Informations.

Author: Dr. Walter Lang,
scientific staff member of
CARL ZEISS, Oberkochen.

)

l. Fundamentals and experimental designs

Since 1965, CARL ZEISS of Oberkochen
has been supplying interference-contrast
equipment for transmitted light and since
1967 for reflected light, both based on
suggestions by Professor G. Nomarski. This
equipment was developed in close coopera-
tion with Nomarski and has meanwhile
proven superior results in the manifold uses
of optical interference-contrast techniques.

The increasingly spreading acceptance and
use of Nomarski differential interference-
contrast microscopy call for a comprehen-

sive description of this technique. This is
part one of a paper on the subject and it
deals with the physical principles of the
method and the instrumentation developed
for it. A second paper will discuss the for-
mation and interpretation of the differential
interference-contrast image. Both together
will serve as a basis for a comparison of
Nomarski differential interference-contrast
with phase-contrast, which will follow in a
third paper. Finally, a fourth paper will deal
with the applications of Nomarski differential
interference-contrast. For easier comprehen-
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sion we have avoided going into mathe-
matical explanations. However, numerous
references are given for readers who wish
to pursue the study of the subject further.

First, the principle of interference-contrast
microscopy will be explained. Then the most
notable differences between the Jamin-Lebe-
deff and the Nomarski interference methods
will be discussed. This will offer an oppor-
tunity to give a summary of the most im-
portant terms used in crystal optics and
required to understand how the two methods

Fig. 1: Interference micrographs of polished chrome-nickel steel showing increasing spacing of interference fringes (see 27) produced by tilting a plane-parallel plate

in the light path (36).




operate. The design of the Nomarski inter-

. ference-contrast microscope for transmitted

fight is described for two different tech-
niques: one for double-beam interference
microscopy, the other for the compensation
of interference fringes. Both are also appli-
cable to describe the equjpment for re-
flected light. ' ‘

1. Basic principles of interference-contrast
microscopy

If in an interference microscope the distance
between fringes (and thus also the width of
the frindfes) is made so wide that one fringe
covers the entire field of view, we speak
of an infinite: spreading of that particular
interference fringe, or of interference con-
trast. Therely the area of interest in a
specimen is rendered visible by Interference-
contrast (6, 7, 8, 18, 23, 30). This can be
explained with the aid of the micrographs
shown in Fig. 1, which were taken by re-
flected light under the Interference Micro-
scope made by CARL ZEISS, Oberkachen.
This instrument, as a rule, is set in such a
way that interference fringes are visible in
the field of view. Under reflected light, the

distance between fringes corresponds to.

half the wavelength of the monochromatic
light used. Path differences, expressed in
fractions or multiples of half a wavelength
of the light used and produced by irreg-
ularities in the surface structure of the
specimen, result in a displacement of the
fringes. The amount of fringe shift is directly
propertional to the path difference.

In the micrograph to the left in Fig. 1 the
fringe spacing is very narrow; consequently,
the fringe shift is also small, but the fringes
are well defined and have relatively sharp
contours. The micrograph in the center
illustrates the transitional stage between
finite and infinite fringe spacing: only five
interference fringes can be seen in the field
of view (as compared to 14 in the previous
micrograph). Here, too, the path difference
or fringe shift is expressed as fractions of
half a wavelength of the light used. How-
ever, it is also obvious that the edges of the
fringes are more or less “blurred”. In the
micrograph to the right, finally, the distance

- between two neighboring fringes is greater

than the field of view. Here we speak of an
infinitely wide distance between fringes or
- in accordance with the definition given

above - of interference contrast. A compari- -

son with the other two micrographs clearly
shows that in the case of interference con-
trast path differences are transformed into
differences of brightness. This enhances
the clarity of the microscopic image which
appears to be almost three-dimensional,
due to a certain shadow effect. On the other
hand, it becomes also obvious that path
differences can no longer be easily deter-
mined since no measurable fringe shift
exists in interference contrast.

_beam microscopes:

2, Operating principle of ZEISS double-
beam interference microscopes

CARL ZEISS of Oberkochen, West Ger-
many, produces three different double-beam
interference microscopes: the Michelscn,
Jamin-Lebedeff and Nomarski types. The
Michelson, which was used to take the
micrographs shown in Fig. 1, is character-
istic for the wide separation of the specimen
and reference beams!, which can reach an
order of magnitude of up to a few centi-
meters. In the lamin-Lebedeff interference
microscope, the lateral separation of the
reference beam in relation to the specimen
beam is considerably smaller, namely a few
millimeters (see below). Finally, in the
Nomarski interference microscope, the later-
al separation of the two beams is only a
few microns, I e., it is slightly smaller than
the resolving power of the microscope. In
this case we speak of differential splitting
of beams.

In double-beam interference microscopes
the magnitude of beam splitting is of great
importance for the interference image and
offers another classification of doubie-
in the case of the
Michelson-type microscope we can always
assume that the reference beam is not
affected by the specimen. In interference
microscopes of the Jamin-Lebedeff type,
the reference beam is only then not in-
fluenced by the specimen if the specimen
under examination is smaller than the dis-
tance between the two beams. However, if
we leave to deal with a differential splitting
of beams, as is the case in the Nomarski
interference microscope, the terms *speci-
men beam” and “reference beam”™ have no
meaning since both beams pass through the
microscopic specimen. In other words, with
differential beam splitting both beams are
influenced by the specimen - a fact that
must definitely be taken into account when
interpreting the . interference image.

In addition to the aforementioned differences
exigting in the double-beam interference
microscopes, there is another distinguishing
characteristic, that of splitting and recombin-
ing the beam. In the interference micro-
scope of the Michelson type a beam-split-
ting prism is used. (For further details, see
1, 13, 16, 17, 28, 35, 36, 37, 40 and 41).
In the lamin-Lebedeff and Nomarski double-
beam interference microscopes, on the other
hand, the beams are split and recombined
by birefringent crystals. Birefringent or
doubly refracting crystals (3, 4, 23, 34) are
crystals which split an incident light wave
intc twe components which are plane-
polarized and whose vibration planes run
perpendicular to each other. Flg. 2 may
sefve as an explanation. It also illustrates
the principle of wave splitting in the Jamin-
Lebedeff microscope. Let us assume that a
light wave, of which the diagram shows
only the axis, hits a plane-parallel calcite
plate perpendicularly. Furthermore, we as-

sume that the incident wave is plane-po-
larized and its vibration plane is inclined by
45° to the plane of the diagram. The optic
axis? of the calcite plate = marked by the
double arrow - runs parailel to the plane
of the diagram. As the beam enters the
crystal, the wave is split into two parts, the
axes of which are entered In the diagram as
a principal. section®. The so-called ordinary
wave is transmitted by the crystal without
any deflection. The so-called extraordinary
wave is deflected to one side, in spite of
its vertical (90%) incldence on the plane-
parallel plate. It emerges from the crystal
parallel to the axis of the ordinary wave,
If the direction in which the crystal is cut
Is known, the separation between the two
waves is a function of the thickness of the
crystal plate. In the case of the ZEISS
Jamin-Lebedeff transmitted-light interference
equipment it amounts to minimum 0.05 mm
(Achromat Pol Int., 100x, 1.0 N. A, oil) and
maximum 0.5 mm (Achromat Pol Int, 10x,
0.22N.A). As is evident from Fig. 2, a
birefringent plate is characterized by an-
other feature in addition to lateral beam
splitfing. The plane-polarized light wave
which hits the crystal and whose vibration
direction jis offset by 45° to the plane of
the diagram, is split into two plane-polarized
components. The vibration direction of the.
ordinary wave is perpendicular to the plane
of the diagram, while the vibration direction
of the extraordinary wave coincides with
the plane of the diagram, This is a fact
which must be taken inte account in the
design of the Jamin-Lebedeff interference
microscope, because, after recombination,
the two coherent bundles can only interfere
and produce an interference image, if the
vibration directions of the two plane-po-
larized waves lie in one and the same
plane4,

Simitar considerations also apply to the
Nomarski differential interference micro-
scope. They are of decisive importance not
only for the formation, but also for the
interpretation of the interference image.

! By specimen or measuring beam we understand the
bundle of coherent light which passes through the
specimen. The second coherent bundle, called refer-
ence or comparison beam, does not pass through the
specimen but bypasses it.

? The optic axis of a birefringent crystal indicates
the direction in which the ordinary and extracrdinary
waves coincide. This direction, in which the crystal
behaves like an isotropic, I.e., not birefringent
medium, is also called the isotroplc axis. In the case
of calcite and quartz It is Identical with the optlc
axis of the erystal. Crystals which have only a single
optic axis, e. g., calcite or quartz, are called uniaxial
orystals.

3 Any plane through the crystallographic axis is a
principal section of a crystal.

(Following general parlance, the term “beam” taken
from geometrical optics Is here and In the following
frequently used instead of the more appropriate
terms “bundle of rays” or “light wave".)

4 The term “plane of polarization™ (plane perpen-
dicular to the wvibration direction of the electric
vector) used in earller literature can be dispensed
with and Is not uaed In thie paper.
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Fig. 2: Beam path in the principal section of a birefringent plate.

(suBerordentlicher Strahl = Extraordinary ray, ordentlicher Strah|l = COrdinary ray, Richtung der optischen
Achse = Direction of.optic axis, parallel zur Bildebene = parallel to image plane, Schwingungsrichtung des
linear polarisierten Lichtes = Vibration direction of plane-polarized light, um 45° geneigt = inclined by 45°,
senkrecht = perpendicular, parallel zur Bildebene = parallel to image plane)

Therefore, the splitting of a plane-polarized

wave into twe plane-polarized components

of different vibration directions will be dis-
“cussed in greater detail (see also 6, 21, 22,
34). The opposite process, namely the
recombining of two plane-polarized com-
ponents into a plane-polarized wave, will
be dealt with in connection with the inter-
pretation of the differential-interference
image.

The vibration direction of a plane-polarized
light wave is identical with the plane in
which the vector of the electric field strength

—
E vibrates. In accordance with the rules
governing the calculus of vectors, E can

— -4
be split up into two vectors, &, and e,, which
are at right angles to each other and each

-
of which forms an angle of 45° with E
{Fig. 3).

If we apply this formalism to a plane-po-
larized light wave, the electric vector of
which changes sinusoidally with time, we
obtain the diagrammatic representation in
Fig. 4: it shows a sine wave (center curve)
proceeding from the left foreground to the
right background; the vibrations represented
by the two inclined curves are equivalent
to it.

The form of representation chosen in Fig. 5
is particularly advantageous for interpreting
the differential Interference-contrast image.
It summarizes the most essential resuits of
Figs. 3 and 4, Let W in (a) be a plane-
polarized wave normal to the plane of the
diagram. Following the scheme of Fig. 3,

— -
this wave with the vectors E and E’ (b) can
be split into the tho components w; and w,
—_

—_ —_ b ad
with the vectors e, e; and ey &', In (€)
the vibration plane of the wave W coincides
with the plane of the diagram.

As was mentioned above, a strong lateral
beam-splitting effect is achieved in the
Jamin-Lebedeff interference microscope with
the aid of a birefringent plane-parallel plate.
{Questions of the beam recombination and
compensation cannot be discussed here.
For more information interested readers are
referred to the pertinent literature: 9, 10, 14,

- 20, 23. For numerous references, see 25).

If a so-called Woilaston prism is used as a
beam splitter instead of a birefringent plane-
parallel plate, the beam splitting that results
will not be lateral but angular (Fig. 6). A
Wollaston prism consists of two prisms ce-
mented together and made of birefringent,
uniaxial material {preferably quartz or cal-
cite). The optic axes of the two prisms are
at right angles to each other, If a plane-
polarized bundle of light (vibration plane
inclined by 45° to the plane of the drawing)
hits the Wollasten prism perpendicularly, as
is shown in Fig. 6, it will be split into two
plane-polarized waves in the lower prism,

" the vibration planes of which each make an

angle of 45° with the incident wave (see
Figs. 3 and 5). At the cemented surface of
the Wollaston prism the two component
waves are deflected in two directions at a
certain, relatively small angle. The ordi-
nary wave® is deflected towards the base
of the upper prism, while the extraordinary
wave’ g deviated towards the edge of the
upper prism. The itwo component beams
encounter different indices of refraction so
that the wavefronts travel with different
speed.

3. Double-beam interference-contrast
microscope with two Wollaston prisms

On the basis of the explanatory remarks in
the previous section, the design of a double-
beam interference-contrast microscope can

— A —_
Fig, 3: Splitting the vector E into e) and ea, the last
two at right angles to each other,

be easily explained with the ald of Fig, 7
(see also 5, 8, 30, 31, 32). The unpolarized
light emerging from the field diaphragm is
plane-polarized by the polarizer and strikes
the first Wollaston prism. As was explained
above, angular beam splitting occurs at the
cemented surface of this prism. (For greater
clarity, one of the prism segments is dotted).
If the center plane of the Wollaston prism
lies in the lamp-side focal plane of the
condenser, the two beams will travel along
parallel paths, slightly separated laterally
in relatien to each other, after they emerge
from the condenser. They pass through the
specimen and the microscope objective and
converge in the image-side focal plane of
the microscope objective. This is where a
second Wollaston prism is located, which
has the same dimensions and optical proper-
ties as the first one. Together with the
microscope objective the second prism re-
combines the two beams. After emerging
from the second Wollaston prism, the two,
components once more form a single beam,
but they are still plane-polarized and their
vibration planes are at right angles to each
other. In order to enable the two waves to
produce the desired interference effect in
the intermediate image plane, their vibration
planes must coincide. This ¢an be achieved
by inserting an analyzer into the light path.
The diagram in Fig. 5 shows the two com-
ponents now recombined to form a single,

5 The ordinary wave |s the component vibration per-
pendicular to the plane of the crystal’s prinsipal
section, Conversely, an extraordinary wave vibrates
parallel to the plane of the principal section. Since
the Wollasten prism is composed of two prism ele-
ments, the optie axes of which form an angle of 909,
it has two different, mutually perpendicular principal
planes. Since, morgover, the vibration direction of
the two components is fully preserved on the way
from the lower to the upper prism, the ordinary wave
of the lower prism becomes the extraordinary wave
in the upper prism, whlle the extraordinary wave of
the lower becomes the ordinary wave In the upper
prism.



Fig. 4: Splitting a plane-polarized wave (central curve) Into two plane-polarized components, at right angles
to each other.

Flg. 58): Plane-polarized wave W with vibration plane, at right angles to plene of drawing; b) Splitting of the
wave W Into two plane-polarized waves wy and wy; ¢) Same as b), but traveling direction of wave W Identical
with plane of diagram.

Fig. 6: Angular splitting of a plane-polarjzed light wave with the ald of @ Wollaston prism. (For greater ¢larity,
the angular splitting hes been exaggerated. The term “Image plane” stands for the plane of the diagram and
not the intermediate image plane q]f the mlcroscope.)

(auBerordentlicher Strahl = Extraordinary ray, ordentlicher Strahl = Ordinary ray, Richtung der optischen
Achse = Direction of optic axls, parallel = parallel, senkrecht zur Bildebene = perpendicular 1o image plane,
Schwingungsebene des Lichtes = Vibration direction of light, unter 45° geneigt = Inclined by 45°, senkrecht
= perpendicular, perailel zur Bildebene = parallel to.image plane) )
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plane-polarized wave that Is capable of in-
terference. The resulting interference inter-
mediate image can be viewed through the
eyepiece in the conventional manner,

While Fig. 7 merely shows the principle of
beam splitting and recombination, diagram
Fig. 8 also indicates the vibration directions
of the polarized components at different
points along their path. Fig. 8 shows only
the axes of the light beams. The polarizer
is oriented in such a way that the natural
light emerging from the field diaphragm
{not shown) is plane-polarized and its vibra-
tion plane is inclined by 45° to the plane
of the diagram. In the lower part of the
Wollaston prism, the polarized wave enter-
ing it Is split into two plane-polarized com-
ponents. The vibration of the dotted beam
is perpendicular to the plane of the diagram,
that of the cross-lined beam is parallel to
the plane of the diagram. Both beam com-
ponents pass through the specimen parallel
to each other and only a short distance
apart.

Above the specimen plane, the two beam
components are recombined with the aid of
the microscope objective and the second
Wollaston prism. It becomes obvious that
the condenser with the first Wollaston prism
and the objective with the second Wollaston
prism are functionally correlated, The ana-
lyzer is oriented so as to form an angle of
45° with the vibration plane of each of the
entering waves, In accordance with Figs. 4
and 5 this ensures that both beam com-
ponents act with the same intensity. What
happens when the analyzer forms an angle
other than 45° with the two beam compo-
nents will be discussed in detail in connec-
tion with the interpretation of the differential
interference-contrast image.

In the equipment for transmitted light, two

.Wollaston prisms are needed for beam

splitting and recombining, whereas only one
Wollaston prism is required for a reflected-
light setup, since the light passes through
the prism twice in opposite directions (30,
31, 32). The splitting of the beam when it
passes through the prism the first time is
cancelled out when It passes the prism the
second time, In other words, when the beam
travels the first time through the prism the
reflected-light objective and the Woliaston
prism act in the same manner as the con-
denser and the first Wollaston prism of the
transmitted-light setup illustrated in Figs. 7
and 8, while when It travels through the
prism the second time, these components
correspond to the obfectlve and the second
Wollaston prism in those figures. Thls is
indicated by the diagram In Fig. 9: the beam
that is plane-polarized by the polarizer is
deflected to the Wollaston prism by a half-
silvered mirror. The two beam components
emerge from the reflected-light objective
parallel to each other and with a slight
lateral separation. The beams reflected by
the specimen are then recombined with the
aid of the objective and the Wollaston prism,
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Fig. 7: Diagrammati¢ representation of a double-
beam Interference-contrast migroscope as suggested
by Smith, with two Wollaston prisms.

pass through the half-silvered mirror and,
by means of an analyzer, are brought to
vibrate in one plane. The interference-con-
trast image of the specimen fs formed in
the conventional manner In the intermediate
image plane {not shown) and viewed through
an eyeplece.

As regards the diagram in Fig. 9, it may be
mentioned that the beam passing through
the pelarizer is inclined by 45° to the plane
of the diagram. The polarizer should there-
fore be imagined as lying below the plane
of the drawing. For this reason - and be-
cause of the perspective view - the vibration
directions of the polarized components have
not been indicated, In principle, however,
conditions are similar to those shown in
Figs. 7 and 8 for transmitted light.

4. The Nomarskl double-beam Interference-
contrast microscope

The preceding remarks were primarily de-
voted to the design and operation of the
birefringent components used to split and
recombine the beams, while nothing was
said about the effect of the specimen on the
beams. This will be discussed together with
the fermation and interpretation of the inter-
ference-contrast image in the second paper
‘to be published on this subject in this
journal. We shall now examine what require-

Fig. 8: Principle of a double-beam Interfarence-con-
trest microscope with two Wollaston prisms. The
symbols used for the optlc axes of the crystals and
the vibration directlons of the plane-polarized waves
are the same as in Fig. 6.

ments have to be fulfilled by the image-
forming optical system.

When discussing the double-beam inter-
ference-contrast microscope with two Wolla-
ston prisms for transmitted light, we as-
sumed that the lamp-side focal plane of the
condenser and the eyepiece-side focal plane
of the objective are located in the central
planes of the Wollaston prisms (8, 15, 30,
31, 32). In addition, we assumed the inter-
ference planes of the Wollaston prisms,
which coincide with their central planes
(paralle] to the upper and lower surfaces of
the prism) to be exactly superimposed. The
first of these requirements presents funda-
mental difficulties: with high-power objec-
tives, the image-side focal plane lies in the
objective, below the thread seat: a Wolla-
ston prism can therefore not be located in
that plane. This is equally applicable to
transmitted-light and reflected-light objec-
tives. But neither do transmitted-light con-
densers of high numerical aperture and ¢or-
respondingly small focal length allow a
Woliaston prism to be located in their front
focal plane (i.e. on the side of the light

-source). As a result, differential interference-

contrast microscopy with the aid of Wolla-
ston prisms is limited to very low magnifi-
cations (30).

A very neat and technically feasible solution
to these problems was the introduction of

Fig, 9: Diagrammatic representation of a double-beam
interference-contrast setup for reflected light using
one Waollaston prism. For greater clarity, the lateral
separation of the two beams striking the specimen
has been exaggerated.

Nomarski's modified Wollaston prism which
in the following will be briefly called “No-
marski prism", This prism (Fig. 10) consists
of two cemented components of a unfaxial,
birefringent crystal, such as calcite or
quartz. The optic axis of one of these
prisms (the lower one in Fig. 10) is parallel
to the wedge side, as in the Wollaston
prism. The optic axis of the other prism,
(the upper one In Fig. 10), however, is
inclined at a certain angle to the upper
bounding face. As a result, the inter’erence
plane Is outside the compound prism
(dashed line in Fig. 10). By suitable orienta-
tion of the Nomarski prism its interference
plane can be made to Ile in the eyeplece-
side focal plane of the objective, although
the Nomarski prism itself is located at a
relatively long distance from the objective.
This is of considerable importance for the
design of a differential interference-contrast
microscope: since the parfocal distance of
the objectives, 1. e. the distance between the
object plane and the objective seating face,
is given and constant, the Nomarski prism
can likewise be mounted at a given distance
from the objective, e.g. in an interference-
contrast slide, Moreover, if the position of
the eyepiece-side focal plane of the objec-
tives used only slightly deviates axially from
a certain mean position, a single Nomarski
prism will suffice to recombine the beams
with all available transmitted-light objectives.
With the ZEISS interference-contrast equip-
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Fig. 10: Nomarskl prism with direction of optic axes
and position of Interference plane Indicated.

ment for transmitted light, one and the same
Nomarski prism, i. e. the same interference-
contrast slide®, is used for objectives of
16x, 40x and 100 x. For this reason - and
for other reasons which cannot be explained
in detail hete - this is called the principal
prism, to distinguish it from the so-called
secondary prisms accommodated in the
substage condenser. In the ZEISS transmit-
ted-light equipment, there are three second-
ary  prisms which are contained in the
achromatic-aplanatic condenser (type VZ)
for interference contrast, phase contrast and
bright field and designated as [, Il and Il
Like the different sizes of annular condenser
diaphragms for phase contrast, the second-
ary prisms in the condenser are adapted to
the numerical aperture (and the initial magni-
fication) of the objectives to be used.

The terms “principal prism” and *secondary
or compensating prism” are used in con-
nection with an entirely different way . of
describing the differential interference-con-
trast microscope (8, 26, 30, 32). In the pre-
sent paper, the design of the Nomarski
differential interference-contrast microscope
has for didactic reasons been described as
that of a double-beam instrument. The afore-
mentioned second approach is useful sup-
plement and should therefore be briefly
discussed: first, imagine all optical com-
ponents such as the condenser (with second-
ary prism), specimen, objective and prin-
cipal prism between the polarizer and the
analyzer removed from the light path. The
field of view will then be completely dark. If
the principal prism, that Is a birefringent
component, is now inserted diagonally be-
tween polarizer and analyzer, the field will
be partly illuminated; interference fringes
will be visible paralle} to the wedge sides of
the component prisms; the fringes are black
or colored, depending on whether mono-
chromatic or polychromatic light is used for
illumination (only the fringe or zero path
difference will always be black). If the
sécondary prism is then moved into the light
path tegether with the image-forming optics,

& The fect that the Interference-contrast slide for the
big STANDARD UNIVERSAL, PHOTOMICROSCOPE
and ULTRAPHOT Il is different from that of the
STANDARD microscopes of the WL, RA. and KL
series s due to the different distance of the inter-
ference-contrast slides from the objectives {and other
tube optics),

the interference fringes of the secondary
prism can be made to cancel out the fringes
of the principal prism in the objective puplil,
provided that the two prisms are suitably
dimensioned and oriented: the field is once
more completely dark. This corresponds to
interference contrast explained above In
connection with the interference micro-
scope, which exists in the case of infinite
fringe spacing. ’

While in the transmitted-light setup the
principal and secondary prisms are separate,
the principal prism of the reflected-light set-
up also acts as secondary prism. It is
contained in the interference-contrast equip-
ment into which the proper reflected-light
objectives are screwed. The prisms are
adapted to the numerical aperiure of the
objectives. ~ For further technical details
and practical hints consult the literature
listed overleaf (1, 2, 8, 24, 26, 29).
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ll. Formation of the interference image

%

Part | of the general deseription of No-
marski differential 'interference-contrast mi-
croscopy dealt with the fundamentals and
experimental designs of ZEISS interference-
contrast equipment (12). This second part of
the destription will be devoted to the for-
mation of the differential interference-con-
trast image (in the following called DIC
image, following a suggestion by J. Gahm).
For this purpose, the wavefronts of the
Wollaston prism will be described first in
Section 1. The background image, which
depends on the differences of path length
and amplitude of the interfering waves, is
discussed in Section 2. The formation of the
DIC image (Section 3) is explained with the
ald of model objects. A detailed discussion
of objects from the different fields of ap-
plication of Nomarski DIC microscopy would
be bheyond the scope of this series of
papers; it is therefore reserved for separate
publication,

1. The wavefronts in the Wollaston prism

A wavefront is the line joining the points of
identical phase within a wave packet (see,
e.g., 1, 6 11, 13, 14, 15, 23). The behavior
of wavefronts In a Wollaston prism (18) will
be explained with the ald of example a) of
Fig. 1. In the lower orystal, a linearly
pelarized wave with the plane wavefront X
is split into two plane-polarfzed components,
viz. the ordinary wave and the extraordinary
wave. Both waves have different refractive
indices: with yellow sodium light of wave-
length 588.3 my, the ordinary wave in a
quartz crystal has a refractive index of ng =
1.5442, the extraordinary wave one of neg
= 1.5534. Consequently, the difference in
refractive index is 0.0092, in other words,
Neg Is almost 0.6% larger than n,. Since
the propagation speed of the wave in the
crystal fs inversely proportional to the re-
fractive index, it follows that the ordinary
wave has a higher speed than the extraor-
dinary wave!. As a result, the wavefront 3,
is in advance of the wavefront o in the
[ower prism.

So-called angular wave splitting occurs at
the cemented surface, i. e, the ordinary
and the extraordinary wave take different

courses. The angle subtended by them is
less than half a minute. In addition, the
ordinary wave of the lower prism becomes
the extraordinary wave in the upper prism,
while the extracrdinary wave of the lower
prism becomes the ordinary wave in the
upper prism (12, 15, 21). In case a) this
means that in the upper prism the wave-
frant 2o is in advance of the wavefront =
because as 3, ey has advanced beyond
the second wave In the lower prism to such
an extent that this advance is only slowly
made up for in the upper prism. Since the
angular splitting at the cemented surface is
only very small, the geometrical paths of the
iwo components in the central position of
the Wollaston prism shown In the diagram
are only slightly larger than in the lower
half of the prism. Consequently, as the two
waves emerge from the Wollaston prism,
they have covered identical optical path
lengths?, i.e. both wavefronts leave the
Wollaston prism simultaneously with zero
path difference? If after emerging from the
Wollaston prism the two waves pass
through air, the same refractive index ap-
plies to both of them, i.e. their speed is
identical. As a result, the path difference
between the two waves s maintained. In the
special case a) It is zero.

If, for reasons that will be discussed later,
a path difference is desired, this can be
obtained by shifting the Wollaston prism
perpendicular to the direction of the. incident
bundle of light, In case b), the advance of
2o over 2, in the lower priem is such that
it is compensated only partly in the upper
half of the prism (wavefronts not shown):
outside the Wollaston prism, 2, advances
in relation to 2, The opposite case is

~shown in the example ¢).

In the experimental design of DIC equip-
ment for transmitted light using two Wolla-
ston prisms, a path difference can be intro-
duced by shifting one of them because for

. the final DIC image it is of no importance

whether the optical path difference is caused
by the auxiliary prism in the condenser or
whether it is introduced by means of the
principal prism (12, 16, 17, 18, 20) located
between objective and image. A displace-
ment of the principal prism Is given prefer-

ence only for reasons of convenience. The
most favorable conditions for this case fol-
low from Fig. 1 if the diagram Is Imagined
inverted. - If Nomarskl prisms were utilized
instead of Wollaston prisms, no basically
new considerations would result with regard
to the behavior of the wavefronts in the
crystal (see 7, 18). The diagram thus ob-
tained would merely be less clear than in
the case of the Wollaston prisms discussed
above.

2. The interference background image

In the following, the formation and Inter-
pretation of the background image in No-
marski DIC microscopy will be explained.
By background image we understand the
image of an object-free area in the speci-
men. With the ZEISS DIC equipment (and
using white light for illumination of the
object), this background can be made to
appear black-and-white or gray or colored.
This means that a multitude of different
color phenomena may be encountered even
if there is no microscopic object in the light
path. These phenomena must not be at-
tributed to a microscopic object, but con-
sidered as instrument characteristics, as
equipment parametersd. A detailed explana-
tion of the formation of the background
image on one hand shows the multitude of
optical staining possibilities. On the other
hand it is intended to warn against possible
sources of error in the interpretation of the
interference image due to careless use of
the equipment. — Before elaborating on the
most essential characteristics of this equip-
ment, a few concepts from the field of inter-
ference colors should be briefly reviewed.

1 This holds generally for positively uniaxial crys-
tals such as quartz. The opposite applies to nega-
tively uniaxial crystals such as caleite (1, 21).

Z Qptical path length (2, 11, 13, 14, 15, 24): 4 = nd,
where n = refractive Iindex, d = geometrical path.
This is also called the path difference I, where I' Is
preferably used for optical path differences, e.g.
Ay - 4a.

3 In principle, these equipment parameters also apply
to Interference microscopes of other design, such as
the lamin-Lebedeff interference-contrast equipment
made by ZEISS,
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Fig. 2 shows schematically the conditions
in the case of the superposition of two
coherent wave packets of white light (11,
15, 22) with optical path differences A of 50,
200 and 550 mu. For greater clarity, only
three colors of the white light are shown,
namely blue (wavelength i = 400 mg),
green (1 = 550 my) and red (2 = 700 my).
Making allowance for the sign, the inter-
fering components (dotted and dashed
curves) yield the solid curves as resulting
waves, If the optical path difference be-
tween 2 and 23 is small, e.g. 50 my, as
is shown In the upper part of the figure,
then with all three colors the final curves
have larger amplitudes than the individual
curves: we then speak of constructive Inter-
ference. The extreme is encountered if A
= 0 or a whole multiple of the light wave-
length. Thus in the lower part of the figure,
the optical path difference of 550 mu is
equivalent to the wavelength of the green
light. in this case the two components are
“in phase”, whereas, if 4 = 200mg, the
two component beams of the blue light are
of “opposite phase”. They interfere destruc-
tively. This means that the white light is
deprived of the blue component. The other
final curves, in our example the green and
red ones, will then mix uniformly in accord-
ance with their intensity ratio* to form a so-
called interference color. (Toe avoid mis-
understandings, it should be pointed out
here that this interference color is not
identical with that of the DIC Image.)

Since the intensity ratio of the different
colors varies with optical path difference,
every path difference is associated with a
characteristic interference color. However,
this applies only to path differences which
do not exceed the ccherence length
{see 11).

In Fig. 2 it was tacitly assumed that the
superimposed components (dotted and
dashed curves) vibrate in cne and the same
plane. With interference microscopes this
precondition, which is indispensable for the
interference of two coherent waves, is not
given from the start, but must be brought
about with the aid of an analyzer. The same
holds for the Nomarski DIC equipment: as
is evident from Fig. 3a), an analyzer ar-
ranged between the principal prism and the
eyepiece (18) intercepts the waves with the

.
vectors of electrical field strength e, and
-

-
e; and allows only the components e;a or

-

&4 coinciding with the vibration direction of
the analyzer A to pass (see 1, 6, 7, 12). The

—e -
components e;p or esp, however, which

together give ;}:. are perpendicular to the
transmission direction of the analyzer and
therefore have no effect on the final DIC
image. In addition, the components parallel
to the transmission direction of the analyzer
shown in Fig. 3a) are of opposite, but
identical magnitude so that they cancel out,
Transferring these results to ZEISS DIC
equipment, Fig. 3a) corresponds to zero

Fig. 2: Interference of white [ight. For aimplification,
only the colors blue, green and red are shown,

path difference, i.e. the field of view is
dark. The Michel-Lévy color chart (19)
reveals that zero path difference is equiv-
alent to the interference color black.

If there is a path difference between the two
waves emerging from the principal prism,

then e; and e; differ in length (Fig. 3b).
Consequently, the length of the components
—_ —

€14 and e, also differs. In the DIC image,
the resultant of these two vectors, namely

eA. becomes effectwe (The vector ep result-

ing from elp and ezp is perpendicular to the
transmission direction of the analyzer and
thus does not contribute to the DIC image.) -
If the path difference is 50 mu, e.g. as in
Fig. 2, top, the DIC image will assume a hue
between iron and lavender gray, as is also
evident from the Michel-Lévy color chart (6).
A gray blue to gray or deep red hue in the
DIC image corresponds to a path difference
of 200 or 500 mg, respectively (see Fig. 2).

If polarizer and analyzer are not accurately
crossed (Figs. 3¢ and d), the DIC image
W|l] be affected In a different way, While

el and ez are of identical length in Fig. 3¢)
(which corresponds to zero path difference),
their components in the transmission direc-

- -
tion of the analyzer, eja and eja, are of dif-

1 Due to the difference in wavelength the final curves
of the different colors cannot interfere. The intensity
ratio Is therefore declsive for the resultant inter-
ference color.



-

ferent magnitude. The resultant ea therefore

differs from zero (in spite of zero path dif-

ference). It lights the image background. The
—- — =

vector e ‘resulting from e;5 and e, Is per-
pendicular to A and therefore cannot affect
the interference image.

4
If, in addition, there is a path difference
P p—
between the components 1 and 2, &, e; and
- - -
thus e, e,a will also differ in length

=~
(Fig. 3d). The resultant es strikes the DIC
image in a different way than is the case in
Fig. 3b). To avoid unnecessary difficulties
in the interpretation of the DIC image, it is
thgrefore advisable to work with crossed
polarizer and analyzer.

3. The DIC image

In intef'ference microscopes, the “object
structure” seen in the microscopic image is
the optical expression of very different
physical magnitudes of the microseopic
cbject. With the Nomarski DIC equipment
described in this paper, the interference
image of an isotropic phase object depends
a) on the magnitude of the angular or
lateral wave splitting and b) on the path
difference between the two components (see
also B, 7, 11, 23). The path difference
caused by a transparent object is given by
the product of the refractive index and
geometrical - thickness of the object. As is
shown in Section 2, an additional path dif-
ference can be superimposed by means of
the principal prism.

The path difference caused by an opaque
object depends on the geometrical profile of
the object and the phase retardation result-
ing from reflection of the waves from the
opaque object. In this case also an ad-
ditional path difference can be introduced
with the aid of the Wollaston (or Momarski)
prism which in the reflected-light equipment
is traversed twice and therefore acts both
as an auxiliary and a principal prism (12,
16, 17, 18, 20).

Fig. 4 shows on the left a diagram of a DIC
unit for transmitted light using twe Wolla-
ston prisms. A body of rectangular cross
section Is represented as an Isotropic,
i. 8. nonbirefringent object (specimen slide,
mounting medium and cover glass are not
shown). The condition of the wavefronts at
the points a to d in the light path is il-
lustrated in the right-hand part of Fig. 4.
The intensity distribution of the DIC image
formed in the intermediate image plane,
marked e in the diagram, is also discussed.
Let the refractive index of the object be
smaller than that of the mounting medium:

the portions of the wavefronts passing

through the object are then accelerated, I. e.
they are advanced in relation to the portions
of the wavefronts not affected by the object.
The resulting wavefront deformation is all
the larger, the greater the thickness and
smaller the refractive index of the object.
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Fig. 3: The effect of the analyzer in ZEISS DIC equipment. P = transmisslon direction of polarizer, A =

- i
transmission direction of analyzer, A’ = direction perpendicular to A, e = vector of electrical field strength,
index 1 or 2 = waves emerging from principal prisms with mutually perpendicular vibration planes. #) crossed
P and A. I' = 0 between waves 1 and 2; b) same as a), but I' = 0; ¢) P and A not rigorously crossed.
I'=0;d)same as &), but I' = 0.

Fig. 4: Wavefronts at different points in the light path and intensity distribution In the Intermediate image
plane of a PIC unit in accordance wih the diagram in the lefthand portion of the Illustration. Cases A to D are
distinguished by the path differences between the wavefronts 3y and s,

Zwlischenbildebene = Intermediate image plane; Analysator (135°) = Analyzer (135°%); Hauptprisma = Principal
prism; Objektiv = Objective; (Modell-} Objekt = (Model-) object; Kendensor = Condenser; Hilfsprisma =
Auxiltary prism; Polarisator (45°) = Polarizer (45%); Fall = Case. :
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Fig. 5: Deformed wavefronts with the resulting intensity distribution In the x-direction of the DIC image. Path
differences In background = zere (I, 11, I} or not zero (I, 11/, ).

Fig. 6: Color contrast In DIC Image,

Fig. 7: Deformatlon of a plane wavsfront by an opaque object with two different phases.

In the cases A to C the path difference is
assumed to be +1/2, and in case D +1/8
(diagrams ¢).

In case A it is assumed that no additional
path difference Is introduced between 23\
and 2, by the principal prism. The function
of the principal prism is thus essentially to
cancel the angular wave splitting produced
by the auxiliary prism. In the process, how-
ever, a lateral displacement of the wave-
front deformations occurs (d). se that path
differences are, after all, introduced be-
tween 3 and 3, But the path differences
thus caused can only occur at points of the
wavefronts where the object has already
introduced a change of path difference I by
the x-coordinate. For the DIC image only
the difference of optical paths between 2
and 2, is of importance. Making due allow-
ance for the sign, this is obtained by sub-
tracting the wave 3, from 25, The result is
shown in diagram d'. If - following a sug-
gestion by Nomarski (16, 17, 18) - this dif-

ference or the differential wave 2'p is as-
sumed to be an undisturbed reference wave,
supplemented by a second, plane wave 2,
then the representation in d’ is equivalent
to d. It is, however, considerably clearer,
an advantage that is felt above all with
complicated deformed wavefronts.

If monochromatic light is used, the simplified
relationship | = 1o sin? (¢/2) holds for the
intensity distribution of the DIC image,
where |y is the maximum intensity in the
image and () the phase angle. An angle ¢
= 360° corresponds to a path difference
I' = 1. For I' = - /2 corresponding to @
= - 180°, sin (- 180°/2) = —sin 90° = -1
and | = Iy (1) = [,. The same value is
obtained for I" = +i/2. For I' = ¢, | also
becomes zero. Thus all values required to
indicate the intensity distribution in the x-
direction in the diagram e are known. The
diagram ¢ gives an idea of the intensity
distribution in the x and y-directions, as in
practice the DIC image is seen as a circular
disk in the intermediate image plane. In the

example, two bright bands can be seen
against a completely dark background.
These bands indicate that in the correspond-
ing specimen area the optical thickness
noticeably differs in the x andfor y-direc-
tions from that at directly adjacent points.

Only this causes the deformation of the
originally plane wavefronts, and only those
points in which I' varies in the x (and/or ¥)
direction become visible in the DIC image.
In the present case, the fringe spacing is
at the same time a measure of the width of
the phase object. The fringe width depends
on the lateral wave displacement in the
equipment; it is chosen so that it Is smaller
or, at bést, identical to the microscopic
resolvin"g power. In addition, the fringe width
depends on the change of path difference
in the x and y-directions (on the gradient
of I'} and thus on the object or the speci-
men (see examples in Fig. 5).

The DIC image ¢ in case B of Fig. 4 shows
two black fringes on a bright background.
Consequently, case B is complementary to
A. The inversion of the brightness distri-
bution is brought about by the path dif-
ference +Ai/2 between X; and X, (dia-
gram d). - In case C (diagram d}, 2, lags
behind 3, by 4/2. The same intensity distri-
bution (e} is obtained as in case B. With
the principal prism in opposite positions,
i. e, 'symmetrical to the zere position, both
these cases can be realized.

In case D, the path difference caused by
the object is assumed to be /8 and the
path difference introduced by the principal
prism /4 (d), contrary to A, B and C. Com-'
putation of the intensity distribution yields a
different brightness of the two fringes. The
impression is that of one-sided oblique
fllumination of the object (7, 20) with the
well-known  three-dimensional character®.
{See also'Figs. 48, 81, 443 in Michel [14]).

Fig b coniains further examples of the for-
mation of DIC images of different isotropic
phase objects. Here only those diagrams
are included which are essential to the
understanding of the problem. The diagrams
that have been omitted can easily be added
in accordance with the example shown in
Fig. 4. If white light is used instead of
maonochromatic light, the contrast of the
object is Increased by interference colors.

5 This purely formal transformation Is carrled out
exclusively for reasons of convenlence and has noth-
Iing to do with the subtracticn or addition of inter-
ferlng waves required in intarference microscopy.
Before reaching the analyzer, 2y and 7 cannot Inter-
fere for the simple reason that thelr vibration direc-
tions are mutually perpendlicular.

& DIC Images of a phase object similar to the model
under discussion are found elsewhere (20). It should
be noted that the photomicregraphs published there
show two parallel furrows in the evaporated film of
a specimen slide so that a total of four edges can be
seen; the model object In Fig. 4 can, of course, pro-
duce only two edges. - Case A is, in general, com-
parable to Flg. 36a (Iin 20}, case C (and case B) to
36 ¢, and D corresponds to 36b.



This will be explained with the ald of a
wavefront (see also [6]), which in a similar
form was used already in Fig. 5§ {I" d), to
demonstrate the process of image formation
by monochromatic light. This is why- optical
wavelengths and path differences are indi-
cated on the ordinate jin multiples of half
the wavelength of the light used, This is, of
course, inappropriate in the case of white
light. -

In the ranges “a" of Fig. 6, I" is 300 my,
which according to the Michel-Lévy color
chart (19) corresponds to yellow of the first
order. In the range b, I" rises from 300 to
800; mye, colors ranging from first-order
yellow to second-order blue being traversed.
However, - the intermediate interference
colors are less pronounced, since they are
relatively crowded due to the considerable
variation of I. The same applies to the
other end in the b range. The color of the
plateau (roughly indigo) can, however, be
recognized more clearly. In the ¢ range, the
variation of I' with x is not as abrupt as
before. The colors are therefore easier to
recognize, viz. yellow and first-order white
at the upper edges of the furrows, fallowed
by various gray hues which finally Become
black at I" = 0. '

The remarks on the formation of the DIC
image with transmitted light also hold for
reflected light. Characteristic differences
exist only in two points. Firstly, a single
Wollaston or Nomarski prism represents the
auxiliary and principal prisms in the re-
flected-light equipment. However, such an
arrangement can be formally transformed
into a transmitted-light setup, as was ex-
plained elsewhere (12). Secondly, ;there is
an essentlal difference in the causes of the
wavefronts deformed by the object. In the
case of Isotropic transparent objects, the
local product of refractive index and geomet-
rical thickness of the object determines the
form and extent of the wavefront deforma-
tion. With opaque objects, the surface relief
and thus the geometrical path as well as the
phase retardation due to reflection of the
wave from the object (21) determine the
shape and magnitude of the wavefront de-
formation (6, 11, 23). This is illustrated by
Fig. 7. Let the opaque object consist.of two
phases (hatched), which impart a different
amount of retardation to the reflected waves.
A plane wavefrant reflected by the object
is transformed into the wavefront 2. The
rectangular deformations may at the same
time serve as an example of ambiguous
image formation (see also Fig. 4, B, C; for
further examples, see publications 6, 11, 18,
23). Special cases like these are possible
in principle if the final image is, among
other things, the result of two different
magnitudes, such as the thickness and re-
fractive index of the object. An unambigucus
interpretation is then passible aonly on the
basis of additional information or measure-
ment using one of these two magnitudes,
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lIl. Comparison with phase contrast

[
Part | of the general description explained
the fundamentals and the experimental setup
for Nomarski differential interference-contrast
(DIC) microscdpy (11). Part 11 dealt with the
formation of the DIC image (12). The pre-
sent part [l is devoted to @ comparison be-
tween the characteristics of DIC equipment
and those of phase-contrast (PC) equipment.
This comparison is limited to transmitted-
light instrumentation. A comparison with
reflected-light equipment will be published
elsewhere. A final section, part IV, will dis-
cuss the uses of Nomarski DIC microscopy.

1. Experimental setup

The great majority of biological specimens
are so-called phase objects. Pure phase
objects (as compared to amplitude objects)
do not affect the amplitude of the waves
transmitted by the object. Apart from the
diffraction of the light by object details,
phase objects modify the path difference be-
tween the waves passing through the object
field and those traversing the surrounding
field. However, the human eye acting as a
detector during visual observation of the
microscopic bright-field image is unable to
recognize ihese path differences. To make
themvisible, the light path has to be suitably
modified.

The light path of ZEISS transmitted-light
bright-field microscopes can be modified by
the user, due to the availability of suitable
accessories. {The same applies to ZEISS
reflected-light microscopes.) To convert a
bright-field microscope for phase-contrast
observation (Fig. 1), it is necessary to ex-
change the condenser iris for an annular
diaphragm and to mount a phase plate,
optically conjugated to the condenser annu-
lus, in the exit pupil of the objective. Since
the pupil of microscope objectives, above
all of high-aperture and high-power types, is
in the interior of the optical system, special
phase-contrast objectives are made for phase
work, which, following a suggestion by K.
Michel, have the phase plate in a cement
layer between lens elements. (The history of
the phase-contrast technique is discussed in
(9, 10D). .

To convert a bright-field microscope for
interference microscopy (Fig. 1), it is only
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Fig. 1: Dlagram illustrating the conversion of a ZEISS
transmitted-light bright-field microscope for Zernike
phase contrast and Nomarskl differentlal interferenca
contrast.

necessary to add a polarizer and a Nomarski
prism below the front focal plane of the
condenser and a second Nomarski prism as
well as a second polarizer (as analyzer)
above the objective (see 17).

2. Characteristics of ZEISS PC and

DIC equipment

A comprehensive discussion of the differ-
ences between phase-contrast and inter-
ference-contrast acceéssories is beyond the
scope of this series of papers. The following
explanations will therefore be limited to the
description of a few characteristic properties
of these two optical staining methods.

2.1 Azimuth effect

The specific components required for phase
contrast are rotation-symmetric, As a result,
the PC image of a phass object is independ-
ent of the angular, i.e. azimuth orientation
of the object in relation to the PC system.
By contrast, the Nomarski DIC system is not
rotationally symmetric but has a pronounced

preferential direction (1, 8,23). This direction,

is given by the design of the Nomarski prism
and its fixed angular orientation relative to

the polarizer and analyzer. Owing to the
asymmetry of the Nomarski prism in relation
to the optical axis of the microscope, the
DIC effect is produced in the direction of
the prism edges, but not perpendicular to
them, because the differential retardation of
waves is effactive only in the direction of
the prism edges (1, 11, 12, 19, 20, 21). The
effect of this phenomenon is illustrated in
Fig. 2.

However, this disadvantage of DIC equip-
ment is rarely found disturbing. It is par-
ticularly pronounced in linear phase objects
extending in the direction of shear.

If a rotary specimen stage is used, the linear
object can always be oriented so that the
detail of interest is imaged with optimum
differential interference contrast. Non-linear
objects hardly show this azimuth effect (see
Figs. 4 to 7).

2.2 Halo effect

Haloes in the image of object edges are typical
of phase contrast. In positive phase contrast!,
the edge of an object of higher refractive
index than its surroundings has a bright
fringe on the outside and a dark one on the
inside (halo effect). The opposite is the case
when an object of lower refractive index
than its surroundings is viewed in positive
phase contrast. Brief mention should here
be made of the causes of the halo phenom-
enon? Objects of a pronounced phase nature
can be recognized in a bright-field micro-
scope- only with difficulty - if at all -
since they hardly attenuate the light incident
on them. However, a small portion of the
incident radiation is deflected out of its
original direction; it is diffracted by the
phase object. By comparison with the non-
diffracted [ight, the diffracted rays are
shifted in phase by 90°. In Zernike phase
contrast (28, 29)

T ANl ZEISS phase-contrast accessories are designed
for positive phase contrast. As a result, cobjects
whose optical thickness is greater than that of the
surrounding field appear dark against a bright back-
ground.

 For references, see, for example, 2, 4, 5, 6, 7, 13,
1415, 16, 22, 26.



a) the direct light is also shifted in phase
by 90°,

b) the intensity of the direct light is reduced
until it is comparable to that of the dif-
fracted light,

¢) the diffracted light and the direct light
of reduced intensity and shifted phase
are superimposed on each other for inter-
ference. '

The ZEISS phase-contrast equipment satisfies
all these conditions with the aid of an ab-
sorbing annular phase plate in the front
focal plane of the objective.

The“phase plate accelerates the light by 90°
(positive phase contrast). In order to reduce
the effect of the phase plate on the direct
light as much as possible, a hollow cone of
ligth prtgduced by the annular condenser
diaphragm is used for illumination. In spite
of this precaution, a certain part of the
diffracted light will also pass through the
phase plate because whenever radiation is
transmitted by the specimen, every point of
the phase object becomes a wave center
from which the diffracted light is deflected
in certain directions. The smalier the object
detall, the larger is the angle of diffraction.
If the phase object is of appreciable ex-
tension and differentiated structure {(which is
practically always the case with bioclogical
objects), the diffracted light will also pass
through the phase plate (shaded beam in
Fig. 3 [see 24]). An additional path difference
of 90° {undesirable but unavoidable) is im-
parted to this light. Itinterferes constructively
with the direct light in the intermediate
image plane, i.e. its intensity is increased
(bright fringe). On the one hand, the inten-
sity and extent of the halo effect are equip-
ment factors determined by the amount to
which the undiffracted light is absorbed and
shifted in phase by the phase plate. On the
other hand, the halo effect varies with the
size of the object (23), a phenomenon that
will be discussed in greater detail in the
next paragraph. In addition, however, the
halo effect is also a function of the differ-
ence in refractive index between the object
and its surrounding field (8, 23), as is evi-
dent from Fig. 7.

On the whole, the halo effect is thus partly
due to equipment conditions. While it can
be reduced to a certain extent by suitable
design of the phase-contrast accessories, it
cannot be eliminated altogether.

Aone-sided lightening of object edges similar
to the halo effect is sometimes chserved in
differential interference contrast also. How-
ever, this phenomenon is due to entirely
different causes which were explained in
Part Il in connection with the description of
DIC image formation (12).

\

3 Figs. 4 and 7 courtesy of Prof, Dr. P. Stoll and Dr.
H. Gundlach.

Fig.: 2 Optical staining of oriented linear phase ob-
jects (scratches in specimen slide).
Top: DIC image. The grooves extend In the direction

‘of shear. Only details which exhibit very pronounced

changes of opti¢al thickness in a minimum of space
stand out against the background.

Center: DIG image. Object turned through 90° and
thus aligned for optimum contrast,

Bottom: PC image. Alignment of the object has no
effect on contrast. Photomicroscope |l, 40x N. A, 0.65
Planachromat and 40x N. A. 0.75 Ph-2 Neofluar, total
magnification approx. 530x.

IHuminating beam Object baarm

Eyepiece stop

Phasa plare
Objective
Specimen
Condensar

Annular cond
diaphragm

Light source

Fig. 3: Optical dlagram of transmitted-light micro-
scope with phase-contrast equipment.

Fig. 4: The halo effect in PC microscopy with phase
objects of “medium” size. The illustration? shows a
gynecological smear in a saline solution: living
trichomonad beside an epithelial cell and erythro-
cytes. Top: phase contrast, bottom: differential Inter-
ference contrast. Photomicroscope. 40x N.A. 0.75
Neofluar and 40x N. A, 0.65 Planachromat. Total
magnification approx. 530x.



Fig. 5 This specimen (polished bone, tetracycline-labeled for fluorescence
microscopy by reflected light) ls unsultable for observation by transmitted
light because It Is too thick and does not lle flat on the specimen slide. Exact
repraduction of the contrast-generating PC or DIC elements is not possible

under these conditions.

Top left: PC image. Right: pupil. Bottom left: DIC image. Right: pupll. Photo-
microscope. 16x M. A. 0.35 Planachromat and 16x N.A. 0.40 Ph2 Neofluar;

Optovar 1.25x. Total magnification approx. 170x.

2.3 Object size and

differences of refractive index

There is a direct connection between the
halo effect in phase-contrast microscopy and
the limited range of object sizes suitable for
optimum reproduction in phase contrast Q.
7, 23). For the reasons mentioned under 2.2,
the phase structure of phase objects of
.medium” size is not reproduced with high
fidelity because the phase plate of the Ph-
objective has an undesirable sffect on the
light they diffract. Which object size should
in practice be considered as “medium” de-
pends on one hand on the size of the
annular condenser diaphragm (with conjugate
phase plate) and on the other on the magnifi-
cation of the PC system used. A phase
object, for example, which reveals the halo
effect when observed with type Ph-2 phase
accessories, should be considered as of
“medium" size. If the same object is ex-
amined with a phase-contrast objective of
higher power (Ph-3 with appropriate annular
condenser diaphragm), it may then be con-

sidered as large. It is thus quite possible
that one and the same object may show
haloes under medium magnification but be
free from haloes at high powers.

However, it should be noted that object size
alone (for a given PC system) is not enough
to explain the halo effect. Another factor to
be taken into account is the difference in
refractive index between the object and the
mounting medium. The greater this differ-
ence, the more pronounced the halo effect
(8, 14). It is therefore quite possible that not
only objects of medium size but also small
objects, for instance, exhibit a prenounced
halo effect (see Fig. 7). By adapting the
refractive index of the mounting medium to
that of the object, these haloes can be
drastically reduced.

Contrary to phase work, DIC microscopy Is
not characterized by such a pronounced
dependence of image quality on the size of
phase objects. DIC microscopy can be
equally well applied to small, medium and
large microscopic phase objects without any

impairment of image quality (i, 7, 23). How-
ever, this applies only to interference micro-
scopes using the principle of differential
shearing, i.e. in which the lateral shift of
wave fronts (12) is smaller or equivalent to
the m’icroscope's resolution (7). In the case
of interference microscopes hased on total
splitting - e.g. the ZEISS [amin-Lebedeff
transmitted-light interference attachment -
the admissible object size must be smaller
than the separation between the measuring,
beam and the reference beam (11) to give
satisfactory results.

Ancther advantage of Nomarski DIC micro-
scopy comes as a welcome supplement to
PC microscopy: pronounced differences of
refractive index between the object and the
mounting medium, which give rise to dis-
turbing haloes in the phase-contrast image,
are highly desirable for DIC work. They give
images of excellent contrast and allow minute
details to be recognized (e.g. Fig. 7, lower
part of picture} which in phase contrast are
hidden by bright fringes around the object.



Flg. 6: Specimen suitable for examination by transmitted light (rat's tongue,
unstained). Top left: PC image. Right: pupll. Bottom left: DIC Image. Right:
pupil. Photomicroscope, 16x N.A. 0.35 Planachromat and 16x N.A. 0.40 Ph-2
Neofiuar; Optovar 1.25x. Total magnification approx. 170x.

2.4 Optical thickness of the object

The difference between the optical thick-
ness (product of refractive index and geo-
metrical path length) of the object field and
the surrounding field determines the optical
path difference I’ between object wave and
field wave. The phase angle ¢ in degrees
can be computed, as is known, from the
relationship ¢ = I' 3680°/A where A Is the
wavelength of the monochromatic light used.
Let the expression K = (Emax - Emin)/Emax
be the contrast, with Emax and Emm the
maximum and minimum radiant intensity,
respectively, of the microscopic image. Plot-
ting contrast against phase angle, we obtain
information on the optimum range in which a
microscopic technique should be used,
According to Michel (14, p. 110), a phase
plate of 64% absorption introducing a phase
shift of 90° will theoretically enhance con-
trast from 0 to 0.9 if the phase angle is
increased from 0 to 20° For very small
phase angles contrast will even change
linearly with ¢. This range Is most sensitive

to changes of phase angle. Maximum con-
trast” is obtained between 30° and 35°.
Beyond these values, K drops to 0 at 180°
as ¢ increases. For phase angles between
180° and 360° (negative phase contrast),
the curve is inverted. The diagram also
shows that even at path differences of up
to half a wavelength {p = 180°) ambiguous
phase images may be produced due to the

fact that very different phase angles have
the same degree of contrast (25), Thus, for

example, a contrast of 0.4 corresponds to
phase angles of both 5°and 130°. |n practice
this means that under the aforementioned
conditions points of different optical thick-
ness in the phase object cannot be distin-
guished because they are of absolutely equal

phase contrast.

In order to ensure unambiguous and accurate
results, the phase-contrast methed should
therefore preferably be used for phase ob-
jects with small phase angles not exceeding
30°, which is equivalent to a path difference
of not more than A/12. According to Michel

(14, p. 119), thickness differences of /155 um
(=10 nm = 100 A) can still be distinguished
with a contrast of 0.3 in a phase object with
a refractive index of 1.5; if the geometrical
thickness of the p'hase object is 5 um, differ-
ences of refractive index of 0.001 in the
object can be detected.

The above explanation shows that thick
specimens are unsuitable for examination by
the phase-contrast technique (14, p. 120).
The same applies to specimens of wedge-
shaped texture: in both cases, the exact
reproduction of the annular condenser dia-
phragm on the phase plate in the micro-
scope objective is made difficult if not im-
possible (Fig. 5). In these unfavorable con-
ditions, phase contrast loses its experimen-
tal basis and becomes more and more of a
bright-field method with all the disadvantages
this holds for the reproduction of phase ob-
jects.

If possible, thin objects should be used also
for DIC microscopy. In the case of very thick
objects which, moreover, do not lie flat on



Fig. 7: Reproduction of detail in stratified phase objects. Gynecological smear
in & saline sglution; immature cells of lower epithelium (basal and parabasal
cells). Left: PC image. Right: DIC image. Photomlcroscope. 16x N. A. 0.40 Ph-2
Neofluar and 16x N.A. 0.35 Planachramat; Optovar 1.25x. Total magnification
approx. 170x,

the specimen slide {Fig. 5), the interference
plane of the auxiliary prism In the con-
denser can no lenger be accurately focused
on the conjugate interference plane of the
principal prism above the objective. For
comparison, a thin, flat phase specimen is
shown in Fig. 8. In this case, the pupil image
of the PC microscope also shows a sharply
defined annular condenser diaphragm and
objective phase plate; in the DIC micro-
scope, a sharply defined image of the aper-
ture (iris) diaphagm of the condenser is
likewise visible in the pupil plane.

A comparison of the photomicrographs
published in this journal (27} may serve as
an example of the different image quality
secured by phase-contrast and differential
interference-contrast microscopy. This com-
parison also shows that the DIC method can
be used over a far greater range of path
differences in the object than would be
practical with the PC method. If in this
connection we look at Michel-Lévy's chro-
maticity diagram, the clear marking of the
phase object by interference colors becomes
evident over a wide range of path differ-
ences. Small path differences of about 50 nm
(i. e. approx. /yp wavelength of green light)
fall in the area of first-order gray. The gray
tone changes only very slowly with increas-
ing path difference (e.g. up to 100 nm).
Inexperienced observers will recognize these
changes only with difficulty. in the area of
first-order red, however, even slight changes
of path difference by about 10 to 20 nm
(equivalent to 2 to 49, of the wavelength
of green light) give rise to variations in color
which are marked enough to be detected
even by inexperienced observers. Since the
Nomarski DIC equipment allows one of the
Nomarski prisms to be shifted so.that the
image background can, within certain fimits,
be made perpendicular to the microscope

axis {see 11, 12}, phase objects can always
be reproduced with optimum contrast.

If Michel-Lévy's chromaticity diagram alone
were used to assess the DIC method's
suitability for distinguishing optical thick-
ness, the impression might be created that
DIC microscopy is suitable only for relatively
great path differences (such as 40 nm and
larger). However, this is not so. Experience
has shown that even very small path differ-
ences can be made visible. Fig. 2 may again
serve as an example. The extraordinary
capabilities of DIC microscopy are probably
due to the fact that under favorable con-
ditions* phase objects can he reproduced
with contrast 1. Owing to this wide range of
conirast, the observer is able to detect
minor brightness differences and thus differ-
ences in optical thickness.

2.5 Gradient of optical thickness

An essential difference between DIC and
PC microscopy is due to the lateral variation
of optical thickness in a phase object; in
this case we also speak of the effect of the
gradient of optical thickness on the appear-
ance of the DIC image (1, 8). For better
understanding it should be recalied that DIC
microscopy may be considered as two-beam
interference microscopy with differential
shearing (7, 11). If both waves traverse
identical optical paths, they will produce
identical intensity in the DIC image; in
the special case in which the Nomarski
prisms are in center position (zero path
difference) with polarizer and analyzer
crossed, the intensity in the DIC image will
be zero. In other words, a variation of inten-
sity (in the aforementioned case, lightening
of the DIC image) is possible only if the two
waves cover different optical paths. How-
ever, since the two, waves are separated

by only a minute distance - a distance
roughly equivalent to the resolution of the
microscope - a variation of intensity can
occur only if there is a marked change in
the optical thickness of the object even over
this short distance. Or we may say that the
partial differential quotient of the optical
path in the phase object as referred to
lateral shearing in the DIC system must
differ from zero in order to reveal the phase
structure of the object in the DIC image.
(It is known that no such requirement exists
for the phase-contrast technique [see 8].)
Naturally, this requirement is easier to satisfy
at the edges of objects than in extensive
phase objects. [t is therefore quite possible
that only the boundaries of a phase object
will appear in the DIC image. This was ex-
plained with a few examples in the discussion
of DIC image formation (12, Fig. 4, case A,
and Fig. 5, detail I}. But it has been found
that even the phase-contrast method is not
completely free of this complication in regard
to image interpretation. For in the DIC image
of an extensive phase object of uniform
optical thickness the intensity distribution in
the interior of the PC object approaches that
of the surrounding field, with increasing ob-
ject size. In an extreme case, the object will
therefore only stand out against the back-
ground due to the hale effect (28), and it
should be noted that the boundary between
the bright and the dark fringe is not nec-
essarily identical with the actual limits of
the phase structure {see 25).

From a viewpoint of high-fidelity reproduction
of phase structures, the aforementioned
characteristic of differential interference-con-

4 By favorable conditions we here understand, for
example, a single phase obiect with relatively few
structural details on a homogeneous, i.e. texture-
less background.



trast microscopy would seem to be a short-
coming. However, it is precisely this apparent
drawback which is very helpful in the ex-
amination of microscopic objects of greatly
varying phase structure, because fine phase
detail, which in the PC image passes un-
noticed or is seen only with difficulty,
occasionally stands out with extraordinary
clarity in the DIC image (see Fig. 7, bottom).
This is due to the above mentioned fact that
in the DIC image the intensity distribution is
determined by the difference in path length
between the (plane) reference wave and the
(deformed) differential wave (12). This ex-
plains why even with heavily structured ob-
ject fields of greatly varying optical thick-
ness the background will appear fairly plane
(“flat"). Local optical path differences stand
out with apparent relief from this “plane”.

2.6 Depth of field

An essential advantage of Nomarski DIC
microscopy over PC microscopy is due to
the shallow depth of field involved in this
method. We know that in the PC system the
illuminating (and viewing) aperture is deter-
mined by the dimensions of the PC attach-
ment; it cannot be varied. In Nomarski DIC
microscopy, on the other hand, the diameter
of the aperture diaphragm in the condenser
can easily be adapted to the requirements
of the specimen (1), as in bright-field work.
A relatively large aperture (about 24 of the
objective aperture) can generally be used
without any loss of contrast. Owing to this
high illuminating aperture, the DIC method
offers only shallow depth of field, which is
particularly welcome for thick objects. De-
tails outside the focal plane are thus less
disturbing in the microscopic image than in
phase contrast (see Fig. 2). As a result, DIC
images of excellent quality can be obtained
even under unfavorable conditions when PC
images - due to their great depth of field -
make the identification of phase structures
impossible because of overlapping details
above and below the objects of interest and,
in addition, due to the halo effect. Here
again, the bottom portion of Fig. 7 may serve
as an example (see also 23).

2.7 Dichroic objects

One source of errors in the DIC method is
the necessity of using polarized light. We
can distinguish between an ordinary and an
extraordinary ray, as was described in the
preceding parts of this paper (11, 12). In so-
called dichroic objects, the ordinary and ex-
traordinary rays are absorbed to different
degrees. In other words, they interfere with
different intensity so that the DIC image is
not only a function of the difference of
optical path length for the two rays, which
would normally be of interest, but also of
the different absorption in the two beams.
This effect is comparable to a setup in which
the planes of transmission of polarizer and
analyzer are not perfectly perpendicular to

each other (see 12). Phase contrast, on
the other hand, does not require the use of
polarized light. Consequently, the PC method
is free from possible disturbance due to
dichroic substances. It may generally be
said that in practice it will only rarely be
necessary to examine dichroic (i. g. absorb-
ing) objects with microscopes designed for
phase work.

3. Summary

In addition to the outstanding features of
the ZEISS DIC accessories explained in this
series of papers on Nomarski DIC micro-
scopy there are quite a number- of aspects
which cannot be discussed here. Apart from
these theoretical considerations, practical
experience also advises against the classi-
fication of the Nomarski DIC method at this
stage, because it has been found that
Nomarski DIC microscopy is being used
increasingly in fields in which conventional
methods of light microscopy have failed or
give only unsatisfactory results.

However, we already know beyond any
doubt that Nomarski DIC microscopy has
gained a firm footing in reflected-light
microscopy because it is clearly superior to
incident phase-contrast microscopy in a
great number of cases. In transmitted-light
microscopy, on the other hand, the two
methods would appear, as before, to com-
plement each other. This once more justifies
the ZEISS concept of combining annular
diaphragms for PC microscopy with aux-
iliary Nomarski prisms for DIC microscopy
in the type V Z achromatic-aplanatic substage
condenser.

It is also noteworthy that the PC and DIC
accessories by ZEISS differ in one essential
point: The ZEISS phase-contrast systems
are equipped with phase plates for constant
phase shift and constant absorption. The
ZEISS Nomarski DIC systems, on the other
hand, allow both the phase of the light and
its amplitude to be varied (the former by
adjusting one of the Nomarski prisms, the
latter by moving the analyzer out of its
crossed position in relation to the polarizer).
If in spite of this the phase-contrast
technique has lost hardly any of its im-
portance, this is probably due to two
reasons:

a) Phase-contrast techniques are primarily
used for the examination of biological
and medical objects, and

b) biological and medical phase objects
generally vary so greatly in local optical
thickness that itwould be neither reason-
able nor possible to obtain optimum con-
trast at every point in the entire phase
object by means of a variable phase-
contrast system (see 14, p. 117). A com-
promise solution will thus be inevitable
in these cases.

However, the situation is apparently quite

different in reflected-light microscopy. Here

the microscopic objects to be examined

are “plane" from the start, and their relief
varies only within relatively narrow limits.

(With transparent objects, this relief is
equivalent to geometrical thickness) A
second variable is then the locally different
phase retardation upon reflection of the
incident light from the surface of the opaque
object. (In the case of transparent objects,
the refractive index has to be taken into
account instead.) Contrary to transparent
objects, the interesting detail in opaque ob-
jects is frequently a small phase object on
a homogeneous phase background. In this
case, an extremely useful feature of the
Nomarski DIC system is the fact that by
suitable selection of path difference with
the aid of one of the Nomarski prisms the
object can be made to stand out optimally
from the surroundings by means of inter-
ference (see 8). With biclogical objects,
however, the range within which path-differ-
ence staining can be used is considerably
smaller; it is limited to fractions of a wave-
length (usually below A/4). This is why in
the case of (biological) transparent spec-
imens the need of a microscopic method
allowing variable staining is by far less
pressing than with (non-biological) opaque
objects.
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IV. Applications

I

In the comprehensive deseription of Nomar-
ski differential imterference-contrast {DIC)
microscopy, the fundamentals and experi-
mental aesigns (Part I) and the formation of
the interference image (Part Il) were dis-
cussed and a comparison made with the
phase-contrast technique (Part Ill) [26, 27,
28]. The present Part IV will now give a
review of the applications of Nemarski DIC
microscopy together with a list of refer-"
ences. No claim is made with regard to the
completeness of the bibliographic data in
view of the rapidly increasing number of
applications and publicaticns on the subject.
The bibliography is therefore only intended
to serve as a guide to the potential uses of
the Nomarski DIC method in the different
fields of microscopy of organic and inor-
ganic objects.

A. Microscopy of organic objects

An essential advantage of Nomarski DIC
microscopy is the fact that - [ike phase
contrast, for example - it allows the ex-
amination of unstained specimens. A new
and extremely useful aid has thus been
created, above all for examining (iving speci-
mens under the optical microscope,

Cytology

Using a living cell of Haemanthus katherinae
in the process of division as an example,
Bajér and Allen [5] demonstrate the superi-
ority of the DIC image over phase-contrast
representation: while in phase contrast the
halo effect makes it impossible to recognize
details, the spindle fibers can be clearly
seen by the Nomarski differential interfer-
ence-contrast method.

DIC micrographs of hela cells in a nutrient
solution and denatured with 96% alcohol
were published by Gabler and Herzog [18, 19].

Wunderer and Witte [47] published a com-
parison of photomicrographs of cells and
groups of cells from the mucuous membrane
of the human stomach, taken by phase con-
trast and by Nomarski differential interfer-
ence contrast. These examples prove that

the two methods compiement each other
very nicely. However, in the case of a group
of glandular cells of the gastric mucosa, the
interference methad offers the advantage of
improved detail definition.

Giving many practical examples, Padawer
[39] explains the characteristics and advan-
tages of DIC microscopy. In a “rat peri-
toneal-fluid cell”, for instance, nuclei and
vacugles appear in the DIC image as de-
pressions, while highly refractive structures
such as eosinophile granula or fatty inclu-
sichs seem considerably elevated. Also, the
vacuoles of macrophages appear as depres-
sions, while the nuclear membrane shows
up as a bulge. The author shows that phase
structures located outside the focal plane
cannot always be neglected in the interpre-

‘tation of DIC images. When erythrocytes

are viewed by phase contrast, the formation
of haloes is rather troublesome. In this
case, the DIC image is unmistakably su-
perior. The situation is similar with epithelial
cells of the mucuous membrane of the
human mouth.

Duitschaever [14] uses the DIC method for
microscopic Investigations on somatic cells
in cow's milk and other body fluids. Engels
and Ribbert [15] also use Nomarski differ-
ential interference contrast for the exami-
nation of nucleoli in Musca domestica. Rib-
bert and Brer [41] make use of the Nomarski
method for studying insect ovaries.

Stoili* and Gundlach [43] compare the
phase-contrast image with the DIC image of
a cell smear in a saline solution. The living
trichomonad beside an epithelial cell and
erythrocytes shows more detail in interfer-
ence contrast. This holds true, above all, for
the marginal portions of the trichomonad
which in phase contrast reveal considerable
flare due to halation. A similar situation is
encountered in the case of the basal and
parabasal cells of a gynecological cell

-smear in a saline solution. This example

also shows that it is easier to distinguish
superimposed structures in the DIC image
than in phase contrast. The authors prove
that in such a case it is frequently impos-
sible to recognize the borders of the cell in
phase contrast due to halation.

Botany

The phase-contrast technique is_well suited
for examining small particles — especially
organelles - in protoplasm [44]. However,
the great depth of field of this method is
a disadvantage in botany. As a result, phase
structures In the light path will impair the
phase image even if they are located out-
side the focal plane [44]. According to Ur!
and Gabler [44], the shallower depth of
field of Nomarski DIC microscopy opens up
a considerably wider field of application for
Iigﬁt microscopy in botany. These authors
show, among others, DIC micrographs of
the inside and outside epidermis of Allium
cepa, cells of Closterium lunula and - in a
comparison with phase contrast - Micraste-
rias denticulata and Closterium lunula. In
the case of Allium cepa, mitochondria, the
Golgi complex, leucoplasts, the nucleolus
and large and small spherosomes stand out
in high contrast, the latter due precisely to
the great difference between their own re-
fractive index and that of the surrounding
area.

According to Padawer [39], observation of
plant material offers considerable difficulty,
be it in phase contrast or differential inter-
ference contrast. In the one case, the pro-
nounced difference of refractive index gives
rise to heavy halation, in the other, bire-
fringent components disturb the image. This
has been proven for example in the case
of dried pollen such as Salix discolor and,
above all, Coreopsis. Similar conditions are
encountered with freshwater Chlorophyceae,
Maguire [29] investigates subchromatid strue-
tures in corn with the aid of the Nomarski
method and, for comparison, in phase con-
trast.

Using Haemanthus katharinae as an ex-
ample, Allan, David and Nomarski [3] show
that the spindle fibers of a living cell during
division stand out clearly in the DIC image
(see also [5] and [B]), whereas they are
hardly visible by any other microscope
technique.

* See the monograph meanwhile published by Peter
Stoll: Gynecological Vital Cyielogy in Practice,
Springer-Verlag Berlin, Heldelberg, New York 1569,
which contains numercus practical examples of DIC
microscopy, often with comparative phase-contrast
micrographs.



Histology

Gabler and Herzog [18, 19] show the thyroid
gland of a mouse in positive and negative
phase contrast as well as in Nomarski dif-
ferential interference contrast. Nomarski
DIC is also suited for amplitude staining of
stained specimens, as shown by Allan,
David and Nomarski [3] on large chromo-
somes of Drosophila melanogaster. Even
human chromesomes can easily be examined
by the DIC method using amplitude staining.
Very thick bone sections as generally used,
for example, for examination by incident
fluorescent illumination, result in a notice-
able decrease in contrast in the DIC image,
as in phase contrast. This is due to the
fact that proper imaging of the contrast-
producing components, such as annular dia-
phragm on phase plate- or auxiliary prism
on principal prism, is no longer guaranteed.
This is demonstrated by Lang [28] both for
phase contrast and Nomarski differential
interference contrast by the example of an
excessively thick transparent specimen
(polished bone section) and a thin, well-
suited transparent specimen (rat's tongue,
unstained).

In spite of this reservation, the Nomarski
DIC method is ideally suited for optical
sectioning in view of its high useful aper-
ture and the resulting shallow depth of
focus. This is amply shown by an example
from the field of zoology. Fig. 1 combines
photomicragraphs of Macronyssus bacoti
taken in bright field (a), phase contrast (b)
and Nomarski differential interference con-
trast in one and the same focal plane. In
addition, the micrographs d and e show
another two planes of the same cbject in
differential interference contrast.

The assessment of thin sections is con-
siderably facilitated by the MNomarski DIC
method, as is borne out by the comparison
with bright field viewing shown In Fig. 2.
In this type of work the DIC method can
also be used to advantage for stained spe-
cimens. The color distortion intreduced in
this case by the Nomarski method remains
within acceptable limits. In addition, it
should be remembered that for the pur-
pose of comparison. rapid and convenient
change-over to bright-field viewing is pos-
sible, e. g. by removing the Inco slide from
the light path.

Hematclogy

With the aid of Nomarski DIC microscopy,
unstained erythrocytes can be rendered
vigible with excellent results [18, 19]. Ac-
cording to the authors, the DIC image of a
crystal in the blood lymph of an eel is
superior to the corresponding phase-con-
trast image that is impaired by halation.

Padawer [39] discusses differences between
phase-contrast and differential interference-
contrast observation of the hemolysis of
frog erythrocytes.

The photomicrographs taken under identical
conditions show non-hemolyzed cells, spher-
ocytes and completely hemolyzed cells. The
author shows that with normal cells the
nucleus in the DIC image stands out more
clearly from the cytoplasm than in phase
contrast. The nucleus becomes more ele-
vated from the cytoplasm, the maore water
the cell absorbs and the more hemoglobin

" it loses. With ecompletely hemclyzed cells,

the cytoplasm will show up only weakly due
to the loss of hemoglobin, while the nueleus
stands out in good contrast. In another case,
a fresh blood smear, the coiling makes
phase-contrast observation impossible due
to heavy halation. In the DIC image, how-
ever, sufficient detail can be recognized in
spite of the stratification. In phase contrast,
fibrin fibers may appear dark or bright,
depending on whether or not they lie in
the focal plane. This complication does not
exist in differential interference contrast.

Neurology

Neuhoff [31] uses Nomarski DIC microscopy
to render human ganglion cells visible and
especially for examining cells in which an
appendix leads back to the same cell, so-
called feedback neurons.

Bacteriology

With bacteria specimens, the disturbing
halation known from phase-contrast images
presents an advantage in Nomarski DIC
microscopy; as an example, Gabler and Her-
zog [18, 19] show a smear of Klebslella.

Hydrobiology

Cuite a number of authors have published
DIC photomicrographs of diatoms which
show up 3-dimensionally in the DIC image.
Due to the excellent resolution of the No-
marski DIC method, minute detail can be
recognized in the diatoms.

Gabler and Heizog [18, 19] show the DIC
image of Auliscus sculptus.

The use of Nomarski DIC microscopy in
micropaleontology is described by Barbieri
and Mazzola [7].

Padawer [39] compares phase-contrast and
differential interference-contrast images of
various diatoms. In this comparison, the
superiority of the DIC image becomes very
evident.

In a very comprehensive paper, Allen, David,
Hirsh and Watters [2, 13] cover the subject
of image interpretation in transmitted-light
polarizing interference microscopes both of
the image-duplication and the differential
type. In addition to an extensive comparative
discussion of theoretical and experimental
principles, the difierences -are illustrated
impressively by a number of practical ex-
amples. Under Nomarski even large path
differences of up to 2/ 1 between Staurc-
neis acuta diatoms and the mounting medium

give images that are rich in detail. The
Durirella robusta diatom can be reproduced
with good contrast even with an illuminating

" aperture of 1.25. As a result, object details

that are invisible at a smaller numerical
aperture of, for example, 0.6, can be clearly
distinguished.

Allan, David and Nomarski [3] report on the
fundamentals, design, function and charac-
teristics of ZEISS differential interference-
contrast equipment. A number of practical
examples explaining the special features of
the equipment concern diatoms: Staureonis
acuta diatoms in the DIC image as com-
pared to the Interference-contrast image
{photographed with the ZEISS lamin-Lebe-
deff system) show that particularly pro-
nounced gradients of optical thickness in
the specimen are reproduced very clearly in
the DIC image. The azimuth effect of the
technique can be demonstrated very impres-
sively in the Hantzschia amphioxys diatom.
Radial structures such as Anachnodicus
ehrenbergii diatoms also reveal the azimuth
effect. Using the example of the Surirella
robusta diatom, the authors explain the ad-
vantage of DIC equipment over bright-field
and phase-contrast observation, in that ex-
cellent contrast is obtained even at high
aperture. In other words, the Nomarski DIC
method has the effect of a filter that ampli-
fies high spatial frequencies and subdues
low ones. The advantage of the shallow
depth of field of the DIC method as com-
pared to phase contrast is illustrated by a
Triceratium favus diatom.

B. Microscopy of inorganic objects
Metallography

As early as 1954, Nomarski and Mme Weill
[32] pointed out the advantages of differ-
ential interference-contrast microscopy in
the field of metallography (e.g., electro-
polished cobalt). A second publication by
the same authors [33] dealt exclusively with
metallographic applications. Among other
things, it was devoted to a detailed study of
various growth spirals of SIC. Nomarski
and Mme Weill were able to prove that -
growth steps of 440 A + 30 A, for example,
can be resolved without difficulty. Under
certain conditions, a relief of the order of
magnitude of a few Angstrom units can be
recognized in the DIC image. Slipbands in
cobalt subjected to a tension of 440 g/mm?
for a period of five minutes can be repro-
duced with excellent contrast. The photo-
micrographs show various patterns of slip-
bands which, with bright-field ilumination,
for instance, can be recognized only with
difficulty or not at all.

Measuring thin films of an order of magni-
tude of 2000 A with the aid of yellow sodium
light (589 my) and a MNomarski differential
interference equipment, Le Méhauté [24] ob-
tains an accuracy of £ 1.5%. The author
comes to the conclusion that the DIC
method is superior to bright-field and par-
ticularly to phase-contrast observation for



testing highly polished surfaces, examining
thin films on glass substrates (vacuum-
deposited films), checking quenched steel
for undesirable phases such as ferrites,
austenites, ete., and finally for the testing
of diffusion processes by phase changes,
the creation of new phases, regrystallization
ar other defects such as porosity due to
different rates of diffusion between two
elements, and lastly checking for dis-
locations and displacement of grain bound-
aries. As practical examples Le Méhauté
publishes photomicrographs of quenched
Cr-Ni-Mo steel, cold-worked bronze and
sintered iron.

Beftocei and Noggle [9] use a differential
interference-contrast system for the quanti-
tative examination of small etched copper
surfaces down to a mean size of 6 x. De-
pending on the magnification of the objec-
tive used, they attain an accuracy of be-
tween = 5 and * 30"

The superiority of Nomarski DIC micros-
copy over bright-field observation is illus-
trated by Gahm [20] who compares photo-
micrographs of unalloyed quenched and
tempered steel taken under both techniques,
The deformation of the surrounding area
produced by a microhardness indenter, of
which no trage is visible in bright field, can
be clearly distinguished in the DIC image.
At the same time, the series of micrographs
shows the azimuth effect characteristic of
the Nomarski DIC method, which can here
be observed along a limear grinding trace.
legiitsch and Mitsche [23] use Nomarski to
investigate the metallographic structure of
Vacutherm samples (Widmannstiitten struc-
tures, ferrite after 8/a-conversion, pearlite
containing 0.85% C), of low-temperature
martensite, white cast iron (hypereutectic
and hardened) and fused high-speed steel.

On the left, Fig. 3 shows a martensite
needle magnified 800x in bright field, on
the right, the same needle in Nomarski dif-
ferential interference contrast.

Crystallography ‘

In 1954 Nomarski and Mme Weill [32] re-
ported numerous practical examples and
“illustrated the use of Nomarski DIC micros-
copy in crystallography, e. g. growth spirals
on silicon carbide (SIC) with triangular
symmetry; principal spirals with secondary
recrystallization on SiC; star-shaped growth
spirals, ete.

Using the example of microhardness inden-
tations In cleavage surfaces of sodium-
chloride crystals and potassium-chloride
crystals, Gahm [20] shows that DIC micros-
copy can be used to advantage for quanti-
tative investigations. Slipbands that cannot
be recognized under bright-field illumination
stand out with extraordinary clarity in the
DIC image.

The superiority of the Nomarski DIC methed
over phase contrast is clearly evident from

the replica of a calcite cleavage surface
[18, 19].

Padawer [33] compares sodium-chloride
crystals in bright field, phase contrast and
differential interference contrast. In bright
field practically only the contours of the
crystals will become visible, even if the
illuminating aperture is reduced, and in the
phase-contrast image large parts of the ob-
ject will be veiled by halation. However, in
the DIC image, even points of only minor
path difference can be clearly distinguished.

For the optical staining and examination of
the surfaces of germanium and silicon
dicxide, Frangon [17] takes recourse to
reflected-light differential interference con-
trast. However, ammonium-alum crystals can
be reproduced with a wealth of detail by
optical staining even when transmitted light
is used.

Mineralogy

Gahm [20] has successfully used Nomarski
DIC microscopy to make microhardness
Impressions in various minerals (e. g. covel-
lite, Boulangerite) wvisible. Cracks, scab-
biness and bulges around a microhardness
Indentation in & periclase cleavage surface
can be made optimally visible by color con-
trast.

Von Gehlen and Piller [21] have shown that
Nomarski DIC microscopy is an ideal means
for examining polished specimens or ore
minerals for hardness differences. This
method has proved to be superior to the
conventional “Schneiderhéhn line”. More-
over, the Nomarski method is a valuable aid
in testing the quality of polished surfaces
whose reflectivity is to be measured by
microphotometry. Finally, with substage il-
lumination the Nomarski method offers many
advantages for assessing the morphographic
properties of fine-grain minerals and iden-
tifying clay minerals, as Correns and Piller
[11] have shown.

Semiconductor technology

In the introduction to his paper, Le Méhauté
describes the fundamentals and charac-
teristics of the Nomarski differential inter-
ference-contrast method and continues by
giving a summary of its advantages over
bright-field and phase-contrast observation,
particularly for metallographic uses. In the
semiconductor field, the DIC technique may
be used to advantage for observing struc-
tural changes such as phase transitions, the
formation of new phases, recrystallization
processes, ete. Le Méhauté shows that the
DIC image of a transistor reveals far more

detail than would a bright-field image,

Besides a comprehensive and easily under-
standable Introduction to MNomarski DIC
microscopy, Frangon [17] publishes a num-
ber of photomicrographs of a germanium
surface, a micro-circuit and a cadmium-
tellurite film on silicon dioxide.

Owing to its high resolution, the Nomarski
method is well suited for the examination of
silicon monocrystals, as has been shown by
Vieweg-Gutberlet [45]. If the specimens are
properly etched, inhomogeneities in the
dopant concentrations -~ such as striations,
the microstructures of striations, stacking
faults in concentrations, etc. - can be made
visible, Fig, 4 shows a wafer in bright field
(left) and in Nomarski differential interfer-
ence contrast (right).

Fig. 5 shows a cross-section of an integrated
circuit that failed due to overload, on the
left in bright field and on the right in DIC.
Differential interference contrast above ail
reproduces the conductors with greater
detail.

Glass technology

Minute details in a glass surface are re-
produced with high contrast in the DIC
image. As is proved by Gabler and Herzog
[18, 19], pronounced differences of refrac-
tive index between object and mounting
medium which, in phase contrast, result in
extremely disturbing haloes, do not have the
same unfavorable effect in the DIC image.
When examining oriented linear phase struc-
tures, their orientation relative to the split-
ting direction of the Nomarski prisms must
be taken into account [28]. The phase-con-
trast technique has no inherent azimuth
effect. However, it has the disadvantage of
greater depth of field so that phase objects
lying outside the focal plane will appear in
the image, for example, as disturbing dif-
fraction fringes.

Plastics

Like clear transparent glass, clear trans-
parent plastics are ideal phase objects.
According to Gahm [20], microhardness
impressions or extremely minute irregu-
larities that are invisible in bright field can
be emphasized by suitable setting of the
background, above all in color contrast.

A comparison between the optical staining
of spherical plastic parts in dark field and
differential interferance contrast is made by
Padawer [38]. This comparison proves the
advantages of the DIC method by which
even very small particles are clearly repro-
duced beside larger objects. With the aid
of polystyrene spheres with a mean diameter
of 1.3 &, mounted in glycerin, Padawer dem-
onstrates the dependence of the DIC
image on the illuminating aperture, The
optimum illuminating aperture depends both
on the object and the illuminating aperture,
In the special case under discussion, a set-
ting of 75% of the maximum aperture has
proved particularly favorable. In addition,
with the aid of two photomicrographs, the
author explains the effect of defocusing on
the DIC image. A number of micrographs of
plastic spheres shows that diffusion proces-
ses within the particles, invelving a variation
of optical thickness, can be clearly repro-
duced by differential interference contrast.



Fig. 1: Macronyssus bacoti in bright field (a), phase contrast (b) and differential
interference contrast (c, d, e). Micrographs d and e were focused for different
planes. ZEISS Ultraphot 11, 40 x N.A. 0.65 Planachromat, magnification 320 x.




Fig. 2: Cat muscle, left: bright-field, right.
Nomarski DIC method. ULTRAPHOT |1, 16 x, N.A.
0.35 Planachromat, magnification 144 x,

Fig. 3: Martensite needle, left: bright field, right:
Nomarski DIC. ULTRAPHOT 11, 100 x Epiplan, N.A.
1.25, oil, magnification 800 x.

Fig. 4: Wafer; bright field (left) and Nomarski DIC
micrograph (right). ULTRAPHOT II, 8 x Epiplan, N. A.
0.2, magnification 72 x.

Fig. 5: Cross-section of an integrated circuit. Bright
field (above) and Nomarski DIC (belowe). ULTRA-
PHOT IlI, 8 x Epiplan, N.A. 0.2, magnification 72 x.
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