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Preface

Although the naked human eye cannot detect or analyze pola-
rization of light, the bee, however, uses the part polarization of
daylight, caused by the sun’'s position, for orientation pur-
poses, even on a cloudy day.

This phenomenon was possibly also known to the Vikings be-
fore the invention of the compass. Dichroic crystals of aoptical
quality found in graves may have been used as "analyzers”,
and thus as optical compasses.

Henry Fox Talbot was the first to equip a microscope with pola-
rizers, in 1834, During the next few years, the demand for pola-
rizing microscopes was still rather small. Petrographers were
content to fit their existing microscopes with Nicol prisms
made by Ernst Leitz in Wetzlar, amongst others. In 1885, the
Leitz® company introduced a special polarizing microscope.
Transmitted light polarizing microscopes soon became the
mostimportant tools for mineralogists and geologists, for they
made it possible, even then, to determine several specimen
parameters quantitatively with the same instrument.

Author's address:

Dr. Walter J. Patzelt,

Applied Microscopy Laboratory,
Ernst Leitz Wetzlar GmbH,
D-6330 Wetzlar,

West Germany.

Welzlar, 1*t October 1985
Walter J. Patzelt,

At Leilz, Max Berek (1886 —1249) in particular was intensively
engaged in polarized light research. This resulted in numerous
crucial publications and important new designs. The polarizing
methods used at first only by petrographers were employed
increasingly in industry. Pioneering work on the medical and
biclogical application of polarized light microscopy was car-
ried out by W. J. Schmidt at the Justus-Liebig University in
Giessen, the closest to Wetzlar.

In the century since then, Leitz has produced more polarizing
microscopes than any other manufacturer. They can be found
in all corners of the earth, and are still in daity operation after
decades of use. The current models, the LABORLUX® 11 POL,
LABORLUX 12 POL, ORTHOLUX® 2 POL BK and ORTHO-
PLAN* POL, reflect this experience.

The first edition of this brochure was published in 1974. It was
re-printed many times and has also appeared in German and
French. This 3rd edition includes all the most important deve-
lopments.
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l. Principles

The wave nature of light

Light is an electro-magnetic vibration. Most phenomena
occurring in polarized light and interference microscopy can
be explained if light is imagined in terms of transverse vibra-
tions of a rope fixed at one end. If movement is imparted to the
rope at the loose end, a wave wili progress in the longitudinal
direction of the rope.

Determinants for light vibrations (Fig. 1) are:

Wavelength,

frequency,

propagation direction,

vibration direction,

velocity of propagation,

intensity.

Fig. 1:

Wave length i, vibralion direction s, and polarizing directian p of a transverse
wave. With eleciro-magnelic waves s corresponds to the electric vector, t to
the magnetic vector.

Wavelength /

The wavelength is the distance between two identical points
on a wave (Fig. 1) such as the distance between two wave
troughs {(minima) or between two wave peaks (maxima).
The wavelength of electro-magnetic vibrations is generally
described with the Greek letter £ {Lambda). The human eye
canregisteronly avery narrowrange, the "visiblerange”, of the
broad spectrum cof electro-magnetic waves (Fig. 2).

The unit of measurement in optics is the nanometre (Inm =
10-2m). Occasionally the Angstrom (1 A = 10-'°m) or the mi-
crometre (1um = 10-5m) is used. Indications of wavelength
are always referred to vacuum, because in matter the wave-
length becomes shorter {p. 11). The visible portion of the sun-
light reaching the earth has on average the spectral composi-
tion illustrated in Fig. 3. The human eye sees the brightest re-
gion of this spectrum at about 550nm (green).

The eye is unable to select any given wavelength from mix-
tures of various wavelengths such as sunlight or incandescent
light. In facl, it perceives a general impression, such as day-
light, which is seen as white. |f from this white mixture a partis
removed by means of afilter, selective reflection ordispersion,
the eye will receive the impression of a color (blue of the sky,
a rosy dawn, the color of objects etc).
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Fig. 2:
The range of electro-magnelic waves

Fig. 3:

Relative spectral composition of variouslight sources. The brightestareainthe
visible range is always referred to 100 {logarithmic scale}

H tungsten halogen lamp

Xe ultra-high-pressure xenon lamp

S$  sunlight (mean)

N north light {(mean)

Hg high-pressure mercury lamp

Frequency

The number of vibrations per second is called frequency. Wi-
thin the visible regionits order of magnitudeis 10'5s-'(Hz). The
frequency of an electro-magnetic waveis constant. It does not
change when the wave penetrates matter but its velocity and
wavelength are reduced (Fig. 7).

Whereas in the region of the radio waves (Fig. 2) frequency is
used to describe their size (MHz, kHz), in the optical regionitis
not used in praclice. Here, the wavelength 7, referred o in
vacuum, is almost always used for the accurate determination
of radiation.

Polarization
Linear polarization

If vibrations are generaled in aloosely hanging rope, these will
usually be propagated in a certain plane. This is called the
plane of vibration or vibration direction (see Fig. 1).
Electro-magnetic waves, too, vibrate in certain planes. Light
which contains only rays of the same vibration direction is
called linearly polarized light. Light which consists of aninfinite
number of different vibration directions is called natural light.
It is immaterial whether this is light of a single wavelength
{monochromatic light} or a mixture of various wavelengths
{e.g. white light). The direction of the electric veclor is called
the vibration direction. The polarization direction, on the other
hand, corresponds to the magnetic vector, which is perpendi-
cular to the electric one. For the explanation of phenomena of
polarized light only the vibration direction is used in our con-
text.

Without aid, the human eye is not able to distinguish
between polarized and natural light.



Circular and elliptical polarization

A rope can be excited to exhibit spiral forms of vibration: the
vibration direction changes continously.

One can imagine any such three-dimensional vibration to be
composed of two linearly polarized vibrations of the same fre-
aquency but perpendicular to each other and a cerlain phase
displacement (cf. Figs. 6, 7). In wave optics the phase differ-
ence is generally indicated with the Greek capital letter
r'iGamma). If the phase displacement is precisely Af:, % 7,
% ¢ ... (Fig. 4), circularly polarized vibration is produced, i.e. its
cross section is circular (Fig. 4). With other phase differences
an elliptically polarized vibration is produced, i.e. ils cross sec-
tionis elliptical (Fig. 5). Phase differences of 0, 4/2,3% / produce
a lineariy polarized vibration.

Polarizers serve for the production of light waves of uniform
vibration direction (Fig. 21). Various polarizers are described
onp. 24

Fig. 4;
Composition of two waves of the same amplitude, vibrating vertically to one
another, at a phase difference of i/, from a circularly polarized vibration.

Interference

Electro-magnstic waves can combine exactly like mechanical
waves provided conditions are suitable, for instance when
light is coherent, i.e. two waves meet the following conditions:
a) the same vibration direction (polarization)

b) the same wavelengths

¢) common origin in the same point of a light source.

If combining waves vibrale in phase, the amplitudes of the two
vibrations (Fig. 6a) add up to a vibration of greater amplitude
{intensity).

If, one the other hand, the original vibrations are exactly oppo-
site {phase difference Af2, % 4 ... wave troughs coincide with
wave peaks), both amplitudes will be extinguished (Fig. 6b).

Fig. 5:
Elliptically polarized vibration.




If the phase displacement I' of the two waves is neither a
whole nor half a wavelength, the resultant vibration may be
greater or smaller or equal to that of the original wave (Fig. 6¢).
If only the wavelengths, but not the vibration directions of the
two original waves are identical, no interference takes place.
The resultant is an elliptically or circularly polarized vibration

(Fig. 4, 5).

Fig. 6:

Interference of light waves of the same amplitude (intensity)
a Phase differepce = 0

b Phase difference = i/,

c Phase difference = i/,

The resultant wave is always drawn in broken lines,



Propagation of light in vacuum and in matter

Transparent and opaque objects

Substances that transmit visible light are called transparent.
Many subsiances which at first sight appear opaque, such as
rocks, become transparent in thin sections and can therefore
be investigated with transmitted-light microscopy.
Substances which even in the form of very thin sections are
little if at all transparent are called opaque. They include, for
instance, coal, melals, and ores. With some opaque objects,
transmitted-light investigations can be carried out at a layer
thickness of < im. Because of considerable difficultiesin pre-
paring such sections, incident-light microscopy (p.83) of po-
lished sectionsis usually preferred to transmitted-lightinvesti-
gation.

Velocity of light and refractive index

The velocity of light in a vacuum is 299550 km/sec for all elec-
tromagnetic waves. In transparent objects, however, the ve-
locity of light is less. The factor by which the light is faster in
vacuo {air) thaninagiven mediumis called the refractive index
n. Water, for instance, has a refractive index n = 1.33. The ve-
locity of light in water is therefore 225000 kim/sec.

Other examples:

air 1.0003*
ice 1.31*
fluorite 1.43
glasses 14...2.1
rock salt 1.54
garnet 18
diamond 242
rutile (TiQg) 2.7

* birefringent
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The refractive index is a parameter which is calculated for the
identification and determination of solids and liquids (p. 93).
The refractive index depends not only on the material, but,
within narrow limits, also on the wavelength. This influence of
the wave length on the refractive index is called dispersion.
Temperature, too, affects the refractive index. Temperature
and wavelength must therefore be stated with accurate indi-
cations of the refractive index, for instance n§3 =1.5521%or nﬁo
= 1.56543**

* eindicates the line at 546.1 nm for mercury vapour.
** D is the double line ot sodium vapour at 589.0 and 589.6 nm. Refraclive
indices are often slaled for one of these wavelengths.

Fig. 7.

Retardation of awave front{phase displacement) after passage through media
of various refractive indices:

a) Vacuum (retardation 0)

b) Medium of refractive index n = 1.5 (retardation i/2)

(retardation 2 %)

¢) Medium of refractive indexn = 3




Phase differences

Fig. 7 shows three initially phase-coincident waves a, b, ¢ and
their differential retardation as they pass through media of dif-
ferent refractive indices: the three media are reached by the
wave trains at the points A, B, C at the same instant (plane
wave front).

After three vibrations (phases) the waves reach the points A,
B, C'. Wave b has been retarded by half a wavelength (//2)
compared with wave a, and ¢ has been retarded by two wave-
length units (24) (deformed wave front). Such retardations in
optics are called phase differences. The unit of measurement
isreferred to in either wavelength units (e.qg. //2) or metric units
{e.g. 275nm).

With a decrease in the velocity of propagation, the wave-
length, too, decreases (Fig. 7). The colorimpression of the light
remains unchanged. '

The following relation exists between the velocity of propaga-
tion ¢, frequency » {constant) and wavelength 7"

c' = ;».’ Y]

Isotropy

Substances in which light has the same velocity (refractive
index) in all directions are called isotropic. They include gases,
liquids, glasses, as well as all crystals of the cubic lattice sys-
tem (e.g. rock salt — NaCl, cf. p. 47). The directionally derived
representation of the velocity of light (refractive index) pro-
duces a sphere (Fig. 8) for isotropic substances.

Isotropic objects under strain (p. 46) (e.g. rapidly cooled
glasses) act anisotropically, their refractive index depends on
the direction.

Fig. 8:
Velocity of light as a functlion of the propagation direction: for isotropic objects
a sphere is produced in the spatial represenlalion of the refractive index.

1



Anisotropy - birefringence

Uniaxial substances

If an object is observed through a piece of calcite of several
millimetres (mm) thickness it appears duplicated (Fig. 9).
When the piece of calcite is rotated, one image remains sta-
tionary, whereas the second, equally bright image rotates
around the stationary image in a circular orbit*,

In this phenomenon, known as birefringence, each light ray is
split up into two part-rays. With vertical incidence one ray
passes through the object in a straight line (i.e. as in isotropic
objects), whereas the second ray is laterally displaced. The
straight ray is called ordinary ray (¢ orm), the ray that suffers
parallel displacement is called the extraordinary ray (e
ore).

Careful experiments show that the two images cannot be

simultaneously sharp when projected: The ordinary and ex-

traordinary rays have different velocities of propagation

(refractive indices). The refractive index associated with the

ordinary ray is called. n,, that associated with the extraordin-

ary ray Ne.

The difference between the two refractive indices
An=ne—-ng

is an important constant of a given substance. It is determined

with the polarizing microscope. It is generally called birefrin-

gence.

A phase difference I'(cf.p. 1) is produced because of the dif-

ferent velocities of propagation of the two rays.

* Observation is possible with polarizing microscopes and objectives of very
low power. Specimens for special experiments with polarized light can be ob-
tained from Dr. Steeg and Reuter, D-6000 Frankfurt/i. 56, Berner Strasse 109,
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Fig. 9:
Birefringence in a cleavage fragment of calcite.

Fig. 10:
Diagrammatic passage of rays at birefringence o = ordinary ray, e = extra-
ordinary ray, I' = phase diiferance.

b el
N



Optical sign

In many birefringent substances (cf. p. 46) the refractive index
of the extraordinary ray is higher than that of the crdinary ray.
With other substances, onthe other hand, the ordinary ray has
the higher refractive index.

Inthe first case, the subsiance is positively birefringent {n.—n,
is positive) and in the second case negatively birefringent (n.—
n, is negative). This specific property of a material called opti-
cal signis determined with the BERTRAND lens in conoscopic
observation (p. 69). In another group of birefringent subs-
tances (biaxial crystals see p.16) both rays suffer parallel dis-
placement. Two exiraordinary rays are produced. Here the
higher refractive index is always called ns’ the lower onen ,".

Birefringence and polarization

Thetworays producedinbirefringence differ also intheir pola-
rization direction. They vibrate precisely perpendicularly to
each other (fig. 10): the vibration directions of the rays are
called e and o (extraordinary and ordinary ray) or ;" andq .
The two polarization directions perpendicular 1o each other
can be demonstrated by observation of the double image pro-
duced in a piece of calcite with a polarizer. When the piece of
calcite or the polarizer is rotated the “ordinary” and the “ex-
traordinary” image disappear alternately after a rotation
through 45°

Directional derivation of birefringence

The velocity difference Ac changes as a function of the direc-
tion of a light ray passing through a birefringent substance.
Calcite and quartz, for instance, both have a direction along
which neither polarization nor birefringence occur. In this privi-
leged direction, the cryslals therefore behave exactly like op-
lically isotropic substances. The privileged direction is called
the optic axis.

in both cases, the maximum difference An between the two
refractive indices occurs in directions perpendicular to the
optical axis. This value is called the specific birefringence
or maximum birefringence. The intermediate values are
designated An’ (Fig. 11).

Examples of uniaxial birefringent minerals

Ne N, An Optical sign
Quartz 1.553 1.544 0.009 +
Zircon 2.015 1.960 0.055 +
Calcite 1.486 1.658 0172 -
Corundum 1.760 1.767 0.007 -
Apalite 1.630 1.633 0.003 -

13



Representation of the refractive indices

If the light velocities or the refractive indices of the ordinary

and the extraordinary ray are entered on graph paper as a

function of the direction, the following figures are obtained.

a) fortheordinaryray acircle, inthree-dimensionalrepresen-
tation a sphere (Fig. 11);

b) for the extraordinary ray an ellipse, in three-dimensional
representation an elfipsoid of revolution (Fig. 11).

In positively birefringent structures the refractive index of the

ordinary ray is lower than of the extraordinary ray. When the

refractive indices are graphically represented, thecircle orthe

sphere (n,) is inscribed in the ellipse or the ellipsoid (ne).

In negatively birefringent structures, on the other hand, the

ellipse or the ellipsoid are inscribed in the circle or the sphere

(Fig. 11).
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Fig. 11:

2-sheetrepresentation of the refractive indicesin a positively uniaxial (leityand
a negatively (right) crystal:

c optical axis

n, Refractive index of the ordinary ray (constant)

ne maximum refractive index of the extraordinary ray

na intermediate value

A n maximum birefringence (in directions vertical to lhe crystal axis)

A n' intermediale values



Indicatrix

This representation of the refractive indices by a circle and an
inscribed or circumscribed ellipse {or sphere and ellipsoid
respectively) is very instructive and easily undersicod provid-
edthevibration directions of the tworays are notincludedinit.
Since the vibration directions play an important partin crystal
optics, arepresentation showing alitherelations between pro-
pagation direction, vibration direction, and value of therefrac-
live indices is preferred. This is possible with the ellipsoid
called indicatrix. i can be explained as follows in somewhat
simplified terms.

n,

Fig. 12:
Construction of the indicatrix; the magnitude of the refractive indices ng’ and
ny' is entered in the vibration directions.

The refractive indices corresponding to the ordinary and the
extraordinary ray are entered at a random scale in the vibra-
tion direction of the two rays (Fig. 12). The end points thus ob-
tained for all possible propagation directions connected with
each other produce the indicatrix {Fig. 13), which, in uniaxial
struclures, is an ellipsoid of revolution.

Conversely, refractive indices and vibration directions can be
determined from the indicatrix as follows:

A seclion is cut through the centre of the indicatrix (Fig. 13¢)
perpendicular to the relevant propagation direclion. This
seclion produces an ellipse. The two half axes of the ellipse
indicate both the vibration directions and the unknown refrac-
tive indices. In the direction of the crystal axis the sectional
figure is a circle. There is no privileged vibralion direction
(apparent isotropy).

Fig. 13:

Indicatrix:

Left: oplically positively uniaxial crystal.

Centre: optically negatively uniaxial crystal.

Right; Determination of the vibration directions and refractive indices n, and
n;' from the indicatrix for a random-cut section of the cryslal.

+ C

15



Biaxial substances

Besides birefringent substances which display isotropic
behaviour in one direction, there is a second group of hirefrin-
gent substances with two such privileged directions. These
include, for instance, sugar, sodium thiosulphate (fixing sait),
felspar and mica. Structures with more than two suchaxesare
not known,

The narrower angle between to two axes is called the axial
angle, abbreviated 2V. It may have values between (° (= uni-
axial crystal) and 90° The value of the axial angle is afunction
of the structure and chemical compaosition of the material. The
axial angle is determined with the BERTRAND lens in conos-
copic cbservation (p. 69) or with the universal rotating stage
(p. 81).

Spatial distribution of the refractive indices and ray propaga-
tion are considerably more complicated than with uniaxial
structures. As inthese theray is split up into two rays polarized
perpendicular to each other, which, however, both suffer
parallel displacement: two extraordinary rays are produced.
Instead of the refractive indices ng, and n. of the uniaxial struc-
tures, in biaxial structures we distinguish between three cha-
racteristic refractive indices.

nf)’ = refractive index with light propagation in the direction of the optical
axes.

na = lowest refractive index.

n; = highest refraclive index.

The intermediate values are called ne’ and ny/', and their diffe-
rences An’. The corresponding vibration directions are called
a, yand ', »' respectively.

For reasons of simplification, the minimum and maximum
refractiveindex isalso called nx and ny (instead of ne andng) in
the uniaxial structures which, after all, are the special case ofa
biaxial structure of axial angle 2V = 0.
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The bisetrices of the obtuse and the acute angle of the crystal
axes are called obtuse and acute respectively. The indicatrix
(Fig. 14), unlike that of uniaxial structures is not an ellipsoid of
revolution, but a tri-axial ellipsoid with the half axes ne,nf, ny.
Here the optical axes are normal to the two circular sections
across the indicatrix. The direction of maximum birefringence
(An= Ny =~ ne) is called the optical normal (N). On the indicatrix
model it coincides with nj. The optical charateristics depend
on whether the acute bisectrix coincides with ny (positive) or
ne (negative).

Fig. 14:

Indicatrix:

Left: positively biaxial crystal
Right: Negatively biaxial crystal
2V axial angle

OA oplical axes

I acute bisectrix

Il obtuse bisectrix




Pleochroism and dichroism

Most birefringent substances exhibit practically the same
transmissivity (Fig. 10} for both rays caused by birefringence.
In some substances (Fig. 15), on the other hand, transmissivity
depends on the vibration direction and on the propagation
direction: pleochroism (biaxial structures) and dichroism
(uniaxial structures).

Crystals of the cubic system display neither birefringence nor
anisotropy of absorption. Like birefringence, pleochroism and
dichroisrm do not depend on wavelength. Sometimes distinc-
tive color phenomena occur in observation with only one po-
larizer {p. 52). Quantitative evaluation is carried out with the
aid of a microscope photometer.

Pleochroism and dichroism are exiremely specific of some
minerals such as tourmaline, bictite, cordierite. They are
therefore used for identification (table Il p. 45). The phenome-
non is widespread also in organic structures. It is used, for
instance, for the production of filter polarizers. The differential
absorption of some substances for laevo- anddextro-rotatory
light is called circular dichroism.

Fig. 15:

Pleochroism, diagrammalic representation: both rays caused by birefrin-
gencesufferdifferential absorption, so thatone ofthe tworays may completely
disappear. Such substances can be used as polarizers.

17



Optical activity

Some solids and liquids rotate the vibration direction of pola-
rized light. They are optically active.

The angle through which the vibration direction is rotated in-
creases proportionally with the thickness of the layer the light
traverses and, in liquids, also with the concentration. The angle
of rotation per mm (solids) and per dm (liquids) is called speci-
fic rotation. It depends on the wavelength (optical rotatory
dispersion). In quartz, for instance, it has the following values
per mm layer thickness for light propagation in the direction of
the optical axis:

397nm 51.2°
421nm 42.6°
527nm 27.5°
S589nm 21.7°
687nm 15.7°

Asthe propagation direction diverges from the optical axis op-
tical activity decreases and finally disappears. Depending on
the structure of the optically active substance the plane of
vibration can be rotated to the right or the left. Example:
dextro-and laevo-gyrate quartz, dexirose and laevulose
(sugars).

The rotation direction is often referred not to the propagation
direction of the light, but to the observation direction (Fig. 16).
In microscopic specimens optical activity can only veryrarely
be observed because of the negligible layer thicknesses. In
conoscopic observation (p. 69) of quartz sheets of Imm thick-
ness cut vertically to the crystal axis the rotation of the vibra-
tion direction can be seen in the brightening of the point of in-
tersection of the cross and the so-called “AIRY spirals” (Fig.
71).
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Optical activily is used in practice, for instance, in the determi-
nation of the concentration of sugar solutions with polarime-
ters.

Fig. 16:
Oplical activity




Il. Instruments

Polarizing microscopes

The most important structural elements of polarizing micros-
copes are illustrated in Figs. 42-45. The technical conception
is described on the following pages, Use and Accessories,
Chapter lIl.

Microscopes are classified according to size and possibilities
of extension as students’ microscopes, laboratory micros-
copes and research microscopes (p. 38). An extremely impor-
tant consideration in the purchase of a microscope is the
greatest possible versatility of facilities of extension and inter-
changeability of components according to the modular prin-
ciple. This is an essential condition to ensure that the instru-
ment can be adapted to the investigation of new problems
even after years of use. Table | lists the accessories suitable
for combination with the various models.

Microscopes for biology, medicine, and metallography can be
adapted with modules for simple investigations in polarized
light (orientating polarization (Fig. 18)). For quantitative investi-
gations, however, special palarizing microscopes must always
be used.

Polarizing microscopes are characterized mainly by the fol-
lowing components:

Polarizer and analyzer

rotating stage wilh angle graduation and verniers
strainfree, ceniring objectives.

tube slot,

polarizing tube,

eyepiece with crosslines

Fig.17:
Schematic polarizing microscope
1 Eyepiece
2 Tube, pinhole stop, Bertrand lens
3 Intermediate lube with analyzer
4 Centerable objective nosepiece with lube slot and objeclives
5 Stage (specimen)
6 Condenser with top and aperture diaphragm
7 Polarizer
8 Field diaphragm
9 Light source
10 Coarse and fine focus controls
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Stand

In a narrow sense, the usually aluminium-cast heavy support
which servesthe permanent connection of light source, stage,
and tube is called the stand. The size of its foot decides the de-
gree of stability of the entire microscope, especially when
accessories for photomicrography, projection, or photometry
are attached to it. Feel made of vibration-damping materials
screwed o the underside of the stand reduce the transmission
of vibrations of the ground.

The upper part of the stand is called the limb. It supports the
tube and objective carrier and, in the ORTHOLUX-POL, the
analyzer (Fig. 44).

Fig. 18a:

Polarizing device for orientating invesligations, for attachment to existing
standard microscopes:

1 Analyzer

2 Lambda/4 plate

3 Polarizer

4 Mount for polarizer and compensator

5 Lambda plate

More generally, the term stand is used for the entire opera-
tional microscope. The reason for the angular design of
modern stands is not only aesthetic. Structural components
and accessories can be attached to and adjusted on plane
horizontal and vertical surfaces simply, securelyand precisely.
Inaddition, plane surfaces mean a reduction of manufacturing
costs, which in the last resort benefits the purchaser.

Fig. 18b:
1 Analyzer
2 Mount with polarizer and compensator

20



Light sources and fiiters

Modern microscopes are equipped with interchangeabile light
sources (Fig. 42—44). Before the light source is used for the
first time it must be carefully centered for even illumination of
the microscopic field. To do this, the luminous spot (incandes-
cent filament or discharge arc) must be precisely centered to
the axis of the illuminating beam. Uniform illumination of the
field is ensured by adjustment of a lens in the lamp housing.
This so-called lamp condenser is usually frosted to eliminate
inhomogeneity of the luminous spot {incandescent filament).
Lamp housings for high-power light sources also have an
adjustable reflector to increase the light utilization.

For simpler light sources, adeguate homogeneity is attained
through use of diffusers. Centering is thus unnecessary.

Incandescent lamps and conversion filters

Today's microscopes are used almost exclusively with low-
voltage halogen lamps. The compact filaments necessary for
an operating voltage of 6-12 V give significantly brighter, more
homogeneous illumination than lamps with thin filaments con-
nected directly to the mains.

The halogen filling reduces the condensation of tungsten va-
pour on the quartz due to a closed-circuit process. Brighter
illumination, a constant color temperature and longer life is
thus guaranteed.

Light sources of 10-20 W are sufficient for exclusively visual
use of the microscope. For photomicrography, however,
higher powered lamps of up to 100W are recommended,
especially for instant photography, when using interference
filters or for conoscopy of extremely fine grains.

The spectrum of tungsten filament lamps (Fig. 3H) differs from
that of daylight. The proportion of blue is reduced, that of red
increased. This is why colors appear different in light from
tungsten filament lamps to those seen in daylight illumination.
The colors can be corrected, also for photography on daylight

color film, by the insertion of a suitable conversion filter (CB 1.5
10 16.5) in the illuminating beam. For details the Leitz brochure
“The Microscope and its Application™ should be consulted.
Green filters are recommended for black-and-white photog-
raphy.

Gas discharge lamps

The spectrum of high-pressure xenon lamps resemblesthat of
sunlight {Fig. 3). Because of their high intensity these lamps
are used in polarized-light microscopy for projection and in
conjunction with interference filters.

High-pressure mercury lamps have a spectrum which shows
high intensities in individual lines (bands) (Fig. 3}. Their use is
appropriate only in conjunction with interference filters. This
also applies to halogen arc lamps. For investigations in very
closely defined wavelength regions spectrum lamps (eg.
sodium vapour lamps) are used. Because observation and
orientation of the object is often begun in white light, an additi-
onal tungsten filament lamp must be available for alternative
use via a mirror housing.

Filters

Interference filters are often adequate for monochromaticillu-
mination. They are placed on the dust glass in the foot of the
stand, and, for white-light observation, simply removed from
the beam. Interference filters consist of numerous thin films
vapour-deposited onasheet of glass. The coated side must al-
ways face the light source. In prolonged use, the filiters gene-
rally withstand heating of up to about 70° C, and for short
periods even 100° C.

Homogeneous interference filters permit the selective trans-
mission of a defined narrow wavelength range (Fig. 19). They
can be supplied for the mostimportant spectrumlinesand are
specially produced for any desired other wavelength on
request.
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Fig. 19:

Typical transmission curves ol inlerference filters (according to salesinforma-

tion by Jenaer Glaswerk Schott & Gen., Mainz).
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With interference graduated filters (Fig. 20) the visible region
can be continuously traversed by adjustment of the filter. Any
desired wavelength can therefore be set.

The mostimportant technical data of the filter can be obtained
from the transmission curve (Fig. 19):

Tmax MaxXimum transmission

Amax The spectral region of the filter defined by the arith-
metrical mean of the wavelengths measured at tya./2

HW  Width of the transmission curve at tmax/2 (half-value
width)

TW  Width of the transmission curve at 7ma/10

Depending on the width of the transmission curve {band
width) of the filters we distinguish between:

Band fifters (HW > about 15nm)

Line fifters (HW < about 15nm)

Fig. 20:
Interference graduated filter for the continuous adjustment of the wave length
in lhe illuminating beam.

Double-band and double-line filters consist of two identical
cemented filters; they suppress the effect of any defective
areas of the interference films (Fig. 19).

Monochromators permit a more precise and more narrow-
band selection than interference filters. The Leitz grating mo-
nochromator, for instance, permits the power traverse of the
spectral region from 220-800nm. The spectral band width can
be set reproducibly from 3.3 to 26.4nm according to purpose.

Field diaphragm

The field diaphragm is built into the foot of the stand (Fig. 43).
Its diameter is adjusted so that an area (field of view) which is
only slightly larger than the objectfield observable throughthe
eyepiece is illuminated. This eliminates contrast-reducing
stray light. In small students’ microscopes such as the HM-
POL the field diaphragm can be omitted. The foot of the stand
usually also contains a hinged lens, which must be turned out
of the beam when objectives of 1:1reproductionratio are used.
This ensures uniform illumination of the extremely large field
of view (Fig. 45.4).

Polarizers

Polarizers are used for the alignment of uniform direction.
Rays which already travel precisely in the so-called transmis-
sion direction or “vibration direction” of the polarizer, are
transmitted with a slight loss of intensity (Fig. 21b). Rays that
vibrate perpendicular to the transmission direclion are com-
pletely suppressed (Fig. 21c).

Rays vibrating “obliquely” to the transmission direction on the
other hand (parallelogram of vectors), are divided into a trans-
mitted and an eliminated component {Fig. 21a). Crossed pola-
rizers block the passage of light completely (Fig. 21d). The
crossable polarizers of polarizing devices are called polarizer
(in front of the object; in the polarizing microscope as a rule
combined with the condenser) and anafyzer (behind the
object). The collective term for polarizer and analyzer used to
be "NICOLS” (after the inventor).
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In the manufacture of polarizers today mainly the following
three principles are used:

Fig. 21:

Crossed polarizers
P - Polarizer

A = Analyzer
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Filter polarizer

Filter polarizers use the differential absorption of the two rays
produced by birefringence (dichroism p. 17); they consist of
innumerable submicroscopically small dichroic crystals,
aligned parallel to each other on a foil by means of a special
technical process.

Reflection polarizers

Polarization can take place by reflection from non-metallic
surfaces, e.g. a set of obliquely arranged sheets of glass. Both
the reflecied and the transmitied portions of the light are pola-
rized (Fig. 22). The degree of polarization which can be
reached in this way is generally unsatisfactory. Reflection
polarizers are therefore combined with filter polarizers. The
reflection polarizer serves as a prepolarizer for the protection
of the heat-sensitive filter polarizer.

Prism polarizers

Prism polarizers for microscopic purposes are almost exclusi-
vely made of calcite. In the NICOL prism {Fig. 23) the ordinary
ray, with which the higher refractive index must be associated,
is laterally deflecled by ioial reflection on the cemented sur-
face. The extracrdinary, linearly polarized ray passes through
the prism. Since oplically pure calcite is very expensive, diffe-
rently cut prisms such as the AHRENS prism (Fig. 23} and the
GLAN THOMPSON prism are used today. Prism polarizers
were the original type of polarizers used in polarized-light
microscopy. Dichroic crystals, on the other hand, were already
used centuries ago by jewellers (tourmaline tongs).

Range of uses of the various polarizers

Filter polarizers are as effective as prism polarizers in most ap-
plications. Only with work at the limits of the visible regicn of
the spectrum (below 430nm and above 750nm} is their degree
of polarization is reduced, and prism polarizers are therefore



preferable in these cases. Special filter polarizers adjusted for
these regions of the spectrum are, however, available. Filter
polarizers are heat sensitive and even after brief heating
above 100° C they turn yellow and are destroyed. A heat filter

Fig. 22.
Polarization through reflection (principle of the pre-paolarizer)
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should therefore be inserted in the lamp housing when 50W
lamps are used and a second heat filter for the 100W tungsten
halogen lamp. More powerful gas discharge lamps can be
used only with interference filters or pre-polarizers {conden-
ser 702 fvi) or the polarizing prism (condenser 702pi). The pre-
polarizer consists of an inclined vapour-deposited film (Fig.
22), which already reaches a level of polarization of about
98%. Complete polarization is achieved by the filter polarizer
inserted behind it, without appreciable exposure of the foil to
heat.

Fig. 23:

Prismn polarizers

Beam in the NICOL prism
c Qplical axis of calcile

AHRENS prism
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Polarizing condensers

Itis the purpose of the microscope condenser toilluminatethe
object at the desired condenser aperture {i.e. with the opti-
mum cone of rays corresponding to the objective used). With
correct vertical adjustment of the condenser an image of the
field diaphragm is formed in the object plane. Consequently,
an image of the light source is formed in (the rear focal plane
of) the substage condenser, and again in (the upper focal
plane of) the objective.

The optical construction of polarizing condensers corres-
ponds to that of condensers in ordinary microscopes (seealso
our brochure “The Microsceope and its Application”™). But the
lenses used are in strain-free mounts {strain birefringence see
p. 46).

The aperture diaphragm serves the adaptation of the field
aperture to the objective aperture. In orthoscopy (p. 51) it is
opened partly, and in conoscopy (p. 69) fully.

The two centering screws serve the accurate centration of the
condenser and therefore the illuminating beam to the optical
axis of the microscope.

Fig. 24:

Leitz polarizing condensers:

Left: condenser 702fi frontview

Center: condenser PLK sideview

Right: Low-power condenser for the Pl 1/0.04 (P) objective

The hinged condenser top (also called swing-out lens or front
lens of the condenser) provides wider condenser apertures. It
is always turned into the beam at objective apertures >>0.25.
With correct vertical adjustment of the condenser {formation
of the image of the field diaphragm in the object plane)} the
condenser top is immedialely below the specimen. After the
condenser top has been turned out for the use of low-power
objectives, the condenser must be lowered to form a sharp
image of the field diaphragm in the object plane. Detailscan be
obtained from the instructions for the use of the microscope.

In the Leitz-POL condensers of series PLK and 702 the stand-
ard condenser top (n.a. 0.90) can be replaced by other con-
denser tops:

The condensertopNo.004 P Oiln. a. 1.33isrequiredforthe use

* NMumerical aperture (n. a.) is the product A — n x sin ¢, where ¢ is the angle
included by the extreme ray just entering the lens or its projection and the opti-
cal axis ot the lens; n is the refractive index of the optical medium (air, immer-
sion oil).

1. Interchangeable condenser iop

2. Knurled screw or lever for swinging cut the condenser top
3. Centering screws

4. Lever for the adjustment of the aperiure diaphragm

5. Slot for the 7/4-plate for circular polanzaticn

6. Rotating filter polarizer

7. Clamping screw for arresting the polarizer rotation




with oilimmersion objectives (especially in conoscopy). Other
special condenser tops are necessary for work with universal
rotating stages and heating stages.

The rotating polfarizer is attached to the underside of the con-
denser. The following versions of condensers are available for
Leitz ORTHOLUX 2 POL BK and ORTHOPLAN POL polarizing
microscopes (Fig. 24):

POL-condenser 702fi with filter polarizer

POL-condenser 702fvi (with filter and pre-polarizer)
POL-condenser 702pi (with calcite prism polarizer).

Ali condensers of the series PLK and 702 and the pol-vertical
iluminator (p. 84) have index adjustment, so that the zero posi-
tlion of the polarizer can be accurately indicated after the pola-
rizers are crossed.

The slot above the polarizer (Fig. 24.5) accepts a i/« plate for
observation in circularly polarized light (p. 68).

Other filters must never be inserted in this slot because of their
possible strain birefringence.

For the illumination of very large fields in conjunction with the
Pl 1/0.04 (P) objective or with the BERTRAND lens on the
ORTHOPLAN POL (p. 82} alow-power condenser is available
(Fig. 24).

The modular principle allows the use of other condensers, e.g.
for darkground, phase contrast and interference, in the
microscopes (see p. 38).

Orientation of the polarizers

Since 1972, when DIN 58 872 was laid down, the transmission
direction of the polarizers in microscopes have been stan-
dardized so that the vibration direction of the polarizer is East-
West*, thal of the analyzer with crossed polarizers North-
South* (Fig. 25). All leading manufacturers of microscopes
adhere to this standard. With crossed polarizers, Leitz-POL
microscopes show the angle values (° (polarizer) and 90°
(analyzer) engraved in red. For microscope components of
earlier manufacture the orientation of the polarizers can also
be obtained from Fig. 25.

* The orientation of vibration directions, specimens, etc., is usually described
in terms of compass painis.

Fig. 25:

Orientation of crossed polarizers (vibration directions)

Right: to DIN standards
A = analyzer

Left: Conventional
P = polarizer
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Rotating stages

In almost all investigations in polarized light the objects must
be rotated without moving out of the field of view. Rotating
stages running on precision ball bearings, gradualed in de-
grees and fitted with verniers on polarizing microscopes allow
rotary movements and angle measurements of the highest
precision {cf. Table |, p. 38).

The clamping device (Fig. 26-5) is used for the temporary
clamping of the stage rotation. In research microscopes an
engageable click stop (Fig. 27-5) permits object rotation in
steps of exactly 45° In students’ microscopes, 45° rotations
are carried out with the aid of the vernier scale or the engraved
45° markings.

Fig. 26:

Rotating stage on bail bearings (LABORLUX 12 POL)

1. Threaded and unthreaded bores for the attachment of
accessories 1.

2. Slageclip

3. Friction clamp for the slage rotalion

4. Vernier for reading the slage rofaticn to 1/10°

Fig. 27:

Stage clip

S S

change

Rotaling stage No. 837 on ball bearings for re-
search microscopes (ORTHOPLAN POL)

Stage plate (removable for accessories)
Verniers (1/107)

Friction clamp for the stage rotation

45° clickstops

Sliding track for slage adjustment and

In large polarizing microscopes the stage plate (Fig. 27-2) is
removed for the adaptation of special accessories such as
universal rotating stages (UT see p. 87). Furthermore, the
stage can be moved vertically on a sliding track (Fig. 27-6) in
addition 1o the fine adjustment of the stage drive or inter-
changed with other stages. The micrometer graduation of the
fine adjustment permits approximate thickness determination
of objects by means of focusing the lop and bottom surface of
the object. The value obtained must be multiplied by the
refractive index of the object.

Fig. 28:

Attachable mechanical stage Polforthe ac-
curate adjustment and systemalic scan-
ning of specimens. It has interchangeable
catch-buttons for point-counting methods.

SLTnBM- s
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Fig. 29:

Objective cenlering clulch on a

research microscope (ORTHGLUX

2POL)

1. Clamping screw for the
exchange oftheobjecicentering
clutch against the objective
cenlering revolving nosepiece,
pol-vertical iluminator or other
accessories.

2. Tube slot {made dusiproof by
closure with a blank slide)

3. Lever for the attachment of the
objective

4. Cenlering mount

Fig. 30:
Objective centering nosepiece and centering keys on LABCRLUX 11 PCL
(tube slot with compensalor above the right-hand key).

Objective carriers
Objective centering ciutch

The objective centering clutch which was always used on
polarizing microscopes is today only employed for very
specialized methods on research microscopes, particularly
for studies with the universal rotating stage (p. 81} and for pre-
parative work. It is also advantageous if immersion objectives
are used often {regarding the cleaning). With respect to opti-
cal performance and centering accuracy, lhe clutch is as just
as good as the centering nosepiece.

QObjective centering nosepiece

The nosepiece is generally preferred because it has the ad-
vantage that the magnification is easy to change. Using the
special key, the objective mounts in the Leitz centering nose-
piece can be centered exactly on the stage’s axis of rotation.
This ensures that the objectives are always centered and are
insensilive to conlact.

The so-equipped Leitz polarizing microscopes have the ob-
jectives facing the rear, thus simplifying specimen changing
and the view of the specimen.

Fig. 31:

Centering a microscope objective:

By rotation of the two cenlering keys (Fig. 31) the objective is displaced in its
holder until an object point B situated within the crosslines M no longer
changes posilion during the rotation of the stage (d).
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Tube slots

Tube slots (Figs. 29.2, 30) accommodate compensators* {(p.
61). In microscopes of earlier manufacture the tube slots were
situated in the tube proper. In modern microscopes they have
been moved to the revolving nosepiece holder or the center-
ing clutch. The intermediate optical system has beendesigned
so that the compensators are in the parallel beam to ensure
that the image ts not displaced when the compensator is
pushed in or out. The intermediale optical system (also called
tube lens) is required for structural reasons to improve image
quality and facilitale operation. A tube factor, where engraved,
e.g. 1.25, must be allowed for in the calculation of the final
magnification.

* The DIN dimensions of the lube slets and the compensators are 20 K 8mm. In
microscepes of earlier manufaciure {curved stand design) they are 12x4mm.

Fig. 32:

Intermediate 1ube for LABCRLUX 11 PCL and LABORLUX 12 POL.
Intermediate tube 90 with disengageable analyzer (1}; also available with Ber-
trand lens as intermediate fube 90B.

Intermediate tubes

The analyzer, the Bertrand lens and the pinhole stop (amongst
others) must be accommodated in the tube system of the po-
larizing microscope. Space problems, caused by the prisms
housed in the tube, are particularly common in binocular
tubes. The intermediate tube is the solution; it also increases
the distance between the objectives and the eyepieces, how-
ever. The oplical tube length is compensated for by the lens
system contained in the intermediate tube.

For the LABORLUX 11 POL and LABORLUX 12 POL micro-
scopes, the intermediate tube for transmitted light is placed
between the stand and the observation tube. It is not neces-
sary forincident light as the corresponding illuminator already
takes over a similar function.

Inthe ORTHOLUX 2 POL BKand ORTHOPLAN POL, the inter-
mediate tube is part of the stand or binocular phototube. In this
case, it is used in combinatin with the incident light illuminator
as well.

Fig. 33:
Intermediate tube 360 B with analyzer (1), rolatable through 360< Bertrandlens
with integraled pinhole stop (2). and disengageable neutral density filter (3}.




Analyzers

The polarizer between the object and the observer's eye is
called the analyzer. In pelarizing microscopes it is generally
situated between the objective and the eyepiece. In the
ORTHOLUXPOL itisin the limb,inthe ORTHOPLAN POL (Fig.
44} in the boltom part of the tube. For the LABORLUX 11 POL
and 12 POL, the analyzer is located in the intermediate tube
(transmitted light) or incident light illuminator, and is
disengageable.

In polarizing microscopes the analyzer mustalways be remov-
able to permit special methods of observation with only one
polarizer (dichroism p. 17 and p. 52, BECKE line p. 93).

For simple needs (student's and laboratory microscopes)
non-rotatable analyzers are adequate, they must, however, be
rotatable for uses such as phase difference measurements
according to SENARMONT's method (p. 66) andfor investiga-
tions in incident light (p. 83).

The analyzers of modern polarizing microscopes consist al-
most exclusively of choice-quality filter polarizers.

A grey filter built into the empty aperture of the analyzer com-
pensates for the intensity difference of the microscope image
after removal of the analyzer. This neutral filter can be disen-
gaged, e.qg. for fluorescence observation of photomicrogra-
phy (Fig. 33).

Crientation of the analyzer see Fig. 25.

Polarizing tubes, Bertrand lenses

The principles of censtruction and function of microscope
tubes have already been discussed in the brochure “The
Microscope and its Application”. In pclarizingmicroscopesthe
tubes are orientated to the stand with great precision. To per-
mit interchange between the various tubes, they are aligned
by means of a locating pin and a corresponding location
groove in the stand and tube respectively.

For precision orientation of the eyepiece crosslines to the
vibration directions of the polarizers (or the object in diagonal
position) the ({(right-hand) eyepiece tube has two guide
grooves displaced through 45°

In binoculartubes, interference effects may occurin polarized
light owing to the glass prisms {polarization through reflection
p. 24). Binocular polarizing tubes therefore contain a thick
quartz plate of at least 20 corders’ phase difference. The
higher-order white this produces thereby (p. 58) eliminates
disturbing color interferences.

The BERTRAND lens (Fig. 44.19) serves mainly the observa-
tion of interference figures in conoscopy (p. 69). The lens in-
serted in the beam acts as a weakly magnifying objective,
which together with the eyepiece forms an (auxiliary) micros-
cope.

In student’s and laboratory microscopes the BERTRAND lens
is permanently focused in the factory, so that its use is very
simple indeed. In research microscopes it can be focused.
Through precise centering and focusing the interference
figures seen are particularly clear and suitable for pho-
tography. The multicomponent, achromatically corrected
BERTRAND lens of the CRTHOPLAN POL further improves
conoscopic observation. It can, in addition, be used for special
purposes such as observation of fine bores (Fig. 78), for low-
power observation of extensive objects, and for the adjust-
ment of phase contrast and interference devices and mono-
chromalors. Very small crystals can be isolated for conoscopy
in all Leitz polarizing microscopes by means of a pinhole stop
(Fig. 33.2). A supplementary lens for conoscopy of very minute

31



crystals (minimum grain size about 6.my), is incorporated in
research microscopes.

The BERTRAND lens is used mainly for the determination of
the optical characteristics and the number of axes of minerals.
If a students’ or laboratory imicroscope is to be used almost
exclusively for orthoscopic observation (p. 51) it is recom-
mended to fit the binocular tube (Fig. 35) or, better still, the bi-
nocular photo tube (Fig. 36) instead of the monocular tube
{with BERTRAND lens and pinhole stop). Binocular micros-
copes, provided the eyelenses of the eyepieces have been
correctly adjusted, ensure microscopy without eyestrain. The
binocular photo tube furthermore allows the adaptation of va-
rious photomicrographic atlachments, projection screens
(Fig. 37}, TV cameras and microscope photometers.

For phototubes with back-reflection, a measuring aperture or
the film format outlines {photomicrography) are reflected to
the viewing port.
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Fig. 34.
Monocular tube P12

1.
. Knob forengaging the pinhole diaphragm for the conoscopy of small grains
. Knob {for Bertrand lens

. Opening for focusing lhe Bertrand lens

. Tube clamp lever

. Inermediate tube 20

. Tube slot (can be covered) with inserted compensalor

N LN

Adjustable eye lens




Fig. 35:
Binocular pof tube § 42/30 for
LABORLUX 11 POL and LABORLUX
12 POL

Fig. 36:

Binocular phototube 42/30, for
LABORLUX 11 POL and LABORLUX
12 POL, with automatic sharpness
compensalion when the interpupil-
lary distance is changed.

-

Fig. 37:
Binccular phototube FSA S0 for ORTHOPLAN POL with automatic sharpness
compensation, with projection screen in position

1.
2.

[eo RN B S ]

Centering screws for ilhe BERTRAND lens
Lever for the introduction of the pinhole stop tor the conoscopy of small
particles

. Focusing screw for the BERTRAND lens
. Lever for turning in the BERTRAND lens
. Analyzer slide

. Tube lock
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Objectives

In addition to the fundamental properties of resclving power,
contrast, and spherical and chromatic correction, objectives
for polarizing devices must, in addition, be free from glass
strain. Strains cause birefringence and therefore a brightening
of the field of view. This renders precise investigations in pola-
rized light impossible. Strains can arise, for instance, during
the cooling of optical glasses from the melt. Frequent other
causes are tight lens mounts or damage e. g. because the ob-
jective has been dropped.

Strain-free and carefully tested objectives specially produced
for polarized-light microscopy are engraved with the letter P
{e.g. EF63/0.85P). The engraved letter (P} of the objective Pl 1/
0.04 (P) means that this type of objective is, within limitations,
free from loss of contrast, which here is not caused by strain,
but by the size of the object field, which has a diameter of
18mm. Objeclives that have been damaged or are not en-
graved "P" are best checked for strain with exactly crossed
polarizers and with observation of an empty area after inser-
tion of the BERTRAND lens. During the test, the objective must
be rolated through at least Ya turn in its mount {thread). Strain-
free objectives of medium and high magnifications show a
symmetrical, blurred cross* of unchanged shape (Fig. 38a). In
low-power objectives the cross is hardly distinguishable.

* It the polarizers are not exaclly crossed, the cross is - opened up.
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Asymmetrical loss of contrast which changes its shape as the
objective is rotated (Fig. 38c¢, d) indicales the presence of un-
desirable strain birefringence. If it does not, the strain is pres-
ent in one of the condenser lenses or in a tube lens.

Very minute strain occurs in every lens with a temperature
change of even only a few degrees. If, for instance, a piece of
glasslying on the object stage is warmed up by marginal finger
contact, a slight loss of contrast can be observed between
crossed polarizers. If the most stringent demands of freedom
from strain are made of the oplical equipment, a constant-
temperature (maximum +2° C) slorage of the entire set of
instruments is essential.

Fig. 38:

Upper focal plane cof the objective during observation with the BERTRAND

lens:

a. withstrain-free optical systems and exac! crossing of the polarizers (the im-
age resembles theinterferencefigure of an optically uniaxial crystal, cf. Fig.
a))

b. whenthe polarizers are notexactly crossed (the image resembles the inter-
ference figure of an oplically biaxial crystal, cf. Fig. 74).

c. heavy strain in an objective between crossed polarizers

d. strained abjective as c. but in circularly polarized light.

4
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Thelightened sector (Fig. 38a) which can be observedwiththe
BERTRAND lens and objectives of higher magnification are
caused by minute rotation of the vibration directions, whichiis
due o nol precisely vertical incidence of thelight waves on the
numerous curved lens surfaces of the condenser and objec-
tive system (cf. polarization through reflection p. 24). For al-
most all investigations in polarized light, this loss of contrast is
without disadvantage. The engraved letters indicate the type
of correction.

Fig. 39:

Top:

Polarized light objeclives for iransmitied light
Bottom:

Polarized ligh! objectives fer incident light
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Objective engraving

The |letters and numbers engraved on the objective give the
unser information on the correct use of the objective.

The figures160and170indicate thatitis a transmittedlight ob-
jective designed for an mechanical tube length of 160 or
170mm respectively. Whilst the LABORLUX 11 POL and
LABORLUX 12 POL have the DIN tube length of 160mm, the
ORTHOLUX 2P0OL and ORTHOPLAN POL POL use the classic
tube length 1770mm. For objectives from power16:1, however, it
is unimportant whether objectives for 160 or 170mm are used.
For this reason, Leitz medium and high magnification objec-
tives are only produced for tube tength 160mm.

The situation is different for objectives of magnification 10 or
under. The correct tube length is important here as otherwise
the image position will be different. This has the effect thatit is
necessary to refocus considerably after every magnification
change, without the image being visibly improved. For thisrea-
son, some low-powered objectives are available for both 160
and 170mm tube lengths.

For incident light microscopy, objectives for tube length in-
finity (with engraving oc) are used.

The use of incident-light objectives on the transmitted-light
microscope (and vice versa) produces, especially at low ob-
jective magnifications, images of only just acceptable quality.
Such odd combinations should, however, not be used, be-
cause the advantages of the high quality of the objectives are
largely lost. The engraved reproduction ratio and aperture
values are no longer correct (exception see below).

The engraved figure 0.17 indicates that the object must be un-
der a coverglass of 0.17mm thickness. The effect of the cover-
glass thickness is reduced with objectives of magnifications
below 16:1 and the object can be observed with or without
coverglass. These objectives have (-) engravedinstead of the
figure 0.17. Incident-light objectives have been computed for
use without coverglass: they are engraved 0.For the examina-
tion of thin sections without coverglass at high magnifications
the incident-light device (p. 83) can exceptionally be used in
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combination with transmitted-light illumination. Incident-light
objectives must, however, on no account be mounted on the
transmitted-light revolving nosepiece or on the objective
centring clutch (see above).
The engraved letters indicate the type of correction.
The engraving PL 5/0.08 indicales the type (normal plan-
achromat), the magnification, and the numerical aperture (cf.
p. 27) of the objective.
The numerical aperture (N.A} is ameasure of the ray cone ac-
cepted by the objective:

NA =n-sin«
where n is the refractive index of the medium between the
specimen and the objective (air or cil) and « the angte included
by the extreme ray entering the objective and the microscope
axis. The numerical aperture determines the resclving power
of the optical system. As the magnification increases, the
aperture is therefore also increased by computation. For
maximum magnifications, e.q. with EF 100/1.25 OIL P and PL
FLUOTAR" 100/1.32 QIL P objectives, oil immersion is re-
guired. With incident-light objectives oil immersion serves to
increase not only the resclving power but also the contrast
through selective effect on the reflecting power of the object
(cf. p. 83). Immersion cbjectives have a black or white ring en-
graved round the mount.
For observation with an cil immersion objective 1-2 drops of
the Leitz immersion oil {immersion oil by any other manufac-
turer should not be used) are applied to the specimen. To allow
this, the object stage may be slightly lowered or the objective
temporarily turned out of the beam. Air bubbles must be strict-
ly avoided. If necessary they may be squeezed out of the oil
with a fine wooden stick. After use the immersion oil must be
removed from the specimen and the optical system (p. 50).
The engraved letter Pindicates that the objeclive is strain-free
and therefore fully suitable for microscopy in polarized light
{see above). The technical data of all available objectives, con-
densers, eyepieces, and graticules are listed in our brochure
“Image-forming and llluminating Systems”. The choice of the
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objectives to be acquired depends onthe purpose ofthejruse.
NPL, NPL FLUOTAR and PL FLUOTAR objectives are used
mainly for photomicrography because of their excellent flat-
ness of field. Achromats are less expensive than apochromats
and semi-apochromats, and are therefore preferred for stu-
dent's and laboratory microscopes. The do not have any spe-
cial data engraved before the magnification value. The EF en-
graving indicate achromates with particularly good flat field
performance.

UT objectives are used for work with the universal rotating
stage. The objectives, like special heating stage objectives,
are eminently suitable for all microscopic methods calling for
long working distances. In universal rotating stage objectives
the engraved magnification and aperture values change when
these objectives are used without glass segment (double en-
graving).

The dimensions of Leitz objectives are such that after objec-
tive changes only minor refocusing of the image is necessary.
The so-called parfocal distance indicates the distance be-
tween the object and the screw-on face of the objective. With
the transmitted-light pol objectives it is 45mm (exception: Pl
1/0.04 P: 65.6mmj), and with incident-light pol objectives
30mm (exception: NP| 5/0.09 P: 39mm). On students’ micro-
scopes all incident-light objectives are matched for 45mm by
means of adapter rings. Interference contrast objectives are
also matched for 45mm with the WOLLASTON prism adapter.



Eyepieces

Eyepieces serve forthe secondary magnification of the object
image magnified by the objective and projected into the inter-
mediale-image plane (Fig. 50}.

The standard eyepieces for all modern Leitz polarizing
microscopes are of the PERIPLAN GF 10x M type. The cross-
lines incorporated (Fig. 31) precisely indicate the vibration
direction of the polarizers. The eyepiece can also be engaged
in the eyepiece tube at exactly 45° rotation, so that the cross-

Fig. 40:
Linear measurement in the microscope

lines indicate the vibration directions of an object in the
diagonal position. Microscopy without eyestrain is possible
only if the crosslines have been critically focused by adjust-
ment the eyelens wilh the eye relaxed. Spectacle wearers are
recommended to use special high-point eyepieces.

For linear measurements point-counting methods, as well as
for the indication of the outlines of formats in photomicrogra-
phy eyepieces with special graticules are available.

Calibrating the graticule in the eyepiece scale on crosswires with the aid of a
stage micrometer {right) placed on the object stage. In the example shown 50
graduation lines of the eyepiece micrometer carrespond to 1.22mm (distance
belween 2 graduation lines = 24.4xm, s0-called micromeler value).

Fig. 41:
FERIFLAN eyepieces in binocular tube.
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Table 1: Survey of Leilz polarizing microscopes (as of 1985)

Microscope

LABORLUX 11 POL

LABORLUX 12 POL

Use

Teaching and student
microscope,
iransmitled and incrdent light

Teaching and laboratory
MIcroscope,
transmitted and incident Hight

ORTHOLUX 2 POL

ORTHOPLAN POL

Research microscope
transmitted and incident light

Large research microscope
transmilled and incident light

Light sources

Transmitted light:
built-in 6V 10W halogen lamp
Incident light.

Transmilted and incident light
with lamphousing 20, 6V 20W
halogen lamp

Transmitted and incident
light, 6V 15W low-vollage
lamp, lamphousing 50 wilh

Transmitlied and incident light
lamphousing 100 wilh 12V
100W halogen lamp; spectral

famphousing 20 with 6V 20W
halogen lamp

12V 50W halogen lamp lamps

Field diaphragm

Only incident light

Ircident and transmitted light (Koeghler iluminalion}

Condensers and pelarizers
{transmitted light}

—1
Non-inlerchangeable

condenser with swing-out
top As 0.9C P foil polarizer

Interchangeable, centerable
condenser with swing-out
top Achr. €.90 P, foil polarizer,
special condensgers for UT
slages

methods

Additlonal illumination

Darktield
zalion.

Inlerchangeahble, cenlrable swing-in condenser 702/ with iris
diaphragm, inlerchangeable lops, optionally with foil polarizer,
pre-polarizer, prism polarizer, overview condenser for PL 1/0.08
obiective

Spucsad condenser lops for UT stages

Darklield, phase contrasl, interference contrast T, universal rotating stage metheds, circular polari-

Incident light illuminators

SR Polincident light illuminatcr (semi-rellecting planar glass),
cenierable iield diaphragm, iris aperlure diaphragm, can be
equipped for interferencc contrast R

TR Pol incident light illuminator (pupil splitting)

Incident light fluorescence illuminalor

Pol incident Light illuminator with compensation prism and planar
glass, centrable and fccusable field diaphragm, iris aperture
diaphragm

Incident light inlerfercnce contrast illuminator. illuminator for
metallography. incident tight tluarescence illuminator

Additlonal incident light
illumination methods

Interference contrast R, quantitative incident light interference,
microhardness testing, fluorescence

Darklield, inlerlerence conlrasl R. quantitative incident light
inlerferencec, microhardness tesling, fluorescence

Stage ball-bearing mounted

Focus conlrols
Micrometer scale

Non-inlerchangeable, dia-
meler 168mm, 0.1 vernier

Intcrchangeable, diameter
168mm, two Q.19 verniers,
friction-damped movemenl

Interchangeable, diameler 150 mm, 2 verniers, Iriction-damped
movement, 45° click stop

Coaxial coarseltine
Approx. Zum

Combined coarseffine
Approx. 2nm

Coaxial coarselfine
1um

Objective carrier
Tube slot

Tubes
Bertrand lens

Non-inlerchangeable guadruple nosepiece wilh individual
cenlring. Objectives lacc rcar. One tube slot

Interchangeable quintuple nosepiece with individual centring,
objectives face rear. Objective clulch. Supplementary lens for
conoscopy. Transmitted light: 2 tube slots at 907 to one ancther.
incident light: one ube slot

WMonocuiar and binocular observation, and binocular phote tubes
with or withoul back reflection, intermediale tube ior menocular
and binccular conoscopy, centrable Berlrand lens, pinhole stop
for conoscopy of small grains

Binocular phoiotube wilh or
without back-reflection, with
centrable and focusable
Bertrand lens and pinhole
stop

Binocular phololube with
cenirable and focusable
Berirand lens and pinhole
stop

Photomicregraphy

Transmitted light

Incident light

EF achromais and PL FLUOTAR (tube length 160mm}
Achromats, NPL planachremais, NPL FLUOTAR

Analyzers Cisengageable. optionally fixed or rotatable frough 360° 0.1° ver- Rotalable lhrough 3607 0.1° vernier, disengageable neutral filler
nier and neutral filter (incident light: only rotatable through +82;
neutral tilter as option.)
Eyepieces PERIPLAN 10x/M high-point eyepieces with or withoul crosswires. For lenglh measuremenls, point counting, photomicrography
Oblecilives

PL FLUOTAR, EF achromals (lube lengih 170/160mm)
{lube lenglh oo}

Heating stages

Photometry
Image analysis
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Leitz VARIO ORTHOMAT 2 and Wild MPS systems

Healing Stage BO
-20lo +33°C

Healing Stages 80, 350, 1350.
-2 o +1360° C

Heating Stages 80, 350, 1350 and 1750
-201o +1750°C

ASM 68K imapge analysis system

MPV compact microsccpe photometer
ASM BB K image analysis sysiem l Auloscope, TAS plus




Fig. 42:
LABORLUX 11 POL teaching and laboratory microscope

PN —

Wm -~

. Monocular Pol tube P with pinhole stop and centerable Bertrand lens

. Intermediate tube 90 with disengageable analyzer

. Compensator or blank slide

. Centerable quadruple objective nosepiece

. Ball-bearing-mounted rotating stage with scale and Vernier: 2 specimen

clips

. Pre-centered polarized light condenser with aperture diaphragm
. Single-knob combination control for coarse and fine focus

. Nlumination cone with filter holder

. Foot with built-in transformer and 6V 10W halogen lamp

—

3.
4.
5.

)]

O wo

Fig. 43:

LABORLUX 12 POL rouline and laboratory microscope
1.
2.

Binocular phototube FSA 55 with automatic focus compensation
Intermediate tube 360 B with rotatable analyzer, Bertrand lensand pinhole
stop

Compensator or blank slide

Cenlerable quadruple cbjective nosepiece

Ball-bearing-mounted rotaling slage with scale, friction-damped move-
ment and 2 Verniers; attachabte Pol mechanical slage

. Centerable, interchangeable polarized light condenser with aperture dia-

phragm

. Coaxial coarse and fine focus controls

. Field diaphragm with filter holder

. Foot with built-in transformer

. Lamphousing 20 with 6V 20W halogen lamp
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Fig. 44:
CRTHOLUX 2 POL BK and CRTHCPLAN POL (right) research microscopes
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Fig. 45:

Sectional drawing of a research microscope {ORTHOPLAN POL, cf. Fig. 44,

sectional drawing incident light Fig. 82).
1. Coarse and fine adjustment, acluating the slage

Illuminating system
2. Filament of the halogen lamp in the Lamp Housing 100
3 Lamp condenser
4. Hinged lens
5. Field diapfiragm
6. Vertical adjustment of the condenser
7. Polarizer
8. fi-plate for circular polarization
9, Aperiure diaphragm of the condenser
10. Condenser
11. Condensor lap
12. Object stage on ball bearings
13. Specimen

Observalion system

14. Objective

15. Objective ceniring revolving nosepiece
on ball bearings

16. Tube lenses

DT

DRI

. Supplementary lens for the conoscopy of small particles
. Analyzer

. BERTRAND jens

. Pinhole stop for the conoscopy of small particles

. Defiecting prism for binccular observation

. Field lens of the eyepiece

. Intermediate-image plane with crosslines

. Focusing eyelens of the eyepiece

. Pholo tube for photomicrography, projection, attachment eyepieces,

or microphotometry

18

16

17
16
156
14
13
12
11

o~ =
oo 3
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Instruments for special applications

Polarizing stereomicroscopes

For the low-power ocbservation of object portions larger than
icm? stereo-microscopes with polarizing attachment are
used with the lowest-power microscope objectives (Pl 1/0.04
and P12.5/0.08 P, and observation with BERTRAND lens on the
ORTHOPLAN POL P),

For the determination of the vibration directions ;" and " inthe
object, /- and 4/4-plates can be inserted in the beam. Meas-
urementsof phase differences and conoscopy are not provid-
ed for. It should be noted that objects of greater phase diffe-
rences may display different interference colors in the left-
hand and right-hand eyepiece because of the directionally-
derived birefringence.
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TV microscopy

Itis no problem to mount a black and white or color TV camera
on the microscope. I is especially easy for cameras with C
screw lens mount, optionally with magnification changer,
either stepped or stepless. Special adapters are in general
necessary for 3-iube color cameras with non-standard lens
mounts.

The Leitz light regulator, controlled by the video signal, is ne-
cessary if the camera does not have a buili-in automatic
brightness control. It ensures that the camera receives practi-
cally the same light intensity, if the color temperature is con-
stant, when the magnification of illumination method is
changed.

Fig. 46:
Sterea-micrascope WILD M3 Z with transmitted light base EB and polarizers
far orientating investigations in pclarized light



Microprojection

For microprojection of detailed structures such as thin sec-
tions of rocks the ORTHOPLAN POL with the 450W ultra-high
pressure xenon lamp (Fig. 47) must be used. Because of the
exposure of the polarizer to inlense heat, polarizing conden-
sers with pre-polarizer or prism are necessary (p. 26).
Highly reflecting screens reflect a sufficiently bright projected
image of up to 1.2m diameter provided the projection room is
completely blacked oul. Larger projected images of sufficient
intensity could theoretically be realized by the use of more
powerful illuminating systems, but most specimens will be da-
maged by their exposure to intense heat.

The best possible adaptation of the outfit to conditions of
space is by means of projection eyepieces with defiecting mir-
ror and of various magnifications. Very low-power eyepieces
have been found particularly suitable, since they permit the
microscope o be setup behind the viewers; this avoids distur-
bance through stray light from the louvres of the lamp hous-
ing.

If the projection attachment {Fig. 37, diameter of the ground-
glass screen 15cm) is used instead of the projection eyepiece,
projection is possible also in daylight with the aid of the 450W
xenon lamp. The number of viewers will, however, be restric-
ted to about 5 in this case.

If the projection room is dimmed, the projection attachment
canalso be usedin conjunction with the 150W ultra-high-pres-
sure xenon lamp. If the room is completely blacked out, the
50W and 100W tungsten halogen lamps, too, can be used.
Projection with halogen arc or mercury lamps is not advisable
because of the spectral compaesition of their light, which
strongly deviates from that of daylight.

In spite of high capital cost, color television is constantly gain-
ing inimportance because of the progressive improvement of
color reproduction.

Fig. 47:

ORTHOPLAN POL with Lamp Housing 500, Mirrgr Housing 500, condenser
702 fv. projection eyepiece and projecticn mirror for micro-projection with
polarized light

2137155 R
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lll. Use of the polarizing
microscope and its
accessories

The application of polarized-light microscopy was originally
restricted almost exclusively to the identification of minerals
and rocks. Here the largest possible number of optical as well
as morphological parameters (Table ) are compared with
identification tables. This versatile quantitative microscopic
method is still widely used by geologists and workers inrelated
sciences although other analytical methods such as electron
beam-microprobes, x-ray methods, atom absorption etc., are
available in many research laboratories.

Today the polarizing microscope is used increasingly in the in-
dustrial laboratory. In contrast with the petrographic field
{Table I}, however, mostly only one or two parameters are de-
termined quantitatively. These are, for instance, strain meas-
urements in glasses, glass-to-metal seais and plastics, {Fig.
66), measurement of the birefringence of fibers (Fig. 64), or
orientation of the axis of crystals used inindustry {e. g. bearing
jewels, oscillator crystals etc). Numerous possibilities of quan-
titative use of the polarizing microscope also existin the biolo-
gica! field. Furthermore, many interference methods relying
on polarized-light microscopic aids have found increasing
practical within the last few years (p.86).

Relationship between structure and
birefringence

The phenomenon of birefringence observable in the spectral
region from about 380 to 780nm is the result of the micro-
structure of the substances examined. The order of diffe-
rences between the structural components, i.e. atoms and
molecules, is however, 100-1000 times smaller than the light
waves, The components are thus beyond the limit of direct ob-
servation not only in the optical microscope but also in most
electron microscopes.

in spite of the enormous difference between the dimensions
ofthe components and that of light as observation mediumthe
effect of vibration directions and velocities allows deductions
about the latent structural elements.

Gases, liquids, amorphous substances

In gases, liquids, and non-crystalline (amorphous) substances
atoms and molecules are in a state of random distribution. A
light wave penetrating such substances, it is true, is slowed
down, but the velocity is the same for all propagation direc-
tions of a given rnaterial, i.e. these substances are isotropic
(Fig. 8).




Color pleochroism

Incident-light polarization

Color, form, bireflection, cccurrence
Flucrescence,

Micro-hardness testing
Micro-reflection measurement Cleavability, form

Refractive index

Occurrence, accompanying
substances

Birefringence 4 n

Angle of extinction

Positive Negative

Positive Negative

Axial angles, axial dispersion

19zuejod | Yyum UCHBAJIBSAOD

AdoasoyuQ

Adoasouc)

si3z11ejod passod ugamiaq UONBAIZSAD

Tabla 1I: Procedure of investigation with the polarizing microscope (diagramematic)
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Strain birefringence

If unidirectional strain or stress acts on an optically isotropic
substance, the distance between the components is changed
in the direction of the strain or stress: the substance behaves
optically anisotropically, and birefringence occurs. Glasses
subjected to rapid cooling or fixed in a tight-fitting mount (cf. p.
34) or containing metallic inclusions exhibit this effect of strain
birefringence very markedly.

Flow birefringence

Particles in a state of flux arrange themselves preferably with
their longitudinal axes parallel to the direction of the flow. This
also applies to liquids consisting of = elongated molecules.
This arrangement produces flow birefringence, which, how-
ever, is very slight.

Synthetic fibres consist of long-chain molecules. The spinning
of the fibre from the liquid basic substance is a flow processin
which adjustment and therefore birefringence occurs. This
birefringence is initially slight. Only when the fibre is stretched
does considerably increased adjustment occur. This may pro-
duce a specific birefringence of An >>0.2. Since the birefrin-
gence of synthetic fibres and foils may supply important infor-
mation onwear and tear and strength properties, phase differ-
ence measurements, (Figs. 64-66) are among the standard
methods of the testing of plastic materials.

Biological specimens

Important, but still far too rarely used, is the demonstration of
birefringence of biological structures, which consist mainly of
long stretched structural elements, W.J. SCHMIDT has con-
ducted basic research in this field.

Liquid crystals

Some liquids also exhibit birefringence owing to preferential
arrangement of their molecules within certain temperature
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ranges. The adjustment can be triggered by the setting up of
an electric field or by shearing movements.

Form birefringence

This is caused by fibrous or laminar parlicles embeddediniso-
tropic media, e.g. glass fibres embedded in a liquid or synthe-
tic resin.

Crystals

Crystalsareregular arrangements of atoms and molecules set
up according to a lattice system. Depending on the lattice dis-
tances and the angles of the individual lattice axes we distin-
guish between seven classes of crystal.

The optical behaviour of the seven crystal classesisillustrated
in Fig. 49.

¢ Alist of the more than 400 scientific publicalions by W.J. SCHMIDT has been
published by lhe Zoological Department of the Justus-Liebig-University,
D-6300 Giessen,
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Specimen preparation

The use of suitable methods of preparationis essential to most
microscopic invesligations. As a rule, microscopy is possible
withoutl preparation cnly if the object size is at {east of the
order of mm, and the object bordered by two plane-parallel
surfaces. Here it is usually sufficient to place the particles un-
der investigation on a glass plate {microscope slide) of Imm
thickness. For this purpose, versions used in biology and
medicine for the preparation of large sections and commer-
cially available (thickness 1.1201.mm) are preferable to the
conventional microscope slides (mineralogical format:
26x 45mm; biological format 26X 76mm)™.

If necessary, normal glass plates obtainable in any photo-
graphic shop for the mounting of transparencies can also be
used.

With small objects (grain size <imm)} and with objects with
irregular, rough surfaces, embedding in a suitable liquid or
transparent synthetic resin is necessary; it is a basic rule here
that the refractive indices of the embedding medium and that
of the object should be as similar as possible. {cf. p. 96).

“ DIN 58884

Powder specimens

Powder specimens are prepared not only from granular or
fibrous material, but sometimes also from large objects by the
breaking or scraping off of a few very minute splinters. One to
two drops of a suitable immersion medium (Table V) are
applied to a clean microscope slide. The granules to be exa-
mined are now scattered onto the immersion medium, prefe-
rably from the tip of a spatula. Now a coverglass is carefully
placed on top. With coarser grains (~>0.3 mm) mechanical
crushing or screening of the objects to be examined is recom-

Fig. 48:
Relation between crystal structure and optical behaviour
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mended to obtain sufficient transparency and depth of field.
Optimum grain size must be determined by trial and error.

It is best to immobilize fibers with the aid of adhesive tape be-
fore they are embedded. Stress forces must be avoided by all
means, since these influence the birefringence of the fiber.
For specimens to be discarded after microscopy, a liquid of
suitable refractive index is adequate as an inclusion medium.
When immersion objectives are used the coverglass must be
sealed with coverglass cement; if this is not available, nail var-
nish will be quite satisfactory. It prevents displacement or lift-
ing off of the coverglass. Since at the same time evaporation of
the immersion medium is prevented, granular specimens,
horizontally stored, can be kept forlimited pericds. Specimens
for filling should be dispersed in hardening synthetic resin,
such as Caedax.

Immersion chambers

For the embedding of cbjects measuring more than 1mm
(such as bearing jewels, glass-to-metal seals, plastic parts) it
is best to build a small chamber. A large microscope slide or
transparency mount serves as a base. Ametal or plasticringis
glued on to it with a suitable adhesive (such as Araldite, UHU
PLUS, Sigomet, Agumet). Such aringis best cut off atube con-
sisting of the available material with a metal saw. If the tube dia-
meterisvery small, the chamber must be kept low, since other-
wise the objective mount may make contact with the metal
ring. For cbjects of cm size it is best to make a rectangular
chamber out of strips of glass.

Before use, tests must be carried out between crossed pola-
rizers to see whether strain birefringence has been produced
by the adhesive process in the bottom of the chamber. Any bi-
refringent adhesive residues must be removed from there.
Obviously, the adhesive used must not be disscolved by the im-
mersion medium. '

Immersion cil (np = 1.515, nc = 1.518} is often satisfactory as
embedding medium. A wide variety of organic liquids (Table V,
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p. 108) are suilable for objects of higher refractive indices. For
the examination of bearing jewels, for instance, methy| iodide
has been found particularly useful. For some examinations
water, or preferably glycerin, is sufficient. These liquids have
the advantage of very easy removal.

Disturbance of the liquid surface caused by vibrations pro-
duces an unsteady microscopic image.

Thin sections

Soft biological objects and plastics can be cut on microtomes
into “thin sections” of down to 0.5um thickness and embedd-
ed much like a dust specimen. Details can be obtained from
our brochure “The Microtome and Its Application™

Thin polished sections

Thin polished sections are produced for the investigation in
polarized light of rocks and other objects consisting of micro-
scopically small crystal structures (concrete and other build-
ing materials, teeth, bone shells, kidney stones).

For this purpose a piece of the substance to be investigatedis
cut off with a diamond saw. A surface is ground, polished and
cemented on to a microscope slide. Sufficient material is now
cut off with the diamond saw so that only a layer of less than
0.2mm thickness remains on the microscope slide. This layer
is now reduced fo a thickness of about 20um by means of
grinding and polishing, and finally covered with a coverglass.
Melting specimens are produced by the heating of a small
amount of substance on a microscope slide. It is best to cover
it with the coverglass during the heating process {gas flame)
(Fig. 96).



Setting up, adjustment, and maintenance of
the microscope

Microscopes are best set up on stable work benches which
must not be too high. Benches with drawers lo house accesso-
ries laid out ready for use are particularly recommended. The
special microscope tables of the Leitz production programme
have been developed to meet these requirements. Plastic in-
serts are available for arranging the accessories in the draw-
ers.

Fig. 49:
Granite, thin section

It is an unfortunate experience that highly valuable optical,
precision-mechanical, and electronic apparatus is often
wrongly operated. The possibilities offered by the instruments
are therefore not fully utilized. This also applies to polarizing
microscopes. Since afrequent causeislack of experience, the
most important steps of adjustment of a polarizing micros-
cope are listed below. Details can be obtained from the
instructions for the relevant microscope.

Orthoscopy

Center the light source

Focus the eyelens of the eyepiece

Center the objectives

Turnthe frontlensofthe condenser into the beam at objective apertures >»0.25
Form asharpimage ofthe fielddiaphragm by centering and verlically adjusting
the condenser, together with one of the specimen {(Kohler's illumination)
Cross the polarizers

Adjusl the aperture diaphragm

Conoscopy
Use an objective of larger aperture (>0.65).
Fully open the aperture diaphragm

Turn the BERTRAND lens info the beam (in research microscopes also center
and focus it)
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Care of the optics

The optical parts of the microscope must be kept absolutely
clean. The external surfaces of the microscope optical sys-
tems are coated with layers of about the same hardness as
glass. All these layers, however, are very thin. They must there-
fore be cleaned with appropriate care.

Objectives must not be dismantled for cleaning. If damage
occurs in the interior of an optical system, this should be re-
turned to the factory for repair.

After use, the microscope should be kept under a dust cover.
Special measures must be taken in countries with a tropical,
humid climate; the local Leitz agency will supply the relevant
information.

Repair should always be carried out only by the Leitz agency.
Stages, objectives and tubes must on no account be dis-
mantled by the user, since correct assembly is possible only
with the aid of special adjustment devices. The table below
contains information concerning the cleaning of the optical
components:

External surfaces of objectives, eyepieces, condensers

0il immersion objectives

Internal surfaces of eyepieces, condensers

Dust; remove wilh soft, dry sable brush.

Fingermarks: remove immediately with a damp piece of linen or chamois
lealher; if necessary use ethanol or petroleum spirit.

Resistant dirt: Remove with damp piece of line linen or chamaois leather.
Clean the lens first with a highly volatile solvent (ethanol, petroleum spirit} and
allow all the solvent to evaporate.

Additional cleaning with expanded polystyrene has been found very reliable
with dirt difficult to remove. The lype of white, granular expanded polystyrene
well known as packing material for our instruments is particularly suitable.
Break a piece o, pressitagainst thedrylenswith aprojeclinggrain ofthe fresh
fracture surface and rotate it as coaxially as possible with the lens axis. This
removes even from the recessed rims of the lens mount the most minute resi-
dues of immersion oil, skin grease, and solvents, which otherwise spread
across the surface of the lens and parlly counleract the reflection-reducing
action of the coating layers. Any adherent grains of expanded polystyrene can
be simply blown away or dislodged with an abseclutely clean sable brush spe-
cially reserved for this purpose.

Cleaning ts also possible with cotton wool wrapped round a wooden stick.

Clean immediately after use: Dab olf oil with a piece of blotting paper or a
small piece of linen. Removetheresidual oil film with apiece oflinen moistened
with ethanol. Xylene is not recommended due 10 its toxicily.

Dust: Blow it away softly or clean with a sable brush.
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Orthoscopy

Orthoscopy (also direct ocbservation; or, not quite accurately,
observation in the parallel beam) is the observation of the
magnified image of the object (Fig. 50) in polarized light. De-
tails about the theory of image formation can be found in the
brochure “The Microscope and Its Application” or in the spe-
cial handbooks.

Investigations with a single polarizer
(Analyzer out)

Determination of the refractive indices

A complication occurs with birefringent objects. Except in the
direction of the optical axis, two refractive indices must be de-
termined. They are measured also with the embedding me-
thed, with the object first moved into the extinction position
between crossed polarizers. After the analyzer has been
turned out, one refractive index, and after rotation of the ob-
ject through precisely 90° the second index can be deter-
mined. Since the magnitude of one (uniaxial structures) or two
refractive indices (biaxial structures) depend on the position
of the observation direction referred to the optical axis (axes),
itis recommended that the position of the section be checked
conoscopically {p. 69) when the object is birefringent.

Fig. 50:
Optical path in the microscope (diagrammatic)

The object forms a magnified, real, inverted and wrong-way-round image of
the object P, forinstance at a scale of 5:1. Through the 8x eyepiece behind the
objective this intermediate image appears magnilied by a further 8x. The ab-
servertherefare seestheimage asifhe viewed the 5x 8 = 40x magnified object
from a distance of 250mm without instrument. Cancerning the magnification
the drawing is not true to scale; the polarizers have been amilted.

BN —

Eye
Eyepiece

Intermediate image plane

Objeclive
Object
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It is often enough to estimate the refractive indices. This is
done by observation of the surface structure (relief), which is
the more prominent the more the refractive indices of object
and embedding medium differ. (Fig. 93). The BECKE line indi-
cates which of the two refractive indices is the higher one
{p. 93).

Fig. 51:
Qbservation of pleochroism and dichroismrespectively wilh a polarizer; Inlen-
sity and colour of the object change 4 times during a full object revolution.
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Pleochroism and dichroism

Torecognize dichroism (p. 17) the object stage is slowly rotat-

ed. Intensity and color of dichroic substances periodically

change during rotation every time the stage has been turned

through 180° (Fig. 51).

If cotor phenomena but no intensity changes occur, the causes

may be as follows:

1. The object is isotropic.

2. The object is birefringent, but the color phenomena are
the result of embeddeddye particles. Example:dyedfibers.

3. The objectis dichroic, but thiscannot be observed since the
observation direction is parallel to the optical axis.

griin green.
et

- griin green
vgrt_ :




Investigations with crossed polarizers
Interference phenomena

The classical phenomenon of image duplication (Figs. 2, 10)
can practically never be observed during the microscopic
examination of anisotropic structures. Only with objecis of a
minimum thickness of Imm and extremely high birefringence
such as calcite can, in certain conditions, a duplication of the
image of the field diaphragm be seen.

Birefringent (anisotropic) structiures can be recognised by
another phenomenon. When the object is rotaied between
crossed polarizers the brightness of the objectimage changes
periodically. During a full rotation the object disappears practi-
cally compleiely after exacily 90° each (Fig. 52). In the inter-
mediate rotation sector the object becomes light. Color phe-
nomena (interference colors) can often be observed. Maxi-
mum intensity is silualed exactly between two dark positions
(459).

The four dark positions are called normal positions or ex-
tinction positions (Fig. 52, left),

The four orientations of maximum light intensity are called
diagonal positions (Fig. 52, right) or 45° positicns.

Normal positions

Extinction position occurs when the object vibration direc-
tions «'and y' are parallel to the transmission direction of pola-
rizer and analyzer (Fig. 52, 53).

Fig. 53illustratesthe cause of extinction: the light coming from
the polarizer P vibrates parallel to one of the two vibration
directionsoftheobject. e.g. parallel ;. The second ray normal-
ly produced in birefringence (in the example «') cannot deve-

lop.

Fig. 52:
Normal positions {left} and diagonal positions {right) of a birefringent cbject at
slage rotation through 360° (straight extinction).

180°
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After leaving the object the ray with its unchanged vibration di-
rection ' (= vibration direction of the polarizer) perpendicu-
larly meets the transmission direction of the analyzer A. Rota-
tion in its transmission direction is not possible (cf. parallelo-
gram of forces) ; the object remains dark. After a90°rotation of
the object, i.e. in the next extinction position, only the ray with
the vibration direction «' is produced in the object. This, oo, is
blocked by the analyzer.

If the vibration directions and morphological characteristics of
the object, e. g. crystal edges, are parallel (Figs. 52, 53) there is
straight extinction (oblique extinclion see Fig. 62).

Fig. 53:
Extinction of a birefringent object in nermal position.
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Diagonal positions and interference colors

The four object positions of maximum intensily are called
diagonal positions (Fig. 52, right). They occur after arotation of
exactly 45° from the normal positions. Lightening of the image
is explained in Figs. 54-56.

Alight ray comingfromthe polarizer (Fig. 54 P} is split in the ob-
jectinto the two rays of vibration directions ¢’ and " Bothrays
have the same intensity.

Both rays have the same frequency, and are in phase. The
maxima A-A* B-B* C-C* D-D* E-E* arealwaysreached simul-
taneously.

Since both rays have different velocities of propagation{differ-
ent refractive indices n«/, ny’) a retardation results,

If, for instance, the slower ray »’just leaves the object in point
F*thefasterray «’ has already reached point F. The retardation
F-F* is called phase difference and designated with the Greek
capital Gamma (I") (cf. pp. 11, 12). The phase difference I'is a
function both of the thickness d of the object and of the differ-
enceinvelocity, i.e. of the birefringence 4n". It can be calculat-
ed according to the following simple formula:

r=d- an

Example:
A sheet of quartz cut parallel lo \he optical axis has the specific biretringence
{p. 13) An = 0.009. Let its thickness d be 66#m = 66000nm.

I’ = 0.009 x 66000 = 594nm.

Fig. 54:

Diagonal position of a birefringent object:

Aphasedifference I'(in theillustration I"=1/)iscaused by aditferantial rate of
propagation of both rays.
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in practice phase differences are stated almost exclusively in
nanometres today {Inm = 1 millionth mm, cf. Fig. 2).

In the explanation and interpretation of polarized-light pheno-
mena, phase differences, onthe other hand, are preferably ex-
pressed in wavelength units, e. g. /4. Depending on the wave-
length the same (metric) phase difference can represent vari-
ous phase displacements.

Example: Phase difference I' = 600nm.

(wavelength) Phase displacement

violet (7 = 400nm) 800 312;
orange (i — 600nm) 600 N
infra-red (% = 900nm) 600 2{3;

After they leave the birefringent object, both waves initially
continue to vibrate in the two planes** differing by 20° The
phase difference produced in the objectis preserved (Fig. 54).
Only by the analyzer (Fig. 55) are both phase-displaced waves
deflected into the transmission direction of the analyzer: the
deflection can be illustrated by vectorial representation
{parallelogram of vectors). This produces the two resultant
waves {(broken lines).

** In many handbooks phase-displaced waves and those polarized vertically
to ane another are represented in the form of their resultants as elliptically or
circularly polarized vibration (Fig. 4, 5}. Interference phenomena in this bro-
chure are explained cnly with the aid of the two original vibrations. The spatial
splitting-up of the two rays is generally extremely small, and absent in special
cases. Both waves were therefare represented with a joint axis.
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Fig. 55:
Interference between the part-rays caused by birefringencein the analyzer at
a phase difference of I'= /2. The amplitudes of the 2 part-raysadd up (in the
interest of clarity the perspective has been rotated through 80° compared with
Fig. 54).




Since both waves now vibrate in the same plane, their
merging, i.e. interference, is possible.

Depending on the phase difference the merged wave displays
differential intensity:

n+l
2

Both waves vibrate in phase (Fig. 8) and are additive: the

resultant wave has the maximum possible intensity.

A

A. Phase difference: /2, %,...

B. Phase difference 0, 4, 2/... nk
Both waves, having reached the analyzer, vibrate in oppo-
site directions, so that their amplitudes cancel each other:
the object remains dark even in the diagonal position, pro-
vided the light is strictly monochromatic (Figs. 56, 6b).

C In the general case, i.e. when the phase difference is
neither a whole nor half a wavelength or a multiple thereof,
the intensity will be less than maximum (Fig. 6c}.

Intensity as a funtion of phase difference can be particularly
clearly observed on a wedge-shaped object. The quartz
wedge available with polarizing microscopes is inserted inthe
tube slot and observed with the BERTRAND lens turned into
the beam. It can also be placed on the object stage and viewed
at the lowest power.

In monochromatic light (use of interference filters p. 21) dark
and bright parallel fringes occur in the diagonal position (Fig.
57}). The dark fringes correspond to phase differences of

0, 4, 24, 37, 47
Bright fringes, on the other hand, occur on all object thick-
nesses of the following phase differences:

. - - - +1 -
i, ¥aj, 52i, Th), —

I8
2

Fig. 56:

interferance ofthe parf-rays caused by birefringencein the analyzer ataphase
difference of 0, 7, and 24:

Both part-rays cancel each other out (cl. Fig. 6).

In the interest of clarity, the vibration directions have been rotated through 90°
with reference to Fig. 54,
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For blue light (X = 450nm; Fig. 57a) the dark fringes therefore
correspond to phase differences of:

0, 450, 900, 1350, 1800nm,
the light fringes to phase differences of

225, 675,1125,1575nm.
For light of longer wavelengths e.g. green and red light (Fig.
57b) the distance between the bright and dark fringes in-
creases.
Forredlight (£ = 700nm) the dark fringes occur at phase diffe-
rences of
0, 700, 1400, 2100nm,
and the light fringes at phase differences of
350, 1050, 1750nm.

In iflumination with white light these effects become superim-
posed: different colors {= wavelengths) are extinguished in
different thicknesses of the quartz wedge, whereas in the
same areas different wavelengths are found to have fuil or re-
duced intensity. These different mixtures result in an observ-
able sequence of the interference colors (Table lil) on the
quartz wedge. The same color sequence occurs in almost all
birefringent objects. Only with some substances of high
dispersion of birefringence {p. 59) can abnormal interference
colors ba observed.

Interference colours are classified in orders. The wavelength
551nm, which represents the region of the solar spectrum
which appears visually brightest, has been chosen as meas-
uring unit. Colors of the first order correspond to phase diffe-
rences from 0 to 551nm, colors of the second order to those
from 551-1102nm etc. With a little practice it is possible to es-
timate the magnitude of a phase difference with the aid of the
interference color. With increasing orders the interference
colors become paler, gradually approximating a white hue, the
higher-order white. Variable compensators (p. 65) are used for
the precision measurement of phase differences.

Fig. 57:
Birefringent, wedge-shaped object {quariz wedge) betwean cr
zars, in the diagonal position)

a-c in monochromatic light:
Dark fringes ocecur at phase differences of 0, 4, 24, 34, 41,
Brightrays, ontheotherhand, will be seenwith phase diferencesaf
With the increase of the wavelength, i.e. from biue to red, the s
tween Lhe fringes also increases.

d in white light;
Sincedark and bright fringes of lhe various wavelengths occur in
fions (lhicknesses) of the object, characteristic coloureffects, th
colors, are produced by super-imposition. : .

blue light
£ = 450nm

green light
4 = B50nm

red light
4 = 700nm

white light
4 = 380...780nm




For blue light (4 = 450nm:; Fig. 57a) the dark fringes therefore
correspond to phase differences of:

0, 450, 900, 1350, 1800nm,
the light fringes to phase differences of

225, 675, 1125, 1575nm.
For light of longer wavelengths e.g. green and red light (Fig.
57b) the distance between the bright and dark fringes in-
creases.
For redlight {4 = 700nm) the dark fringes occur at phase diffe-
rences of
0, 700, 1400, 2100nm,
and the light fringes at phase differences of
350, 1050, 1750nm.

In illumination with white light these effects become superim-
posed: different colors (= wavelengths) are extinguished in
different thicknesses of the quartz wedge, whereas in the
same areas different wavelengths are found to have full or re-
duced intensity. These different mixtures result in an obsery-
able sequence of the interference colors (Table 1ll) on the
quartz wedge. The same color sequence occurs in almost all
birefringent objects. Only with some substances of high
dispersion of birefringence {(p. 59) can abnormal interference
colors be observed.

Interference colours are classified in orders. The wavelength
551nm, which representis the region of the solar spectrum
which appears visually brightest, has been chosen as meas-
uring unit. Colors of the first order correspond to phase diffe-
rences from 0 to 551nm, colors of the second order to those
from 551-1102nm etc. With a little practice it is possible to es-
timate the magnitude of a phase difference with the aid of the
interference color. With increasing orders the interference
colors become paler, gradually approximating a white hue, the
higher-order white. Variable compensators {p. 65) are used for
the precision measurement of phase differences.
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Fig. 57:
Birefringent, wedge-shaped object (quartz wedge) between crossed polari-
zers. in the diagonal position}

a—c in monochromatic light:

Dark fringes occur at phase differences of 0, 7, 24, 34. 4.

Brightrays, onthe otherhand, willbe seen with phase differences of /./2, %%, %,
With the increase of the wavelength, i.e. from blue lo red, the separation be-
tween the fringes also increases.

d in white light:

Sincedarkand bright fringes of the various wavelengths occurin different por-
tions (thicknesses) ofthe object, characteristic colour effects, the interference
colors. are produced by super-imposition. :

blue light
A = 450nm

green light
7 = 550nm

red light
4 = 700nm

white fight
;. = 380...780nm




The complementary colors occur between parallel polarizers.
Investigation between parallel polarizers, however, is not nor-
mal practice.

Aperture diaphragm and interference colors

The interference colors (the phase differences) are a function
both of the thickness of the layer traversed, and of the birefrin-
gence An. Since different layer thicknesses are passedas well
as directions of different birefringence in a wide cone of illumi-
nation (large condenser and objective aperture), a super-
imposition of different phase difference may occur in the
same area of the object. This results in strikingly pale interfer-
ence colors. This effect ¢can be eliminated by stopping down
ihe condenser aperture diaphragm.

Dispersion of birefringence

The dependence of the refractive index on the wavelength is
called dispersion. Birefringence, too, depends on the wave-
length: dispersion of birefringence.

Abnormal interference colors occur in objects of high disper-
sion of birefringence such as topaz. The measurement of
phase differences with the aid of compensators with compen-
sator plates of normal dispersion will then frequently be no
longer possible.

Table il

Interference colors from 0 to 44 (Qrders)

200

1st Order

400

|

600

800

2nd Order

1000

1200

|
Phase difference

14C0

3rd Order

1600

800

2000

(i1}

«— 4th Order |

Black
Lavender grey
Grey-blue

Yellowish-white
Vivid yellow

Red-orange
Deep red
Indigo

Sky blue
Greenish blue

Light green
Pure yellow

Orange red

Dark violet red
Indigo

Greenish yellow
Sea green

Greenish yellow
Flesh colour
Crimson

Matt purple
Grey-blue
Bluish-green

Light greenish grey

Whitish-grey
Flesh red

59



Addition and subtraction of phase differences

The phase differences of superimposed objects can be addi-
tive or subtractive depending, how the vibration directions of
the objects are mutually orientated.

Case of addition

Example:

A birefringent object in diagonal pesition displays the interfer-
ence color yellow 1, the phase difference is therefore about
400nm (table ). After the object has been divided both halves
are superimposed with retention of their azimuthal orientation
(Figs. 58a, 59a): superimposed areas of the object now show
the interference color green (2nd order), corresponding to a
phase difference of about 800nm {Table ill}. Duplication of the
object thickness also duplicates the phase difference: addi-
tion of the phase differences.

Case of subtraction

Ifone of the two halves of the objectisrotatedio the left or right
through 90°, the superimposed cobject areas become extin-
guished (Figs. 58b, 59b): rays which in the lower objects are
initially slower {y), become the fasterrays (2 inthe upperob-
jectandvice versa, since the vibration directions of the slower
andfaster rays in both chjects are crientated verticallyto each
other.

The orientation where the vibration directions «' and y' are
aligned is called the addition position; the crossed orientation
is called the subtraction position.

If the phase differences of 2superimposed objects are exactly
the same, the subtraction case is als¢ called compensation,
and the phase difference is zero.
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Fig. 58:

Addition and subtraction as seen in lhe microscope (cf. Fig. 59). This experi-
ment can be simplest carried out with two lenglhs of a transparent piece of
adhesive tape.

Fig. 59:

Addilion (left) and subfracticn {right) of phase differences at parallel and
crossed super-imposition respectively of birefringent objects, diagrammalic
representation.




Fig. 80:
Diagrammatic representation of addition (a and b) and subtraction (c and d).
For simplicity, only the vibration directions y and ;" are represented.

Compensators

Determination of the vibration directions

Addition and subtraction cases are used in polarized-light
work to determine the vibration directions of the slow (;) and
fast ray («") of birefringent objects {(cf. p. 74). In photo-elastic-
ity, strain {= y") and stress directions (=« ') can be determined.
Fixed and variable compensators (Figs. 61, 62) are used asre-
ference objects (auxiliary objects) with known orientation of 3
and «. The compensators are introducedin the diagonal in the
tube slotof the microscope. The vibration direction of the slow
ray y is engraved on the compensators. The following com-
pensators are used on polarizing microscopes:

Fixed compensators
1. A/4-plate (Fig. 61a)

The i/s-plate has a phase difference of about140nm;it thus
produces 1st-order gray. In earlier literature, the i/4-plateis
called a mica plate because the compensator plate is
usually made of mica.

2. i-plate (Fig. 61b)

The phase difference of the i-plate is about 550nm and
therefore produces the interference color 1st-order red. In
older literature the A-platte is usually called a gypsum plate.
On addition and subtraction of small phase differences the
interference color changes towards blue or yellow respec-
tively.
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Variable compensators
3. i-plate in sub-parallel position (Fig. 61c)

In this auxiliary specimen the compensator plate can be
slightly rotated from the normal position during observa-
tion. Color change towards yellow or blue makes it possible
to see even very small phase differences of a few nm, for
instance of strained glasses and above all of biological ob-
jects. The object vibration directions «' and 5’ can be deter-
mined as with the ordinary /-plate (see below).

4. Quartz wedge (Fig. 61d)

The quartz wedge produces the interference colors up to
the 4th order (Fig. 57). By adjustment of the wedge in the
iube slot of the microscope phase differences of 0-44 can
be set (cf. p. 57).

Practical operation with the polarizing microscope

The objectis moved from the extinction position (Fig. 62b) into
the diagonal position (Fig. 61c) by accurate stage rotation
through 45° to the right or left. The two vibration directions in
the object willthen run NE-SW as well as NW-SE. Theaccurate
rotation through 45° is made easier with the aid of the degree
graduation and verniers or 45° clickstops.

The interference color of the object is noted, for instance 2nd
order indigo {phase difference about 600nm, Table IV). The
A-plateis inserted in the tube slot and the interference color of
the object again observed: in the example the object shows
the interference color 3rd order indigo in the addition case
(Fig. 62d).

Result (Table IV): the vibration direction »* of the object is
parallel to the vibration direction /4 engraved on the compen-
sator.

In the subtraction case the interference colour gray (Table IV)
is produced: the vibration direction 4* of the object is perpen-
dicular to the engraved vibration direction 4 of the compensa-
tor (Fig. 62e).
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In case of doubt, other compensators can be inserted in the
tube slot to confirm the result. In the above-mentioned
example, use of the i/a plate produces the interference color
1st order red-orange (Table |V, Fig. 62f) inthe subtraction case,
and the interference color 2nd order green (Table IV, Fig. 62g)
in the addition case.

Fig. 61:

Compensators for orienlating investigations

a il4-plate {mica plate)

b i-plate (gypsum plate, also called 1st order red)

¢ i-plale in subparallel position

d Quartz wedge 0-4 :

e Dust slide (must always be inserted in the lube slot when no compensators

are used).

Quarzhel
1-4.0rd,

| Py
o]
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Further examples:

Color of [nm]

oblect

Addition
i il A

Subtraction

a4

Yellowish- 270

white

bright-
green

yellowish-
white

vivid
yellow

gray-blue

Lavender-gray 100

sky blue

red-
orange

white

black-gray

Higher-order =5000

white

>

200+

15t order

A00-

I

14

Black
Lavender gray

Gray blue

Yellowish-white
Vivid yellow

Red-orange <4
Deep red -

693

800

2nd QOrder

10CoF

12600

l
Phase difference

(Bt el g

3rd QOrder

', na|go‘,
Sky blue +
Greenish blue J
Light green
Pure yellow

Pt e

Crange red

Dark violet red
Indigo

Greenish blue
Sea green

Greenish vellow

Flesh color
Crimson

Matt purple

Table |V:

Color changes of a birefringent object (indigo 2) with addition and subtraction

of compensators (i and 2/s).

Determination possible only with quartz
wedge, or tilting compensators

Fig. 62:
Determination of the vibration directions and the angle of extinction.



Angle of extinction

In many birefringent objects morphological charateristics,
such as crystal edges, cleavage cracks, twinning planes, etc.
are parallel or perpendicular to the vibration directions. In the
extinction (normal) position these morphological characteris-
tics are therefore parallel or perpendicular to the transmission
directions of the polarizer. This is called straight extinction (Fig.
52). Anexample of this is a birefringent man-made fiber which
in the extinction position is orientated precisely North-South
or East-West.

In many crystals the vibration directions are not parallel to the
morphology, so that in the extinction position these form an
acute angle with the tfransmission direction of the polarizers.
This angle is called the extinction angle or obliquity of extinc-
tion. For precision measurement the angle graduation and
verniers on the microscope, the crosslines of the eyepiece,
and compensators are used as follows:

The eyepiece is clamped so that the crosslines are orientated
North-South and East-West, indicating precisely thetransmis-
sion directions of the polarizers. The morphological characte-
ristic {e.g. the longitudinal edge of a crystal, Fig. 62a) to be
measured is lined up exactly parallel to the North-South line of
the crosslines and the angle «z; obtained from the vernier
scales.

The object is rotated exactly into the extinction position (Fig.
62b) and the angle «; is noted.

The difference between the two angles 6 =« — a1(or of the
complementary angles 90° -4 ) produces the angle of extinc-
tion. In most cases this angle should be referred to the vibra-
tion directions «' or . These vibration directions must there-
fore be determined according to Fig. 62d-g with the aid of a
compensator. To avoid errors it is recommended to make a
rough sketch of the object investigated and to rotate is syn-
chronously with the object stage.

Use: identification of minerals and chemical compounds.
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Phase difference measurements

The phase difference I, of an object is determined by the
thickness d of the object and the birefringence An’,
Fo=d-An' [nm]

When the object thickness d is known the phase difference I,
can be estimated with sufficient experience and the birefrin-
gence An’ approximately determined:

r_ FO
A =-Lo
d

Since the estimation of the color is very inaccurate and no
longer possible at high phase differences (higher-order
white), variable calibrated compensators are employed.
Depending of the phase difference (Fig. 65) of the objects to
be measured, one of the following compensators is used:

Tilting compensators (Fig. 63a)

Titing compensators contain a birefringent crystal plate
which can be tilted. The tilting axis is parallel to the tube slot;
the tilting angle i can be read off a coarse and a fine scale.
The birefringent crystal plate, the so-called compensator
plate, is cut perpendicular to the crystal axis. In the O position
of the compensator the crystal axis is parallel to the micro-
scope axis: the compensator does not produce a phase differ-
ence.

When the compensator plate is tilted both the birefringence
An' {cf. Fig. 11) and thickness of the radiated layer increase, so
thatany phasedifference canbe adjusted continuously from 0
to the stated maximum measuring range (Fig. 65).

For measurement the object is moved precisely into the dia-
gonal position (Fig. 64a), the compensator inserted in the tube
slot and adjusted until the object area to be measuredisin the
maximum extinction position (Fig. 64b, c). Compensation is
possible only if compensator and object are in the subtraction
position.



To increase the accuracy of measurement the compensator

plate is tilted in both directions and the sum of the two tilting

anglesi’and i” = 2t used for the calculation of the phase differ-

ence. The measuring accuracy can be further increased by.

a) the setting of the compensation positions in monochro-
matic light (interference filter),

b) taking of the mean of several measurements.

Depending on the required measuring range {Fig. 65) the fol-
lowing compensators are available:

1. Tilting compensator B (Berek) with magnesium fluoride
(MgF,) for maximum phase differences of 2800nm. The spe-
cial advantage of the tilting compensator B is that the phase
difference can be directly obtained from a table.

Main use: mineralogical and petrographic objects, thin fibers
and plactic foils.

2. Tilting compensator K, measuring range up to about
10 orders, main use: man-made fibers and plastics.

3. Tilting compensator K, measuring range up to about
30orders. Main use: thick man-made fibers, plastics, and crys-
tals.

Both versions of the tilting compensator K are equipped with
calcite compensator plates. For evaluation, a {abulated value
depending on the sum of the compensating angles 2i and a
given calibration constant are added. The phase difference
can be direclly obtained from a second table.

4. The EHRINGHAUS tilting compensator E contains 2 quariz
or calcite plates of exactly the same thickness, cemented
together in subtraction position and cut parallel to the crystal
axis. The measuring range is 204. As for the tilting compensa-
tor B, the phase difference can be obtained directly from the
tables.

Fig. 83:

Compensators for phase difference measurements

a) BRACE-KOHLER compensalor

b) SENARMONT compensator {:/4-plate in sub parallel pasition)
c) Tilting compensator

GERMANY

1587

-
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Fig. 64:

Phase diflerence measurement of aman-made fiber with titing compensators
a) Fiber in the diagonal position {compensator removed or in the O position).
b} Compensation set for the center of the fiber (tilting compensator B),

c} Compensation on the same fiber, but with tilting compensator K.

Through difterential orientation of the axis of tilt to the vibratien direction , of
the 2 compensators, parallel (b) or hyperboloid (¢) interference fringes are
produced.
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Fig. 65:

Measuring ranges {left) and approximate accuracy (right) ofthe Leitzcompen-
sators. The measuring accuracy of the tilting compensater E is between those
of the compensators for 107 and 304,

BK BRACE-KOHLER compensator wilh #/30, 7/20, ;10 plates

S SENARMONT compensator (546 and 589nm)

B  Tilting compensator B

K10 Tilting compensator K for up to 104

K30 Tilting compensator K for up to 30%

Measuringrange Accuracy
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Rotary compensators

1. Elliptical compensator according to SENARMONT (Fig. 63b)
(//4-plate in sub-parallel position).

The SENARMONT compensator is equipped with a compen-
sator plate, which can be rotated around the microscope axis,
of i/sphasedifference. The i/s-plate is adjusted exactly inthe
extinction (normal) position by means of a centering key. Re-
adjustment is generally required only when the microscope is
changed. The object, on the other hand, is oriented in exactly
the diagonal position (y': SW-NE). Compensation is obtained
by rotation of the analyzer (Fig. 66).



The phase difference is calculated according to the following
formula:

_ analyzer rotating anglefl - wavelength ;.
B 180

r

{nm)

Normally this compensator is used for the measurement of
phase differences of up to 1 order (14). Higher phase diffe-
rences, however, can also be measured. To begin with, the
measurementwill not producethe entire phase difference, but
only the value exceeding a whole wavelength or a multiple
thereof, Whole wavelengths must be determined by means of
the interference color or with a tilting compensator. Accuracy
is higher than with the tilting compensator alone.

The measurement must be carried out in monochromatic light
(4 = 546nm; use interference filter),

Most important uses: biclogical objects, strain birefringence,
non-stretched fibers.

2. BRACE-KOHLER elliptical compensator (Fig. 63c).

This rotating compensator consists of a compensator plate
which can be rotated round the microscope axis through
about 45°and has a small phase difference. Its normal position
corresponds to the O position of the compensator.

For measurement the objectis broughtinto arandom diagonal
position. The compensator is inseried in the tube slot and the
compensator plate rotated by means of the setting drum until
compensation occurs, The measurement ¢can be carried out
with white or with monochromatic light.

The compensator is available for the maximum measuring
range //1w. The phase difference is calculated as follows from

the rotating angle S and the given calibrating constant Ie:
Fo = Fc “sin28§

Most important uses: biclogical objects, glasses of low strain
birefringence.

Fig. 66:

Compensation process on a plane-parallel object (plastic foil) with SENAR-
MONT elliplical compensator. Compensation has been achieved at a 112.2°
angle of rotation.
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Analyzer rotation 90°
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Analyzer rotation 567

Compensation at 112.2°

67



Circular polarization

Birefringent objects display the well-known extinction effect
{normal position p. 53) between crossed polarizers after 90°
rotation. Especially with low-power observation, a number of
birefringent cbjects of different orientation are usually in the
extinction position, others are in the diagonal position,
whereas the majority cccupy intermediate orientations. For
the simultaneous observation of all objects in their interfer-
ence colors circular polarization is used. This is particularly
widespread in photo-elastic investigations, since strain-free
(isotropic) zones can be instantly distinguished from zones of
strain without rotation of the object (Fig. 38d). During cbserva-
tion of mixtures of minerals isotropic granules and crystals cut
vertically in an axis can be immediately identified. In conosco-
py {p. 69), too, circular pelarization can be used to advantage.
There the crystal axes appear as dark points (Figs. 71f and
74h}.

To produce circular polarization, the A/s+-plate (Fig. 61b) is in-
sertedinthe tube slot, and an additional i/4plate (Fig.87)inthe
slot of the pol-condenser in the crossed position.

Reference:

MEDENBACH., K.: Uber die Untersuchung von griBeren Objekten im linear-
und zirkufarpolarisierten Licht am QRTHOPLAN POL.

Leitz-Mitteilungen fir Wissenschaft und Technik ¥ (3-4), 81-84, 1970,

Fig. 67:

it4-plate for circular polarization forinserion in lhe slot of the 702 condensers
(Fig. 24-5).

The i/s-plate can also be inserted in conjunction with the palarizing device
(Fig. 17) for the determination of vibration directions.

Fig. 68:
Vibralion direclions of circular polarizalion
P Polarizer A Analyzer

71Lower i/a-plate (condenser)
72Upper i/1-plate (lube slol

L




Conoscopy

Conoscopy differs from orthoscopy (p. 51) in that an interfer-
ence figure (Fig. 69) is observed instead of a magnified image
of the object. Number and angles of axes and optical charac-
teristics can be determined (Figs. 71-74) from the shape of the
interference figure and its modification by compensators.

In orthoscopy itis a matter of chance whether a crystal axis or
the direction of maximum birefringence coincides with the ob-
servation direction. Axial angle and optical characteristics
cannot be directly determined orthoscopically.

It is therefore obvious that the specimen should be tilted for
these measurements for observation of its anisotropic beha-
viour in as many different directions as possible. This method
is carried out with the universal rotating stage (Figs. 76), but for
routine investigations the instrumentation is rather elaborate.

Uniaxial crystals

A simpler method of judging the polarized-light behaviour
simultaneously in different directions is conoscopy, also
known as indirect observation, observation in the divergent,
convergent beam and observation of interference figures.
The conoscopy of crystal fragments several mm thick is pos-
sible without the microscope as follows:

A piece of birefringent crystal is clamped between iwo
crossed filter polarizers and held in front of the eye at a dis-
tance from1to 2cm (Fig. 69). Depending on the type of crystal
andthedirection of its axes typical interference figures are ob-
served. These differ completely from the external shape and
colour of the crystal.

The observation is interpreted as follows: the eye receives
light rays from the most varied directions (Fig. 62). These light
rays, too, pass through the crystal and the two crossed polari-
zers at the most varied angles.

All parallel rays o, which are vertically incident on the crystal,
are combined at point 0 (= focal point of the lens of the eye) on
the retina, irrespective of whether they have passed through
the margin or the cenire of the crystal.

Ali rays coming from the directions 1, 2, ..., are combined in
poinis 1, 2, ... on the retina.

During the observation of a uniaxial crystal whose axis points
in direction O (so called axial section, i.e. section perpendicular
to the crystal axis) the interference figure shown in Fig. 69 F is
produced. It consists of a dark, blurred cross and concentric
fringes of the same color sequence as with the quartz wedge
(Table 1.
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Formation of the concentric fringes

No rays from the direction 0 (= direction of the crystal axisg)
suffer birefringence, because they proceed in the direction of
the crystal axis. Extinction is therefore observed at point O:in-
tersection of the cross.

The rays 1, 2... incident obliquely to the crystal axis suffer bi-
refringence. With increasing angle of incidence both the bi-
refringence and the path lengths traversed increase. This pro-
duces continuously increasing phase differences which
cause the concentric sequence of the interference colors be-
ginning in the centre of the cross.

The higher the maximum birefringence or the thickness of the
object, the more closely spaced are the colors (Fig. 71). In
monochromatic light, there is a sequence of alternatively
bright {phase difference i/2,3%24, %24 ...} and dark (phase diffe-
rences 0, 4, 24, 32) fringes, the so-called isochromes are pro-
duced.
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Fig. 69.

Preduction of an interference figure during observation of a large crystal plate

(between crossed polarizers) from a shor distance

0, 1, 2 different directions of the passage of rays through the crystal and
co-ordinaled points of the interference figure {0 = crystal axis)

F visible interference figure

R retina

L lens of the eye

A analyzer

C crysial plate

P polarizer

| direction-derived distribution of the refractive indices in the uniaxial crystal
plate {ct. Fig. 11)




Formation of the interference cross

In conoscopy the obiect is irradiated with a cone of illumina-
tion of as wide an angle as possible. The interpretation of the
indicatrix (Fig. 13) shows that with changing angles of in-
cidence and azimuths of the light rays, the azimuths of the ob-
ject vibration directions, too, must change (Fig. 72a):

With uniaxial crystals the extraordinary rays vibrate in planes
which include the crystal axis. These radial planes are also
called principle sections.

The ordinary rays, however, vibrate perpendicularly to the ex-
tracrdinary rays, that means “tangentially” to the interference
fringes (Fig.72a, b).

Areas in the interference figure of vibration directions parallel
to the polarizers, i.e. North-South and East-West, therefore
undergo extinction, producing the interference figure of a
Cross.

This figure is also called isogyre (= sites of identical vibration
directions).

The interference cross disappears in circularly polarized light.
The direction of the optical axis is represented by a dark point
surrounded by concentric interference fringes (Fig. 71f).

Fig. 70:

Observation of an interference figure in the upper focal plane of an objective

ol large aperture.

1) Eye

2) Eyepiece

3y BERTRAND lens

4) Analyzer

5) Focal plane (pupil) of the objective with interference figure of the uniaxial
crystal

6) Objective of large aperiure

7) Uniaxial crystal, crystal axis paralle! to the microscope axis

8. Condenser of large aperture (lhe polarizer has been omitted). The inter-
ference ligure can be observed even when BERTRAND lens and eyepiece
are removed; it will, however, be relatively small then.
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Conoscopy with the polarizing microscope

When birefringent objects are set up in any polarizing micros-
cope, interference figures are produced according to the
same previously described principle. The rays passing
through the object in various directions at larger apertures
produce the interference figure in the upper focal plane of the
objective. This plane is as a rule situated within the objective
mount, i.e. below the connecting screw thread. The interfer-
ence figure can be observed there with the unaided eye after
removal of the eyepiece from the tube (Fig. 70).

Fig. 71:

Interference figures of uniaxial structures of various orientation, thicknesses.

and birefringence in monochramatic light

a-h Sections perpendicular to the crystal axis:

a Crystal of small thickness and/or birefringence. A similar interference
figure would be observed also with the the objects b-d, if objectives of
smaller aperture were used.

b-d Crystals of increasing thickness and/or birefringence

e Determination of the optical sign {in the example uniaxial negative)
with a i/+-plate:

The concentric inlerterence fringes are displaced inwards in the second
and fourth quadrant, and outwards in the first and third quadrant

f Observation of a crystal cut verlically to the crystal axis in circularly
polarized light {cl. Fig. 68).

g Optically aclive crystal (quartz, cut perpendicular to the crystal axis).

h  AIRY spiral of a quarlz twin, thickness about 4mm (set of specimens for
the polarizing attachment for 35mm projectors}

i,j Crystal axis inclined about 45° to the plane of the seclion

k  Crystal axis inclined about 70° to the plane of the section

| Crystal axis parallel to the plane of the section.




The conditions permitting the observation of an interference
figure are:

a. Object of suitable orientation and size

In uniaxial structures the section planes perpendicular to the
crystal axis (so-called axial sections) are particularly suitable.
Onrthoscopically they can be recognized in that the intensity of
the grain does not change as the object stage is rotated. In
larger condenser and objective apertures these grains, unlike
isotropic areas of the specimen, become somewhat paler.

If the grains are too small, a disturbance of the interference
figure may occur owing to neighboring grains unless these
have been masked by optical means (see below).

b. Large condenser aperture

This is established when the condenser is in its topmost posi-
tion below the object stage, the front lens of the condenser is
turned into the beam, and the aperture diaphragm is fully
open.

¢. Large objeclive aperture

This is established by the use of high objective magnifications.
The FI63/0.85Pisthe standard objective. lis angle of observa-
tion is about 64¢ For teaching purposes, the P 40/0.65 objec-
tive (angle of field 459 is adequate with selected specimens.
For a conoscopic angle of field of 120° the P Oil 100/1.30 and
NPI Oil 100/1.30 P objectives are used. Here, the normal con-
denser top (N. A.0.85) must be replaced by the condenser top
No. 004 P Oil 1.33 for conoscopy, since the condenser and ob-
jective aperture should be approximately the same. The ren-
dering of the small, bright interference figures recognizable
with the unaided eye is improved if a pinhole stop (dioptre) is
pushed on to the eyepiece tube.

This method is usually adequate when binocular tubes are
used for occasional conoscopy on students’ and laboratory
microscopes. Instead of the pinhole stop, the focusing tele-
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scope, as required, for instance for phase contrast, can bein-
serted in the eyepiece tube.

A magnified interference figure will be seen if the upper focal
plane of the objective is observed in an “auxiliary microscope”.
For this purpose a simple lens is swung into the tube. This auxi-
liary lens{(Fig. 70.3), known as aBERTRAND lens (or AMICllens
or AMICI-BERTRAND-lens), takes over the function of a low-
power objective. The eyepiece (Fig. 70.2) remains in the tube
and produces a secondary magnification of the interference
figure projected into the intermediate-image plane by the
BERTRAND lens.

For frequent conoscopic work, tubes with a swing-out
BERTRAND lens can be attached to all Leitz polarizing micro-
scopes. They also contain a hinged additional stop, to mask
disturbing penomena caused by areas of the specimen close
to very small crystals.

The ORTHOLUX 2 POL BK and ORTHOPLAN POL research
microscopes have a supplementary lens (Fig. 45-17) for the
isolation of particularly small grains (>6um). In research
microscopes the BERTRAND lens can be focused and
centered, in students’ and taboratory microscopesit is adjust-
ed in the factory so that when objectives provided for cono-
scopy are used the interference figure appears at its optimum
adjustment.

74

Determination of the optical sign of uniaxial crystals

The radial and axial crientation of the vibration directions of a
crystal observed at large apertures is illustrated in Fig. 72a.
The extraordinary rays always vibrate radially and all ordinary
rays tangentially to the optical axis.

The optical sign {p. 13) is defined as follows:

Positive ne>n,

Negative ne<ng

With positive birefringence it is therefore the radially vibrating
ray which has the higher refractive index, whereas with nega-
tive birefringence it is the tangentially vibrating ray (Fig. 72a).
By the insertion of a compensator (;': SW - NE) the vibration
directions of ne and n, can be determined as in orthoscopy.

With uniaxial positive crystals addition occurs in the first and
third quadrant, but with uniaxial negative crystals in the
second and fourth quadrant {Fig. 72b, c).

The following features appear when the various compensa-
tors are used:

J-plate

The vertices of the quadrants of addition appear blue, those of
the quadrants of subtraction yellow {Fig. 72c¢).

a-plate

The vertices of the quadrants of subtraction appear black {Fig.
72h).



Fig. 72:

Determination of the optical sign of uniaxial structures.

Lefl: Positively uniaxial crystal, cut perpendicular ta the crystal axis.

Right: Negatively uniaxial crystal, cut perpendicular to the crystal axis.

a) Representation of the vibration directions in the object andin the compen-
sator

b) Change of the interference figure when a ;/+-plate is used

c) Change in the interference figure when a ;-plate is used.

Variable compensators (quartz wedge or tilting compensa-
tor)

For addition the interference fringes move inwards towards
the center of the cross, for subtraction outwards (Fig. 72b, c).

Sections cut obliquely to the crystal axis

Depending on the inclination of the crystal axis and the avail-
able apertures the center of the interference figure may lie in-
side or outside the observable area (Fig. 71i, j, k). Determina-
tion of the optical sign is possible even when the center of the
cross can no longer be observed.

Sections cut parallel to the crystal axis

The interference figures resemble optical normal sections of
biaxial crystals. The interference figures can be observed par-
ticularly well in monochromatic light (Fig. 71.1). Determination
of the optical sigh may not be possible. The distinction be-
tweeninterference figures of biaxial structures is very difficult.

Conoscopy is used not only for the identification of minerals

but also in industrial practice, for instance to orient industrial
crystals (sapphires for bearing jewels, oscillator crystals).
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Biaxial crystals

Biaxial crystals have two axes, i. e. directions, of isotropic be-
haviour. The angle between these two axes is called the axial
angle 2V {cf. p. 16). It is specific for most optically biaxial
crystals and can therefore be used for identification.

Sections cut perpendicular to an optical axis

Biaxial structures with a section perpendicular to one of the
two axes, like axial sections of uniaxial crystals, exhibit no in-
tensity changes in the parallel beam (orthoscopy) during rota-
tion of the object stage. Distinction between uniaxial and bi-
axial crystals is possible only in the conoscopic beam.

Instead of the symmetrical ¢ross of uniaxial ¢crystals, oniy a
single bar is observed with axial sections of biaxial ¢crystals
(Fig. 73, 74). Whereas in uniaxial crystals circular interference
fringes or color fringes (isochromes) oceur, here, figure-8-like
fringes of the same phase difference are found {Fig. 74). When
the object stage is rotated the bar rotates in the opposite
direction. That portion of the interference figure which always
remains dark during rotation corresponds to the crystal axis.
Thecurvature of the barwhich occursduringrotation depends
on the axial angle (Fig. 73). With very acute axial angles and
high observationapertures the second axis may also appearin
the image (Fig. 74).
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Fig. 73:

Biaxial crystals: section perpendicuiar to one axis.

Relation between axial angle and curvature of the isogyre (diagrammatic
representation, individually the curvature also depends to some extenton the

objective aperture used),

Fig. 74:

Interference figures of optically biaxial crystals:
a-j Sections cut perpendicular to the acute bisectrix

a) Axial angle about 10°
Thin specimen
(or specimen of low
birefringence)

b} Axial angle aboul 10°
Thick specimen
{or specimen of high
birefringence)

c) Axial range about 30°
Axial plane sligthly inclined
to the microscope axis

d) Specimen as c.
Determination of the optical
sign (negative) through
introducticn of a i/4-plate
into the tube slot

e) Axial angle about 50°
Thin seclion or section of
low birefringence

i Axial angle about 50°
Specimen (slightly thicker
than &)

g

Specimen as f, but in normal
position

h) Specimen asfandgin

=
e

circularly polarized light.
The optical axes are indicated
by the two dark poinis

Axial angle about 50°

Thick specimen (normal
posilion)

Specimen as i, diagonal position
Axial angle wider than the
available microscope aperture
(2V about 707

Section cut perpendicular to the
oplical axis, axial angle about
40° very thick specimen (sugar)
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Sections cut perpendicular to a bisectrix

Sections perpendicular to the acute or obtuse bisectrix show,
exactly like uniaxial crystals of general sections positionin the
orthoscopic beam, alternate brightness (diagonal position)
and extinction (normal position) during rotation.

Sections perpendicular to the acute bisectrix {cf. p. 16) show
the cross-shaped interference figure illustrated in Figs. 74a-k
in the conoscopic beam. When the object is rotated, the two
bars open up into two hyperbolic arms. Areas whose intensity
remains unchanged during rotation denote the point of emer-
gence of the crystal axes. These areas are visible only when
the microscope aperture is larger than the acute axial angle.
The bars and hyperbolic arms are surrounded by figure-8 in-
terference fringes whose position rotates in the same direc-
tion as the stage rotation.

The distance between the points of emergence of the two
axes can be used to estimate the axial angle 2V (Fig. 74}. More
accurate determinations are possible with an eyepiece mi-
crometer (Fig. 40); it is calibrated with the aid of objects of
known axial angles. The most accurate measurements are
possible with universal rotating stages (Fig. 76).

In sections vertical to the obtuse bisectrix the points of emer-
gence of the axes are generally not recognizable since the
aperture of the microscope is not sufficient. Only if the obtuse
axial angle is slightly larger than 90° will interference figures
appear similar to sections vertical to the acute bisectrix {use
oil immersion objective).

Sections cut perpendicular to the optical normal.

In sections parallel to the axial plane (= section perpendicular
to the optical normal) the highestinterference colors occurin
the orthoscopic beam (p. 16). In the conoscopic beam a
blurred dark cross is observed in the normal position, opening
up into hyperbolic arms with slight rotation of the object. Inter-
ference fringes can be seen only in particularly suitable spe-
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cimens and at large microscope apertures. The interference
figure thus closely resembles section positions of uniaxial
crystals cut parallel to the crystal axis.

Determination of the optical sign of biaxial crystals

For the determination of the optical sign, sections are suitable
in which the angle bisector of the two crystal axes runs parallel
to the microscope axis (section perpendicular to the acute bi-
sectrix). In the conoscopic beam a dark cross is seen, which
opens up when the object stage is rotated into two hyperbolic
arms, the sc-called isogyres. The cross and the hyperbolic
arms are surrounded by colored interference fringes.

The optical sign can be determined according to Fig. 78 or the
rules mentioned below from the displacement direction of
these fringes when compensators are used.

Fig. 75:

Determinalion of the oplical
sign of uniaxial and biaxial
cryslals



Crystal systems, indicatrices and conoscopic figures
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The plane of symmetry of the isogyres (= axial plane) mustbe
perpendicular to the y-direction of the compensator

a) Biaxial positive structures

Theinterference fringes movefromthe convextothe concave
side of the isogyres.

b) Biaxial negative structures

The interference fringes movefromtheconcave to theconvex
side.

Usually the optical sign can be determined even when only
oneof the crystal axes points in the viewing direction of the ob-
server. In the parallel beam the brightness of specimens orien-
tated in this way does not change. In the conoscopic beam,
only one of the two isogyres will be visible here (Fig. 73).



Special methods of microscopy

Universal rotating stages

In orthoscopic and conoscopic observation the determination
of maximum birefringence and of axial angles is possible only
in certain viewing directions, which depend on the orientation
of the object. Universal rotating stages (UT) permit orthosco-
pic and conoscopic quantitative measurements in various
directions through tilting of the specimens through a maxi-
mum angle of about 45° In structural studies, universal rotat-
ing stages are also used for the statistical survey of the crystal
axes of certain minerals such as quartz.

The specimen is arranged between two glass segments with
the aid of immersion oil, and observed through special objec-
tives (UT objectives). Depending on the refractive indices of
the minerals investigated glass segments of various refractive
indices are available. For conoscopic work special segments
and objectives are required. The condenser is equipped with
UT condenser tops.

Fig. 76:
Universal rotating stage on the LABORLUX 12

F

[S 20 N S I S

ig. 77:

. Condenser holder with polarizer and drive (for LABORLUX 12 POL)
. Special UT and UTK condensers

. S8egment base

. Upper segment with parallel guide sledge

. Universal rotating stage
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Special uses of the BERTRAND lens

The focusing BERTRAND lens can be used not only for conos-
copic observation but also for other methods (cf. Table 1):

Adjustment of accessories

such as phase contrast, interference contrast, monochroma-
tors and microscope photometer.

Observations of the internal walls of fine bores and threads

Observationis carried out as in conoscopy with an objective of
larger aperture, such as EF 63/0.85P orNPLFLUOTAR 40/0.70
P in conjunction with the BERTRAND lens. The image can be
improved by the use of circularly polarized light (p.68) or
through illumination with a darkfield condenser and additional
incident-light illumination.

Low-power observation of large fields

A survey can be carried out of large object fields of up to about
34mm diameter on the ORTHOPLAN after removal of the
revolving nosepiece and insertion of the BERTRAND lens in
the beam. The reproduction ratio is slightly changed by the
vertical adjustment of the stage. Focusing is carried out with
the focusing BERTRAND lens, which acts as a weakly-reduc-
ing objective.

a2

Fig. 78:

Inner wall of a badly worn bearing of a pocket watch, phatographed with the
aid of a BERTRAND lens.

{CRTHOPLAN POL, objective Fl 63/0.85 P, LEITZ VARIO CRTHOMAT 2)




Microscopy in polarized incident light

Adetailed description of microscopy in polarized incident light
is outside the scope of this brochure. Microscopic examina-
tion is generally carried out in polarized light on non-transpa-
rent, i.e. opaque objects (p. 9) with often optically anisotropic
behaviour (reflecting power as a function of the polarization
direction) such as ore minerals, coal, ceramic products,
cement clinker.

Precision grinding and polishing of the surfaces to be exa-
mined is essential o microscopic observation. The polished
section isjoined to the microscope slide by means of a piece of
plasticine and a hand press so that the polished surface is pre-
cisely perpendicular to the microscope axis. Some object
details can be seen only after additional contrast-increasing
measures have been taken. To increase the contrast immer-
sion objectives and interference attachments (see below) are
used. Incident-light iluminators for normal polarization for the
various incident-light interference methods can be attached
to all Leitz polarizing stands (Table I). Here the objective also
functions as condenser. in students’ microscopes the illumi-
nating ray is deflected by asemi-silvered glass plate abovethe
objective.

Inresearch microscopes a switchover is possible from an opti-
cal flat to a trapezoidal deflecting prism {(compensating prism
according to BEREK, Fig. 82-9). This prism is used whenever
exacting demands are made of the polarization. For the
highest possible resolution, i.e.large condenser and objective
apertures, however, the optical flat is preferred.

Objectives for polarized incident-light are computed for infini-
ty tube length. They are therefore engraved co.

The ORTHOLUX 2 POL BK and ORTHOPLAN POL research
microscopes also accept special illuminators for incident-light
darkfield and fluorescence excitation.

Fig. 79:
Incident light device SR on LABORLUX 12 POL

1.

Disengageable pinhole stop

2. Centering opening for BERTRAND lens

D~ W

. Disengageable BERTRAND lens
. Insertable analyzer

. Polarizer

. Aperture diaphragm

. Field diaphragm

. Dusl protection slide




Fig. 8O:
Pol-vertical illuminator on the ORTHOLUX 2
POL BK stand with binocular photetube FSA 55

1.
. Arresting screw for rotating analyzer

. Fixing screw for the polarizer insert

. Clamping screw for polarizer rolation

. Lever for aperture diaphragm

. Centering screw for field diaphragm

. Lever for the setting of the field diaphragm

. Lever for objeclive change

. Objective centering

. Clamping screw for the vertical adjustment of the stage
. Optical flat’BEREK compensating prism selector lever

— 00D NOU aWON

Rotating analyzer, reading 1o 0.1°

Fig. 81:
Pel-vertical illuminator

1.

DGO A LN

Disengageable neutral-density filter in the space for the analyzer as
glare protection when the analyzer has been removed from the oplical
path (only in the version with rotating analyzer}

. Inlerchangeable analyzer slide
. Clamping screw for the Pal-verlical illuminator
. Optical flatyBEREK compensating prism changing lever

Tube slot
Lever for objective change

. Objective centering mount

. Objective centering screws (lefi-hand screw obscured)

. Field diaphragm focusing control

. Cenlering of field diaphragm

. Polarizer (rotatable through 90°) with index adjuslment

. Halfstop (to be turned in only in connection with the campensating prism)
. Vertica! adjustment of the aperture diaphragm

. Closing tube (filter holder)

— w—h — b, m—h
non 0%



Interference contrast T

Transmitted-light interference contrast T is also based on the
principle of polarization and birefringence.

Principle

In Fig. 85 the basic principle is diagrammatically represented
for a plane wave, i. e. for paralle! light. For a better understand-
ing, however, the function of the Wolfaston prism must first be
explained.

A Wollaston prism consists of two birefringent prisms cement-
ed together, whose crystal axes from a right angle. One axis
lies in the drawing plane, the other is perpendicular to it (Fig.
84). In addition, both axes are parallel to the entrance and exit
faces of the double prism.

If a light ray is vertically incident on the Wollaston prism, it is
splitinto two rays polarized vertically o each other. If the point
of divergence s in the center of the separating face, i. e. where
both prisms have the same thickness, the rays emerging from
the Wollaston prism will be in phase. If the points of divergence
are not in the center of the separating face, a phase difference
occurs between the two part-rays polarized vertically to each
other. If the double prism is introduced between two polari-
zers, a series of straight-line interference fringes can be ob-
served in monochromatic light. In white light, the interference
fringes appear colored between two crossed polarizers.
After these introductory explanations the basic principle of
the interference contrast method can be better understood
(Fig. 85). Let O be the specimen through which a plane wave
passes. This is deformed during its passage through the ob-
ject. Let the new wave front be ¥. The Wollaston prism behind
the objective Ob splits the wave ¥ into the two part wave trains
3, and X,, which after passing through the analyzer interfere
with each other so that intensity or color differences become
visible in the intermediate-image plane.
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Fig. 83:

Transmitted-light interference-contrast device T on a biologica! microscope

(DIAPLAN)Y

1. Filter slot with analyzer

. Special objective with Wollaston prism

. Objective with intermediate ring for bright field or phase contrast

. Revolver-disc with Wollaston prisms and phase conlrast light-rings
Lambda plate
Polarizer with //a-plate
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Fig. 84:
Principle of the Wollaston prism
The Wollaston prisms shown in Fig. 86

are greally simplified. The angle

L4 included by the long side of the
prism and the base is in realily only
a few minutes of arc.

In principle, this arrangement requires a very smali condenser
aperture, which, naturally, considerably reduces the resolving
power. In practice, therefore, the variant illusirated in Fig. 86 is
used, in which the condenser aperture is not reduced and
which nevertheless ensures the ability of the part-beamstoin-
terfere. The natural light coming fromthe light sourceis linear-
ly polarized by the polarizer 9. From there it reaches the Wol-
laston prism 7; this is orientated in the diagonal position, in
which the linearly polarized ray is splitinlo two divergent part-
rays of the same intensity and polarized perpendicular to each
other. Since the point of divergence is situated in the focal
plane 8 of the condenser 6, the angular splitting inside the Wol-
laston prism becomes a laleral separation in the object space.
As aresult, the part-rays pass through the object 5in two dif-
ferent points where their phases, too, are differentially affect-
ed.

The magnitude of the split has been chosen so that it is below
the resolving power of the microscope (Fig. 87). No visible
double image is therefore produced in the microscope.

The objective 4 combines the two part-rays in its rear focal
plane 3. This is where the second Wollaston prism 2is situated,
which recombines the two part-ray bundles {without this Wol-
laston prism the part-rays would again diverge behind the

i DY A
- ¥ Nal Ez.'c
A
WP —_—
ob ™
b ./\
0 —fF——o
P —fF——

Fig. 85:

Principle of interference contrast
P Polarizer
O  Object
Wave train
Ob Objective
WP Waollaston prism
A Analyzer
OK Eyepiece

Fig. 86:

Diagram ot the Leitz interference
conlrast device T

For explanation see text.
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point of recombination). They now pass through the analyzer 1
and, made tovibrate in acommon direction, can now interfere.
The interference color or intensity in every point of the field of
view now depends on the phase difference between the two
part-ray bundles and therefore on the thickness andrefractive
index of the two object points.
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Function of 4- and 4/s-plate

The #/4-plate fitted below the Wollaston prism, in conjunction
with the polarizer P, acls as a phase-displacing compensator.
Together with the -plate which can in addition be inserted in
the beam, brightness and color differences in the surrounding
field and object can be varied (cf. incident-light interference
contrast device R).

Uses

The interference contrast method serves the qualitative re-
presentation of phase struciures.

In the microscope, the objects and especially their fine struc-
tural details appear in a relief-like contrast. But stained spe-
cimens, too, can be observed to advantage in interference
contrast in this way.

The main use lies in the field of biclogical microscopy where
especially those object structures can be demonstrated
which cannotberecognized at this level of clarity with the con-
ventional methods of microscopy (for instance filamentous
elements, flagellae, cilia, etc.).

Fig. 87:

Latent image splitting with the interference contrast method. The split d is
smaller than the resolving power of the optical system. The split leads to a
phase displacement.




Surfaces and inclusions can, however, be rendered three-
dimensionally also in transparent non-biclogical objects (e. g.
glass or plastics).

The method therefore supplements phase contrast microsco-
py and the quantitative interferometric methods. The device
can be fitted to all research microscopes (Table I).

Fig. B8:
NaCl solution crystallized out on a microscope slide (skeletal growth}
Interference contrast T, objective NPI P 25/0.50

Interference contrast R

Incident-light interference contast is based on the same prin-
ciple as transmitted-light interference contrast T, but the
Wollaston prism and objective are traversed ilwice. Both
therefore fulfill the additional function of the illuminating de-
vice.

Fig. 89:
Incident-light interference contrast device R
. Analyzer
. Slide with variable diaphragms
Slide with fixed diaphragms
Lambda plate
Polarizer
Slot for the analyzer

DO WN -
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Principle

The light, linearly polarized by the polarizer (Fig. 90.1) (funtion
of the i/4- and /-plate see below) and reflected by the oplical
flat (Fig. 90.7), is split by the Wollaston prism (Fig. 90.4) into
pairs or rays vertically polarized to one another. The image-
splitting effect is smaller than the resolving power of the mi-
croscope objective (latent image duplication, Fig. 87).

After reflection from the surface of the object both part-rays
arerecombinedin the Wollaston prism. Interference occursin
the analyzer (Fig. 90-8).

The origin of the three-dimensicnal pictorial impression is ex-
plained with an object portion of trapezoidal cross section (Fig.
97: considerably simplified):

Fig. 90: 4. Wallaston prism
Principle of interference contrasi R 5. Objective

1. Rotating polarizer 6. Specimen

2. Zis-plale 7. Optically tiat reflectar
3. Additional i-plate 8. Analyzer
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1. Horizontal surfaces of specimens (Fig. 91 b, d, f) are
reached by the pairs of rays always at the same instant: no
phase difference is produced {I'; = 0). Plane, horizontal
portions of the specimen therefore appear initially dark in
the microscope (Fig. 91 B, D, F).

2. Inclined surface (Fig. 91 ¢, e):
Both part-raystravel along paths of differentlengths. Phase
differences I, occur which depend on:
a. the inclination of the surface,

b. the separation between the two rays; this in the last re-
sortdepends on the cbjective used. The higher the mag-
nification, the smalier must be the splitting of the tworays
to avoid a visible double image. With low magnification a
more pronounced relief will be observed than at higher
magnifications.

c. therefractive index of the immersion medium {air or oil).

In practice, phase differences generally do not exceed half a
wave length.inthe quoted examplelet I, = 90nm(cf. Table Ili}.
In the microscope the inclined flanks of the trapezoidal struc-
ture appear gray (Fig. 91 C, E}.

Fig. 91: {(center column):

3. On horizontal surfaces (Fig. 91 h, k, m) the given phase dif-
ference I's = 80nm remains unchanged. The horizontal
surfaces therefore appear gray (Fig. 91 H, K, M).

4. On the left flank of the structure, for instance
I's+ I'y = 80 + 90 = 170nm
is produced through addition of the phase differences.

The flank therefore appears white (Fig. 91 4).

5. The phasedifferences are subtracted ontheright flank {Fig.
97-):
Iy - s = 90-80 = 10nm
The left flank (Fig. 91 L) therefore appears almost black.



Fig. 91:

Interference contrast R: production of a relief image, highly diagrammatic.
Top row: Phase difference I established in the microscope
Center row: Section through the specimen with phase differences

Bottem row: Representalicn of the object in the microscope

I's ©

I's

l‘5+ I‘ol | E[rﬁ

—— 5

15+ M-I

I5An I

N



A considerably more pronounced three-dimensional repre-
senlation is possible if the 2/4-plate (Fig. 90.2}) is placed in the
beam behind the polarizer. Any desired phase difference I
within the first order can be set up continuously, as with the
SENARMONT compensalor, by slight rotation of the polarizer
against the plates. This given phase difference of, forinstance,
I'; = 80nm (dark gray Table lll) is superimposed on the object
phase difference I's.

The general impression in the microscope is that the trapezoi-
dal projection is obliquely illuminated from the top left (North-
Waest).

Function of #-plate (1st-Order red) Fig. 91, right. Color contrast
is obtained by the addition of the z-plate in the interference
polarizer (Fig. 90-3).

In the quoted example horizontal areas appear red, the flank
inclined to the left blue owing to addition of the phase diffe-
rences, theright flank, however, yellow owing to subtraction of
the specimen phase difference from the given phase diffe-
rences.

Uses

Quality contro! of surfaces of polished sections, investigation
of crystal faces, evaluation of micro-hardness indentations,
rendering visible of grain boundariesin ceramic preducts, pro-
duction control of electronic components. The device can be
attached to all Leitz pol-microscopes and metallographic mi-
croscopes as well as to the majority of the biclogical stands.
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Fig. 92:
Fracture surface of glass
Interference contrast R with objective NPI 20/0.40 P




Determination of refractive indices

Principle: an unstained object immersed in a liquid can no
longer be seen if both object and liquid have the same refrac-
tive index.

Even a tiny splinter of the material to be investigated is suf-
ficient for the immersion method. Itis introduced between the
microscope slide and the cover-glass in various liquids and
observed in the microscope. The object appears the more
three-dimensional the greater the difference between the
refractive indices of object and immersion liquid. With in-
creasing agreement between the two refractive indices relief
effect and grain boundary disappear. With some practice the
refraclive index can be estimated already by the degree of
relief.

The decision whether the liquid or the object has the higher
refractive index is possible with the aid of the BECKEline. If the
object is first critically focused and then the object stage
slightly lowered orraised, alight fringe (the BECKEline) canbe
observed along the grain boundaries. This bright line moves
always into the medium of higher refractive index as the stage
is lowered and can be recognized only after radical reduction
of the condenser aperture (narrowing of the aperture
diaphragm of the condenser). When the refractive indices are
identical, the BECKE line will disappear. Especially sensitive
methods of observation are limiting darkground and phase
contrast. (JUDA and MEDENBACH 1967).

It is best to cement two strips of coverglass between micro-
scope slide and coverglass so that a bridge is produced. In the
hollow underneath various liguids can be conveniently intro-
duced. Before the immersion liquid is changed the previously
used liquid is removed with a piece of blotting paper and the
hollow space washed with a suitable solvent.

Reference:

JUDA, K. and K. MEDENBACH: Eine neue Praeparaticnstechnik von Kecerner-
gemischen zu kontinuierlichen Untersuchungen nach der Einbetiungsme-
thode. Leitz Mitteilungen fuer Wiss. u. Techn. I¥ (1-2), 36-39, 1967,

Fig. 93:
BECKE line (glass splinter immersed in water, aperture diaphragm closead)
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To avoid repeated change of the immersion medium, the fol-
lowing methods can be used.

Lambda variation method

A liquid of the highest possible dispersion is used (Fig. 94) for
immersion. The relatively steep dispersion curve intersects
the dispersion curve, which as a rule is flat, of the object ata
certain wavelength 7.

When the wavelength is changed by means of an interference
graduated filter (Fig. 19) or a monochromatar the object will
disappear at this wavelength. The refractive index of the ob-
ject n can then be obtained from the previously refractometri-
cally determined dispersion curve of the liquid.
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Temperature variation method:

In some immersion liquids the refractive index can also be
stongly varied by a change in the temperature. Observationis
carried outin monochromatic light with a microscope heating
slage {see p. 38).

The advantage of the immersion methods is the need for a
minimum quantity of sample, which subsequentiy is available
even for other methods (non-destructive testing). For the in-
vestigations a simple laboratory microscope with phase con-
trast or darkfield facilities and interference graduated filter as
well as a refractometer are adequate. In the last resort the
accuracy depends onthe accuracy of therefractometer used.
Accuracies of £0.001 are sufficient for routine operation. The
refractive indices of the liquids used must be continually
checked, since changes may occur owing to aging.

Fig. 94:

Principle of the z-variation method:

In observation with the wavelengih 4 the refraclive indices nx of the objectand
nm (inclusion medium) are identical, so that the grain boundaries are ne longer
visible.
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Table V: Refractive indices (nd) of frequently used immersion fluids
Since the refractive indices may in time change owing to contamination, eva-
poralion of components, or chemical decomposition, the relractive index
should always be checked with a refractometer before use. Masl fluids lisied
are oblainable commercially:

Embedding fluids (n up to 2.1) are marketed by Buehler Met AG, CH-4023
Basle, POB Switzerland.

Methyl alcohol 1.32838
Distilled water 1.3332
Sea water 1.343
5% cane sugar soclution 1.341
10% cane sugar selution 1.347
30% cane sugar solution 1.376
Ether 1.3522
Acelone 1.3592
Ethyi alcohol 1.3631
Propan-2-ol 1.3759
Salured solution of polassium acetate 1.370
Propan-1-ol 1.3840
Glycerin-distilled water 1:1 1.397
CaCls solution 90% 1.401
Paraldehyde 1.404
Crystal oil 1.4369
Chloraform 1.443
Cyclohexanone 1.450
Glycerin 1.458
Cineol 1.458
Carbon tetrachloride 1.461
Lavender oil 1.463
Cyclohexanol 1.465
Bergamott oil 1.465
Decalin 1.4687
Qlive oil 1.4702
Turpentine 1.471
Walnut oil 1.477
Methyl benzoate 1.481
Terpineol 1.461
Euparal 1.481
Castor oil 1.462
Liquid paraffin 1.482
Methacrylic acid butyl ester 1483
Dialex 1.490
Methacrylic acid methyl ester 1.4913
Xyiene 1.4929
Phthalic acid di-n-bulyl ester 1.493
Toluene 1494
Eukitt 1.494
Benzene 1.4978

m-xylene

Laevulose syrup
Entallan
Pentachioroethane
Ethyl benzoate
Cedarwood oil
Sandalwood oil
Immersion ail

Ethyl iodide
Ethylsalicylate
Monochlorobenzene
Acetophenane

Qil of wintergreen
1,2-Dibromoethane
Methy! salicylate
Ethyl bromide
Fennel oil

Salrol

Eugenaol

Canada balsam
Clove oil

Tetralin
o-Nitrotoluene
Nitrobenzene
Aniseed oil

Anethole
Monobromobenzene
Dimethylaniline
Benzyl benzonale
Toluidene
o-Toluidene

Anilin

Cussine oil
Bromotorm

Qil of bitter almonds
Qil of cinnamon
Monoiodobanzene
Tetrabromoethane
Cinnamic aldehyde
Quinoline

Carbon disulphide
Alphachloronaphthalene
Phenyl mustard oil
Alphabromonaphthalene
Alphaiodonaphihalene
Barium mercury-2-iodide
Methyl iodide

1.500

1.501
1.5017
1.5034
1.504
1.508
1.515
1.516
1.5218
1.525
1.536
1.5363
1.5368
1.537

1.538
1.540
1.541
1.541
1.543
1.544
1.5453
1.5526
1.556
1.560
1.560
1.561
1.5682
1.5704
1.575
1.56838
1.586
1.597

1.602
1618
1.6218
1.624
1.6242
1.626
1.6318
1.6481
1.6584
1.6894
1.742
1.7424
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Other accessories for polarizing microscopes

In addition to the accessories specially designed for polariz-
ed-light microscopy, many other microscopic attachments
can be used on polarizing microscopes (cf. Table I):

Darkfield (transmitted and incident light)
Phase contrast (transmitted and incident light)
Fluorescence (transmilted and incident light)
Contrasting and cathodoluminescence device
Heating and cooling stages —20°C ... +1750° C

Facilities for photomicrography
(35mm and large format, with and
without automatic exposure control)

Micromanipulator {(e.g. for the removal of
most minute particles)

Incident-light interference attachments for the
quantitative measurement of object roughness
in the interference fringe field

TV display
Microhardness tester

MPV microscope photometler for absorption,
reflection, and fluorescence measurements

Quantitative image analysis method
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Fig. 95:

Honey

ORTHGPLAN POL
Objective NP1 6.3/0.20 P

Fig. 97:

Cross section through a
looth of a porpoise
(with .-plate)
ORTHOPLAN POL
QObjeclive PI 2.5/0.08 P

Fig. 99:

Plastic substance (fault)
Microtome seclion
ORTHOLUX POL BK
Objective NPI 6.3/0.20 P

Fig. 96:

Hippuric acid
Spheroliths {melt
specimen)

ORTHOLUX POL MK
Objective NP1 16/0.40 P

Fig. 98:

Cross section through a
plastic compaonent

{with /-plate)

80mm PHOTAR 1/4.5 lens
9x12cm large-format
camera

Fig. 100:
Prastic substance (fauit)
Microtome section
ORTHOLUX POL BK
Objective NP1 6.3/0.20 P

The improved versions of the NPL objectives used
for this pholcgraphs are in the current range as
NPL FLUGTAR and PL FLUOTAR series.




Fig. 101.

Muscle of a leech, transverse section
CRTHCPLAN POL with objective Pl 2.5/0.08 P
Fig. 103:

Tentacles of a squid, lengitudinal section
ORTHOLUX POL with objective PI 2.5/0.08 P
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Fig. 102:

Quill of a sea urchin

ORTHOLUX POL BK with objective PL 2.5/0.08 P
Fig. 104:

Starch granules
ORTHOLUX POL BK with objective NP1 40/0.65 P
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Index

Abnormal colors 58, 59
Absorplion 17, 52

Additional diaphragm, lens 32, 74
Addition position 60

Adjustment 49

AHRENS prism 24

AIRY's spiral 18, 72

AMICI lens 74

Analyzer 24, 31, 54

Angle of extinction 64

Angle of Lthe optical axes 16, 76
ANGSTROEM (A) 6

Anisotropy 12

Apalite 13

Aperlure 26,35, 59

Attachable mechanical stage 28
Auxiliary object 65

Axial angle 16, 69, 76

Beam 43, 51, 85

BECKE line 93

BEREK, Max 4

BEREK compensating prism 83
BERTRAND lens 31, 74

Biclogical objects 46, 67, 82, 98
Biaxial structures 16, 76
Birefringence 12

Bisectrix 16, 78

BRACE-KOHLER compensator 67

Calcite 12, 24, 63

Care of the oplical components 50

100

Centering 29

Center line 16

Chamber 48

Circular dichroism 17
Circular polarization 8, 27, 34, 71,77, 82
Coherence 8

Collectors 21

Colors 17,52, 65
Compensators 61, 64
Condenser 26
Conoscopy 69
Coverglass 47

Crosslines 31, 38
Crossed polarizers 24, 34
Crystal axes 46

Crystal classification 46

Diagonal posilion 53

Diamond 10

Dichroism 16, 24, 52

Dispersion 10

Dispersion of birefringence 58, 59

EHRINGHAUS compensator 65
Embedding liquids 47, 95
Engraving 35

Electro-magnetic vibration 6
Ellipsoid 15

Ellipsoid of revolution 18
Elliptical compensator 66
Elliptical polarization 8
Extinction position 53, 64

Exlracrdinary rays 12, 71
Eyepieces 38

Fibers 46, 66

Field diaphragm 23
Fiiters 21

Fluarite 10

Flow birefringence 46
Focal plane 72
Focusing telescope 74
Farm birefringence 46
Frequency 6

Friction 28

Gamma (7.I} 13, 55
GLAN-THOMPSON prism 24
Gypsum 59

Heat filter 25

Immersion 36, 47, 92

Incident-light interference contrast 89
Incident-light micoscopy 9, 83
Indicatrix 15

Indirect observation 69
Interference 8

Interference colors 55, 61, 71
Interference figure 69

Intererence fiiters 21

Interference microscopy 39, 86, 89
Intermediate image 38, 51
Intermediate optical system 30



Isochromes 70
Isogyres 71
Isotropy 11

KOHLER illumination 26

Lambda {(;) 6

Lambda variation 94

LLambda plate 20, 27, 61, 68, 92
Lamps 21, 42

Light refraction 10

Light sources 21, 43

Light velocity 10

Linear pelarization 7

Linear mesurement 37

Ligquid crystals 46

Magnification 51
Mica 61

Micron («m} 6, 38
Microscope slide 47
Microscope stage 28
Micro-structure 44
Microlome 48
Mollen specimen 49
Manochromatic light 7, 57, 66
Monochromator 23
Monoclinic 46

Nanometer (nm) 6, 56

Negative birefringence 13, 16, 74
NICOL prism 24

Normal position 53

QObjective carriers 29
Objective centering revolving
nosepiece 29
Objective centering clutch 29

Ohbjectives 34
Obligue extinction 64
Qil immersion 38, 50
Opague objects 10, 83
Optical activity 18
Optical normals 16
Optical rotation 18
Optical sign 12, 69, 74
Order 58

Ore microscopy 83
Ordinary ray 12, 71
Orthoscopy 51

Parallel polarizers 59
Parallel position 53

Parfocal distance 36

Phase difference 8, 11, 55, 64
Pinhole stop 32, 74
Pleochroism 16, 52
Polarimeters 18
Point-counting method 28, 37
Polarizers 23, 24

Polarizing device 7 13
Polished sections 83
Positive birefringence 13, 16
Powder specimens 47
Preparation 47

Pre-polarizer 24, 27

Prism polarizer 24

Quarter wavelength {#/4) 20, 27, 61, 68

Quartz 13,18, 55, 75
Quartz wedge 57

Red {interference color) 61
Reflection polarizers 24
Refractive index 10, 51
Revolving nosepiece 29
Rocks 44

Rotary compensator 66
Rotaling stage 28

Rotary dispersion 18

SCHMIDT, W. J. 4, 46
SENARMONT compensator 66
Spectrum 6

Stages 28

Stana 20
Stereo-microscope 42
Straight extinction 54, 64
Strain birefringence 34, 46
Swing-out lens 23, 41
Subtraction 60

Sugar 16,18

Surface testing 9C

TALBOT.H.F. 4
Temperaiure variation 95
Thickness measurement 28
Thin polished section 48
Tilting compensator 62
Tourmaline 17, 24
Transmission 23



Transmitled-light interference
contrast 86

Tube 31, 74

Tube factor 30

Tube lens 30

Tube slots 30

Universal rotaling stage 81

Vertical illuminator 83
Vibration direction 7

Wavelength 7 6, 56
White (interference color) 59

WOLLASTON prism 86

Xenon lamp 8, 21
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