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Foreword

The extensive development of microscopy, whether in the field of

methods or instrumentation, requires from the user an ever-growing

knowledge regarding the phenomena on which modern techniques are

based. The images observed and the frequently tricky measurements
made by means of complex instruments must be interpreted correctly.
This is the reason why Chapter I is devoted to image formation in the

microscope. The image of a pinpoint light-source is first examined,
followed by an investigation of extended objects according to the type
of illumination used. The mathematical developments related to such

matters are not gone into and the object of this work will be only
to emphasize general principles and basic results.

This preliminary survey serves as introduction to the chapters that

follow in which observation methods in visible, uUra-violet and infra-red

fight are set forth, together with geometrical and physical measurements
and fundamentals of microspectrophotometry and chemical microscopy.

Measurements of path differences in interference microscopy and
their application to the determination of refractive indices and thick-

nesses are fully gone into. Lastly, the description of new devices will

be generally preceded by that of more conventional instruments in

order to make quite clear the underlying principles of up-to-date

techniques and instrumentation.

M. Francon
Paris

[X





CHAPTER I

Physical Aspects of Image Formation

in Microscopy

1. INTRODUCTION

Microscopic investigation of image formation and interpretation

cannot be based solely on considerations of geometrical optics. In

order to ascertain the distribution of light-intensities in the images
exhibited by a microscope, the laws of physical optics have to be

brought into play.

The first and simplest case to consider is that of an object sufficiently

small as to be likened to a pin-point of light. In the image, the light

is distributed according to a law determined by diffraction. This image
is the elementary diffraction pattern known as Airy's disk: it is the

perfect image that would be exhibited by an aberration-free and

perfectly focused microscope.

Images of large objects are all derived from the more or less complex

process of such an elementary picture since any object may be split

into elements small enough to be considered as discrete pin-point

sources. Therefore, under such conditions, it can be anticipated that

diffraction effects shall be the more prominent as the dimensions of

the object are closer to those of Airy's disk. The finer details of

a specimen are those which are the more markedly altered by diffraction.

Since, naturally, it is such details that are the most valuable to micro-

scopists, it is essential to determine the results given by the diffraction

theory in order to reduce interpretation errors to a bare minimum.

However, in microscopy, the problem is rather the converse: it is

not a given image which needs ascertaining: it is the actual structure

of the object corresponding to it. No difficulty is involved when the

size of the object is large in relation to the diffraction pattern as the

geometrical aspect of the image prevails. Such is not the case when
the size of the object approximates that of Airy's disk. Then a com-
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parison is to be proceeded with, by reverting to the problem as con-

sidered under its initial aspect. Since the structure of images of typical

objects such as disks, lines, rectangles, edges and so forth, is known

beforehand, the geometry of the detail examined can be determined

by comparison. This applies not only to specimens whose details are

featured by differences in brightness but also to thoroughly transparent

specimens in which details consist solely in refraction-index and thick-

ness differences. Therefore, more often than not, it is by close exami-

nation and comparison of the images, together with the theoretical

results obtained, that the problem of image interpretation may be solved.

2. IMAGE OF A LUMINOUS POINT EXHIBITED BY THE OBJECTIVE
OF A MICROSCOPE IN MONOCHROMATIC LIGHT

Figure 1.1 shows a microscope diagrammatically, Oi being the

objective and O.^ the eyepiece. Oi is, for instance, the first front lens

of the objective. The specimen P emits light only through a small

Fig. 1.1. Image of a luminous point produced by a microscope objective.

aperture whose size is far smaller than the resolving power of the

objective and plays the part of the object. Assuming the light emitted

by A to be monochromatic, // is the refraction index of the object-

medium and u the angle under which the light-ray of the first objective

lens is seen from A.

The objective O^ (numerical aperture (N. A.) u sin u) shows in A^ an

image of A. Required: to know the structure of the image A'q, i.e. the

distribution of light-intensity in the plane .t, across A'^.

The sphere Zq (centre at ^4), is a wave surface in the object space.

Assuming the objective Oi to be perfect, wave surfaces in image space

are spheres such as A',. The centres of these waves are at point ^4,',,

which is a geometrical image of A. According to Huyghens' principle,

the image A'^ is formed as if the various points of the wave surface

i7- were actual sources of light in the same vibratory state. Any point.
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such as M, emits luminous vibrations, not only towards the geometrical

light-ray MAq but in other directions as well. The various points of

the wave surface ^, diffract the light which overspreads on the image

surrounding the point A'q.

Figure 1.2 shows that, A'^ being the centre of the sphere Z., all

the vibrations, originated from this wave surface, reach A^^ in the same

vibratory state. In order not to over-elaborate the figure, only the

vibrations emitted by two points, Mq and Mi are shown. The luminous

ampHtude, at A'^ is merely the sum of amphtudes of all vibrations

reaching such point. Since intensity of light is proportional to the

squared amplitude, squaring of the aforesaid sum determines intensity

at A'q. Hence, hght is maximum at A'^.

Let us now consider the diffracted vibrations reaching the random

point A[ of the plane .t (Fig. 1.3). Since point A[ is removed from

the sphere's centre, the distances from the various points of
27,-

to A[ are

no longer equal. Hence, the vibrations emitted by i7. do not reach

A[ in the same condition. In the case of Fig. 1.3, both points M^
and M emit vibrations which are in opposition at A[. If ?. is the

wave-length, then: A[M—A[Mq =
/.jl: both vibrations are cancelled

out: the luminous amphtude at A[, originated by M^ and M is

zero.

It follows that intensity at ^^ is the outcome of all points

of the wave surface
i7,.

and not merely that of points Mq and M
only.

Computing the phenomenon discloses the following: the image of

the luminous point A is shown by a very bright, circular, central disk

(Fig. 1.4), surrounded by alternately bright and black rings whose

intensity decreases rapidly as distance increases. Only two or three

luminous rings are usually visible in a microscope as the others are

absorbed by the stray light and, therefore, too weak. The curve in

Fig. 1.5 shows the distribution of light-intensity in the diffraction

pattern. Ordinates show the intensities; abscissae are determined by
the parameter Z which depends not only on the geometrical distance

from the centre A'^ but also on the characteristics of the microscope's

objective. If g is the objective magnification and C the geometrical
distance from the point Aq to the point where the light intensity is to

be calculated, the diffraction theory conduces to write:

_ 27777 sin w C
Z = ~

(1.1)
^ g
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,////////..-,,-

Fig. 1.2. Mo and M emit vibrations which are in phase at A^.
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V

Fig. 1.3. The vibrations are in opposition at A[.
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Fig. 1.4. Airy disk.

Positions of the black rings are shown to correspond to Z =- 3 83

702 1017... and positions of peaks to Z = 514 846 11-62...

Peak intensities are 1 0175 0042 00016.

Fig. 1.5. Light distribution in tiic Airy disk.

The first dark ring corresponds to Z =^ 3-83; therefore, the linear

radius Q of the central diffraction in the image plane tz can be cal-
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culated. Substituting Z for 383 gives,

Cn=r
znsmu (1.2)

As a matter of fact, it is the central disk which acts as the

imaged point A. The luminous rings surrounding the central disk

merely enlarge it and are spurious light.

It follows that enlarging the image is always detrimental and,

to observe very fine details, the diameter of the central spot is to be

as minute as possible. This result is achieved, in accordance with

equation 1.2, by using a high numerical aperture objective. Let us

take for example, a N. A. ns'mu = 030 with magnification g = 25.

At wave-length / = 06 microns, Co = 30 microns. Phenomena can

be considered in the specimen plane, whereupon they occur as if the

pinpoint object A were substituted for a small disk having

C^lg = 1-22 Klilnsinu) as radius. With a 1-30 N. A. objective the diam-

eter of the central diffraction disk drops to 028 microns for the same

v/ave-length. In the specimen plane, this diameter depends solely on

the objective N. A. and the wave-length of the light used.

Figure 1.6 shows the diffraction patterns of various numerical

apertures for the same intensity in the disk centres.

^ Iaa y'

J ^o«

n Sin u =
I 30

FiCi. 1.6. Diffraction patterns with various numerical apertures in the specimen plane

(same intensity in the disk centres) {?.
=

0-6//).

However, it should be mentioned that the foregoing applies strictly

to low or medium numerical apertures only. When high numerical

apertures are involved, A. Wolf has shown that the disk is somewhat
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enlarged and that niinimums are no longer zero. Enlargement is in

the region of 8 per cent for an aperture sinw = 085. Alterations

of the diffraction pattern are therefore small and may be neglected

in a first approximation.

3. IMAGE OF A LUMINOUS POINT ORIGINATED BY A REFLECTING
OBJECTIVE

It may occur occasionally that a portion of the i7. wave, originated

by the objective, is masked by an opaque screen as, e.g. in a reflecting

objective. Many types of reflecting objective are used in microscopy,
but from the standpoint now under discussion, they may all be likened

to the diagram in Fig. 1.7.

Fig. 1.7. Diagram of the ray paths through a reflecting objective.

In this type of objective, the hght, originated by the object A. is

reflected first by the concave mirror M then by the convex mirror n?

and ends at the image A'^^ being examined through the eyepiece Oo.

The small mirror m screens the beam which is reflected on M.
The surface waves -T,, and H^ are ring-shaped and the diflYaction

pattern is altered. Curve (1) in Fig. 1.8 shows the distribution of

intensity in the conventional diff"raction disk brought about by the

whole wave (Airy's disk). Curve (2) shows the structure of the

diftYaction disk when the wave is masked in the central area by a

circular opaque screen. If the small mirror is kept in position by
three thin strips 120' apart, another perturbation of the diffraction

phenomenon is developed: light is accumulated in three 120 directions.

Curve (2) in Fig. 1.8 shows that screening the beam reduces the

central disk, which would be beneficial were it not that the luminous

rings are intensified. When extended high-contrast objects are dealt

with, there is nevertheless a eain, but the intensified rings originate



PHYSICAL ASPECTS OF IMAGE FORMATION 9

Spurious diffraction fringes making observation uncomfortable. Ob-

turation also greatly reduces the definition of extended objects of low

contrast, this conducina to reduce the diameter of mirror m as much

Fig. 1.8. (Ij Airy disk; (2) Diflfraction pattern with a reflecting objective.

as possible. Provided the masked area does not exceed 10 per cent

of the whole area of the wave Z-, it can be assumed that the

diffraction phenomenon is not substantially altered.

4. IMAGE OF A LUMINOUS POINT WHEN THE MICROSCOPE IS NOT
PROPERLY FOCUSED (MONOCHROMATIC LIGHT)

The foregoing images (§ 2) require an excellent objective and very

precise focusing. Now, microscopists frequently alter focusing during

observations in order to ascertain that any particular detail is seen

under the best conditions. Therefore, it is desirable to go into the

diffraction-pattern changes taking place when focusing is not carried

out in the plane of the perfect image but slightly in front of or behind it.

Let us consider Fig. 1.9 which is a simplified version of Fig. 1.2.

As the microscope is no longer faultlessly focused, phenomena occur

as if the eyepiece were focused on the plane tz at the short distance .v

from 71. The luminous vibrations, diffracted by the various points

of the surface wave iT., do not reach the point B' at the time because

said point is not the centre of the sphere iT-. Point B' is the centre

of sphere 27/ which is removed from sphere 27. by a distance J that

increases as the wave edge is neared. The vibrations, originated by M,
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travel farther than do those originated by M^. The difference between

these two trajectories is the path difference J . Let J„, be the maximum
value of A which correspond to the edge of the wave. The depth of

focus may be characterised by the path difference J„, . If J,„
= 0, focusing

is carried out on the plane of the flawless image whose structure was

investigated previously. For a J,„ value other than zero, the focusing

Fig. 1.9. Path difterence J produced by a shift of the focusing plane.

plane no longer passes through the flawless image A[^. Assuming the

focusing to be carried out at B\ at the short distance .v from .4,',, what

would be the structure of the image observed? It follows that the

diffraction pattern at B' depends on the defective focusing, i.e. on \,„.

However, in general, decreased intensity of the central peak and

intensified luminous rings are observed.

Figure 1.10 shows this. Curve (1) illustrates Airy's disk and

curve (2) the diffraction disk structure when focusing is but slightly

defective. The diffraction disk is blurred and the image contrasts of

extended objects greatly impaired. When out-of-focus becomes marked,

the diffraction disk structure is completely altered. Such effects are

readily observed in the microscope by using as specimen an object-slide,

processed by a vacuum-evaporated aluminium-metallisation and covered

by a cover-slip if the objective is of the dry-front lens type. The

akiminium coating of such object-slide is never completely opaque:
there always remain small holes forming ideal pin-point sources

of hght.

Figure l.Il shows how the first luminous rings are accentuated

when defective focusing has a l,„ value smaller than /. When

zl,„
=

/., Fig. 1. 1 2 shows the minimum to be zero in the centre of the

diffraction disk. Light-intensity changes can be evinced by a curve
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showing changes in intensity when focusing is altered in the centre

of the diffraction disk. Results are shown in Fig. 1.13. Focusing

changes are made by fine focusing movements but Fig. 1.13 can be

Fig. 1.10. (1) Airy disk; (2) Diffraction pattern when focusing is but slightly defective.

Fig. 1.11. Diffraction pattern when defective focusing has a value smaller than )..

interpreted more readily assuming that it was the eyepiece that moved.

If the eyepiece is focused at A[^ peak intensity /q is in the centre of the

diffraction pattern. The curve (Fig. 1.13) shows that defective focusing
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decreases intensity in the centre. If the eyepiece is properly focused

on a plane lying at a distance from the perfect image equal to B'
A'(^,

the disk-image appears as shown in Fig. 1.12. Figure 1.13 evinces

that diffraction patterns exhibiting dark centres in front of and at

FiG. 1.12. Diffraction pattern when J = /.

Fig. 1.13. Light-intensity changes in the centre of the dittVaction pattern when focusing

is aherecl.

the back of Airy's disk are again recurrently met with. However, the

intensity peak values in the disk centres become very low. These

phenomena can be conveniently observed by means of a his^h magni-
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ficatioii substantially diaphragmed-down objective in conjunction with

a powerful eyepiece.

Figure 1.14 shows the results achieved. The isophotal lines, close

to A'q, are plotted on the plane MoA'^M (Figs. 1.1, 1.2, 1.3) but, as

the phenomena are of revolution about the centre-line AAq of the

microscope, results are identical on any plane provided the latter

passes through AA'^^. In order to visualize the phenomena occurring

in space. Fig. 1.14 should be rotated about the axis AMqA'q. Cutting

the resulting volume by a plane at right angles to AA'^, passing

through A'q (shown as n in Fig. 1.14), will evince Airy's disk. The

straight lines M'A'^^ and MA'f^ are light-rays hmiting the geometrical

beam. The dark dots, plotted on the figure, show the positions of

zero minimums of Airy's disk (dark rings). Correlation with Fig. 1.5

can be established since intersection of isophotal Hnes with AA'q show

the intensities obtaining along the microscope centre-line. The dark

dots, plotted along AA'^^, show the position of dark-centre diffraction

patterns and correspond to points B[, B'^ ... B[' , B.J ..., in Fig. 1.13.

Fig. 1.14. Isophotes in a meridional plane (After E. H. Linfoot and E. Wolf).

Figure 1.14 shows at once that, on either side of the plane .t,

diflfraction-patterns are identical, unless aberrations of the microscope

objective are inadequately corrected. This is a simple and accurate

way of evaluating the quahty of an objective. Let us take the above-
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mentioned aluminium-based coating and a high-magnification eyepiece.

After selecting a hole small enough to exhibit the conventional features

of Airy's disk, it is brought in the centre of the field and the fine

adjustment actuated. Then, the microscope is brought nearer the

specimen whereupon the structure of the diffraction-disk is materially

changed. Now, reverting to proper focusing, the operation is resumed

by moving the objective away from the specimen. If the objective is

well corrected, the same successive aspects as before are retained.

If, conversely, the objective is not well corrected the aspect of

the diffraction patterns is very different. On one side many diffraction

rings are seen whereas, on the other, there are more or less uniform

blobs. Strange as it may seem, such examination is quite easy to

carry out, even by a layman, because the eye is very sensitive to small

differences in appearance provided that the to-and-fro motion imparted

to the focusing device be not too slow.

5. IMAGE OF A LUMINOUS POINT IN WHITE LIGHT

Owing to chromatism of the objective, im.ages correlated to the

various wave-lengths of the spectrum are not focused simultaneously.

Assuming that the image A'^^, correlated to wave-length /. =0-56/^
in Fig. 1.15. is being focused: at wave-length / = 065 /<. for instance.

Fig. 1.15. Depth of fojus v produced by chromatism.

the image would be at 5^ and the depth of focus equal to .v. Image
structures originated by the various radiations can be theoretically

computed. Intensity at any point of the focusing plane .t equates the

sum, at the said point, of the total illumination generated by the

various radiations. It follows that the spectral distribution of energy

emitted by the source and the spectral responsiveness of the receiver,

(either the eye or photographic plate) are to be taken into account.

In perfectly chromatically-corrected microscope objectives as, e.g. in

reflecting objectives, all images correlated to the various wave-lenglhs

are Airy's disks in the plane -t. Formula 1.2 shows thai red images
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are larger than blue ones as diffraction gives rise to slight chromatism.

This effect is hardly perceived in the central disk. Conversely, it may
be detected in the first ring which is white in the central area but

slightly iridescent along the edges. Such iridescence is red along the

outer edge and blue along the inner.

Fig. 1.16. Chromatism produced by diffraction.

Two Airy's disks are shown in Fig. 1.16: they correspond to the

radiations C(0-56/i) and F (0-486 /<), respectively. Abscissae show the

relative widths of the two central disks, on the basis of identical

intensity in the disk centres. This figure only shows the disk en-

largement due to diffraction. As mentioned above, obtaining the

actual ordinates requires taking into account the spectral charac-

teristics of both source and receiver.

Figure 1.17 shows actual aspects when the source has an equivalent-

energy spectrum and the receiver is an average eye whose spectral

sensitiveness is given by the Gibson and Tyndall curve (Fig. 1.18).

The C and F radiations are close to the ends of this curve and, there-

fore, but slightly efficient from the visual standpoint. Comparatively,
the diffraction disk, corresponding to peak eye sensitiveness (0-555 /n),

would have an intensity equal to 18-7 at the centre (Fig. 1.17).

These results do not apply to lens-type objectives the chromatism

of which is never perfectly corrected. In order to compare the chro-

matism of microscope objectives, the chromatism curves, viz. the focal

points (perfect images), are shown versus the wave-length. Such curves

are not adequate to define image quality as the latter depends not
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only on longitudinal chromatism (distance between focal points) but

also on the numerical aperture nsinu and the magnifying power g of

the objective. We think it advisable to show direct the diffraction-

048a

Fig. 1.17. Actual aspects of the diffraction pattern.

pattern structure in white light for three types of objectives: achromatic,

fluorite and apochromatic. Computation was carried out taking the

05-

04>" 7//5^ 6/.

A

Fig. 1.18. Gibson and Tyndall curve of the spectral sensitivity of the eye.

eye as receiver (Gibson and Tyndall curve) and a standard microscope

lamp as source whose spectral distribution of energy can be likened

to the photometrists' standard A (Fig. 1.19).
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Results are shown by the curves in Fig. 1.20. Abscissae evince,

in the focusing plane, the distance (in microns) to the geometrical

centre of the image while ordinates show the luminous intensities,

taking as intensity unit that obtaining in the centre of the diffraction

pattern produced by the apochromatic objective. In the three ob-

jectives, then, //sin// = 095 and g = 60.

Fig. 1.19. Spectral distribution of energy of the photometrists standard A.

The maximum spectral distances from C to F (longitudinal chro-

matism), selected for calculations, are:

apochromatic objective x = 1 mm
fluorite objective x = 4 mm
achromatic objective x = 8 mm.

Curve (a) shows the image structure afforded by the apochromatic

objective. Ordinates, in this and the following curve, were multiplied

by 40 from the abscissa 20 onwards. There are no zero minimums

any longer. Were the image, shown in this figure, produced by an

objective completely devoid of chromatism, e.g. a reflecting objective,

the differences would be rninute. Central peak intensity would be

1015, while that of the first luminous ring would drop by 0001.

Hence, the difference between an apochromatic and a perfect objective

is very sHght. In both cases, vanishing of the dark rings is due to

a change in diameter of the diffraction disks taking place in accordance

with the wave-length. Therefore, effects of the residual chromatism

of the apochromatic objective are less prominent than those of

diffraction-originated chromatism.
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Curve (b) corresponds to a fluorite objective: the first minimum,

close to 20 fi is more prominent: decreased image contrast may,
therefore, be expected. In all these curves, the central disk, acting

in fact as image, has a diameter of 20 microns approximately.

Anything outside it is detrimental diffracted light. In an achromatic

objective, the detrimental diffracted light is particularly marked and

a drop of the central peak is evinced. Perception limit of small details

is consequently much less satisfactory in an achromatic objective.

Numerical values are shown later. On the other hand, the all-important

colour of the diffraction pattern is not evinced in the curves shown

in Fig. 1.20. The central disk, in both a perfect or an apochromatic

objective, is definitely white. Only the first luminous ring exhibits

a slight iridescence. Iridescence is more prominent in the fluorite

objective and, in the achromatic objective the slightly coloured central

disk is ringed by diffracted light whose colour is vivid (usually greent

purple). As in achromatic objectives, the amount of diffracted ligh-

^'0 5

la) apochron.otic oDiective lb) Fluorite oDieciive

10 20 ^0 40 'SO 60.,-

Ic) Achromatic oDiectiuf

Fig. 1.20. Diffraction patterns: (a)
— apochromatic objective; (b) — fluorite objective;

(c)
— achromatic objective.

outside the central disk is important and its detrimental effects on

a coloured object can be readily visualized. Achromatic objectives

should not be used, therefore, in colour photomicrography.
The foregoing performance shows the difference in quality between

apochromatic and other lens-type objectives. The first bright ring,

shown by an apochromatic objective, scarcely exceeds the intensity
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exhibited by a perfect objective. The first minimum is five times lower

than that of a fluorite objective and seven times lower than that of

an achromatic one.

Naturally, the structure of diffraction patterns may vary slightly

with the chromatic correction of a given objective. Accordingly, the

curves (Fig. 1.20) should merely be considered as showing the general

aspect of the phenomena involved.

6. LUMINOUS POINT IMAGED IN THE PRESENCE OF ABERRATIONS

All the foregoing results apply to a perfectly corrected aberration-

free objective, the chromatism merely bringing about defective focusing

but no wave-front deformation. When the objective is not perfectly

aberration-corrected, the wave surface is no longer spherical thus

entailing an altered diffraction disk. A portion of the luminous energy
of the central diffraction disk is transferred to the rings which spread

the image and lessen contrasts throughout. In Fig. 1.21, the sphere

0,
A

Fig. L2L Wave surface in presence of aberrations: .T/ is deformed.

Zj represents the ideal surface-wave that would be achieved were the

objective O^ free from aberrations. As a matter of fact, aberrations

distort the surface wave which becomes I[ . The distance between

Lj and El is denoted by J and is the path difference between the

actual wave Z/ and the reference sphere -/. The J values and variations

are determined by the aberrations of the microscope objective. Going
into the alterations brought about by aberrations in the diffraction

disk structure is very helpful. Such alterations need investigating for

they take effect on image formation and, hence, in their interpretation.

Spherical aberration

Let us assume that, notwithstanding its deformations the actual

wave E'i is a wave of revolution about the axis AA'^. In this case,
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the path difference J at any point of the wave is merely a function

of the distance to the axis of said point. Spherical aberration is present

in the microscope objective. Such aberration is usually pretty well

corrected and maximum values of the A deformation always small.

In microscopy, the geometrical aspect of the phenomenon, i.e. de-

velopment of a caustic curve, never occurs. With regard to defective

focusing, it may be said, in general, that spherical aberration decreases

the central peak of the diffraction pattern and eliminates the black

rings as in Fig. 1.10. Provided the surface of the actual wave
2",'

be

enclosed between two spheres one quarter wave-length apart, it is

considered that the diffraction-pattern structure does not differ ma-

terially of the Airy disk. This is Rayleigh's law, which serves to calcul-

ate objectives. The diffraction theory enables one to calculate structure

007 008

Fig. 1.22. Isophotes in a meridional plane in presence of spherical aberration (after

J. Picht).

images in various planes parallel to the plane .t by combining spherical

aberration and defective focusing. The phenomenon being one of revol-

ution, the results can be shown by plotting the lines of equal intensity

as in the case of Fig. 1.14. Figure 1.22 shows the result achieved when

spherical aberration has a .1 peak value not exceeding 2/. This time,

obviously, the symmetry in relation to any plane perpendicular to AA'^,

has vanished. If the best focusing plane is considered to be the plane ti,
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the curves in Fig. 1,22 show that the diffraction pattern in the plane

-Ti diverges from the diffraction pattern in the symmetrical plane .t.^.

As mentioned in § 4, the differences in appearance observed on each

side of the good image enable one to detect the objective's spherical

aberration. When focusing on the side of the plane n[, diffraction

disks of varying complexity exhibit a fairly large number of diffraction

rings. When focusing on the other side of n, a nearly uniform halo

is visible, which grows larger as the focusing plane recedes from n.

This method does not allow one to measure aberration quantitatively

but merely to test it. However, it can be said that, if a small divergence
in appearance is evinced to a trained eye, the objective's spherical

aberration equates approximately the path difference /1/4.

Coma

When the pin-point object and its image A'^^
are along the axis

(Fig. 1.1) and provided that the objective be corrected for both these

points, the image A'q is Airy's disk. The objective is stigmatic at

points A and A'^.

Let us now consider a luminous, pin-point object B, away from
the axis at a short distance from A (Fig. 1.23). If the stigmatism shown

Fig. 1.23. Object B and image B^ out of the axis. Coma.

at points A and
A'^^

does not hold good for both B and its image 5^,

the wave I\' , related to points B and 5^, is not spherical. The ^^ image
is distorted and not of revolution; diffraction rings are no longer co-

axial and the image has only one plane of symmetry. The image B'^ is

shaped as a comet-tail and exhibits coma. Figure 1.24 shows the

aspect of the diffraction pattern in presence of coma in a plane per-

pendicular to the microscope axis. The plotted lines show isophotal
lines. In the case of the ideal diffraction pattern (Airy's disk) the
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isophotal lines shown in the same plane would be co-axial circum-

ferences.

Provided the axial stigmalism requirement holds good at points B
and 5,',.

the objective meets Abbe's sine condition and is coma-cor-

FlG. 1.24. Diffraction pattern in presence of coma. Isophotes after Nienlmis.

system is very diaphragmed the image is located at B'n.

the

rectcd. This applies to microscope objectives. Such aberration is not

readily observed in microscopy. With some objectives, it may be

detected but may frequently be mistaken for astigmatism.

Field curvature. Astigmatism

The image A'^^B'^^ of a small flat object AS, as shown by a microscope

objective, is not flat in general: the image is no longer located on the

plane rr but on a surface of revolution the concave side of which is

on the objective side. The objective exhibits some field curvature which

is an aberration inherent in all microscope objectives. From the stand-

point of pattern-figure structure il acts as a focusing defect does.

Field curvature is not objectionable in anicroscopy in the case of visual

observation which is frequently restricted to a smaU detail in the field

centre. Conversely, the use of plane-field objectives, the planachomats,
is very effective in photomicrography.

When observing the image B[^ of the luminous point B when the

former is close to the edge of the field o^ view, no focusing adjustment
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will provide the conventional difTraction disk (Airy's disk). Imparting

a to-and-fro motion to the focusing button discloses a small streak

of light, pointing to the field centre, and another one, at right angles

Fig. 1.25. Field curvature.

to the former: the objective is exhibiting astigmatism. These two small

right-hand segments, 90° from one another and lying in two different

focusing planes, are astigmatic focal lines: they are mainly seen at

the field edges. Figure 1.26 shows such a focal line. The diffraction

fringes surrounding it are feeble and virtually invisible in a microscope.

Fig. 1.26. Diffraction fringes surrounding a focal line (astigmatism).

The geometrical aspect of the problem prevails here. Both spherical

aberration and coma must be considerable in order to cause the

geometrical aspect of the phenomena to be evinced. This is the reason

3
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why the geometrical aspect of these two aberrations are never observed

in microscopy. Their presence is only detected by shght alterations

of the diffraction pattern. On the other hand, shght astigmatism

affects substantially the diffraction pattern which vanishes and the focal

hnes of geometrical optics are evinced. Astigmatism is a common aber-

ration in microscopy and is readily observed with high numerical apert-

ure and low-magnifying objectives. It is advisable to ascertain that the

astigmatism observed is not originated by the eyepiece which is

Fig. 1.27. Isophotes when spherical aberration, coma and astigmatism are present (after

A. Marechal).

a common occurrence. While coma and astigmatism are tolerable on

the edges of the field of view such is not the case for the centre because

such aberrations would be due to the lens objective's being out of line.

Such an objective is to be definitely rejected. When coma and astigma-

tism are present concurrently, the isophotal curves in the diffraction

pattern may take on rather involved shapes. Figure 1.27 is a typical

example of such a combination of aberrations.

7. OBJECTS IN COHERENT, INCOHERENT AND PARTIALLY COHERENT
ILLUMINATION

Optical objects termed "incoherent" are objects the various elements

of which emit fully incoherent vibrations, i.e. independent from one

another. Such objects, luminous per se, such as the sun, the various

terrestrial sources, landscapes, are incoherent objects. The various

monochromatic radiations forming the spectrum from a source are

incoherent from one another. How emission of luminous vibrations

takes place is still an uncompletely solved problem but it is known
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that energy exchanges between matter and radiation (electromagnetic

waves) occur by quanta of value hv {h
= Planck's constant, v = fre-

quency of the vibration emitted). It is usually considered that electro-

magnetic waves are emitted by wave-trains generated from the various

atoms of the source.

Atoms emit for a very short time r. If a long time elapses in relation

to T, as is always the case with our experiments, the initial vibrations

shall have vanished. Other atoms will emit new vibrations having no

relationship with the initial ones since their direction, amplitude and

phase have changed. The various elements of a source are therefore

incoherent.

Let us first consider the well-known experiment of Young's twin

apertures. The latter (Fig. 1 28), A and B, are identical and illuminated

by the very minute source Si. Interference fringes are seen on the

screen E. Notwhhstanding the very minute dimensions of the source Si,

the vibrations it emits are originated by a large number of atoms each

of which emits at a given moment a vibratory motion unrelated to

M2:
I

I

I

0,'

Fig. 1.28. Young's experiment.

those emitted by the other atoms of Si. However, every atom-emitted

vibratory motion gives rise to vibrations that reach A and B in the

same condition because, provided 5*1 be sufficiently small, it can be

said that, from all its points, the optical paths SiA and SiB are

equivalent. Phenomena occur as if apertures A and B emit coherent

vibrations. Therefore the contrast of fringes is maximum on the

screen. If A and B are illuminated by the second source S.. alone,

it would show well-contrasted fringes on the screen E that,

however, would be offset in relation to the interference fringes

originated by Si. Let us assume that sources Si and Sa are illumi-

nating A and B concurrently. Since both sources are incoherent,

the resulting intensity, at any point of the screen E, is the sum of the

intensities generated by both phenomena. When the angle d is very

small, offset of the two phenomena is negligible : apparently the latter
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occur as if source Si was the only one although the phenomenon seen

on the screen is naturally brighter.

A and B, therefore, can be illuminated with a large source in the

plane D^ without altering the visibility of the fringes, provided that

the angle 6, at which the source is seen from A and B, be small

{6 must be small with respect to the interval between two fringes as

seen from A or B). When such is the case, from the standpoint of

image contrast phenomena occur as if apertures A and B diffract

coherent vibrations.

If the angle is increased, staggering of the various fringe systems

due to the various elements of the source becomes prominent; phe-

nomena do not coincide any longer, are blurred to a lesser or greater

degree and contrast is decreased. If the angle is increased still

further, a point is reached when phenomena are completely blurred,

contrast is zero and fringes vanish. The two apertures A and B act as

two incoherent sources and, of course, no interference can take place.

Let us now consider the next experiment (Fig. 1.29). The pin-point

source S^ is imaged on the plane P by means of the lens C. Assuming,

"0^

^

rl

^
\

•^B

Fig. 1.29. Points A and B arc illuminated in coherent light.

first, that aperture a of the lens C be very small and, hence, the image
of So a well spread-out diffraction disk. Let points A and B (in plane P)

be close enough to be within the central diffraction disk. Under such

conditions, both theory and experimentation show that points A and B
are illuminated in coherent light. Were A and B to consist of two holes

pierced in the plane P, they would produce interference fringes on

screen E as in the previous experiment (Young's apertures). Let us

increase the angle a, viz, aperture of the lens C The diffraction disk

shrinks more and more and no alteration is evidenced if the distance

from A io B ']s reduced adequately. The range within which A and B
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are coherent, the "range of coherence", merely shrinks. Without

altering a, let us take a large source (Fig. 1.30). This figure shows

the diffraction disk related to the source centre 5*0 and the diffraction

disk produced by any point Si. If the latter is close to So, both

diffraction disks are slightly offset. Both points A and B are illuminated

\i

Fig. 1.30. Range of coherence with an extended source.

in coherent light by So and Sj too, but the two latter are incoherent.

In both cases, A and B can produce interference fringes. The two

fringe systems are incoherent but, as they are superimposed, nothing
is altered. As point Si recedes from So, phenomena remain unaltered

until the two diffraction disks are offset to such an extent that neither

of points A and B are illuminated by Si. Consequently, if a large

source is imaged on the plane P by means of the lens C, the two

points A and B are always illuminated in coherent light provided that

Fig. 1.3 1. Points A and B are illuminated in incoherent light.

the distance AB hQ small in relation to the diffraction-disk diameter

of C (diameter depending solely on a). When distance AB is greater

(Fig. 1.31) the two points A and B are no longer overspread by the

same diffraction disk in relation to a point of the large source and,

therefore, are illuminated in incoherent light. Hence, the coherence

in relation to two points A and B in the plane P depends solely on

the aperture a of the lens C.
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Before going into these phenomena as they occur in a microscope,
the two methods of illuminating a specimen will be set forth. In the

Kohler method, the source ^o is imaged by means of the lens L on

Fig. 1.32. Kohler illumination.

the iris diaphragm D^ of the condenser C ^o and L form the illumi-

nator of the microscope and may be either separate or integral with

the instrument.

The specimen is at P; the objective O^ images it at P' where it is

observed through the eyepiece O2. Against the lens L is the iris

diaphragm Z)o- The position of the condenser (C and A) is adjusted
so as to image the diaphragm Z)o on the specimen P. Next, Dq is

diaphragmed to the extent that only the field actually observed is

illuminated. In this way, spurious light is reduced to a minimum
because even the specimen areas outside the visible field may transmit

light within the microscope. Some of this light always reaches the

image and the resulting halo weakens contrasts.

Figure 1.33 shows the other method of illumination: the condenser

C images the source Sq into the specimen P. Figure 1.33 is simplified

Fig. 1.33. Critical illumination.

because, by means of an additional optical system and another

diaphragm, only the specimen field actually observed need be illumi-

nated, as in the Kohler method. But this method may result in uneven

illumination and show, superimposed on the object image, a spurious

image possibly exhibiting luminance variailons.

However that may be, theory shows that both Kohler and critical

illumination take effect, from the coherence standpoint, in exactly
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the same way. As critical illumination is a more convenient basis for

discussion, it will be used to investigate image coherence as it obtains

in microscopy.

(a) The numerical aperture of the condenser is very low

It is assumed that the aperture of the condenser iris diaphragm
is minimal. Under such conditions, every point of the source ^o

(Fig. 1.34) gives rise to a diffraction disk overspreading substantially

%
I

i

Bl

N;'B

-tAo

Fig. 1.34. Points A and B are within the condenser central diffraction disk.

in the plane P of the specimen. In Fig. 1.34, the diffraction disk shown

is correlated to a point of the extended source. Let us consider two

pin-point details A and B in the specimen, close enough to be within

the condenser-originated central diffraction disk. Under the effect of

the incident light, A and B diffract coherent vibrations. Irrespective

of the objective's numerical aperture //sinw, images A'^ and B'^ of A
and B are coherent diffraction disks. When /zsinw is also very low,

A'q and ^0 are not discrete and these two points exhibit two diffraction

disks merging at P' . This instance is obviously not very useful in

microscopy since the relevant objectives do not have very low numerical

apertures. If nsinu increases, the images A'^ and B'^^ may be separated

although remaining, naturally, coherent. Therefore, when considering

an extended object of high contrast whose dimensions are smaller

than the diameter of the condenser-originated diffraction disk, it is

seen in coherent illumination.

(b) The numerical aperture of the condenser is random but not low

Investigation is restricted to a high-contrasted object, but smaller

than the diffraction disk of the objective. Let us take diaphragm D^ of

the condenser (Fig. 1.35) so that the diameter of the condenser-origin-

ated central diffraction disk is definitely smaller than distance AB. Both

points A and B are overspread by two diffraction disks from two

different points of 5*0. The points A and B are incoherent and emit
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incoherent vibraUons. Let us assume that the numerical aperture

ns'mii of the objective is much lower than the condenser's. The central

diffraction disk of the objective is wide (curve U) and overspreads

in width the diftYaction disks of the condenser at A and B. The in-

tensities shown are naturally random. The purpose sought is merely
to compare the diameters of the central disks. When points A and B
are integral with a small object of high contrast whose size is less

A

7

Fig. 1.35. The diameter of the condenser central diflfraction disk is smaller than

distance AB.

than the diameter of the objective's central diffraction disk, the

object is seen in incoherent light. Such a case is not met with in

microscopy as, in order to have images of high-contrasted objects

in incoherent light, the objective's numerical aperture has to be so

much lower than the condenser's that, when normal apertures are

used in the latter, this is tantamount to using an objective of very low

numerical aperture.

Diffraction disks are of the same magnitude when the N.A. of

both objective and condenser are somewhat simikir. Now, since we

are considering an object of smaller size than the diameter of the

objective's central diffraction disk, this means that points A and B
are not to be considered as being as far apart as previously. The

points A and B to be selected must be closer so as to be included

within the central diffraction disk correlated to the objective. The

condenser N.A. selected is usually lower than the objective's. The

central diffraction disk of the condenser is thus wider than the objec-

tive's and the conditions shown in Fig. 1.34 are reverted to. illumina-

tion is virtually coherent.

Thus far no mention has been made regarding condenser defects.

Theoretical considerations show that its aberrations take no effect

on image coherence which depends solely on the condenser aperture.

Other reasons militate in favour of a high-quality condenser:

Kohler's method provides a sharp image of the diaphragm D^) oa
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the specimen (Fig. 1.31). Areas not within the field of view are un-

illuminated and spurious light is rninimized. Lastly a corrected con-

denser (aplanatic) provides the evenly illuminated field, indispensable

in photomicrography.
To sum up it can be said that for objects of high contrast and

smaller than the central diffraction disk of the objective, images are

virtually in coherent illumination. Such is the case of the more

valuable details observed in a microscope.

Naturally, coherence varies somewhat when the condenser aperture

is altered and, even when close to small-object coherent illumination,

differences in appearance are developed whose effects are far-reaching

and will be discussed later.

For objects of low contrast the phenoma are not the same. Coher-

ence varies much more quickly. For a small black disk, illumination

is again virtually coherent when apertures of the objective and con-

denser are equate. Under the same conditions, illumination is incoher-

ent for an object of low contrast.

In general, incoherent illumination does not come in microscopy

except for the object of low contrast and in fluorescence. In the latter

case the specimen is illuminated by ultraviolet light and emits visible

light. The various points of the specimen are then incoherent.

8. EXTENDED OBJECTS IMAGED IN INCOHERENT ILLUMINATION

When considering the extended object P (Fig. 1.36), it may be

broken up into small luminous elements acting as discrete pin-point

sources. Thus the object P can be considered as consisting of minute

Fig. 1.36. Image formation of an extended object.

luminous sources A, B, C, etc. that can be likened to real pin-point

sources. The object P is seen in incoherent illumination provided its

constituent sources A, B, C act as thoroughly independent sources
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whose vibratory motions are totally unrelated. To every constituent

source, e.g. B, corresponds the diffraction disk B'^. The image P' of

the object P is the outcome of the superimposition of all diffraction

disks the centres of which are A'^^, B'^, Q, etc. It follows that in-

tensity in the centre of a diffraction disk depends on the light-intensity

of the relevant object point hnes. In areas where the object is dark,

the constituent sources transmit but little light and the relevant

diffraction disks are likewise but slightly illuminated. To better illumi-

nated areas correspond better illuminated diffraction disks. The image
P' is achieved by sunmiing all the intensities originated by all the

diffraction disks. Figure 1.37 shows the imaged plane P' of object P.

Fig. 1.37. Image formation of an incoherent extended object.

Required: to determine the light-intensity at any point B^ of the

image. Were only the source B involved, the intensity at B^ would merely
be the peak ordinate of the 5^ diffraction disk. If the source A takes

effect simultaneously, the light diffracted by A[^ and reaching 5^', must
be taken into account. In fact the image A'^^ is a diffraction disk ex-

tending in the plane P'. To determine the light-intensity at B^^,

originated by the sources A and B, requires summing together the

intensity originated by the source B (peak ordinate of
5,', centre

diffraction disk) and the intensity originated by the light diffracted

by the image A^^. Effect of
yf,',

on B^^ increases as distance A^^B'^^ is

short in relation to the diffraction-disk size. To determine the structure

of the whole P image the operation is resumed for all the points of

the image P', taking into account the relevant intensities of the object

points. Thus is derived the distribution of imaged light-intensities.

The structure of images can be derived mathematically. In many cases

a deft application of the Fourier transformation enables one to calcu-

late the phenomena in a comparatively simple manner. Owing to the
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multifariousness of images met with in microscopy, the results shown

refer to typical objects similar in nature to the basic details of micro-

scope specimens frequently met with.

Small black disk on white ground imaged in incoherent illumination

The object now considered is a black disk, small in relation to the

objective-originated diffraction disk. Figure 1.38 shows the distribution

of light-intensities in accordance with image diameter. The pecked
line curve is related to the geometrical image of the object. Intensity

Fig. 1.38. Small black disk on white ground, imaged in incoherent illumination.

is zero within a circumference of diameter A'^^B'^^ (diameter of the

geometrical image of the dark disk). Outside of this area, field illumi-

nation is uniform, its intensity being, e.g. I^. Curve 2 shows the

intensity distribution in the actual image of the dark disk. Owing to

diffraction, the intensity I^, in the image centre, is not zero; there

are no breaks and the image is wider. The image contrast may be

defined by the expression:

7 (1.3)

If h = 0, i.e. the image centre is black, the contrast is:

7 = 1.

The image contrast equates the contrast of the object itself and

is then maximum. The contrast dwindles as A increases. There is

no contrast when L equates /j. Contrast values are, therefore, in-

cluded between the minimum value and the peak value 1. In all

the following applications, it is assumed that the observer's eye

functions as if it was a perfect instrument. In normal daylight
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vision the eye is considered as a perfect instrument provided it functions

with a pupil of approximately 05 mm in diameter. Such a diameter

does not tally with an eye pupil but with an artificial pupil originated

by the microscope itself as happens when the exit pupil of the micro-

scope has a diameter of 0-5 nmi (optimum magnification). Then the

light entering the eye is restricted to a 0-5 mm diameter circle which

acts as pupil: the eye functions as a perfect instrument featured by
a single physiological datum: the minimum contrast perceivable.

In the case of a small, imaged dark disk, the lowest contrast a normal

eye can perceive is approximately 004, for most other objects this

figure drops to 002. Owing to diffraction, contrast of the imaged
dark disk varies as its radius r. As /• decreases, so does contrast and

when y = 004 the image vanishes (for a small dark disk on a white

ground). This obtains when the radius /• of the black disk is educed

from the following expression:

013/
r-,^—'^ (1.4)

For instance, with an objective of numerical aperture ii sin u = 1-30

and a mean wave-length value / = 0-6 ^, then r = 003 /n.

Formula 1.4 implies that r is small in relation to the diffraction disk.

Image of a small white disk on black ground

Merely reversing Fig. 1.38 will show the image of a white disk

on black ground. The pecked-line curve 1 (Fig. 1.39) shows the

Aq Bq

Fig. 1.39. Image of a small while disk on black ground.

intensity distribution in the geometrical image of the white disk and

curve 2 the actual image, taking diffraction phenomena into con-

sideration. As the disk with respect to the diffraction pattern is of
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small diameter, the image is virtually Airy's disk, whether coherently

or incoherently illuminated.

Perception of a small white disk on black ground is a problem
which has not the same aspect as that of a black disk on white ground.
As the diameter of a small black disk shrinks, ingress of diffracted

light increases until the image is completely blotted out. When the

object is a small white disk on a black ground and its diameter de-

creases, the ultimate image is the conventional diffraction disk (Airy's

disk). If the disk still dwindles in size, the curve showing the intensity

distribution in the diffraction disk gradually gets flatter but the lateral

dimensions of the diffraction disk remain constant. Visibility of a small

white disk on black ground is, therefore, merely a matter of luminous

flux. The smaller the disk, the more light it must send forth.

Black line on white ground imaged in incoherent illumination

Now the object is a thin, long black line. It follows that light-

intensity is constant along a line parallel to the thin line and the

information required is merely the light-intensity changes taking place

along a straight line at right angles to it. The curves in Fig. 1.40 show

Fig. 1.40. Black line on white ground imaged in incoherent illumination.

the general aspect of the phenomena involved. The geometrical width

of the imaged black line is shown by A'^^B'^. Curve 2 shows how

intensity is distributed in the imaged black hne: this curve does not

extend to the horizontal line anywhere. The lowest contrast perceivable

to the eye for an object of this type is 002. As with the black disk,

there is a relationship between the contrast y of the imaged black line

and its width e. As the width of the line decreases so does the contrast

until the image contrast has dropped to 002, and the hne has reached
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the limit of perception. Such is the case when

002 /
£ =

2/7 sin z/
(1.5)

For instance, with a 1-30 N.A. objective and / = 0-6 /<, then

£ = 005
i-i. Naturally, as in the previous example, this theoretical

result applies only to an aberration-free instrument.

Luminous thin streak on black ground imaged in incoherent illumination

This streak is educed at once from the image of the thin, black line.

The distribution of light-intensities in the image of a thin streak of

light on a black ground is shown by curve 2 in Fig. 1.41. There are

Fig. 1.41. Luminous thin line on black ground imaged in incoherent illumination.

no zero minima in the diffraction pattern. As with the small luminous

disk on black ground, the problem of descrying a thin streak of light

on a black ground is merely a matter of luminous flux; to be perceived,

a very thin streak of light must emit enough of it.

Area edge imaged in incoherent illumination

Let us consider as object an illuminated half-plane, separated

from the black area by a straight line (Fig. 1.42). The pecked curve 1

(Fig. 1.43) shows the structure of the geometrical image along a parallel

Fig. 1.42. Illuminated half-plane object.
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line xv' (Fig. 1.42), and curve 2 (Fig. 1.43) shows the light-intensity

distribution in the image in the presence of diffraction, which also

does away with any sudden break in intensity when changing over

from the imaged illuminated area to the black one. Shaded-off

Fig. 1.43. Area edge imaged in incoherent illumination.

illumination straddles the geometrical boundary and extends on either

side of it but soon becomes hardly perceptible. The smaller the

angle a the sharper the image outline.

Periodic object imaged in incoherent illumination

Let us take as periodic object a Foucault test divided into alternately

light and dark parallel lines of identical length and width (Fig. 1.44).

Such an object can be likened to some periodic structures occasionally

--
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of the bright hnes and Z, that of the dark ones. As with the previous

objects, the contrast can be determined by the equation (1.3). In the

image plane, intensity distribution has the shape shown by curve 2

in Fig. 1.47. Curve 1 shows the geometrical image. Therefore, the

phenomenon obtained is always the same: there are no breaks; out-

lines are smoother and contrast is decreased.

41

r\ /IN

(I)

i2)

Fig. 1.47. Foucault test image — (1) geometrical; (2) actual image.

Theory shows that a Foucault test of the type depicted in Fig. 1.45

can be shown by superposing any number of sinusoids, similar to

those in Fig. 1.48, the periods of which are p, \p, \p, etc. It follows

that the instrument transmits the components of long periods (spaced-

out lines) much better than those of short periods (Hnes close together).

Applying the term "frequency" to the converse of period y;, it can be

said that an instrument always conveys the low-frequency components

Fig. 1.48. Sinusoid tiie period of which is p.

better than the high-frequency ones, which is tantamount to saying

that the closer together the elements of a periodic structure the less

resolvable they are. Educing how such frequencies are transmitted by

a specific instrument is desirable. The curve (Fig. 1.49) shows the

results. Frequencies 1//? are plotted as abscissae while the contrast

factor, the parameter A/, which determines how every frequency is

transmitted by the instrument, is plotted as ordinates. If M = 1,

the frequency considered is transmitted faultlessly; if M = 0, it ceases.

At very low frequencies, the contrast factor is virtually equivalent to 1

and, hence, they are well transmitted. As the frequency rises, viz. when/?
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drops, so does the transmission of the sinusoidal object. The trans-

mission becomes zero when 1//?
=^

(2/7sinw)/A (the period p being

measured in the object plane). The instrument does not transmit

Fig. 1.49. Contrast factor of an optical instrument.

frequencies exceeding (2//sinz/)/A; the object-rod can therefore be dis-

tinguished only if its bars are spaced by /?, as follows:

P
Insmu (1.6)

The equation (1.6) is tantamount to showing the instrument's

resolving power. Therefore, with a test of the type shown in Fig. 1.45,

the period of which is p, when resolving power is reached, the imaged
test is a sinusoidal image exhibiting the same period whose value is

derived from the above equation. For instance, with a 130 N. A.

objective and A = 06// a periodic structure p of at least 023 /^ can

be perceived in incoherent illumination.

9. EXTENDED OBJECTS IMAGED IN COHERENT AND PARTIALLY
COHERENT ILLUMINATION

Referring to Kohler illumination (Fig. 1.50), let us diaphragm
down almost completely the condenser lens D^^ . The light source from
the very small aperture 5^ forms a cylindrical pencil of parallel rays

that passes through the specimen P and penetrates into the ob-

jective Oi. Owing to the direct light from S^ a small detail A diffracts

some of it. The wider the angle 0, at which the light is diffracted hy A,
the smaller the detail considered. The hght diffracted by A is collected

by the objective O^ and converges on A'^. The image A'q of the

detail A results from superposing the coherent ground B'C and the
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light diffracted by A which ends at A^^. This time, however, these

two illuminations, the coherent ground and the diffracted light, although

not independent from the vibratory standpoint since they are originated

by the same pin-point source Si, are coherent. Hence it is not both

ground and the diffracted hght-intensities that are to be added together

Fig. 1.50. Extended object P in coherent illumination.

but those of the amplitudes of the luminous vibrations reaching Aq,

taking into account the path difference or the phase difference of these

vibrations. When the condenser diaphragm D^ is opened, illumination

becomes partially coherent and the image structure is usually difficult

to calculate.

Small black disk on white ground imaged in coherent and partially

coherent illumination

Let us first consider a small black disk imaged in coherent illumi-

nation, i.e. when D^ is almost fully diaphragmed down. Results

are shown by curve 2 (Fig. 1.51). The structure is similar to that

shown in Fig. 1.38 but the fringes are much more prominent.

Figure 1.52 conveys much information: it shows how the image

Fig. 1.5 1. Small black, disk on white ground imaged in coherent illumination.
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evolves in accordance with the aperture of the condenser. Ordinates

show the hght intensities taking as unit the intensity at a point far

removed from the imaged black disk; abscissae show the distances to

the imaged geometrical centre. The geometrical width of the imaged

black disk is shown by the distance included between the two small

vertical hnes above the curves in Fig. 1.52. When Dy is almost fully

Fig. 1.52. Image of a small black disk in relation to the aperture condenser: (1) coherent

illumination; (2) partially coherent illumination; (3) incoherent illumination.

diaphragmed down (coherent illumination) curve I shows the result.

When the diaphragm aperture is increased (partially coherent illumi-

nation) so as to impart to the condenser a N.A. equivalent to that

of the objective, curve 2 shows the result. When illumination is

incoherent, curve 3 shows the result.

These curves enable one to state the following: as the condenser

N.A. is increased, the clearer the image, the less prominent the

diffraction fringes, without this virtually entailing a change in contrast

of the image. Moreover, in order to prevent stray light, the condenser

has a N.A. lower than that of the objective. Therefore it can be said

that the image contrast of a small object, in microscopy, always

equates the image contrast in coherent illumination. Since diaphragm-

ing down D^ leads to extending the image to the detriment of its

quality, it follows that it is best to open suitably the diaphragm D^,
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i.e. to increase the condenser N.A. so as to lessen blur as much as

possible. The curves in Fig. 1.52 correlate the results set forth in

paragraph 7, and show that the image contrast of a small disk in

coherent illumination is improved 2 to 1. \f r is the radius of the black

disk, then:

08 A

''-^r^- - (1.7)
2/7 smM

In order to determine the perception of a small detail, i( is this

formula which should be used in microscopy since, regardless of con-

denser N.A., and under normal observation conditions, phenomena
occur as if illumination were coherent. As an instance, with a 1-30 N.A.

objective and 2. = 06
jli,

r = 002 /<. This theoretical result implies,

naturally, a perfect objective.

Let us now revert to the examples of achromatic, lluoritc and

apochromatic objectives mentioned in § 5. The chromatic cITecl of

these three types of objectives on the contrast of an imaged small

dark disk can be assessed as follows: using the same objectives as

previously, it is found that the contrast of a small disk (radius 08 //)

is 033 for a perfect objective, 0-31 for the apochromatic objective,

0-27 for the fluorite objective and 01 8 for the achromatic objective

(focusing wave-length =0-56//). The contrast achieved with an apo-

chromatic objective is improved 2 to I (hus making much smaller

details resolvable.

Image of bright small disk on black ground

When the disk is small in relation to (he dillraction-disk radius,

the image is a conventional diffraction disk (Airy's disk), whether

illumination is coherent or incoherent. Image perception is then only

a matter of luminous flux.

Image of thin black line on white ground in coherent or partially coherent

illumination

As with a small black disk Fig. 1.51 shows the general aspect of

the results. As the line attains the perception limit f its width is

derived as follows:

001 A
s-~.'. (1.8)

2ns\nu

The black-line contrast is improved 235 to I in coherent illumi-

nation compared with incoherent illumination. If ns'mu ^ 130 and
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A = 0-6 //, £ = 0002 //. As with a small black disk, evolvement of the

imaged line in terms of condenser aperture is shown in Fig. 1.52. An
imaged thin hne is always very similar to the image in coherent illumi-

nation and it is equation (1.8) that should be used in microscopy
except when fluorescence is involved. As condenser aperture is in-

creased, diffraction fringes become less prominent and the image
becomes finer while retaining the same contrast.

Image of thin streak of light on black ground in coherent illumination

The image is not the same as in incoherent illumination. In co-

herent illumination, the diffraction-pattern minima are zero minima

^0 ^0

Fig. 1.53. Image of Ihin slreak of light on black ground in coherent illumination.

(Fig. 1.53, curve 2). Perception of a thin streak of light on black

ground is also a matter of luminous flux. Extremely fine streaks of

light are perceivable, provided the luminous flux emitted by them

be adequate.

Edge of area imaged in coherent and partially coherent illumination

Referring again to Fig. 1.42, the curves are those shown in Fig. 1.54.

Curve 1 applies to coherent illumination, curve 2 to partially coherent

illumination when the condenser N.A. is the same as the objective's.

The diffraction fringes are clearly visible in coherent illumination and

impair the image sharpness along the area edges. Increasing aperture
of the condenser diaphragm causes these fringes to vanish.

Periodic object in coherent and partially coherent illumination

Referring again to the object shown in Fig. 1.44, the luminous

lines consist of narrow parallel slits, evenly spaced and of equal size.
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Their number is assumed to be very large. Spacings between the slits

are opaque and of the same width as the latter. This is, in fact,

Fig. 1.54. Edge of area imaged in coherent and partially coherent illumination.

a grating which is substituted for the specimen P and observed in

monochromatic light (Fig. 1.55). Naturally, in Fig. 1.55, the sHt width

is unduly large. As the direct light from the source S impinges against

Fig. 1.55. Image of a periodic object in coherent illumination.

1 1 1

Fig. 1.56. Diffraction by parallel slits.

the object P, each sht, such as AB or A^B^ diffracts some of the in-

cident light. Let us consider the phenomena taking place at slit AB
and AyBy (Fig. 1.56). The vibrations dilTracted by the slit media O
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and Ox in a random direction d do not travel along the same paths.

Assuming the grating to be perpendicular in relation to the incident

light-beam, points O and Ox are reached by the incident rays at the

same time but the rays diffracted in the direction of (vibrations

originated by O^ lag slightly in relation to those originated by O.

Let us drop a perpendicular OH from O to OxX^. From O and H
the vibrations diffracted by O and Ox travel together in the direction

of Q. The lag of the vibrations diffracted by Ox equates OxH. To every

point of the slit AB there is a matching point of slit AxBx to which

the same inference applies. At all points of sHts AB and AxBx the

phenomenon is identical with that at O and Ox. Therefore all slits

may be substituted for their centres.

The foregoing applies to the other slits too: the path difference

increases or diminishes, from one sht to another, by the distance OxH.
The vibration diffracted in the direction of d by shts AxBx, AoB^,

A3B3, lag by A, 2/1, 3A, etc., in respect of the vibrations diffracted by AB.
As the phenomena recur identically within one wave-length or whole

multiples thereof, nothing differentiates the sHt-originated vibrations.

Figure 1.57 shows there is no difference whatever between the vi-

1 1 I 1 I

Fig. 1.57. The vibrations originated by the slits in the direction of are in phase.

brations O, H, H\ H", etc., and phenomena occur as if the vibrations

originated by 0,0x, Oo, ... were not out of phase. The vibrations

diffracted by the slits in the direction of 6 are in phase. Then, am-

plitude of the light emitted by the grating in that direction equates
the sum of all the amplitudes emitted by the shts of the grating.

After passing through the objective Ox (Fig. 1.55) the maximum of

light is produced in the focal plane at S'x. The rays diffracted in the
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direction of 6 are concentrated in the focal plane of the objective O^
because they are all parallel. Were 6 changed to —6, i.e. were the

phenomena considered to be symmetrical in relation to a perpendicular

grating, nothing would be altered. The maximum of light would still

obtain at S'^ and be symmetrical in relation to the axis. More par-

ticularly, were O^H = 0, viz. the light diffracted in the direction of

the incident light (0=0) investigated, the result would be the same.

All the sht-originated vibrations in the direction of the axis (0=0)
are in phase and maximum light is produced at 5*,', principal focal

point of the objective O^. The slit-originated vibrations are no longer
in phase when there are slight divergences in the directions relevant

to OiH = 0, A, 2A. Some are leading, some lagging and, in the ag-

gregate, they virtually cancel themselves out. There is virtually no light

as soon as the directions, requiring a path difference amounting to

a whole wave-length multiple, are diverged from. Lastly, when ob-

serving the focal plane of the objective O^ (Fig. 1.55) the maximum
of hght is at S^ on the axis and, symmetrically, on either side of 5,',,

a series of maximums S[, 5*0, etc. These maximums are images of the

source. The image S^ is the direct image of the source and unages

5*1', 5*2, etc. the diifracted images, called spectra.

In the computing procedure originated by Abbe, forniation of the

imaged grating in the plane // is investigated in two stages: first.

Y "^'^i^vl/o,
C

"

^-

Fig. 1.58. All the spectra .S'l,^',,"- ^fe not (raiismitted hy the objective O^.

formation of the images diffracted in the focal plane of the objective O, ,

and next, the change-over from the focal plane to the plane P' where

the ultimate image is located. The light diffracted by the grating which

penetrates in the objective O^ is distributed in the images .S,',, S[, So, etc.

These images act as in-phase radiants. When the slits of the grating

are very close, spectra ^j, ^o, etc., are far removed from 5"^. To
collect the light diffracted in the direction of 6 the objective N. A. must

be adequate. If such is not the case, it may occur that all the spectra

*S(, ^2, etc., are stopped short by the objective O, (Fig. 1.58). Only
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the light transmitted to S'q passes into the objective. The image plane P
illuminated solely by the source S'^ is evenly illuminated. The field

of view perceived by the eye from eyepiece 0.>, is uniform and free

from the imaged grating. Assuming that the N.A. of objective O^ is

adequate to let through image S^ and spectra S[ and S!,, the plane P'

Fig. 1.59. Image of a periodic object when the N.A. of objective O, lets through ^o and

spectra S^ and So.

is then illuminated by three coherent sources: S'^^, S[, S!,. Curve 1

in Fig. 1.59 shows the image structure. The pecked curve 2 shows

the geometrical image of the grating. Instead of a sharp definition

of the bright lines of the grating, the image exhibits shaded-off edges;

the image period remains the same as that of the grating. Let us

Fig. 1.60. linage of a periodic object when the N.A. of the objective O, lets through

Sq and two spectra on either side of S^.

increase the objective's N.A. to let in iwo spectra on either side of .S^.

The image then exhibits additional diffraction fringes (Fig, 1.60).

As more spectra are let in, the image period does not alter and remains

that of the object grating but the outline image gradually tends to

Fig. 1.61. As more spectra penetrate into the objective, the image looks more and more

like the object.

a perfect image (Fig. 1.61). The geometrical image is the limit-image

achievable were all the spectra involved, that is, with an objective of

infinite aperture. If but few spectra are let in, the luminous con-

tinuities are not shown in the image and substituted for shaded-ofif

outlines that do improve sharpness of the image. As more spectra



48 PROGRESS IN MICROSCOPY

penetrate into the objective, the image looks more and more like

the object.

Let us consider a grating whose slits are very close and let us

operate in obhque illumination. The layout may be that shown in

Fig. 1.62 where only the direct image 5,',
and the spectrum S!, penetrate

into the objective. The plane P' is illuminated by the two coherent

sources Sq and S!,. The imaged graiing is a sinusoidal image similar

Fig. 1.62. Periodic object in oblique illumination.

to that in Fig. 1.48 (Young's fringes produced by the two sources

S'l and S!, in the plane P'). Therefore, all that is needed to see the

imaged grating is that the objective N.A. be such that the image

Sq plus a spectrum, e.g. So, may penetrate into the objective. Oblique

illumination of the grating shows a sinusoidal image the period p of

which is given by

P=:r^- ^'-^^
2/7 sin M

The expression shows the resolving power of a Foucauit type

periodic object in coherent illumination. The numerical value obtained

is the same as in incoherent illumination (expression 1.6) although the

resolving power is then reached after a steady dwindling of the image
contrast. Jn coherent illumination, the process is different: as long

as two images at least penetrate into the microscope's objective the

periodic structure is clearly seen. The imaged grating vanishes only

when one of the two images 5^ or S^ is arrested by the objective.

10. PERCEPTION LIMIT AND RESOLVING POWER

The foregoing results are collected and discussed further in the

present section.

If the phenomena are considered in the plane of the specimen,

a pin-point detail can be substituted for a small disk of radius
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1-22 A/(2/2sinw). Two pin-point details on black ground, emitting identi-

cal luminous fluxes will appear discrete only if the relevant diffraction

disks are not too close to one another. Let us first assume that the

two pin-point details act as would two incoherent sources on black

ground. In Fig. 1.63 the distance between the two diffraction disks

Fig. 1.63. Diffraction patterns the distance of which is greater than their diameter,

amounts to approximately twice their diameter and are readily dis-

joined. Resolving power of the two disks is usually considered to be

reached when the central maximum of one of the diffraction patterns

Fig. 1.64. Diffraction curves as resolving power is attained (incoherent illumination).

corresponds to the first zero minimum of the other and conversely,

i.e. when the diffraction curves are as shown in Fig. 1.64. Under

such conditions, light-intensity, half-way between the two images,
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amounts to 0-74, viz. a loss of 26 per cent. Figure 1.65 shows the two

diffraction disks as resolving power is attained. From expression (1.2)

the distance between the two luminous points in the specimen plane
is given by the expression:

1-22/1

.y=;^.~- (1.10)

As the N.A. of the microscope's objective increases the diameter

of the diffraction disk shrinks and the closer details are resolvable.

Figures 1.66, 1.67 and 1.68 show how an image structure evolves

Fig. 1 .65. Two diffraction patterns as resolving power is attained (incoherent illumination).

according to the objective's N.A. Tn Fig. 1.66 the N.A. is inadequate
and details cannot be resolved: the image is indifferently defined and

surrounded by diffraction fringes. As N.A. increases (Fig. 1.67) the

structure outline of the object emerges. As N.A. is increased (Fig. 1.68)

the diffraction disks are sufficiently fine to show that the object con-

sists of discrete luminous points. This evinces clearly the significant

effects of diffraction on the image structure of small objects. Figures 1 .69

and 1.70 are instructive, too: they show the aspect of an object con-

sisting of luminous points on dark ground in coherent and incoherent

illumination. The imaged diffraction disks of the luminous points add

up in incoherent illumination (Fig. 1.69). Diffraction rings retain their
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Fio. 1.66. Image structure according to the objective's N.A. nsinu =^ 0-20.

Fig. 1.67. Image structure according to the objective's N.A. ns'mu ^ 0-60.
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circular shape. Conversely, in coherent illumination (Fig. 1,70) there

is some interference between the various diffraction disks. The rings

are completely distorted and even the central disks are no longer

circular. This would lead one to believe that the actual shapes of

Fig. ],68. Image structure according to the objective's N.A. ns'mu = 1-30.

luminous objects are emerging but such is not the case, since the

errors that may be made when interpreting such images can readily

be realized.

Let us now consider the case where two pin-point details act as

two coherent sources on black ground. Under the same conditions,

resolving power is reached when the distance ;', from the two points

in the specimen plane, is given by:

y
1 63 A

2/7 sin u
(I. II)

Two pin-point luminous sources on black ground are not as discrete

in coherent illumination as in incoherent.

H. H. Hopkins investigated how the separation limit of two pin-

point sources on black ground varies versus the condenser N.A, The
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test is the same as before: resolving power is reached when the drop

in intensity between the two images amounts to 26 per cent. If the

condenser is ahnost fully diaphragmed, illumination is coherent and

formula (1.11) applicable. The coefficient K, by which A/(2/7sinM) is

Fig. 1.69. Aspect of an object consisting of luminous points on black ground: incoherent

illumination.

to be multiplied in order to have resolving power y, is plotted in

Fig. 1.71, as ordinate and the ratio m as abscissae

m
Condenser N.A.

Objective N.A.

When w=0 (coherent illumination), ^=1-63 (expression 1.11).

When m =
1, i.e. when the N.A. of both condenser and objective

is the same (partially coherent illumination), K = 1 22. Separation
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limit is much the same as in incoherent illumination (expression 1.10).

The curve shows that resolving power is best when ihe condenser

aperture is 1-5 times higher than the objective's. However, in actual

practice, owing to spurious light, this theoretical result is not ap-
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the pin-point source S^y The grating P, the spectra of which do not

penetrate into the objective Oi, is observed. Only the direct image

S'^)
does penetrate into the objective and only a uniform illumination

12

8

K = I22

Fig. 1.71. Effect of the condenser aperture on the resolution of two pin-points of equal

intensity (after H. H. Hopkins and P. M. Barham).

is visible in the image plane P'. Let us open the condenser diaphragm:
the hght is originated from a wide source SiS.,. The grating P is

obliquely illuminated by the edge of source S, and the arrangement

•s. (o)

•si

•s.

(b)

Fig. 1.72. Effect of the condenser aperture on the resolution of a periodic object.

is very similar to that in Fig. 1.62. The direct image S'^) spreads out

and its lower portion in Fig. 1.72(b) matches the upper portion S2 of

the source 5*1 5*2.
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Assuming the edge S.^ to be at such a distance from the axis that

only the very edge S2 of the spectrum S^ penetrates into the ob-

jective Oi. The lower edge of S'q (lower edge of the spectrum S^)

conveys vibrations to the image plane P' which may bring about

(a)

(b)

Fig. 1.73. PIciirosigDia aiigtilatum; pleurosigiiia aiigiilaliini not rost»lvcd.

interference; likewise, the upper edge of 5,', and S[ (upper edge o{ the

spectrum S[). The plane P' is illuminated by several sources which

interfere and an image of the grating is perceived.

When the condenser diaphragm is almost fully diaphragmed,
neither the spectrum S[ nor S'. can penetrate into the objective. As

the diaphragm aperture increases the spectra S[ and SI spread out

and a time comes when a small portion thereof penetrates into the

objective, whereupon an image of the grating appears. Let us now
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consider a diatom: pleurosigma angulatum (Fig. 1.73(a)). The micro-

scope eyepiece is removed and the objective focal plane observed by

means of a focusing telescope. With an objective of N.A. = 0-85,

and the condenser abnost fully diaphragmed, only the direct image

5*0 is visible (Fig. 1.74(a)). Let us put back the eyepiece and observe

the imaged diatom: the aspect is that of Fig. 1.73(b): the diatom is

Fig. 1.74. Diffracted light in the focal plane of a microscope objective (pleurosigma

angulatum) .

not resolved. Let us consider again the objective's focal-plane and

open the condenser diaphragm. The spectra outside the field spread
out and a time comes when the spectra edges penetrate into the ob-

jective (Fig. 1.74(b)) and the imaged diatom is resolved.

Under normal working conditions, perception of discrete objects

of high contrast and that are small in relation to the diffraction disk of

the objective varies but slightly with condenser aperture : illumination is

nearly always coherent. However, when the condenser is diaphragmed
too much, images do not exhibit an attractive appearance. Increasing

the condenser aperture improves image sharpness and subdues diffrac-

tion fringes. Naturally while the condenser N.A. affects but Httle the

perception of minute discrete objects it does take effect on the sepa-

ration hmit of closely adjacent objects. Images are finer and diffraction

fringes fade as the aperture of the condenser increases, the more
utmost definition is improved (Fig. 1.71).

The numerical data mentioned in the foregoing paragraphs are

tabulated below. The data included in chart 1.1 apply to a perfect

instrument and should be considered as the very best obtainable.

Such results may be approximated by using, in monochromatic fight,

a microscope with stray light excluded to the utmost and whose

objectives are well corrected from spherical aberration. Chart 1.2

shows the chromatism effects on perception fimit of a small dark disk
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on while ground. The effects are not marked with an apochromatic

objective but, conversely, are significant with an achromatic one.

Chart 1.1
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n. STRAY LIGHT

When a light-beam passes through a microscope, a portion of it

is reflected on every surface and reverts in the source direction. If

this luminous flux is no longer reflected, it can be considered as not

taking part in image formation. But if this beam is reflected anew,

a portion of it is reverted to the image, forming a halo of stray light.

Figure 1.75 shows diagrammatically the luminous paths just described.

Objective

Imoge Aq

Fig. 1.75. Scallered light refieclcd by (he lenses t)f ;in objective.

Let us now consider a narrow pencil of rays originated from the

luminous source A. After passing through the objective's element O^
it is reflected at // on to the element 0[, next at KL on to the element

Oi and returns to the image A^^. The light beam // I'G' shares in the

formation of the actual image ^y, but the beam KL K'L' gives rise

to a stray-light halo in the plane of the image A'^y. This halo is not

very pronounced. Yet scattered light reflected on the curved sides

of elements Oi and 0[ have to be considered, the result being that

reflection losses become quite heavy when the instrument has many
surfaces. Such losses impair image illumination and produce stray light.

Intensity of the stray light may attain and even exceed 5 to 7 per cent

of the intensity of the normally illuminated field. Low-contrast, imaged

objects may vanish. Therefore reducing to a minimum the stray

light reflected between the lenses of the instrument is essential. The

light reflected by a glass surface can be reduced by coating it with

a thin film of suitable thickness (Fig. 1.76). Reflected light is origi-

nated by the interference of rays such as a and Z?: it is least at wave-

length Aq if the product ne equates /lo/4. Wave-length 2o from the

minimum is selected, the wave-length for which the receiver exhibits

utmost sensitivity. For instance, for the eye, Aq is selected close to
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0-55//. The amount of reflected light is shown by the expression:

Reflected luminous flux
R

Incident luminous flux

R is the reflectance of the surface. Tf the glass surface is

coated its reflectance is least when the wave-length Aq
= 055 fi

and highest when at the blue and red ends of the spectrum, the surface

Fig. 1.76. Glass surface coated by a thin film.

then being purplish red if observed by reflection. Let us consider

flint-glass refraction index A'^ = 1-62. Uncoated, its surface has

reflectance R = 0-056 at normal incidence. Coated with a thin film

of thickness ne = A/4 when Aq = 0- 55 ju the reflectance of the glass

optical plate is 001 when A^ = 055 ju. A stiU lower reflectance in

relation to the wave-length can be obtained by the use of achromatic

thin film (Turner). Instead of one, two thin films are now deposited

on the glass surface (Fig. 1.77). The first thin film has an optical

V rr 'i<<i >'.Vr tt <-t, ,,t',Y,/ft <//,'/<
,^2 /

Glass N

"2 \ --^0^^

Fig. 1.77. Glass surface coated by two thin llhns.

thickness n^ei = A/4, that of the second one //o^o = A/2 (between the

first and the glass). Figure 1.78 shows the reflectance distribution of

A^-index glass in relation when A'^=l-62, /;, 1 4 and //. = 20.

Curve 1 shows the R changes when the glass surface is coated with

one thin film. Curve 2 shows the variations of R when there are

two achromatic thin films on the glass. At wave-length Xq =055//
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the same reflectance is obtained in both cases but the smallest diver-

gence from this wave-length causes the reflectance to differ widely.

In this way, stray light in microscopes was much curtailed. Intensity
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phenomenon typical of amplitude and phase distribution in the photo-

graphic plate. Assuming the phase variations to be negligible and

considering amphtude changes only, the image shown in Plate P is

Fig. 1.80. Hepato-pancreas of a snail (helix) (autoradiography).

Fig. 1.81. Hepato-pancreas of a snail (helix) after filtering.
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featured by degrees in blackness, i.e. changes in contrast. In this

image the grain is evinced as, for instance, in Fig. 1.80. The contrast

changes in plate P are details needing investigation. Assuming, as is

the case in Fig. 1.80, that these details are much wider than the grains

to be eliminated: since the grains are minute and virtually of the same

diameter, they exhibit at S' an extensively spread diffraction pheno-
menon. Conversely, the photographic details to be investigated at S'

are much narrower than the grain's. Setting in the plane S' a screen

pierced with a hole of suitable diameter (determined by experience)

the major part of the grain-originated diffraction phenomenon can be

occluded. The narrow diffraction phenomena originated by the photo-

graphic details can pass through and a new plate is ultimately obtained

at E, where grain effects are substantially reduced. The screen, located

at S' and pierced with a hole, "filters"' the photographic plate P.

Figure 1.81 shows the photograph in Fig. 1.80 after such "filtering".

The experiment requires much care in order to prevent interpretation

errors.



CHAPTER IT

Phase Contrast Microscopy

1. TRANSPARENT OBJECTS

A TRANSPARENT object is an object that can only be distinguished

in the medium encompassing it by the variations of its refractive index

or its thickness. No variation in hght-intensity will detect its presence,

the field of view remaining uniform. Such objects, frequently called

"dephasing", obviously escape normal observation although their role

in microscopy is a large one.

Transparent objects are many in biology and microscopists have

to stain them in order to render them visible. This method is par-

ticularly detrimental when living objects are observed and this fact

gives much prominence to phase- and interference-contrast methods

as they enable one to study living tissues under conditions just as

good as when studying tissues that died after staining.

Transparent objects are met with in many other branches of science

besides biology. For instance, inequalities on metallic surfaces having

a uniform reflection act as transparent objects and can be observed

by either phase- or inteiference-contrast methods. Structural uneven-

ness in crystals, index variations in an inhomogeneous liquid, de-

formations of a liquid surface and so forth are transparent objects.

Even when not unduly small, transparent objects are not perceivable

in ordinary microscopes because they lack in contrast when compared
to the remainder of the field. Both contrast and interference micro-

scopes render such objects visible.

2. PRINCIPLE OF THE PHASE-CONTRAST METHOD

The phase-contrast method was invented by the Dutch physicist

Zernike who was awarded the Nobel prize in 1953.

Originally used by its inventor for inspecting telescope mirrors,

the phase contrast technique was applied to microscopy shortly after-

64
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wards. Zernike's initial work was published before the last war but

effective development of phase-contrast microscopy was not under

way before 1946. Complete investigation of phase contrast requires

some mathematical data which are not indispensable, however, if the

study is restricted to basic phenomena. P is a transparent object

observed in a compound microscope (Fig. 2.1). The filament of the

Direct light

diffracted
light

Fig. 2.1. Diagram of the ray paths through a microscope.

source So is focused on to the iris diaphragm A of the condenser

through the lens L. The diaphragm D^^ is in the focal plane of the

condenser's optical system C. Under such conditions, were the source

but a pin-point, a beam of parallel rays would pass through the

specimen P. In fact, the source is always spread over a certain area:

each of its points originate a pencil of parallel rays so that an infinity

of such pencils pass through the specimen at various angles. Against
the lens L is the iris diaphragm Do whose distance from the condenser

is such that C actually images Dq on to the specimen. The specimen
P is observed by the microscope proper, consisting of the objective O^
and the eyepiece Oo. The afore-mentioned Kohler illuminating system
is used.

Let us consider, for instance, a small transparent bacterium A,

assuming the lamp Sq to be a source of monochromatic light. The
bacterium is invisible, not on account of its size, but merely because

its contrast in relation to the remainder of the field is too low. Owing
to the incident light, the bacterium diffracts a small amount of light

in a cone that widens out as the bacterium is smaller. In Fig. 2.1

the hatched area shows the portion of diffracted fight that passes into

the microscope.
Let Di be substantially diaphragmed down, thus using only but

a small portion of the filament imaged at S[ . In this plane, the beam
of direct light covers but a very narrow area whereas the beam of

diffracted light overspreads amply. This point is essential and will
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be applied later. Let us now investigate the area wherein the small

bacterium A lies. Let n be the refraction index of the latter and //'

the index of the liquid it is immersed in (Fig. 2.2). Tf the index is

slightly larger than /;', the light passing through the bacterium (ray 1)

lags in relation to the light traversing the liquid close to the bacterium

Fig. 2.2. Optical path difference produced by the object A.

(ray 2). If e is the bacterium thickness, the difference in the optical

path is zl = {n
—

n')e. The sinusoids V^ and K, denote the luminous

vibrations propagating along rays 1 and 2, respectively. Since /; > //'

Ki lags in relation to V.^. Such lag is denoted by the short distance I

in Fig. 2.2. in the following, it is assumed thai the lag is small in

Fig. 2.3. Graphical rehitions among the F,, V.^ and F, waves such that F, ^--^ K. I F,.

relation to wave-length I. Figure 2.3 shows both sinusoids Vy and K.,

side by side and only out of phase by the short distance I, as shown

in Fig. 2.2. It is well known that a sinusoid, i.e. Vy or \'.^, can be

shown by the equation: y = asmlnxfl, where y is the ordinate

of the curve corresponding to abscissa .y, a the amplitude (highest
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value of the ordinate). Both sinusoids Kj and K, are identical as the

bacterium is invisible throughout the field, viz., the light-intensity is

constant over the whole field. Now, intensity being proportional
to the square a^ of amplitude a, all vibrations passing through the

specimen have the same amplitude and, more particularly, the vibra-

tions Vi and K, which, hence, are identical.

These two vibrations, although but slightly shifted in relation to

one another, do exhibit either the path difference 1 or the phase
difference fp

= InAjX. Assuming the J/A ratio and, therefore, (p to be

small, the square (p^ of the phase difference fp can be disregarded.

Let us consider the sinusoid V^ denoting the vibration traversing the

bacterium. It can be assumed that this sinusoid is the sum of 2 sinusoids :

(a) Sinusoid K,,

(b) Sinusoid V^ (shifted) by A/4 {njl in phase difference) in relation

to the former and of low amplitude OM. A glance at Fig 2.3 reveals

that the summed ordinates of these two curves {V^, and V^) do evince

sinusoid V^ at once. The equation: y = a^mlnxjl readily yields the

amplitude OM: all that is required is to substitute x for A since xjX,

i.e. Ajl, being small, sin2j7: 1/-^ can be substituted for InAfX. Under
these conditions, then:

27iAOM ^a -y ^a<p. (2.1)
A

Let us write a -^ I and, hence, the amplitude OM of the vibration

F3 is denoted merely by 7. Let us now give a physical meaning to

vibrations V^, V^ and Kg by going into Figs. 2.1 and 2.3. The si-

nusoid F3 matches the bacterium-diffracted vibrations; its amplitude
OM is proportional to 7 and is the lower as the n— n' difference is

smaller. IfA7_= n' the phase difference between K, and V-2 i. e. the

phasejifference between ravs 1 and 2, Fig. 2.2 . is zero. The vibration

Kg vgnkhes and theie_is_jTo diffracted light any longer. As to the

vibration V^, it denotes the direct fight passing at S[ in Fig 2.1, which

is spread over the image P' .

To sum up, the vibration K^, passing through the bacterium can

be divided in two: (a) the vibration K2, which is the same as in the

remainder of the field where there is no bacterium; (b) the vibration Kg,

diffracted by the bacterium and the ampfitude of which, proportional
to fp, is all the smaUer as // is closer to n .

The direct and the diffracted vibrations, V.^ and F3, respectively,

are shifted by XjA (phase difference: njl) regardless of the 7 value,
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provided 7 remains small. Let us now consider the image P' of the

specimen P (Fig. 2.4). The bacterium image A[^ is the outcome of the

compounded vibrations V.2, and K3, phase shifced by njl and reaching A'^^.

Classical rules of vibration compounding show that when two vibrations

tSS^;::a.;.v.

^x^^>^.

Fig. 2.4. In the image A'q, sinusoid (^3 (diffracted light) is shifted by /u/4 in relation to

the sinusoid V^ (direct light).

are out of phase by nil (lag of XjA) the squared amplitude of the

resulting vibration, i.e. the light-intensity in the bacterium image A'q,

is given by summing the squared amplitudes of the constituent vibra-

tions V2 and F3.

Since 9'^ is disregarded, the intensity /^ in the image A'q is given by:

h- 1 +r^i (2.2)

In random point P' , where there are only direct vibrations whose

amplitude equates unity, the intensity is, then,

Light intensity is the same at all points of the image P': the

bacterium is invisible .

Let us assume that, by means of a suitable experiment described

later, it were possible to dephase again the sinusoid Kg by nil. Let us

now observe the image P' under such conditions. The vibrations V2

and Kg, reaching the imaged bacterium, are shaped either as shown
in Fig. 2.5, (a) and (b), respectively. The diffracted vibrations V^ lead

in relation to direct vibrations V.^, or, which amounts to the same

thing, the direct vibrations V^ are lagging in relation to K3. In the

case of Fig. 2.5(b), the converse occurs. Both vibrations, K, and K3,

are in phase in Fig. 2.5(a) and, then, the resulting amplitude equates
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the H 7' summation of the constituent-vibration amplitudes: The

light intensity h in the imaged bacterium A'^ then becomes:

/i
=

(l + 9^)'^l+2<p (2.4)

since 7- is disregarded. Next to the bacterium, the intensity A remains

equal to 1. The intensity ly in the imaged bacterium differs from the

intensity I2 in the remainder of the field : the bacterium becomes visible.

(a) (b)

Fig. 2.5. By introducing the phase plate, sinusoid K and K3 arc in phase (a) or in

opposition (b).

In Fig. 2.5(b), the vibrations K, and Kg are in opposition and are

subrtacied from one another. The resulting amplitude in the imaged

bacterium is \~(p and the intensity:

h-^{l-qf^i-2q. (2.5)

/i differs from /.: the bacterium is still visible.

In the first case (Fig. 2.5(a)), A is larger than L. The bacterium

outshines the remainder of the field. In the second case (Fig. 2.5(b)),

/i is smaller than h and the bacterium is not as bright as the remainder

of the field. Thus shifting the curve V^ by njl in relation to its initial

position, i.e. dephasing the direct vibrations by njl in relation to the

diffracted ones, enables one to convert the small phase differences in

the object (index or thickness differences) in fight-intensity differences

in the image. This is the basic principle of phase-contrast microscopy.

We have just seen now phase-shifting of direct and the diffracted

light by Tijl allows observation of a specimen consisting of smaU

transparent details. How can the motion of sinusoid K3 be achieved?

Reference to Figs. 2.1 and 2.4 shows that this problem can be solved

in a simple manner. We have seen that the direct illuminating fight

and the bacterium-diffracted light are severed in the plane F passing
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through the image S[. This is where the effect on the direct hght can

be talcen without much alteration of the diffracted hght. A small trans-

parent plate is placed at S[ so that all the direct light passes through it,

the small portion of diffracted light passing through the plate being

disregarded. After selecting the proper thickness and index for the

plaie Q (Fig. 2.4), (called phase-plate), the direct vibrations (sinusoid V.y)

can be made to lead or lag without altering the diffracted vibrations

(sinusoid Kg). Figure 2.3 shows that the phase-plate is to lead or lag

the direct vibrations Kg by a quarter wave-length in relation to the

diffracted vibrations V^: the phase-plate is a quarter-wave-length plate.

The optical path of the direct vibrations traversing the phase-plate

of thickness e and of index A^ is denoted by Ne while the optical path
of the diffracted vibrations passing next to it, e.g. in air, is denoted

by e. If A is the wave-length of the hgh< used, then:

Ne-e = {N-i)e -
^/4. (2.6)

The direct vibrations are lagging and the arrangement is that

shown in Fig. 2.5(a): the phase-contrast is called negative phase-con-
trast. Let us increase the thickness c of the phase-plate so that:

{N-{)e - 3A/4. (2.7)

The lag of the direct vibration is now 3jr/2
= Itt—ttJI. As a Itz

lag does not change anything, phenomena occur as if the direct

vibration led by jijl, as in the arrangement shown in Fig. 2.5(b). Phase-

contrast is then positive. Assuming that // is larger than //', the

bacterium outshines the remainder of the field in negative phase-

contrast and is less bright in positive phase-contrast. The results are

tabulated hereunder.

n = index of observed detail (bacterium)

«' = index of medium encompassing the detail observed.

Negative phase-contrast (the phase-plate

delays direct vibrations)
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3. CONTRAST AND SENSITIVENESS OF THE METHOD

Resuming the definition given in § 1.8, let us investigate the

bacterium contrast. The intensity /j, in the imaged bacterium is

= 1 + 2(/ and the intensity /a, in the remainder of the field, is unity.

The bacterium image-contrast is

y = 2<r . (2.8)

If the index ii of the bacterium is not very different from index n'

of the medium encompassing it, both q? and contrast y are small.

The contrast y, under which the bacterium is observed, can be in-

creased, thus improving observation. Let us assume that the phase-

plate Q be absorbent. This change does not alter the vibration Kg in

any way since the diffracted light it represents passes almost wholly
close to the phase-plate. Conversely, the greater the phase-plate

absorption the less the amplitude of the sinusoid V2 (direct light).

Let us denote absorption of the phase-plate by the number N that

divides the direct light-intensity passing through it. If A^ = 1, the

phase-plate is transparent; if A'^ = 10, it only lets through one-tenth

of the direct-light incident intensities and so forth. Then, the bac-

terium image contrast is given by the expression

y=2(p^N. (2.9)

In relation to the transparent phase-plate, image contrast is multi-

plied by ]
N. For instance, if A'^ = 2500 path differences of ap-

proximately 1 angstrom may be observed with a contrast amounting
to 01 being still clearly visible. This shows that the phase-contrast

method ensures great sensitivity provided, however, that the optical

system be of adequate quality and, more particularly, devoid of stray

light. The latter, always present in a microscope, is the reason why
phase-plates exceeding the value N = 100 are seldom used. Table 2.1

Table 2.1. Image contrast according to various phase-plate absorption

RATES
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shows the image contrast-values according to various rates of ab-

sorption of the phase-plate versus the thickness e of the detail ob-

served and of its ;?
— «' index difference from the medium encom-

passing it.

Thus, in a detail 10 microns thick, having an index difference

n— n =0001 from the ambient medium, a 0-20 contrast obtains

when the phase-plate is transparent. This is not a low contrast and

yet such a value does not provide comfortable observation. The same

object, seen with a phase-plate dividing the incident intensity by 5

(//
=

5), increases contrast to 0-4: a satisfactory level. Utmost con-

trast, for this object, is obtained by a phase-plate dividing incident

intensity by 50. The foregoing results imply a small fp. Now, this is

not always feasible in microscopy and ascertaining the image-contrast

variation versus the phase-shift 99 set in by the object is useful. Fig-

ure 2.6 shows the results evinced by two phase-plates setting
— in

the normal 7i\l phase displacement between the diffracted and the

direct hght. The first is transparent {N = 1), the second absorbing

(A^
=

10).

With a transparent plate, the contrast peaks when the phase dis-

placement set in by the object is 45° and cancels out when 9'
= 90°.

With an absorbing phase-plate, variations occur much faster: when

A'^ = 10, maximal contrast obtains when the phase-displacement set

in by the object approximates 18° and cancels out when 7
== 34° 7'.

The contrast is reversed at ^< values exceeding 90 {N ^^
1) and 34° 7'

(A'^
=

10). If fp remains small the portions OA and OB of these two

curves may be considered as being virtually rectihnear as shown in

formulae 2.8 and 2.9. In both these regions the contrast y is proportional
to the phase difference 9. When a specimen contains some details

exhibiting manifold 7 values, the curves in Fig. 2.6 evidence that all

the details cannot be descried at the same time with the same phase-

plate. Some are discerned with a high, some with a low contrast.

Details conforming to y = 90° are invisible with a transparent

phase-plate.

Richter has shown that a 7r/2-dcphasing-plate is not the most

efficient one. The phase-displacement xp originated by the phase-plate,

for an object conforming to phase-difference 7, should be:

y}=^90°-(pl2 (2.10)

with absorption N:

I /A/
- 4cos''v. (2.11)
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If rp is small, ip
is virtually

= 90^" and the most efficient phase-

plate is a quarter-wave one. Figure 2.3 shows the relevant result.

Phase-plates exhibiting variable characteristics aie, hence, valuable for

N = IO

ir,2,5 asrs

l7P-/]i>\ (.7/8)

90°

^

Fig. 2.6. Contrast image y in relation to the phase difference (p produced by the object.

they allow one to go fully into the specimen details. However, micro-

scopes suited to phase-plates of this type are usually elaborate in-

struments requiring much skill.

4. IMAGE STRUCTURE IN PHASE-CON IRAST

Referring to Fig. 2.7, the diagrammatic object shown is the de-

phasing object. The latter may be, e.g. a parallel-sided glass plate

with a rectangular band A. Positive phase-contrast observation shows

the area A in black against a white ground but the image structure

A

_„ n
, ,

Fig. 2.7. Diagrammatic dephasing object.

varies as the width of the object A. Assuming the latter to be minute,
the fight it diffracts overspreads along the plane F (Fig. 2.4); the small

portion of diffracted fight passing through phase-plate Q can be dis-

regarded. Under such conditions, the image structure is that shown
in Fig. 2.8(a). The imaged object as seen is correct: there is a smaU
dark band on a light ground the outlines of which are rounded off

by diffraction. As the band-width A increases, overspreading of the
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light diffracted along the plane F recedes (Fig. 2.4). The portion of

diffracted light passing through the phase-plate can no longer be

disregarded as it brings about the perturbations shown in Fig. 2.8(b).

The image still conforms to the object and a dark band on light

ground is discernible but the image is edged by the two clearly visible

bright fringes m and m'. The halo that always surrounds phase con-

trast images is due to these fringes. Naturally, this halo is also present

(a)

(b)

(c)

Fig. 2.8. Image structure in phase contrast method (after H. WoUer).

in Fig. 2.8(a) but much more extensive and not so visible. If the width

of the band A continues to increase, a time comes when the width

of the diffraction phenomenon it originates along the plane F (Fig. 2.4)

is approximately the same as that of phase-plate. Now the image
is completely perturbed, as shown in Fig. 2.8 (c.) No longer can it be

said that a dark band on hght ground is discerned as the intensity

within the geometrical image if the band has virtually the same mean
value as the remainder of the field. Figure 2.8(c) shows that only the

phase breaks of the object, e.g. the edges of band A, are perceivable.

Let us take as example an epithelial cell of the tongue : in a powerful

objective this is a rather large object the diffracted light of which

does not extend much beyond ihe phase-plate. The imaged cell

shows but little contrast with the remainder of the field. Only the

edges and inner details of the cell are visible. The edges are seen as

discontinuities denoted by m and m' in Fig. 2.8(c). All inner details

display images similar to those in Fig. 2.8(a). These results are shown

diagrammatically in Fig. 2.9. Figure 2.9(a) shows a cross-section of the
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object which is an outline of index and thickness changes in the cell.

Figure 2.9(b) shows the structure of the phase-contrasted image. The

whole cell evinces but slight contrast in relation to the remainder of

the field, the discontinuities originated by the cell edges appear in m
and m' . The imaged inner details conform to their structure.

Making a phase-plate opaque brings about a central dark ground.

Theoretically, contrast is maximal since the dephasing details are

(b)

m m

Fig. 2.9. Image structure of an extended object.

brightly outlined against a dark ground. However, this makes image

interpretation more tricky. It should be borne in mind, that, in phase-

contrast microscopy, intensities are proportional to the object-origi-

nated phase (equations 2.4 and 2.5) whereas those on dark ground
are proportional to the squared phase. If the object dephases but

slightly, viz. if cp is small, its square is still smaller. Therefore a dark

ground requires intense sources that emphasize the minutest surface

defects such as dust and so forth. Under such conditions the details

displacing the phase inconsiderably are always clouded by the diffracted

hght, originated by improperly focused defects.

5. PERCEPTION LIMIT AND RESOLVING POWER. EFFECTS OF STRAY LIGHT

Let us consider an object not discernible in an ordinary microscope

because it is transparent and not owing to its minute size. Therefore

it exhibits no contrast with the remainder of the field. When observed

in a phase-contrast microscope with an absorbing phase-plate, the

imaged contrast is educed from expression 2.9. This expression implies

that the microscope is perfectly devoid of stray hght and the values

so derived are therefore critical.

Let us consider a small transparent disk, giving rise to phase
difference cp, and the diameter of which is, e.g. 4 to 5 times that of

the diffraction disk. The image obtained in phase-contrast microscopy
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is given by expression 2,9. It can be considered that limit of perception

is attained when its contrast attains 004. Then equation 2.9 gives

y = 2(f] N = 004. (2.12)

As the phase-plates generally used do not exceed N = 100, then:

in-n')e =0 0002. (2.13)

An object of thickness e = 1 // could only be seen, for instance,

provided that the index differences between it and the medium sur-

rounding it exceeds 2xl0^\ Stray light impairs sensitivity and its

effects are the greater as phase-plate absorption increases. If intensity

of the stray light is a fraction K of the incident intensity, the image

phase-contrast is divided by \
\ NK. When A^ = 100 and K = 005

the image contrast is divided by 6. While the phase-contrast method

does enable one to perceive details otherwise remaining invisible under

normal conditions, its very principle is not conducive to improved

resolving power. General diffraction laws, i.e. the structure of the

diffraction pattern displayed by the objective, determine the resolving

power of a microscope. The presence of the phase-plate alters but

slightly the diffraction pattern. The phase-plate occludes a small

portion of the central aperture of the microscope objective, thus

slightly altering the diffraction pattern: the central disk is narrowed,

thereby increasing the hght in the diffraction rings surrounding it.

The resuh is that ihe resolving power in the case of high-contrast imaged

objects is slightly improved. Conversely, low-contrast imaged objects

afford less improved resolution. A phase-contrast microscope provides

approximately the same resolving power as an ordinary microscope.

When observing a transparent object immersed in a medium the index

of which is very similar to it, the details are not perceivable in an

ordinary microscope. But, once the phase-contrast microscope has

converted the phase changes into intensity variations, two discrete

particles are no farther apart when resolving power is reached than

with an ordinary microscope when observing a non-transparent object,

featuring light-intensity variations.

6. PHASE-CONTRAST MICROSCOPES IN TRANSMITTED LIGHT

Referring to Fig. 2.1, all the illuminating direct light passes through

the aperture Si of the diaphragm D^, located in the focal plane of

condenser C. After passing through the condenser C and the objec-
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tive Oi, Si is imaged at S[ in the objective focal plane F. The direct

light passes through the image S[ of S^. To dephase by 7r/2 the direct

vibrations in relation to the diffracted ones, all the light must penetrate

in the phase-plate at S[. The phase-plate, therefore, must overspread

the imaged Si of the diaphragm Di. If the phase-plate is ring-shaped,

the diaphragm Di aperture should be a ring which, when imaged
at S[ does not overlap the phase-plate. When the latter is shaped

as a small rectangular band, the aperture 5*1 of the diaphragm Z>i

should be a slit which, when imaged at S'l, is overspread by the phase-

plate. When a hnear-phase plate is used, objects shaped lengthwise,

extending at right angles to the phase-plate, are not perceived. Such

a strip affords a preferred direction of vision: merely rotating the

object shows up details that would remain invisible in the initial

position. Regardless of the phase-plate shape, it follows that segraga-

tion of the diffracted and direct light is unsatisfactory if the phase-

plate is too wide. In Fig. 2.4, the beam of diffracted hght overspreads

the objective and lies in the MM' area in the focal plane F. The

phase-plate area should be small in relation to that of the MM'
diameter.

Figure 2.10 shows diagrammatically a phase-contrast microscope

with a ring-shaped phase-plate. Diaphragm Di, set in the focal plane

Fig. 2.10. Phase-contrast microscope with annular phase plate.

of the condenser C is provided with an annular aperture. The imaged
filament of the lamp So, adequately enlarged as to overspread the

whole ring sections, is cast on the diaphragm ring. The annular phase-

plate Q, located in the focal plane of objective Oi overspreads the

imaged ring D^. The shaded area in Fig. 2.10 does not show the whole

direct beam of light but only a source-generated beam of Hght. The

beams originated from other points of the lamp S^) filament follow

similar paths but at different slopes.
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Fixed-characteristics phase-plate microscopes

In Zernike's original microscope the phase-plate was of collodion,

immersed in Canada balsam and cemented between the two components
of one of the objective doublets (Fig. 2.11). Let u^ be the collodion-

plate index and /Zg that of the Canada balsam (dark area in Fig. 2.11),

(2) (I)

Fig. 2.11. Annular phase plate between two lenses of a microscope objective.

the thicknesses of the collodion plate and of the balsam are the same

and equate e. To show the quarter-wave lag taking place between

the ray 1 traversing the phase-plate and the ray 2, passing next to it

in the balsam, all that is needed is that the difference between indices u^

and 772 be given by the expression:

{n^—m^e = A/4. (2.14)

In modern objectives, phase-plates are generally obtained by evapo-

ration of thin layers in vacuo. One or several of such layers, such as a,

are deposited on the surface of the objective-lens and evaporated

Fig. 2.12. Phase plate deposited on the surface of a lens by evaporation /// vacuo.

in vacuo (Fig. 2.12). Proper adjustment of the layer thickness achieves

either a lag or lead equal to 2/4 between the traversing ray 1 and the

ray 2 passing next to it. Such chemicals as magnesium or cryolite

are used in making transparent phase-plates and produce the required

phase-displacement of 7r/2. Absorption is achieved by evaporating
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above the previous layer a very thin metal layer that absorbs the hght

virtually without affecting phase displacement. Evaporation of the

thin layers constituting the annular phase-plate is carried out on one

of the lenses closest to the objective's focal plane. Figure 2.13 shows

Phase
plate

^^

Fig. 2.13. Phase contrast immersion objective.

an immersion objective in which the phase-plate was evaporated on

one of the components of a doublet prior to cementing. The ob-

jective's focal plane hes in this area.

In absorbent phase-plates made by means of thin metal layers,

a not inconsiderable portion of the direct light is reflected by the

phase-plate and becomes stray hght. In Reichert's "anoptral" device,

FiG. 2.14. Reichert's anoptral device: (1) and (4) no reflecting thin film; (2) dielectric

thin film; (3) absorbing metallic thin film.

there is no stray light by reflection and the phase-plate may exhibit

substantial absorption (Fig. 2.14). The ''anoptral" phase-plate is

featured by Number TV = 15. This phase-plate divides the incident

intensity of the direct light by 15 and brings about a njl phase difference.

Adjustable annular-diaphragm microscopes

The characteristics of the foiegoing phase-plates are permanent.

If two objectives of identical geometrical characteristics are used

seriatim, the annular diaphragm remains the same in both cases provided
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that the phase plate remains geometrically identical, too. Were such

not the case, e.g. the objective's focal changed, the diaphragm ring

must also be changed. This is why, in many microscopes, the con-

denser carries, close to its focal plane, a revolving sub-stage comprising

rings of various sizes. A specific ring applies to every type of objective.

Leitz has perfected a phase-contrast microscope in which the annular

diaphragm of the condenser is substituted for a special condenser,
devised by Heine, whereby a mere adjustment makes it suitable for

any objective. Heine's condenser (denoted by M in Fig. 2.15) is sub-

P ^^^^^.^^.^

\,'-^yA^V44 \'~-—\

(g)
M

Fig. 2.15. Heine's condenser (Leitz).

stituted for the standard one and set under the specimen P. It consits

of the fixed lens L and the optical system C, sHding within the draw-

tube T. The paths of the light-rays from the optical system C are

shown in Figs. 2.16(a) and 2.16(b), The light-rays from the lens L (not

shown in Fig. 2.16) are first reflected by the plane portion hh and,

next, by the annular mirror del and emerge at ee (Fig. 2.16(a)). The

system C, consisting of a glass member, is shown by the dark area

in Fig. 2.16. Except in the central area x and the annular area ee,

the faces of the system C are made reflective by metallization. The

annular area replaces the usual condenser diaphragm. The micro-

scope's objective consists of the lenses Z^, 4, Aj and the phase-plate O.

In the position shown in Fig. 2.16(a), the system C is rather far from

the specimen, e.g. about 20 millimetres. This is why the lenses /i

and 4, the focal of which are short, can image the ring ee on the phase-

plate Q within the objective.
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Now, let us bring the system C closer to the specimen (Fig. 2.16(b)).

Owing to the distance from C to L, the incident beam is reflected on

to the convex mirror at a'a' in an area more removed from the axis.

Instead of travelling back to bb, the light is then reflected direct by

C d

As-:--;" r
—'*
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Microscopes with variable phase-plates

In Osterberg's polanret microscope, the phase-plate proper, denoted

by Q, consists of two polaroid elements the axes of which cross each

other (Fig. 2.17). The ring, shown in thick hnes in Fig. 2.17, is cut

, nO

(

Fig. 2.17. Polanret microscope (after Osterberg).

out from a polaroid sheet. Two other polaroid elements the axes of

which are paralleled and at right angles to the axis of the first polaroid

element of the ring are on each side of the ring. These various elements

form the phase-plate Q just ahead of which is the quarter-wave plate

the axes of which are 45° from the axes of the polaroid elements of

the plate Q. The polarizer P^ and the analyser P.^ complement the

device. Rotating the polarizer P^ varies the phase difference between

the direct and the diffracted vibrations. Rotating the analyser P.,

alters the amplitude's ratio of such vibrations while their phase differ-

2

Fig. 2.18. The Kastlcr and Montarnal phase-plate.

ence remains constant. The result is an absorbing phase-plate ad-

justable ad libitum. The Kastler and Montarnal phase-plate consists

of two half-wave plates the axes of which are 45° from each other

(Fig, 2.18), to which is added a quarter-wave plate one preferred

direction of which is parallel to the direct vibration. Both plates are

inserted between a pohvrizer and an analyser as shown in Fig. 2.17.

Assuming that the polarizer generates a vibration directed along the
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axis of the half-wave plate forming the ring shown in Fig. 2.8, the

direction of the vibration passing through this plate remains unaltered

but the diffracted vibration traversing the other half-wave plate rotates

through an angle of 90°. In the latter plate the direct vibration is 45°

from the half-wave plate it traverses. It is well known that a half-wave

plate against which a reciilinear vibration impinges suppHes a vibration

which emerges as a rectilinear and symmetrical in relation to the

preferred directions. After passing through the half-wave plate, the

direct and the diffracted vibrations are converted in two perpendicular

vibrations. The 7r/2 phase difference, required between the direct and

the diffracted wave, is provided by the quarter-wave plate one of the

preferred directions of which is parallel to the direct vibration. Merely

rotating the analyser alters at will the ratio of the direct and the

diffracted ampHtudes. The outcome is an absorption-adjustable

phase-plate.

Hartley devised an arrangement comprising two quarter-wave

plates 45° from each other (Fig. 2.19). Now, if the incident vibration

is parallel to the axis of the quarter-wave plate forming the ring, the

direct light is linearly polarized and the diffracted light circularly.
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by some means or other, e.g. evaporation of thin layers on the

ring Q^.

B. O. Payne reverted to the principle of half-wave plates in order

to sunder the direct and the diffracted light in two perpendicular

components. Behind the plate is a Bravais compensator whereby the

phase difference can be varied continuously. Absorption is varied by

rotating the analyser.

Locquin's phase-plate consists of the half-wave Cellophane ring ah,

cemented to Canada balsam between the two elements of the ob-

jective's doublet (Fig. 2.11). The incident light is polarized 45^ from

Fig. 2.20. The Taylor phase-plate.

the Cellophane-ring axis. The direct light (1) after passing through the

ring vibrates 90" from the diffracted light (2) the direction of which re-

mains unaltered. Intensity of the direct and the diffracted light is varied

by rotating the analyser. The phase-difference is obtained by adjusting

the index differences of the Cellophane and the Canada balsam.

In another layout, Locquin suggested making use of interference

filters (Varicolor-Wild). The phase-ring is made up of stacked, evapo-

rated-///-racwo thin layers. Such an arrangement is an interference

filter letting through but a narrow spectrum band (60 A). The layers

are so arranged that a ray passing through the ring is phase-displaced

by n\l in relation to a ray passing next to it. The interference filter

acts concurrently as a phase-plate. When such a plate is illuminated

with the radiation for which the interference filter is designed, the

outcome is a low-absorption phase-plate. A slight wave-length change

in the incident light increases filter absorption. The outcome is

a variable-absorption phase-plate with monochromatic illumination the

wave-length of which can be varied.

Traiisferrecl-imagc phase-contrast microscopes

Figure 2.21 shows the diagram of the Fran^on-Nomarski device.

The image S[ of the diaphragm S^, after traversing the condenser C
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and the objective Oi, is collected by the projection-eyepiece L that

images it at S[\ on the phase-plate Q. The image /*', of the specimen P,

is collected by L which forms an image /*", after being reflected on Q.

This is the image perceived in the eyepiece O.. The phase-plate Q

Fig. 2.21. The Frangon-Nomarski device (Nachet).

consists of a glass plate whose face against which the light impinges
is flat, well polished and coated with a metal layer evaporated in vacuo.

Provision is made to remove metal in slit-shaped area of width ab.

In Fig. 2.21 this slit lies lengthwise at right angles to the plane of the

figure. The diaphragm ^i is a slit, too, its image S[' being overspread

by ab. Thus the direct light is reflected on to the glass at ab while
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the diffracted light is almost wholly reflected by the metal layer.

Suitable determination of the metal-layer thickness and taking the

incidence / in consideration, the 7r/2 phase difference is obtained.

Owing to the reflection on the glass at ah, the direct light is polarized:

if / =^ 57° (Brewster's incidence), polarization is complete. The diffrac-

ted vibrations reflected on the metal are virtually unpolarized. Then

a polarizer is set at Pj ahead of the phase-plate Q and an analyser P..

next after. Both direct and diffracted vibrations are polarized identi-

cally and may interfere. Pi is set so that the incident vibration is 45°

from the phase-plate plane of incidence. Rotating the analyser P^

brings about a variable-absorption phase-plate with either positive

or negative phase-contrast.

In B. O. Payne's device (Fig. 2.22) the prism R, next after the

objective O^, reflects the light on to the concave spherical mirror P'

PV.W.V.V,>A>MA/^.W////77777^

Fig. 2.22. B. O. Payne's device (Cooke, Troughton and Simms).

The radius of curvature of the latter is such that it images the focal

plane of the objective O, at Q, following reflection on R. The phase-

plate is at Q and the specimen imaged by the objective is close to

the mirror P' . The optical system L gives at P" a new image, per-

ceived by the eyepiece O2. Such devices are particularly convenient
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when using variable-characteristics phase-plates. In powerful objec-

tives, reaching the focal plane, lying in the objective itself, is hardly

feasible. Designing a phase-plate, varied in the objective, is no easy

matter whereas the converse is true if the focal plane is imaged outside

the objective in an accessible area. Zernike was the first to use this

image transfer in the first phase-contrast microscope he designed.

Instead of placing the phase-plate next after the objective, it oc-

curred that it might be placed ahead of it. In Frangon's half-sphere,

the specimen is at P (Fig. 2.23) and the detail A close to the centre

p

Fig. 2.23. Fran^on's half-sphere.

of the glass half-sphere MNA'N'M' which is a metalUzed reflecting

layer at NA'N'. A small quantity of metal was removed at A'. The

half-sphere was split in two at NN'. On the upper-half surface NN'
a thin semi-reflecting layer was deposited. The annular phase-plate is

at Q and a small opaque screen at R. The half- spheres were then

cemented.

The condenser (not shown in Fig. 2.23) has, in its focal plane,

an annular diaphragm on which the source is imaged as usual. After

passing through the condenser, the specimen being reflected on

the spherical mirror NA'N', the annular diaphragm is imaged on the

phase-ring Q. A ray of light, diffracted by A, travels along the path
ABCBA' and the specimen is imaged at v4'. This image is of the same

size as the specimen's and stigmatic because A lies in the centre of the

sphere NA'N'. After travelling along an identical path, the direct

light passing through the phase-plate Q ends at A' . The image A' is

therefore a phase-contrast image, observable in an ordinary microscope.

The object of the opaque screen R is to stop the rays of light from

entering the objective after straying from the path shown. Provided

the device be soundly designed, highly absorbing phase-plates may be

used as the direct fight is stopped before penetrating the objective

and it does not originate any stray light.

7
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Colour phase-contrast microscopes

F. Zernike, who invented phase-contrast microscopy, was also

the first to investigate colour phase-contrast potentiahties. Making
use of the dispersive properties of thick phase-plates is the basis of

the method. It was thoroughly studied by C. P. Saylor, A. T. Brice

and F. Zernike. They use a phase-ring set on one of the objective

lenses. The space not taken up by the ring is coated with a thin layer

of another substance. These two substances have the same index in

the spectrum centre (0 555 n) but different dispersion. In the violet,

the phase-ring refraction index is lower than the adjacent layers and

higher in the red. Therefore the positive or negative phase-contrast
is the same for the selfsame object according as to whether the specimen
is illuminated by either of the two spectral areas spaced apart by
a 0555 [x wave-length. Let us consider, for example, an object the

refraction index of which exceeds that of the ambient medium: it will

be brighter or darker than the remainder of the field in red and blue

light respectively. In white light the object is yellow-orange, edged
with bluish purple.

Barer has shown a type of colour phase-contrast based on the

use of dichroic filters.

Locquin's Varicolor yields a coloured phase-contrast. All that

is required is to illuminate the specimen with two suitably combined

colours to obtain a positive phase-contrast image of one of the

colours and a negative phase-contrast image of the other.

In Frangon's colour phase-contrast, a quartz plate cut 90 from

the axis (not shown in Fig. 2.21) is inserted between the polarizer Py

and the phase-plate Q. The quartz plate is 1 -87 mm thick and causes

a 45° rotation of the yellow. If the polarizer is 45° from the incidence

plane, the yellow is overshadowed through glass reflection (Brewster's

law) whereas such is not the case in the metal-reflected diffracted light.

Various combinations are feasible by altering the condenser orien-

tation or the quartz thickness.

Grigg devised a colour phase-contrast microscope featuring an

objective fitted with an ordinary phase-plate: he substituted the con-

denser diaphragm for two suitably coloured filters. The device is an

extension of Rheinberg's conventional system to phase-contrast.

Barham suggested using two phase rings illuminated by two radiations.

The observed image is the outcome of superimposing two differently-

coloured phase-contrasted images.
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Phase-contrast microscopes in ultra-violet and infra-red radiations

Discounting construction problems, the phase-contrast method is

applicable to the ultra-violet and infra-red radiations just as it is to

the visual range. Yet it should be noted that transparent objects

in the visual range may become absorbent in the ultra-violet and

Fio. 2.24. Selection of organism including the rosette Oscillospira, Guilliermondii, sarcina,

Quin's organism and selenomas. Ultra-violet negative phase-contrast. J. Smiles and

M. J. Dobson (courtesy of Cooke, Troughton and Simms).

infra-red radiations. This apphes to many biological specimens: in

ultra-violet light some parts of living cells are absorbent and, when

phase-contrast imaged, are more tricky to interpret. The imaged
contrast is the outcome of incident radiations absorbed by the sub-

stance and a phase-contrast effect. These two effects are not necessarily

additive: let us consider a shghtly-contrasted non-dephasing detail

in ultra-violet radiation. Applying phase contrast converts low-con-

trast, non-dephasing objects into transparent ones.
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The works published related to phase-contrast in ultra-violet and

infra-red radiation are few: Bennett, Woernley and Kavanagh, in the

USA, Taylor in England, have described and used phase-contrast

microscopes in ultra-violet radiation. Barer has constructed an infra-

red device comprising an electron image converter. Figure 2.24 shows

a photograph made with the ultra-violet phase-contrast microscope

designed by Cooke, Troughton and Simms.

7. PHASE-CONTRAST APPLICATIONS

Phase-contrast apphcations in the various branches of Science and

Industry are manifold. Only a few such applications are briefly out-

Hnes herein.

In cytology, phase-contrast microscopy permits observation of cells,

tissue fragments and histological-preparation sections. Cell nuclei and

protoplasmic structures are positively identified. Ludin showed that

phase-contrast microscopes show chiefly the cell nucleus and membrane
whereas staining methods evidence the chromatin structure.

Extensive phase-contrast research has been made in connection

with the cytoplasmic structure, mitochondria, fibropiast spindles, the

Golgi apparatus, living ceUs and so forth.

Albertini made extensive research with phase-contrast microscopes
to investigate and diagnose tumours.

In haematology, extended observation of blood and medulla cells

was made by means of phase-contrast microscopy.

It should be noted that Zernike's method applies equally well to

animal and plant cytology. Research pertaining to the cells of algae

and metaphysical plants has been carried out, too.

Phase-contrast microscopy has also provided valuable results in

the study of parasitic worms (egg growth), in diagnosing dermato-

mycosis in mycology and observation /// vivo of bacteria.

Particularly useful applications of phase-contrast microscopy are

those in the fields of chemistry, crystallography and mineralogy.

Colourless crystals having an index different from that of the medium

encompassing them are typical objects for phase-contrast microscope

study. For example, the phase-contrast definition of paraffin micro-

crystals in alcohol excels that of polarized light. The latter process

only shows the crystal edges whereas in phase-contrast work they

appear as thin strips evincing hexagonal symmetry (Bennett). Phase-

contrast microscopy is particularly suitable for some crystal-growth
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Fig. 2.25. Rat Carcinoma — Bright contrast-medium (courtesy of Dr. O. Gey, American

Optical company).

problems as the sequence of phenomena is readily observable. The

same applies to investigation of impurities in oil emulsions. Much
information regarding the structure of textile fibres is also gained by
means of this method which readily discloses minute inclusions, cracks

and the like. Rayon fibres and their cross-sections are conveniently
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Fig. 2.26. Symbiote of a termite. Wild phase contrast microscope (courtesy of Wild).

Fig. 2.27. Epithelial cell Reichcrt's anoptral device.
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observed by dipping them in paraffin oil. Figures 2.25, 2.26 and 2.27

show several phase-contrast micrographic samples.

To sum up, while phase-contrast potentialities are considerable in

many fields, it requires special regard if full sensitiveness of the process

is to be taken advantage of. Specimens are to be as thin as possible:

thicker specimens always yield unsatisfactory images which are difficult

to construe.



CHAPTER III

Interference Microscopy in Transmitted

Light

1. OBJECT AND FUNDAMENTALS OF INTERFERENCE MICROSCOPY

The object of interference microscopy is the same as that of phase-

contrast microscopy: it consists in detecting transparent objects re-

maining unseen not owing to their minute size but to their lack of

contrast in the remainder of the field. Phase-contrast microscopy

provides outstanding sensitiveness when observing very minute path

differences; the imaged objects conform accurately when the latter

are narrow. This type of method is based on taking effect on the

direct light without altering the light diffracted by the detail. This is

not feasible unless the detail observed is small: otherwise, the light

it diffracts is coalesced with the direct light to such an extent that

segregating readily the two phenomena is not possible. Furthermore,

the phase-plate occludes the objective to a greater or lesser degree,

this giving rise to a diffraction halo edging the images.

Interference-microscopy fundamentals are different. The phase-

shifting object is placed in an interferometer and alters the optical

path of the light-rays passing through it. As in any interference

phenomenon, an optical-path change correlates a light intensity change

rendering visible the transparent object. Owing to its very principle,

interference microscopy does not discriminate between wide and narrow

objects: phase-shifting objects are seen regardless of shape and di-

mensions.

However, these advantages are often offset by the instrument's

complexity and the adjustment skill required.

2. FUNDAMENTALS OF TWO-WAVE INTERFERENCE MICROSCOPES

Interference-microscopy fundamentals may be outlined as follows

(Fig. 3.1). The condenser-originated hght-ray SM originates at M the

two rays B and A. The branching taking pkice at M is brought about

94
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by one of the interferometer's elements. The light-ray MAN passes

through the phase-shifting object A while the ray A/^TV passes next to it.

The other interferometer element causes these two rays to join again
at N into a single ray which then passes into the microscope. If the

object A is not there, the different paths of the two light-rays MAN
and MBN, difference controlled by the interferometer, has a definite

M

O

Fig. 3.1. Principle of an interferometer microscope.

value. Intensity of the NS' ray is determined by the interferences of

the rays MAN and MBN. Letting in the transparent object A on

the MAN path, for example, alters the difference between the paths
M^A'^and MBN. The result is an alteration of the interference between

these two rays giving rise to a change in intensity that brings out the

object A. Referring to the sinusoidal aspect of the vibrations, as was

done in the phase-contrast section, shows how this phenomenon occurs.

The sinusoid (1) in Fig. 3.2 shows the vibration along the path
MBN of Fig. 3.1. Let us assume that the sinusoid (2) shows the vi-

FiG. 3.2. Vibrations diagram in interference microscopy.

bration along the path MAN when there is no object. The arrangement
will be that shown in Fig. 3.2 provided the difference between the

MBN and MAN paths equates an odd number of times A/2. As shown
in Fig. 3.2, both vibrations (I and 2) will then be in opposition.
Suitable interferometer adjustment can provide such an arrangement.
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From N onwards (Fig. 3.1) these two vibrations coalesce cancelling

themselves out in the process since they are in opposition.

The field of view is completely dark.

If the object A is there, the vibration (2) lags a little and becomes

the sinusoid (3) in Fig. 3.2. In the phase-contrast section, it was

mentioned that such a vibration could be considered as the sum of

the two vibrations (2) and (4) which are shifted by one quarter wave.

Now the vibration (2) cancels itself out with (1) and only the vibra-

tion (4) remains: the vibration diffracted by A. The object is bright

against a dark ground. The interference method provides a dark

ground without occluding the light-beams and, therefore, without

a spurious diffraction fringe. Let us now consider a path difference

between the two paths MBN and MAN (without A) that no longer

equates an odd number of times A/2 (in opposition vibrations), although

remaining close to such value.

The sinusoid (1) of Fig. 3.3 shows the vibration travelling along
BMN and the vibration (2) along the objectless path MAN. These

two combined vibrations give rise to the low amplitude vibration (3).

Fig. 3.3. Vibrations diagram in interference microscopy.

The amplitude of the latter is the luminous amplitude of the field

next to the object. When the object is present, the vibrations (I)

and (4), travelling along the paths MBN and MAN, respectively, and

passing through the object are to be compounded. Tn the same way,

the vibration (4) is split in the two vibrations (2) and (5). Now, the

vibration (2), combined with the vibration (1), generates the vibra-

tion (3). Therefore, the two vibrations travelling along the MBN
and MAM p'dth^ (the object being present) amount to the two in-phase

vibrations (3) and (5).
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To sum up, there are the following vibrations:

(a) The vibration (3), defining the luminous amplitude next to

the object;

(b) The vibration (3) and (5) which, combined, detine the luminous

amplitude in the object.

The phenomenon is similar to that of phase-contrast. The amplitude
in the imaged object equates the summed amplitudes of the vibra-

tions (3) and (5). The amplitude of the vibration (3) is adjustable at

will: if (2) exactly in opposition to (I) the ground is dark as (3) is zero,

but the required amplitude of the vibration (3) can be obtained by

altering slightly, by means of the interferometer, the phase difference

between (2) and (1). Phenomena occur as if a phase-plate, adjustable

for phase-displacement and absorbence, were used. Up to now, we
did not give any clues as to interferometer design, i.e. how dissociation

and recombination of the light-rays occur at M and A^ (Fig. 3.1).

There are many types of such instruments amongst which are those

of Dyson, Krug and Lau (cf. Chapter IV), Philpott, Nomarski.

3. DYSON'S INTERFERENCE MICROSCOPE

Figure 3.4 is a diagram of Dyson's microscope. Let us consider

the light-ray S from the condenser (not shown in Fig. 3.4). This ray

passes through the parallel-sided glass plate L^ whose upper face is

semi-metallized and on whose surface the ray branches off in two

sections: one towards the incident ray, the other reflected at M
towards the instrument's lower part. The former ray passes first

through the specimen P at^i where the object lies and also through the

second plate L^ of same thickness as Li, whose faces x^x'^ and x-iX'^ are

semi-metallized. It is reflected at C on the upper face of Lo, then at N
on the lower face and along the path NEF. The latter ray reflected

at M towards the instrument's lower part is now reflected on to the

lower part of L^ at B. In this area, the plate L^ is coated with a small,

highly-reflective opaque-silvered disk. After B, the light-ray travels

along BN, parallel to MC. The two rays MACN and MBN rejoin

at N and merge with the NEF ray. Figure 3.5 shows separately how
the foregoing paths tally with the basic diagram (Fig. 3.1). It follows

that the object is not illuminated solely by the light-ray just described

but by an infinity of such rays, bunched cone-hke from the condenser.

Figure 3.4 shows the path of a ray symmetrical to the foregoing ray
in relation to the system's axis. Since the specimen P is between the
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plates Lj and Lo, it could not be reached with a short-focus powerful

objective. The light emerging from the plate Lo is then taken over

by a half-sphere. The NEF ray proceeds in a glass of the same index

K-rTTrrrrrrr,I

Fig. 3.4. Dyson interference microscope.

Fig. 3.5. Basic diagram of the ray paths in Dyson interference microscope.

as Ly and L> which is bounded by the reflecting sphere FA'F' (B centre).

The NEF ray is reflected at F on to this concave spherical mirror and

doubles back on itself to be reflected anew on to the semi-reflecting

surface .V3.Y3. It ends ultimately at A' symmetrically with B in relation
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Fig. 3.6. Living fibroblast from mouse heart in tissue culture by bright-field interference

contrast, x 1700. Dr. H. G. Davies, King's College (courtesy of Cooke, Troughton

and Simms).

to the surface Xsx!^. The light-ray cone converging in A on to the

object, converges anew in A' in an area where the reflecting metal

layer was removed beforehand.

Therefore, A is efficiently imaged at A' as phenomena occur as

if A were in the centre of the sphere FA'F' and, of course, a sphere is

stigmatic in its centre.
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The image A' (all the transparent details of which are perfectly

visible owing to interference) is observed through the objective O^ of

an ordinary microscope.

If the instrument is constructed as described above, the path
difference between the two rays MAN and MBN is zero provided
the object is not present. Both rays are in phase and intensity at its

peak. Let us bring in the specimen, i.e. the object: the path difference

is no longer zero for the rays having passed through the object A,

and the intensity in the image A' is lower than in the remainder of

the field. The object is dark, to a greater or lesser degree, on a bright

ground. In fact, both plates L^ and Lo are not strictly parallel-sided

plates but very-small-angled prisms. If the slopes lie in the same

direction, edges of the prisms being parallel, phenomena occur as

in the foregoing. The field is uniform. The plate L^ is shifted by means

of the screw V and the path MACN in relation to path MBN is adjust-

able at will. If, through motion of Li, the ray MBN passes through the

plate Li in an area where it is thicker than L^, the path MBN is longer

than that of MACN and the path difference between the two is ad-

justable as mentioned above. Let us assume this path difference to

equate an odd number of times A/2: both rays MBN and MCN are

in opposition. The field of view is dark except in the area where the

object A lies, as the rays having passed through the latter are no longer

in opposition with rays such as MBN. The typical image exhibits

a dark ground. Instead of adjusting the path difference so that the

paths MEN and MCN (without object) are exactly in opposition,

let us bring in between them a slight additional path. Phenomena occur

as if it were a typical phase-contrast image. Actuation of the screw V
will vary contrast at will. If the sides of both plates L^ and L, slope

in opposite directions, the path-difference varies continuously from

one end of the field to the other. Straight, parallel and equidistant

fringes are developed. Actuation of the screw V shifts all these fringes

and the path is varied. It should be noted that, owing to the feasibility

of adjusting path difference to very low values the instrument may
be illuminated in while light.

When describing Fig. 3.4 no other reflections but those discussed

above were taken into consideration. In the plate [..,, for instance,

there are other reflections besides those at C and A^; many reflections

lake place but the relevant images are not in the same plane as image

A' on which the microscope objective Oy is focused. These images

all have a dark centre caused by the diaphragm cfTect of the opaque
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reflecting screen B. The dark areas are amply adequate to cover the

whole field of view so that these images do not bring about a loss in

contrast of the image observed but only an inconsiderable loss of light.

In Dyson's interference microscope just described, dissociation and

recombination of the beams takes place ahead of the microscope

proper. The interferometer is not integral with the microscope. How-
ever, the microscope can be integral with the interferometer as in

the case in Philpott's "spirocyclic" interference microscope or in

Nomarski's anti-parallel-wave device.

4. LEITZ'S INTERFERENCE MICROSCOPE

Leitz's interference microscope is based on a similar system to

the Mach-Zender interferometer (Fig. 3.7). The light from the source

S is split by the semi-reflecting plate in two beams (1) and (2). The
former passes through L^, is reflected on the mirror M^, proceeds

through the object P and the objective O^, is reflected on to the semi-

reflecting plate La and passes into the eyepiece O.. The beam (2)

>

Fig. 3.7. Principle of the Mach-Zehnder interferometer applied to interference microscopy.

is reflected by the plate L^, the mirror M^, passes through an empty
reference specimen, the objective 0[, the plate L., and penetrates into

eyepiece O^. The phase-shifting details of the specimen P are observed

by means of the interferences taking place between (1) and (2). If the

phenomena are to be observed in white hght both optical paths are

to be identical. In particular the objectives Oj and 0[ are to consist

of identical members, glass thicknesses, indices and so forth. Figure 3.8

is a diagram of Leitz's interference microscope. The mirrors My, M2
the plates L^, L., are substituted for the combined prism Qi, Q[, Qz, Q'z-
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The objectives O^ and O.y are corrected for infinity and the lens exhibits

two superimposed images of P and R that are observed in the eye-

piece O2. The condenser (not shown in Fig. 3.8) is at C. The path

difference between the two paths (1) and (2) is varied by means of the

Oj

Fig. 3.8. Leitz interference microscope.

parallel-sided plates J, and (L. There are, hence, two separate but

identical microscopes: one (I) enclosing the object P and the other (2)

not enclosing anything (the glass slides at P and R are identical, too).

The microscope (1) exhibits an image interfering with a reference flat

wave originated by the microscope (2). No spurious image need,

therefore, be expected.
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5. POLARIZATION INTERFERENCE MICROSCOPES

Isotropic transparent objects

In these instruments, the splitting in two of an incident ray

travelling along different paths before recombining together, is effected

by means of a bi-refringent system. Such instruments are two-wave

interference microscopes and they only differ from the foregoing ones

in the manner in which beam-splitting takes place.

The first double refraction interferometer was constructed by Jamin

in 1868. It consists of the two identical plates (either quartz or spar)

Li and Lo, cut 45° from the axis (Fig. 3.9). Both plates are oriented

<
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Jamin's interferometer, inserted between the condenser C and the

microscope objective O^. The polarizers are on each side of the plates

at 5*1 and iPo. The system, as devised by Lebedeff. is only suitable

for wide front-lenses and, therefore of low maanification.

\
^«.

QC
="?

3,

Fig. 3.10. Lebedeff interference microscope.

6. THEORETICAL PRINCIPLE OF POL.\RIZING INTERFERENCE
MICROSCOPES

In all polarizing interference microscopes the image is duplicated.

In Fig. 3.11, the ordinary ray originated by Si, emerging in the di-

rection (I) passes through the object A as does the extraordinary ray

h'-

/

-^A -^

/
t '(I)
L -(2)

Fig. 3.11. Image duplication in a polarization interferometer.

originated by another ray S. emerging in the direction (2). Therefore,

when looking at A through the system, the two images (1) and (2)

are seen, which are ofl'set by the distance d. To such shift must be

added another: the longitudinal one towards the rays, because the
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refraction index of the birefringent system is not the same for the

ordinary and the extraordinary ray. Both images of A are not seen

in the same plane: they are shifted in width and in depth. This phe-

nomenon apphes to all polarizing interferometers and, in accordance

with the amount of such shift, they may be classified in the following

three types of instruments:

(a) Those in which the lateral image duplication exceeds in width

the object's size (shift in depth is neghgible);

(b) Those in which the lateral image duplication is smaller in

width than the object (shift in depth is negligible);

(c) Those in which the lengthwise image duplication is prominent
and of paramount importance.

Type "a" microscopes. Complete image duplication

We will first set forth the working principle of the three above

types and then describe the chief polarizing interference microscopes.

Let us consider the transparent specimen P comprising at A
an area of optical thickness different from the remainder of the

specimen (Fig. 3.12). The object A may be a bacterium immersed

in a liquid, an inhomogeneity within a transparent substance and

so forth.

If the incident wave-surface - is flat, it becomes -' after passing

through the object, its deformations being caused by the optical-path

variations within the specimen. Let us place after the specimen, the

Fig. 3.12. Complete image duplication method.

birefringent plate Lo and, as shown in Figs. 3.9 and 3.10, a polarizer

and an analyser (not shown in Fig. 3.12) on both sides of L.,. Having

passed through the plate L... the wave I' is duplicated into the waves O
and E.

It is assumed that the sidewise shift is greater than the object

so that the two images of ^ do not overlap. The depth shift J, assumed
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to be small, is the path difference between the waves O and E. Both

polarizer and analyser (not shown in Fig. 3.12) bring about the inter-

ference of the waves. To ensure adequate sideshift, thickness of the

plate Lo is to be rather substantial and J wil! not ever be so small

as to be able to use white light. In the case shown in Fig. 3.12, the

experiment should be performed in monochromatic light. However,
the path difference J can be made as small as desired, while retaining

a substantial image duplication, by a slight alteration of the device

shown in Fig. 3.12. The solution is shown in Lebedeff's layout

by the plate L^ and the half-wave Q (Fig. 3.10). This makes

work in white light feasible. Every type of interference microscope
has its own solution. We will describe in the following para-

graphs the chief instruments so devised. For the time being, we
are using Fig. 3.12 merely to expound the working principle and

it is assumed that any value may be given to J. Neither are

we defining more accurately the birefringent layout in relation to

the microscope. What is known is that the microscope's objective

images the object and in the image duplicated by the plate Lo, the two

waves O and E are arranged as shown in Fig. 3.12. Said waves are

shown at a greater scale in Fig. 3.13. Both images of the object A

Fig. 3.13. The duplicated waves.

are at A'q and A'^. The path difference is 1 in the areas wherein the

waves are flat and parallel, i.e. the imageless areas. At A'q and ^4^,

the path difference between the waves O and E has not the same value.

If () is the path difference originated by the object, the path difference

between the waves O and E will be 1 + f") at /i^ ^^"d 1
—

f> at A'l^. The

light-intensity in the two images A'^ and Ay differs from the intensity

in the remainder of the field. The transparent object beconies visible.

Let us adjust the instrument so that I equates the 0565 /^ wave-

length and let us assume that both polarizer and analyser are crossed.

In accordance with the classical data pertaining to polarized-light

interference, the first-order purple hue (Newton's scale of colours.

Chapter VII, ij 1) is observed in the image-less areas. At A'q, the path
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difference is (^-i-0-565// and, at A^r, d— 0-565 jn. The colours are no

longer the same. Let us take, for instance 6 =0015/<. The path
difference is 0580 /< at A'o and 0-550/^ at A'^. According to Newton's

scale of colours, the hue is indigo blue at Aq and dark red at A'^.

Hues are symmetrical in relation to the purple. Owing to the structure

of the phase-shifting object it follows that the colours are not the

same at every point of the images Aq and A^. The hues exhibit the

optical-path variations within the object and a cursory survey de-

termines accurately the phase variations.

Altering the adjustment instrument will give zl = 0. The whole

field is dark, save in the areas Aq and A'^ which are bright. The dark

ground is the conventional one with the difference that the areas

A'q and A'e are coloured to a greater or lesser extent according to

the phase variations they give rise to, the colour showing directly

the phase-shift. Let us adjust the instrument so that J be very small,

004// for instance: the field becomes dark grey. The image is similar

to high-absorption phase-contrast. Here again, provided the object-

originated phase variations be adequate, they appear under the form

of colours. Otherwise, only variations in intensity are perceived.

Increasing the phase-shift between the waves O and E, i.e. in-

creasing J, gives rise to coloured contrasts and, when J = 0-565
/li,

the purple colour is again visible. At higher J values, contrast is not

so good and sensitiveness drops.

The best performance is achieved when J is very small and the

ground dark grey but then measurements are not so easily carried out.

The purple hue gives perhaps slightly less contrasted images but,

conversely, as shown later, measurements can be made easily. The

complete-image-duplication method just described is very sensitive

and very suitable for not too large objects: minute discrete details

can thus be observed under good conditions. As very large image

duplications are not feasible, the method is not applicable to very

wide objects as. then, the two images overlap.

Type b microscopes. Differential method

The following method applies to any object but is less sensitive.

Let us consider anew Fig. 3.12 and select a much thinner plate Lo

so that the lateral shift be small in relation to the object's width. In

the object's image A\ the waves O and E are arranged as shown in

Fig. 3.14. In imageless areas, the path difference between the two

waves equates A. In the area of the image A' itself the path difference
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is no longer J. At (1) and (2) the path difference has a value depending
on the lateral shift and the slope of the wave surfaces. Intensity at (1)

and (2) ditfers from the remainder of the field surrounding the image.

The object is seen, therefore, according to its ""slopes"; it is the optical-

path gradients, e.g. the index gradients, which are evidenced. The

A

_L

Fig. 3.14. The duplicated waves in the differential method.

method is differential. Figures 3.15(a) and (b), showing outhned wave

surfaces, will help to clarify these phenomena. These two figures

reproduce the left section of Fig. 3.14 merely eliminating the rounded-off

contours. In Fig. 3.15(a), the path difterenceJ between the two waves O
and E is zero. Owing to the lateral shift d between O and E and the

slope a of the wave surface, it is readily seen that the path difference

between the two waves O and E in the area (1) equates a. (^ (assuming a

(I)

j=o
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the colour is indigo. As previously, sensitivity is improved by giving

to zJ a low value, e.g. 004//, that gives rise to the dark grey field.

When J = 0, the image is on a dark ground type but it is the object's

slopes that are detected. Lebedeff has described the full-image dupli-

cation and the differential processes. In the latter he employed several

birefringent systems so as to match image duplication with every

type of object thus achieving, in all cases, utmost sensitiveness. How-

ever, the instrument was not convenient. We were able to generalize

the differential process by stating that microscopic specimens exhibit

usually rather marked phase-shifting properties. We then suggested

to select, once and for all, an image duplication value close to the

instrument resolving power. Image duplication is virtually invisible

and any object may be examined by the same instrument. As will

be seen later, it is then possible to devise highly convenient inter-

ference microscopes.

Type "c" axial image duplication microscopes

In these instruments, the ordinary image O is far removed from

the extraordinary image E (Fig. 3.16), When the ordinary image O
is focused by the eyepiece O., owing to faulty focusing, the image E
vanishes. There is, of course, some extraordinary hght E' in the plane

-^

Fig. 3.16. Axial image duplication method.

of the ordinary image. It is well known, too, that slightly defective

focusing in microscopy causes the image to vanish while a uniform

field emerges. This is what now happens to the extraordinary image.

The extraordinary light E\ in the plane of the ordinary image, gives

rise to a virtually uniform field: interference is taking place between

the ordinary wave and the uniform ground E' originated by the non-

focused extraordinary wave. The transparent object is examined

without the objectionable duplication. However, this process is not

so sensitive as the full image duplication method. As in all other

processes, the path difference A between the ordinary wave O and
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the ground E' is adjustable. In Fig. 3.16, the ordinary and extra-

ordinary irnages are both duplicated axially only although, in some

instruments such axial duplication is concomitant with lateral some

shift that does not, however, affect the principle of the process.

7. SMITH'S FULL IMAGE DUPLICATION INTERFERENCE MICROSCOPE

This type of microscope is based on the use of WoUaston prisms.

It is well known that the latter consist of two quartz prisms the axes

of which are crossed (Fig. 3.17). One axis lies in the plane of said

Fig. 3.17. Wollaston prism.

figure, the other is perpendicular to it. An incident light-ray, normal

at the ingoing face, is split, at M, in two rays: the ordinary ray O and

the extraordinary ray E. Phenomena occur as in Figs. 3.9 and 3.12

but the linear duplication is replaced by an angular one. If the point
M lies in the area where both prisms have the same thickness, the

outgoing rays are in phase. If the incident ray impinges the prism
at M' the outgoing rays O and E are no longer in phase. Therefore,

the phase difference between the rays O and E may be varied according
to the Wollaston area used. Observing a Wollaston prism between

two polarizers there is a whole series of fringes that are parallel,

equidistant and straight in relation to the Wollaston prism edges.

In white light and between crossed polarizers there is a dark fringe

edged on both sides by colour fringes. The colour sequence is sub-

stantially that in Newton's scale of colours. The dark fringe is at M
in the area where both prisms have the same thickness. Now let us

image a narrow source at M on the dark fringe (Fig. 3.18) and let

us assume the beam's aperture angle a to be narrow. The rays O are

in phase with the rays E (such would not be the case were the angle m

to exceed a few degrees). Since both polarizers £?i and £?2 ^ire crossed,

no trace of the beam on the screen T remains. In Fig. 3.18, duplication

of the emerging beam is not shown: it is assumed that such duplication

is minimal in relation to the beam width. Let us move the Wollaston

prism at right angles to the mean ray of the incident beam, e.g. in
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direction of the arrow. The incident beam ends in the prism at a point

above M: the outgoing rays O and E are no longer in phase.

Let us assume that the source is imaged on the first-order purple

fringe within the prism: the outgoing rays O and E are in phase in

the yellow only. The beam's trace on the screen T is purple.

Fig. 3.18. Use of the Wollaston prism.

These preliminary considerations will help in comprehending the

principle of Smith's interference microscope, shown diagrammatically in

Fig. 3.19. The specimen is atP; the wave surface iTis deformed after pass-

ing through the transparent object. Owing to the Wollaston prism W,

located next after the objective Oi, one finds the waves ^i and Eo

in the image plane and arranged as are the waves O and E in Fig. 3.13.

Owing to the waves passing through the Wollaston prism's two ele-

ments, the ordinary wave becomes extraordinary and vice versa:

there is no need, therefore, to denote them otherwise than by numerals.

A polarizer should be placed ahead of and an analyser next after W
(neither are shown in Fig. 3.19). Shifting sidewise the prism W (as

Fig. 3.19. Principle of the Smith interference microscope.

in Fig. 3.18) or using a compensator will evince the object image
at A[ and A'.^ in many colours. In order to have the images A\ and

A'., surrounded by a uniform field the light-beam passing through W
must be very narrow, whereupon it goes through a definite fringe

within W and the uniform field is secured. If, for instance, the beam
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passes through IV in the dark-fringe area, it should not overlap this

fringe so that the field surrounding A[ and A!^ may remain very dark,

A narrow slit, located in the condenser focus (not shown in Fig. 3.19)

should therefore complement the microscope diagram (same figure).

The specimen P is parallel-beam illuminated and the narrow slit imaged
on a fringe within IV. The latter therefore must lie in the objective's

focal point. To dispense with the slit, i.e. prevent substantial closing

of the condenser. Smith adds a second Wollaston prism to the in-

strument's condenser. Figure 3.20 shows the final layout of Smith's

„p

2 ~2

Fig. 3.20. Smith interference microscope.

microscope constituent elements. The optical elements located to the

right of P (Fig. 3.20) are identical with those shown in Fig. 3.19.

The additional birefringent element is the Wollaston prism I4^i, located

in the focal plane of the condenser C and associated with H4 through
the condenser C and the objective Oi. The polarizer is ahead of \Vi

and the polarizer next after W2. Other birefringent elements may be

set between Wo and fPo as required. The IVi fringes are then exactly

superimposed on those of Wo and both prisms are adjusted so that

their mutual birefringence is cancelled out. Under such conditions,

there is no need to diaphragm the condenser save for stray light.

If the focal length of the condenser C and the objective O^ are equal,

the previous requirement is met by using two identical Wollaston

prisms. If the focal length of C or Oy dilTer. suitable values are selected

for the prism angles so that the inner fringes of the two prisms be

superimposed at all times.

Every objective has its own Wollaston prism and the condenser's Wi

prism is changed concurrently with the objective.

if the objective Oi is of low-power, its focal plane is accessible

and the W., prism readily set at the focal plane.

If the objective Oi is of high-power, the Wo prism is inserted between

the elements of the specially designed objective. Figure 3.21 shows

Smith's microscope as constructed by Messrs. C. Baker Ltd.
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Dyson has devised a Lebedeff-type interference microscope. To
secure substantial image duplication, thick plates are required: this

requirement is not consistent with powerful objectives. To obviate this

Fig. 3.21. Smith interference microscope (C. Baker).

stumbhng block, Dyson provides a half-sphere whose lower part

consists of the two interferometer plates. Owing to the half-sphere,

thick plates are between the specimen and the objective: the micro-

scope shows an interferential image.

8. FRANCON'S COMPENSATED INTERFERENCE EYEPIECE

The foregoing differential method is appHed to the interference

eyepiece whose basic birefringent element is Savart's polariscope con-

sisting of two identical quartz plates cut 45° from the axis and crossed
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(Fig. 3.22). The axis of the second plate does not he in the plane
of Fig. 3.22. In fact, the axis is 45° from the plane of Fig. 3.22.

In the first plate, the incident ray splits in two: the ordinary ray Oi
and the extraordinary ray E^. As the second plate is 90° from the

first, the ordinary ray of the latter becomes extraordinary in the second

and vice versa. The dotted fine shows that the ray OiEo. emerging

y"

E,o.

0,E2

Fig. 3.22. Savart plate.

from the second plate, is not in the plane of the figure but parallel

to the ray EiO^ which does lie in said plane. Figures 3.23(a) and (b)

readily show the rays' paths. Figure 3.23(a) shows the rays' trace in

a front plane after passing through the first plate. The ordinary and

extraordinary rays are at O^ and Ei, respectively. Figure 3.23(b) shows
the rays' path in a front plane after passing through the second plate.

The ray O.. extends the ray Ei but the ray E.. is shifted horizontally.

1

--To;-
1

1
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similar to those observed in the Wollaston prism. The difference is

in the location of such fringes. In the case of the Wollaston prism,

they are perceived within the latter as if they were painted. Savart's

polariscope requires on-infinity observation. Changing the polariscope

direction in relation to the eye, the fringes move as a whole in ac-

cordance with the motion imparted to the instrument.

These preliminary notes are intended to make clear the working

principle of the interference eyepiece. Referring to Fig. 3.24, Savart's

polariscope S is placed between the field lens Oo and the eyepiece

n P

Fig. 3.24. Principle of the interference eyepiece.

lens O3. Neither the polarizer ahead of S nor the analyser next after

it are shown in Fig. 3.24. The specimen is at P and the wave surface

I is deformed after passing through the transparent object. The

objective Oi images the specimen {P') close to the field lens O,. The

Savart polariscope S splits the wave incoming at P' in two waves

whose arrangement is that shown in Fig. 3.14. As explained in § 5,

the transparent object is perceived by its slopes. In order to have

the image surrounded by a uniform field, as was the case with the

Wollaston prism, the illuminating beam must be fonned on a fringe

of the Savart polariscope. We have already seen that these fringes

are on infinity; they should therefore be found, in Fig. 3.24, at the

image focal-point F^^ of the objective (in which case they are virtual).

They could actually be observed at
F^,^ provided the direction of light

were altered, e.g. substituting the source for the eye.

Hence, to have a uniform field, a narrow slit must be placed in the

condenser focal-plane (not shown in Fig. 3.24). The specimen P is

parallel-beam illuminated and the narrow slit imaged on one of the

Savart polariscope fringes at Fq^. SHghtly tihing the polariscope the

fringes are shown seriatim at F^,,: the path difference is varied and

the image seen in many colouis. To obviate using a slit and allowing

the condenser to have a normal aperture, a compensating device is

provided ahead of the condenser. Figure 3.25 shows the final layout
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of the compensated interference eyepiece. The optical elements to the

right of P in said figure are identical with those in Fig. 3.24. The

additional element brought in is the Savart polariscope, placed in

any position ahead of the condenser C. The on-infinity fringes of the

polariscope are beamed in the condenser focal-plane F^, plane which

is always ahead of the specimen P.

The objective O^ images the plane F^ at Fq,^ and, owing to the

short focal length of O^ , the plane Fq,^ is not far from the objective's

focal plane. The fringes of the polariscope ^i are seen at F^,,,. Provided

%m 'y.

Fjg. 3.25. Principle of tiie compensated interference eyepiece.

the focal length of the lens O., is suitable, the plane Fq,^ can be made
to match the focal plane of the eyepiece lens O.. whereupon the S^

fringes and the S.y virtual fringes are in the same plane. Provided the

spacing of the fringes, originated from S^ and So, be the same and

the two polariscopes in the proper direction, then birefringences

cancel out.

There is no longer need to diaphragm the condenser which may
be used with its standard diaphragm.

As in all polarizing devices, the polarizer 2*i is ahead of S^ and the

analyser SPo next after S..

Let us change the objective Oi\ if the focal length is different,

so is the position and spacing of the fringes of ^i. Theoretically,

the polariscope S^ should be changed, too. In fact, the solution is

much simpler: merely setting the condenser nearer to or farther from

the specimen will serve the purpose. This motion alters the magni-
fication between the planes F^- and F^, and, hence, the fringe spacing
shown by S^ at iv,., . Compensation is well correlated. In the latter

adjustment, the Kohler illumination is diverged from owing to the

condenser motion. To obviate this difficulty, the mechanical member

securing S^ to the condenser comprises a small revolving plate fitted

with two divergent lenses and a free aperture. Rotating the plate
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brings under the condenser the lens affording the Kohler illumination.

The divergent lenses are used in dry-front objectives and the free

aperture in oil-immersion objectives employed under normal conditions.

The instrument then comprises the two independent units shown

Fig. 3.26. Frangon"s compensated interference eyepiece (Barbier, Benard, Turenne).

in Fig. 3.26: the interference eyepiece (unit O.,. S.>, O3. iPo), substituted

for the standard one and the compensator (unit 2*i, Sj), secured under

the condenser. Owing to the versatility of the compensating system

it may be fitted to almost all types of microscopes.

9. L. P. JOHANSSON'S LNTERFEROMETER EYEPIECE

This instrument makes use of the full image duplication process

with a Savart plate and a condenser illuminating-slit. A glass plate,

whose sides are not quite parallel, enables one to make measurements.

The eyepiece layout diagram is shown in Fig. 3.27. A prism Q (ordi-
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nary glass) is inserted between ihe eyepiece elements O.. and O3 ahead

of the Savart polariscope S.

The polaroid members are not shown in Fig. 3.27. A small aperture

is provided in the centre of the wedge Q. Rotating the latter about

the microscope centre-line alters the direction of the beam traversing

Fig. 3.27. L. P. Johansson device (Jungnbolaget).

the wedge. This is tantamount to moving the imaged slit in relation

to the on-infinity fringes of the Savart polariscope. Hence, the path

difference J between the two waves (Fig. 3.13) can be varied ad libitum.

However, the light passing through T remains unaltered and serves

as reference. In this way measurements may be made by comparing
the imaged-object colours with the reference area.

10. NOMARSKI'S INTERFERENCE MICROSCOPE

Nomarski's microscope likewise makes use of the differential

method. It differs from Smith's microscope in an alteration of the

next-after-the-objective Wollaston prism. In connection with Smith's

microscope, we mentioned that both W\ and W^ are associated

(Fig. 3.20) in order to exhibit a uniform field in the image plane.

When W., is, for instance, slightly to the right of its usual position,

the image field is streaked by colour fringes. As Smith observed,

a uniform field may be reverted to by setting, in the image plane,

a Wollaston-type compensator whose own fringes are spaced alike

thus cancelling out the former ones. Such an additional member may
be obviated by designing a special objective wherein W^ is in the focal
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plane. In Nomarski's interference microscope this problem is solved

by substituting the next-after-the-objective Wollaston prism by an

altered prism of H^2-type. The latter is no longer cut parallel to the

axis thus conducing to a different fringe arrangement. In the usual

Wollaston prism, the fringes are localized within it in the plane F

'2 %
Fig. 3.28. Nomarski interference microscope.

(assuming the angle of both prisms is small) (Fig. 3.29) whereas,

in Nomarski's prism, such plane is outside it (Fig. 3.30). Now, this

plane can be made to coincide with the objective's inaccessible plane,

as shown in Fig. 3.28. If its fringes are to overspread the imaged

fringes of f^i, a standard Wollaston prism should be at Fq^. Owing
to the former alteration, W., can be set more to the right, viz. outside

the objective but with its fringes at Fq^. As soon as the locahzing

Fig. 3.29. Localization of fringes in

a Wollaston prism.

Fig. 3.30. Localization of fringes in

a modified Wollaston prism.

plane of the fringes diverges from its normal position the fringes are

no longer straight. If said plane diverges too much from the prism,

the fringes in-curve appreciably and compensation with W-^ is no

longer perfect. Therefore the axis slope of W.^ is to be given the

value required so that its fringes coincide with the objective's focal

point and Wo remains just outside the objective. The appearance
of images is identical with that described in §§ 5 (differential

method) and 7.

9
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11. AXIAL IMAGE DUPLICATION INTERFERENCE MICROSCOPES

Smith investigated an instrument, based on microscopes of the

type c, described in § 5, which was buiU by Messrs. C. Balcer Ltd.

This instrument is shown in Fig. 3.21: it is convertible and either

the full sidewise-duphcation or the method now described can be

applied to it.

Reference to Fig. 3.31 shows the spar plate ^o- only a few tenths

of a millimeter thick, cemented against the frontal lens of the mic-

.1 .

Z)

=1 p

Fig. 3.31. Smith inlerferencc microscope.

roscope objective Oy and cut parallel to its axis. It is well known

that the surface-wave of a single-axis crystal such as spar comprises

two portions: the ordinary and the extraordinary wave surfaces

(a sphere and an ellipsoid, respectively). When a beam of ordinary

rays passes through the objective O^. the latter images the specimen P
at Pn. The effect on these rays is that obtaining had a mere glasso

plale been cemented to the front lens. The effect is quite different
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on the extraordinary rays. The extraordinary wave is an eUipsoid of

revolution about the horizontal axis of the spar plate Q.. Owing to

the curvature changes of the extraordinary waves, the extraordinary

image exhibits considerable astigmatism: there is virtually no extra-

ordinary image left. Nevertheless, as stated in § 5, the extraordinary

light provides the uniform ground P'^ in the plane of the ordinary

image P'q. The transparent details of the specimen are perceived

owing to the interference taking place between P'q and the uniform

ground P'^ . The path difference J between Pq and P'j,' may be varied

and various colour contrasts observed by means of a compensator,

not shown in Fig. 3.31.

If the instrument comprised only the spar plate Q... diaphragming

the condenser would be required. To dispense with this, the quartz

plate Q, cut parallel to the axis, is set on the condenser C Provided

the thickness of the plates Qi and Qo have a suitable ratio, the unit

exhibits on-infinity circular fringes lying in the object focal-plane of

the condenser C. To eliminate them and have a uniform pupil,

a birefringent element, exhibiting circular fringes localized in its own

plane, is set in the focal plane of the condenser C The two fringe

systems cancel out and diaphragming is no longer required.

Several axial image duplication instruments have been devised.

In Blaisse's interference microscope, the plate Q. is a spar plate.

The plate Q^ is of rutile. Both plates are cut at right angles to

the axis.

Frangon's interference microscope comprises a combination of

a half-sphere and two quartz parallel-side plates whose axes are

sloping (Fig. 3.32). Employing the half-spheres described previously,

thick quartz plates may be substituted for spar. Both plates Qi and Qo

are identical and cut slantwise in relation to the axis. The plate Q2 is

cemented to the quartz plano-convex lens Q^, cut parallel to the axis.

The elements Qo and Q3 make up the half-sphere. The analyser iPo is

cemented between Q., and Q^. The latter is set so that its axis is at

right angles to the axis of fPo. Under such conditions, the lens Q^

exhibits no birefringence and takes no part in the interference process.

Provided the vibration passing through £?2 is directed at right angles

to the axis of Q^, the latter's role is merely to complement the half-

sphere with glass of the same index as Qy.

The plate Q.2 gives rise to the axial duplication which is now con-

comitant with a sidewise duplication. A' is an ordinary image of A,

this interferes with the uniform extraordinary light: the image A' can
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now be readily observed through the objective O^ of an ordinary

microscope.

The plate Q^, identical with Q.,, is cemented against the condenser

which dispenses with diaphragming.

-3 p

Fig. 3.32. Fran^on interference microscope.

Cementing a half-wave plate to Q^, the system QiQz becomes

a Jamin interferometer.

Altering the former layout by rotating the plate Q^ 90° about its

axis, the on-infinity fringes developed are now perfectly parallel straight

lines. These fringes can be eliminated, and contrasts varied, by means

of a WoUaston prism set in the focal plane of the condenser C.

12. MULTI-WAVE INTERFERENCE MICROSCOPES

Let us consider (Fig. 3.33) the glass plates L^ and Z.., whose faces

opposite xx[ and x.^x'., are semi-reflecting and parallel. The mono-
chromatic light-ray S^^I^, incoming on the plate L., at /i, splits in two

rays: one transmitted, 7\, and one reflected. The latter reverts to the

first plate L^, is reflected, reverts on to Lo and splits again in two rays,

one transmitted, To, and one reflected. The same phenomena occur

for the other ray and, ultimately, a large number of transmitted rays:

r,, Ti, T3, etc. whose intensity naturally decreases as successive re-

flections occur. If incidence is close to normal, the rays T^, To, T;,, ...

can be much more closely packed than Fig. 3.33 shows. Provided

there is no phase object between the plates Li and L, and that a-i.v|,
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X2X!, be quite parallel, the same phenomenon occurs at all points

of the plate. The path travelled by To is longer than that of 7^ ; the

difference is 2e{n = 1) assuming e to be the interferometer thickness

(distance from XiX[ to .Yo.To). Likewise, the path travelled by T3 is longer

than that of To, the difference still being 2e. Hence, every ray travels

along a path the difference of which is 2e in relation to the previous ray.

All the Ti, Ta, Tg, ... rays interfere and the light-intensity through the

plate is a function of the interferometer thickness e and of the wave

length / of the light used. Provided the same source (steady ?^) is

Fig. 3.33. Multi-wave interferences.

retained and e be varied, the light-intensity transmitted conforms to

the law shown in Fig. 3.34 in which the ordinates denote the inter-

ferometer-transmitted light-intensities as a function of the optical

thickness ne (n being the index of the medium between Xix[ and :>^2.^2)-

If the thickness ne is equivalent to A, 2A, 3A, etc., maximum hght is

obtained whereas, as soon as these values are diverged from, intensity

drops rapidly. The more reflective are the faces Xix[ and XgXo, the

sharper the peaks shown in Fig. 3.34. But, then, absorption of the

device increases, thus requiring rather intense monochromatic sources,

not readily obtainable. However, a satisfactory performance is evinced

by evaporating multiple layers on Xix[ and Xox',. Figure 3.34 shows

that, to obtain maximum light, the thickness must be accurately

determined as the slightest variation of e entails at once a considerable

intensity drop. This is the very fact made use of to evince transparent

objects. Let us consider the transparent object A, sandwiched between

the interferometer plates (Fig. 3.33). The muhiple rays passing through

the object A do not follow the same path as those passing in the

random area B close to said object. Phenomena occur in the area A

as if the spacing of the interferometer plates were altered. The light-

intensity varies at once, thus disclosing the presence of the object A.
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Let us now investigate the phenomenon in the curve shown in Fig. 3.34.

Let us assume that the optical thickness of the interferometer equates

;7i^i outside the object. The transmitted intensity is T^. The optical

thickness is shghtly altered for the light passing through the object and

becomes //o^o-. giving rise to the intensity /o, different from /i. The

transparent object becomes visible. It follows that to the same

variation ih^i—'h^i of the optical path is correlated an intensity

variation which is the more pronounced as the curve slope increases.

- ne

"2^2

Fig. 3.34. Transmitted light intensities as a function of the optical thickness nc in

multi-wave interferences.

If the object exhibits thickness or index changes, these are shown

as light-intensity changes that enable one to thoroughly investigate

the object's structure. The sharper the curve peaks, i.e. the more
reflective are the faces Xyx[ and .ToA'^, the more sensitive the process.

Besides the process just described, the process known as the equi-

valent-thickness fringe may, likewise, be used. Let us assume that

the faces .Vi.vj and .Vo.v^ are no longer parallel. The optical thickness

of the interferometer varies along the whole length of the plates and

intensity changes in accordance with the law shown in Fig. 3.34.

Instead of a uniform intensity, varying as e is altered while the align-

ment of .V, .v',
and x.,x'., is retained, it is the intensity on the plates that

changes. The interferometer then depicts the phenomenon shown in

the curve (Fig. 3.34). The very dark field is streaked by very narrow

shiny fringes correlating the peaks shown in Fig. 3.34. These fringes

are straight and parallel to the edge of the prism formed by the faces

.Vi.vJ and .v^.v.^. This no longer obtains in ihc area where the object

lies as the optical thickness has changed and ihc fringes are now
distorted (Fig. 3.35). This distortion, shown as inter-fringes, evinces
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the object's optical thickness. Figure 3.34 shows that, changing over

from one bright fringe to the other, the optical thickness varies by /.

In the case depicted in Fig. 3.35, the object halves the fringe distance:

therefore, the difference between its optical thickness and the medium

encompassing it is //2.

Fig. 3.35. Measurements with interference fringes.

Since the object is to be placed in the interferometer, the latter

must be ahead of the microscope objective. The two plates L^ and Lo

may consist of the cover-slip and the object-slide, respectively. The

object to be examined is set between both plates, with their semi-

reflective faces opposite. The optical quality of both cover slip and

object-slide is very poor but the microscope fields are small enough

as to consider the investigated area as bounded by plane and paralle

L L.

A

c LTTI
X, X,

Fig. 3.36. Multi-wave interference microscope.

faces. The interference microscope, based on the foregoing, is shown

in Fig. 3.36. The small source S is placed in the focal plane of the

condenser (in fact, it is the minute aperture of the condenser diaphragm

upon which the source is imaged). The merging light forms a beam

of parallel rays that pass through the interferometer L^L. and the

objective Oi, which images the transparent object A at A'.



126 PROGRESS IN MICROSCOPY

The drawbacks of interference microscopes of this type are the

fallowing: a very minute space between L, and Lo (cover-shp and

object-sUde) is not feasible. Now, the interference theory shows that

the thicker the interferometer, the stricter the source's monochromatic

requirements must be. For instance, the microscope, shown in Fig. 3.36,

is illuminated by a mercury-vapour lamp provided with a filter iso-

lating the green spectrum-line. The source 5 is to be of small size, as

using a large source would cause many-angled rays to pass through L^

and Lo- Now, for a given tilt the interferometer has a given optical

thickness and the intensity of the phenomenon is, likewise, well de-

termined. At another angle of tilt, the intensity varies as a function

of the interferometer optical thickness. A whole series of diverse

contrast phenomena are thus superimposed. The image contrast is

poor and the sensitiveness of the method decreases rapidly.

Sir Thomas Merton suggested a method permitting the use of

a large source. Let us consider again Fig. 3.36, where the surfaces

.YiAj and -Yo.Vo are assumed to be quite parallel. It is well known that,

in monochromatic light, a plate of selfsame thickness exhibits fringes

endlessly (or identically-angled fringes) which are ring-shaped.

They can actually be observed in the focal plane S' of the micro-

scope objective O^. They are also perceived at 5*, as virtual images,

however. Let us assume that a diaphragm, pierced with annular

apertures is set at 5, these apertures being of such size and in such

position that each one isolates a homologous portion in every light-

fringe. Under such conditions, all the rings in the plane S illuminate

the specimen and give rise to identical phenomena. To every ring is

related an image whose contrast is definite; all rings impart the same

contrast to the image. Employing a diaphragm pierced with suitable

rings, placed at S aff'ords an image whose contrast is as good as that

of a pin-point source but with a greatly enhanced brightness and

improved quality.

There is yet another stumbling block in connection with multi-

wave interference microscopes: with high N.A. objectives, the slant

of the rays passing through the specimen becomes considerable and

multiple reflections for these rays are no longer present: a steeply-

slanting ray passing through the transparent object is more and more

removed from the incident ray as reflections occur. If the object is

not very thin, after one or two reflections, the ray issues from the

transparent object; multi-wave interferences do not take place any

longer and sensitiveness drops.
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Multi-wave interference microscopes do not give a very good

performance when small objects are involved. In actual practice, it

seems that 0004 mm is the lowest width permissible for accurate

scrutiny. However, for low- and medium-power magnification these

instruments give excellent results,

13. MENZEL'S INTERFERENCE MICROSCOPE

The Menzel method is an extension to microscopy of the 3-slit

method devised by Vaisala, resumed later by Zernike.

Three small and narrow slits are imaged in the specimen plane.

Let us assume that measurement of the path difference between the

areas A and B is required (Fig. 3.37). The sub-stage is moved so that

the 3 slits imaged are arranged as shown in Fig. 3.37. Two of these

Fig. 3.37. Menzel's method.

images may lie in the area A and one in the area B. Instead of noting

measurements through observation of the specimen itself, it is the

phenomena, taking place close to the focal plane of the microscope

objective, which are scrutinized. To do this, a Bertrand lens is inserted

between objective and eyepiece. The associated lens and eyepiece

form a small sight providing focusing in the area of the objective's

focal plane.

If there is no object (empty specimen) the interference fringes

exhibit a typical appearance. Their position is close to the objective's

focal plane. When the specimen is placed as shown in Fig. 3.37, the

vibrations diffracted by the slit located at B lead or lag in relation

to the vibrations diffracted by the two slits at A. The upshot is a shift

of the typical fringes along the microscope centre-line. Such motion

is measurable through the focusing telescope (eyepiece plus Bertrand

lens) by noting the aUered position of these fringes. This will be
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achieved by merely shifting the focusing telescope only not before

the typical fringes are identified anew. The motion of the fringes is

ascertained by noting the focusing telescope motion and from these

data the path difference between the areas A and B can be educed.

14. SENSITIVITY OF INTERFERENCE MICROSCOPES

An interference microscope provides the visible image of a phase

object whose contrast depends on the path difference brought about

by said object. The image contrast decreases as does the path difference.

Below a given value, the image vanishes. The smallest path difference

that may thus be shown also evinces the instrument's sensitiveness.

Accurate numerical values can hardly be given as sensitivity may
be affected by factors quite foreign to the procedure used, e.g. stray

light, aberrations, depth of focus and so forth. Under the best con-

ditions, a sensitivity of approximately 2/1000 is achievable with two-

wave interference methods. This means that, in transmitted light,

a transparent object of optical thickness iie, immersed in a medium
of index /?' can be delected when (n

—
n')e=^AllOOO. This perform-

ance datum, however, does not apply to differential-method micro-

scopes (^§ 7 and 8) as, then, sensitivity depends on the image

duplication selected. Under very good conditions, the slope of

a transparent object of index /;, immersed in a medium of index //'

r-T,77

///

L

Fig. 3.38. Slop measurement (0) of a transparent object.

(Fig. 3.38) can be detected if 0(/?-//') = //lOOO^/, where d is the

image-duplication brought about by the polarizing interferometer.

An object of thickness c, whose slope is of width /, is detectable,

provided (ii~^ji')e = ?Jj\000if. Sensitivity increases if the object width /

decreases but d must remain small in relation to /.

Theoretically, multi-wave interference methods arc not more sensi-

tive than two-wave ones. However, the former provide the same

measuring accuracy much more readily than do the two-wave in-

struments. We have already seen, in the field of microscopy, the

drawbacks and magnification limitations of multi-waves devices.



CHAPTER IV

Reflected-liglit Microscopy

1. METHODS APPLIED IN REFLECTED-LIGHT MICROSCOPY

The illumination arrangement in reflected-light microscopes difters

from that of transmitted-light microscopes. Figures 4.1 and 4.2 show
the two principal arrangements.

In Fig. 4.1 the light originated by the source 5 is reflected by the 45""

slanted semi-reflecting plate G (Beck illuminator), then passes through

Fig. 4.1. Illumination with a semi-reflect-

ing plate G.

Fig. 4.2. Illumination with a mirror M.

the objective Ox-, is reflected back by the object P to the objective

and passes through the plate in direction of the eyepiece.

The whole aperture of the objective is used; yet, the luminous

flux reaching the eyepiece cannot exceed the theoretical 25 per cent

maximum of the incident flux.

Figure 4.2 shows another illuminating arrangement comprising
the mirror M, which occludes half of the objective's available aperture.

One half of the objective serves as condenser, the other half as ob-

jective. This entails, hence, reduced definition. Furthermore, this

arrangement exhibits an oblique illumination which may bring about

129
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illumination changes tending to obfuscate interpretation if the object

is concurrently a phase object of varying thickness (reflecting evenly

the light) and an ampHtude object (featuring illumination or colour

changes).

Figure 4.3 shows that the Kohler illumination is apphcable to

both methods. The lens Li images the source 5 on the lens Ci. The

lens Co then images Q at F\ which is the focus of the objective O^,

Fig. 4.3. Kohler illumination in reflected light.

after being reflected in G. The object P is thus evenly illuminated.

The lenses Q, Co and the objective O^ image the field diaphragm D^,

placed against Li on the object P. The whole system SL^CiCoG
forms an element integral with the microscope and is a vertical illumi-

nator. In other layouts, the vertical illuminator consists of CiCo
and G only. The source 5 and the lens Lj, belong to an independent

system.

The diaphragm D.> is placed against C^ (diaphragm aperture) in

order to vary the illumination angle. The system that exhibits the

most stray light is that shown in Fig. 4.1. A ray such as SIJ (Fig. 4.4)

is reflected at / in one of the objective's lenses and reverts to the

eyepiece. The stray light is originated owing to glass reflection from

the surfaces of the objective's lenses which may attain 7 in number
in powerful achromats. Stray light is, therefore, substantial: much
more so than in transmitted-Iight microscopes as, in the latter, the
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Stray rays are originated from at least 2 successive glass reflections

which weaken them markedly. In metallographic microscopes, stray

rays are originated from a single reflection and, hence, more intense.

Fig. 4.4. Stray light reflected by the lenses of the objective.

The device, shown in Fig. 4.2, does away with a substantial part of

the stray hght, which is intercepted by the mirror M. However, its

drawbacks were evinced elsewhere.

The greater part of the stray light is virtually originated from the

reflection in the central part of the objective's lenses. Leitz observed

this and developed a device reducing stray hght materially. When

using this device, illumination is originated solely from the objective's

periphery. This annular illumination increases the microscope's sensi-

tivity in observation of micro-relief. Another device, perfected by

Zeiss, makes use of polarized light. The polarizer £Pi and the analyser fp2

are placed ahead of G and of the eyepiece, respectively. The polarizer

5Pi is so arranged that the vibration it transmits is either at right angles

to or in the incidence plane SIJ related to G. Under such conditions,

the reflection on G does not alter anything and the vibration remains

straight after impinging on G. If the analysers fP., and iPi are crossed,

the light reflected by the lenses of the objective Ox is fully occluded.

Therefore, there is no stray light any longer. But the light, reflected

by the object P, is occluded, too, and must re-appeai. In the method

propounded by Zeiss (Fig. 4.5), the quarter-wave plate Q is placed

against the objective and, being gone through twice, becomes half-wave.

The vibration, reflected by P, rotates 90° and may then pass through iPo-

Nomarski suggested using, instead of a half-wave plate, a parallel-

to-the-axis quartz plate, whose thickness is adequate to show a chan-
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nelled spectrum between polarizers. Five or six channels are adequate.
The device then lets through some higher-order white light. The plate

is half-wave but not for a single wave-length only: it applies to a whole

series of wave-lengths distributed within the spectrum. The device is

Fig. 4.5. The light reflected by the object P re-appears with the aid of a quarter-wave

plate Q.

Fig. 4.6. Carbon observed with a standard objective (G. Nomarski).

truly achromatic. Figures 4.5 and 4.6 show the same object, observed

with an illuminator of the type shown in Fig. 4.1, with and without

quartz plate (Fig. 4.7).

Considerable advances have been made, not only from the stray-

light standpoint, important problem in reflected-light microscopy, but
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also in observation methods and devices. Pliase-contrast and inter-

ference methods have given rise to valuable potentialities. Long

working distance objectives, mirror objectives or Dyson's device have

Fig. 4.7. Carbon observed with the Nomarski device.

provided the means to investigate high-temperature surfaces at com-

paratively substantial magnifying powers.

2. REFLECTED-LIGHT PHASE-CONTRAST

In general, surface flatness imperfections of metallographic sections

exceed 100 A. Such defects originated either from a difference in

the conditions under which the mechanical removal of stock from

the material took place when ground or to dissolution, occurring to

a lesser or greater degree, during the electrolytic polishing process.

The so-originated roughness is plainly visible in phase-contrast micro-

scopy. For instance, the pearlitic structure of grey irons shows, in

phase-contrast microscopy, highly-contrasted images enabling one to
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determine the grain size and to devise differences that may be cor-

related with constituents of various hardness numbers.

F. W. Cuckow showed that phase-contrast and electron microscopy

images are closely alike: in a chrome-nickel steel the phase-contrast

dark areas are correlated with the dark areas of an impression observed

in the electron microscope and hence, to hollows in the cross-section.

Cross-sectional differences in levels of flat metallographical sections

are further magnified by etching. F. W. Cuckow and D. McLean
showed that moderate etching affords much more detailed images in

phase-contrast microscopy.

Therefore, phase-contrast microscopy is a valuable tool in metallo-

graphy and, in general, when investigating non-diffusing reflecting

objects.

The Jupnik, Osterberg and Pride phase microscope (American Optical

Company)

The object P is illuminated (Fig. 4.8) by a vertical illuminator set

next to the objective Oi, as in ordinary reflected-light microscopes.

T p

Fig. 4.8. Jupnik, Ostcrherg and Pride device.

The source F, which is, in fact, a diaphragm upon which is imaged
a lamp filament, may be shaped either as a ring or a slit.

In order not to over-elaborate Fie. 4.7, a slit in shown. The light.



REFLECTED-LIGHT MICROSCOPY 135

originated from F, passes through the lens C, is reflected on the 45^

slanted plate, passes through the objective O^ and is reflected on the

object P. Thus is the diaphragm F imaged under the object at F".

The hght-rays pass again through the objective O^ which images F'

on the phase-plate Q. The image P' of object P is observed through
the eyepiece O2.

The Frangon and Nomarski layout

The variable-absorption reflecting phase-plate (Chap, II, § 6), can

be used for reflected-light observation. Figure 4.9 shows the in-

strument's layout. The illuminator, similar to the one shown in

Fig. 4.9. Fran^on-Nomarski device.

Fig. 4.3, comprises the sHt F next to the lens Ci. The lens Co images
the slit F 2ii F' . This image is in the focus of the objective O^ and
the rays, illuminating the specimen P, form a beam of parallel rays.

The rays are reflected back by P on the lens L^ which images F',

i.e. F, on the phase-plate Q. The lens Z,2, is so arranged as to image P
at P" after being reflected on the phase-plate.

10
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The Bendford and Seidenberg layout (Baiisch and Lomh)

The instrument is shown diagramniatically in Fig. 4.10. The
source S is projected on the annular diaphragm D^ which is imaged
at F\ after being reflected in the prism /?i. passing through the lens C
and the 45'-slanted plate G. The focus of the objective O^ coincides

with F' so that, for every point of the source, the light-emerging

Fig. 4.10. Bendford and Seidenberg device.

from the objective O^, forms a parallel beam. The rays are re-

flected by the reflective object /*, pass through the objective O^ and are

reflected on G. The retractable prism R.. reflects the light into the

eyepiece O., designed to observe the image without phase-contrast.

The prism R-i, being removed, the light passes through the optical sys-

tem Lo which images F\ i.e. the diaphragm D^. on the phase-plate Q.

Next, the light passes into the cube R^ which splits it in two equal

parts: the first passes through the eyepiece O;,, the other proceeds
to the photographic plate E. The image, observed in the eyepiece O3,

and the photographic-plate image, are both phase-contrasted. The

device is so adjusted that the object P, imaged by the objective O^.

is focused simultaneously on the photographic plate and in the

eyepiece O^.

I

3. OBLIQUE ILLUMINATION AND DARK GROUND IN REFLECTED LIGHT.

SCHMALTZ'S SLIT

In reflecting microscopes, oblique illumination enables one to detect

surface unevennesses. In Schmaltz's method, a slit is imaged by the

optical system C (Fig. 4. 11) on the surface to be studied P. The axis
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of the observation microscope objective O, is at right angles to the

optical system C. The observed surface P is, therefore, illuminated

at a 45^ angle. Let us assume that, in some area of the field of view,

the sample surface is at P. In this area, the slit is imaged at A. If, in

Wo,

Fig. 4.11. Schmaltz's method.

another area, the surface is at P^, the image slit is visible at A-^. The

difference in level h is shown by the lateral motion d = h
]
2 of the

imaged sHt. The unevenness shown in Fig. 4.12 is the strip-shaped

extra thickness A^, the remainder of the object (A) being flat.

Owing to the instrument's layout, the space between the objectives

and the object P is always large. This fact makes the use of

/^Aj^
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image P' originated from the objective Oi. Owing to the mirror M,
the rays impinging on P form an oblique beam. The space from the

slit F to the objective O^ is to be same as that from the image P' to

^ -TTTT-rTfTTTTT

Fjg. 4.13. Improved Schmaltz's method.

the objective Oj. To save space, a lens is provided at C which forms

a virtual image of F at F' at the right distance. Figure 4.14 shows

'A.

Fig. 4.14. Improved Schmaltz"s method.

that the diflcrcnce /?, between the levels P and P', is given by the

sidewise shift d = //tana where a is the incidence angle on the in-

vestigated surface.
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MenzeVs method

Menzel substitutes Schmaltz's slit for a special transparent plate

(Fig. 4.15) which consists of a series of plates each of which gives

rise to a njl phase-shift (half-wave path difference) in relation to the

A

^ 1 r
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nomena) shows that a small break between two areas, whose path

difference equates //2, exhibits, through faulty focusing, a perfectly

black diffraction fringe. Such a fringe is exhibited, in MenzeFs plate,

by discontinuities, such as A, B, C, etc. A series of fine dark fringes

(highly convenient for observation), are thus perceived on the object.

Figure 4.16 shows a photograph obtained by this ingenious layout.

Dark ground

Surface unevennesses may also be detected by the dark ground.

Figures 4.17, 4.18, 4.19 show the layout of several devices. Lieber-

kunn's arrangement is only suited to low magnifying powers. The

^*—^yjj r^

Fig. 4.17. Lieberkuhn device.

Chapman and Alldridge device (Fig. 4.18) and Reichert's (Fig. 4.19)

are catoptric devices. Leitz's ultropak (Fig. 4.20) employs a dioptric

Fig. 4.18. Chapman and Alldridge device.

layout. In these instruments the incident light does not pass through
the objective. If the object P is perfectly flat, the incident rays are not

deflected from the paths shown in Figs. 4.17, 4.18. 4.19 and 4.20.
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No light passes into the objective. A surface unevenness in the object

diffracts light which enters ihe objective. The unevenness is bright on

a dark ground. Measuring the surface slopes is facilitated by using

T.'t

;
1

\J

Fig. 4.19. Reichert's device (Epilum).

a pin-point source whose image is occluded by an opaque screen

(Fig. 4.21), The pin-point source is imaged at F' in the focus of the

L F-4*

Fig. 4.20. Leitz's ultropak.

microscope objective O^. The rays, emerging therefrom, form a beam

of parallel rays which, after being reflected on the surface P. image

the source F' at F[. In Fig. 4.21, the opaque screen D is shifted to
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the left. While the screen D is shifted, the image off, given by O^,

is observed through the eyepiece (not shown in Fig. 4.21). As D oc-

cludes the image F[, the object P is dark. Let us assume that, in

another area of the field, the object exhibits the unevenness P^, lying

p^

Fig. 4.21. Measuring the surface slopes.

at the angle a in relation to P. The image reflected by the area P^

reaches FL In order to see the illuminated area the screen D is to be

shifted by the distance d = F[F'^. If /is the objective's focal length,

the slope a is measured by the ratio dllf.

4. REFLECTED-LIGHT INTERFERENCE MICROSCOPES

The interference methods described in Chapter III are applicable

in reflected light.

Sagnacs interference microscope

G. Sagnac described one of the first interference microscopes in

Le Radium and called it: ''interference microstrioscope". The principle

applied is that of Michelson's interferometer. The main element

consists of a separator, formed by the two equal isoceles prisms P^

and p.. (Fig. 4.22). The two prisms are so arranged as to provide

between them the parallel-sided, thin air gap //' and their angles are

so selected that the intensities of the bcanis reflected and transmitted

by the gap //' are equated. An incident ray, such as SI, originates
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two rays, one reflected, IR, one transmitted, IT. The ray IR is re-

flected by the object A, passes through the separator and enters the

microscope's objective O, . The transmitted ray IT is reflected on the

silvered side MM' of the prism Po ,
then on the gap //' and enters the

objective Oi. The wave, deformed by the unevennesses of the object A.

Fig. 4.22. Sagnac interference microscope.

interferes with the reference plane-wave reflected by MM\ The

unevennesses of the object A are thus evinced. Linnik's, Krug's and

Lau's rnicroscopes are also based on the principle of the Michelson

interferometer.

Liunik^s interference microscope (Fig. 4.23.)

The incident light-beam from the vertical illuminator, schematized

in Fig. 4.23, is spht in two by the 45°, slanted separator G. Some of

the light is reflected in the lower part of the figure, passes through
the objective O^ and illuminates the object P. It is then reflected back,

passes again through O^ and the separator G, and travels towards

the eyepiece 0^. The light, transmitted by G, passes through the

objective 0[ (which is identical with Oi), is reflected back by the

mirror M, passes through 0[ again and is reflected back by G to the

eyepiece O2. Both images of the source S, F^ and F[, are formed

in the focal plane of the two objectives O^ and 0[.

The wave 27^, deformed by the surface unevennesses of the object P,

and the reference plane-wave E[ , interfere in the image P', seen through

the eyepiece Oo. If the image of the mirror M, through reflection

on G, is parallel with P, the field is uniform. Thickness unevennesses

show up as fight-intensity changes. Tilting M sfightly causes the
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image of M to be no longer parallel with P and straight fringes are

developed. The greater the space between these fringes the wider the

r

Fig. 4.23. Linnik interference microscope.

angle formed by the image of M and P. Now, thickness uneven-

nesses can be measured by shifting the fringes. This microscope is

built in the U.S.S.R.

L,c:i=3

0,

p '/////./- '/^

Fjg. 4.24. Zeiss interference microscope.

Zeiss (K. Raentsch) has also designed a microscope based on this

principle (Fig. 4.24). In this instrument, the direction and spacing of the

fringes are adjusted by the two plates L^ and Lo set in the pupils of the
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objectives Oj and 0[. Figure 4.25 shows a frosted and silvered glass

surface, photographed by the Zeiss interference microscope.

Fig. 4.25. Frosted and silvered glass surface photographed by the Zeiss interference

microscope (Von Martin Uhlig. Courtesy of Zeiss).

The Krug and Lau interference microscope (Fig. 4.26) is also

based on the same principle. The beams are spht on the 45°-slan-

ted semi-reflective face G, located in the prism Q. Rienitz also

achieved particular interference microscopes based on a similar

principle.

Hilger and Watt, and C. Baker, have also designed two-wave

interference microscopes for investigating reflective objects. The Hilger
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and Watt microscope is based on Michelson's principle. Baker's

microscope is based on either the Michelson or the Mirau principel.

IVI

Fig. 4.26. Krug and Lau interference microscope.

Mirau's interference microscope (Fig. 4.27.)

The principle of this instrument is the following: the incident

light-beam, emerging from the objective (9i, is split in two parts in

the semi-reflective plate G. One part is reflected on the object P and

the other in the area R of the front lens of the objective O^. This

-7777777777777',

P

Fig. 4.27. Mirau interference microscope.

area, which extends over a small portion of the front surface, is made

fully reflective by an opaque metal layer. Both beams are super-

imposed anew as they enter the objective O^. The surface R is the

reference surface as was the mirror M in Figs. 4.23 and 4.24. The

horizontal plate G is inserted half-way between R (front surface of
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the objective Oj) and the object P. Only low-aperture objectives are

suitable in this appHcation.

Dyson's interference microscope (Fig. 4.28.)

Three glass blocks cemented together. By. B^ and ^3, are inserted

between the objective Oj and the object P. The block ^3 is a 15 mm
radius-of-curvature plano-convex lens. The flat face MM' is semi-

FiG: 4.28. Dyson interference microscope.

reflective. The convex side of B^ is silvered, except in the polar area.

The block B^ is a parallel-sided plate on the top of which the small

area R is made highly reflective by an opaque metal layer. The utmost

thickness of B^ is slightly less than the radius of curvature of the

convex surface. The thickness of B^ is such that the curvature centre

of the convex side is about 1 mm above R. The rays originated from

P are reflected back by the convex side of B^ on to P' where P is

imaged by the system B^, Bo, B3. Then P' is observed through the

objective O^ of an ordinary microscope. The incident light illumi-

nating P travels in a direction opposite to the foregoing. After
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being reflected in the semi-reflective plate G (the vertical illumi-

nator is not shown) and, passing through the objective Oi, the

ray enters the system B^, B.., B^ and, next, is reflected by the

convex side and splits in two as it impinges on MM' . One of these

rays is reflected on the object P and the other on the mirror R.

Both rays are superimposed anew as they impinge on the convex side.

The reflected beam reverts to the objective O^. As the image P' is not

exactly in the centre of curvature of the convex side, some spherical

aberration is developed which may be corrected by giving a suitable

thickness to the block B^. Thickness variations of approximately
30 A have been detected by the Dyson layout. Since the object is

examined through reflection, optical paths are twice as long. There-

fore, a 30 A optical path variation in the object correlates a 60 A
variation as detected in the instrument. This remark applies equally
well to any reflected-light instrument.

Fran^on's layout (Fig. 4.29.)

No mention need be made regarding the interference eyepiece

described in Chapter III as merely setting this device in a reflecting

microscope evinces interferential images of reflective objects. Fig-
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in Fig. 4.29(a). The light is originated from the lamp S (opal or

diffusing); after being reflected on the 45''-slanted semi-reflective

plate G it passes through the polariscope Q and is reflected by the

object F and reflected again on to the magnifying glass O and the

ocular diaphragm T behind which is the observer's eye. This ocular

diaphragm is in the focus of the magnifying-glass O. In order to focus,

the object P is shifted in relati€)n to the instrument whose elements

are all secured together. The polaroid element iP^ is so arranged as

to emit a vibration at right angles to the incidence plane on G. The

second polaroid element fPo is crossed in relation to ^i. Hence,

were it not for the presence of Q no light reaches F. The polariscope Q
is not of the Savart type. It consists of two quartz plates, cut 45°

from the optical axis and whose axes are in the same plane and at

right angles. A Cellophane half-wave plate is cemented between the

two plates, 45° from the quartz axes. A single passage of a Hght-beam

through this polariscope gives rise to on-infinity fringes which

are parallel and equidistant straight lines (the on-infinity Savart fringes

are only approximately straight lines). Two passages of the light beam
cause the on-infinity fringes to overspread completely and the tint

is flat. There is no need for any diaphragming and the lamp is ac-

cordingly used without a collimator.

According to the thickness of the polariscope Q either the full-

duplication or the differential method may be used (Chap. Ill, § 5).

The same device is also applicable to a low magnifying power micro-

scope (Fig. 4.29(b)). In this case, the system G, similar to that shown

in Figs. 4.23, 4.24 and 4.25 is inserted between the objective Oi and

the polariscope Q. It should be noted that the layouts shown in

Figs. 4.29(a) and (b) are completely devoid of stray light : any light-beam

which has not passed through Q is occluded since f?i and ^o are

crossed. The light reflected by the underface of Q is also occluded

since, if Q is set in the proper direction, the light passing through Q
twice and which is reflected against its underface exhibits on-infinity

fringes that are approximately zero at T. Therefore, there is no

reflected stray light in the eyepiece-lens plane. Only the light reflec-

ted back by the object F reaches the observer, as shown in Chap-
ter III.

NomarsUVs device (Fig. 4.30.)

A Wollaston prism W, set in the objective's focus, is used in this

instrument. The light originated from the vertical illuminator is



150 PROGRESS IN MICROSCOPY

polarized by the polaroid element 5Pi. After being reflected on the

mirror M the source is imaged on W at /. Since / is in the focus of
the objective O^, the rays emerging from the latter consthute a beam
of parallel light. The rays are reflected back from the object P and
the source is imaged anew in W at /. The beam then passes through
the polaroid element SPo and proceeds to the eyepiece O.. Let us

assume that / and J are symmetrical in relation to the centre of the

Fig. 4.30. Nomarski interference microscope.

Wollaston prism whose two elements have the same thickness. The

path difference between the ordinary and the extraordinary ray at / is

the same as at J but these differences are of opposite sign and cancel

out. This property is retained irrespective of the extent of the source

imaged at / as, were the WoUaston centre to lie in the optical axis

of the microscope and the plane of the object P be perpendicular to

said axis, a point J, symmetrical in relation to the Wollaston centre,

is correlated with any random point /. Thus an extended source may
be used without diaphragming the vertical illuminator. The path

differences do not cancel out any longer if the object P is slightly tilted

or the Wollaston moved in its plane. Nothing is altered and the vertical

illuminator may remain at full aperture. Figure 4.30 is a theoretical

diagram. In actual practice, the Wollaston prism is substituted for

a prism similar to the one shown in Fig. 3.26, The layout can there-
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Fig. 4.31. Nomarski interference microscope (Nachet).

11
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Fig. 4.32. Bausch and Lomb interference microscope.
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fore be applied to any objective or any magnifying power. On the

other hand, the mirror M is substituted for a semi-reflective plate
thus allowing full aperture of the pupil.

Multi-wave layouts

The multi-beam interferometer is eminently suitable for investi-

gating surface micro-structures. The procedure is to dress the surface

so that it becomes highly reflective and to lay on it a metallized

Fig. 4.33. "Multimi" Johansson interference microscope.

optically-flat surface. The numerous inter-surface reflections taking

place evince a system of fine fringes. The process of this phenomenon
is similar to the one described in Chapter III, § 10. These fine fringes

are tantamount to topographical contour lines and enable detection

of very minute surface flatness imperfections in the object. Figure 4.32

shows a microscope constructed on this basic principle by Bausch

and Lomb. Reichert, VEB Zeiss, Johansson (Fig. 4.33), Hilger and

Watt (Fig. 4.34) have also built multi-wave interference micro-

scopes.
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Fig. 4.34. Hilger and Watt interference microscope.

Application of reflecting interference microscopes to micro-hardness tests

Hardness of a material may be measured by the resistance it

displays against penetration of another material to which a given

amount of force is applied. In the Vickers method, the impressing

element is a diamond square-based pyramid whose vertex angle is

at 136^ Since the geometrical shape of the pyramidal impression is

known, its area is determined by measuring the diagonal of the square

base. Let F be the force exerted against the impressing element (ap-

plied by a weight) and 5 the impressed area, hardness H is educed by:

H = (4.1)
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Owing to the diamond's penetration, the surrounding surface is

distorted. Such distortions are those which are investigated by means
of interferometers. Figure 4.35 shows in the Zeiss interference mic-

FiG. 4.35. Fringes brought about by the distortions surrounding the impression in micro-

hardness testing (Zeiss interference microscope. Von Martin Uhling; courtesy of Zeiss).

roscope (photograph by Von Martin UhUng) the fringes brought about

by the distortions surrounding the impression. Figure 4.36 shows

the striking unsymmetrical impression obtained by Tolanslcy when
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Fjg. 4.36. Unsymmetrical impression obtained by Tolansky when carrying out micro-

hardness tests on a tin mono-crystal (courtesy of Prof. Tolansky).

Fig. 4.37. Fringes when a small steel diamond-chip wheel is applied against a surface

at a given pressure (courtesy of Prof. Tolansky).
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carrying out micro-hardness tests on a tin mono-crystal. Tolansky

also investigated the anisotropic hardness of diamond when subjected

to abrasion tests (Fig. 4.37). In such a test, a small steel diamond-chip

wheel is applied against a surface at a given pressure. The speed of

wheel rotation and the time the test lasts are also measured. The small

shallow notches brought about by abrasion are observed; their inter-

ferometer-determined size show the degree of resistance to crushing

and to wear, the material can withstand through polishing. Setting

the grinding-wheel at the proper angle enables one to determine the

specific resistance properties of the diamond in a given direction.

Investigaliou of surfaces whose thickness variations exceed one micron

When thickness variations exceed several microns, interpreting

interference data becomes a tricky matter. Then the replica method

may be applied, either to reflective or non-reflective (diff'using) surfaces.

A solution of plastic material is applied on the surface, which, after

solidifying, forms a thin film. The latter is then removed and set on

an aluminized reflective, flat optical plate. Let R be the film (Fig. 4.38),

a surface flatness imperfection of which, denoted by M, is of thickness e,

Fig. 4.38. The replica method.

and AB the flat reflective surface. Let us insert between the film and

the surface AB a liquid whose index is n'. If n is the film index, the

path difl'erence between the ray (1) passing in the protruding area M
and the ray (2) passing in a flat area, is:

d = 2(n-n')e. (4.2)

Path differences are doubled as the system is observed by reflection,

e.g. through a Michelson-type interference microscope (Figs. 4.23,

4.24, 4.26). Now let us assume that the path difl'erence is correlated
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with a shift equating one fringe. The thickness e is:

e =
^.

''

,. (4.3)

Therefore, selection of closely-related indices u and //' provides a shift

equating one fringe with a substantial thickness e. Let us take,

e.g. Ji
— Ji'=0\. A shift equating one fringe in the interferometer

corresponds to a thickness e = 5/. (3 microns when / = 06
,a). As-

suming the original surface itself to be observable, a 5/. thickness

would bring about a ten-fringe shift. Therefore, path differences can

be reduced by artificial means to practical measurements and inter-

pretation. Replicas can also be observed in transmitted-light inter-

ference microscopes. In this case the expression 4.2 becomes:

d = {n-n)e. (4.4)

Since the hght passes through the object only once, path differences

are no longer doubled and the expression 4.3 becomes:

X
e = —,. (4.5)

u— u

Retaining the same numerical example, a shift equating one half

of a fringe interspace is observed on the replica.

5. OBSERVATION IN POLARIZED LIGHT

Anisotropic metals and alloys are observable in polarized light.

Addition of a polarizer and an analyser converts the reflected-light

microscope into a polarizing one. The incident light being thus pola-

rized, the light reflected by the surface is observed. After removing
the analyser, rotating the sub-stage alters the direction of the surface

which is thus observed in incident linear-polarized light. If the

investigated substance is anisotropic, intensity changes occur during
the observation. When studying birefringent transparent substances,

two directions at right angles are considered, according to which

a vibration propagates with two different indices. When an anisotropic

polished surface is involved, there are two perpendicular directions

correlated to two different reflectances. The greatest and the least

reflection are achieved when the incident vibration is parallel to

these two directions, known as "main directions". The investigated
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anisotropic surface, in many substances, shows a double reflection

that varies as does the wave-length of the incident hght. This is bi-

reflective dispersion and characteristic colours are observed. To com-

plement the resulting data the analyser is crossed with the polarizer.

Rotating the sub-stage causes the anisotropic surface to exhibit 4

directions at right angles along which extinction still obtains. Intensity

is highest at 45° from such directions.

Let us now set the sub-stage so that the "main" directions lie 45°

from the incident-vibration direction. Owing to two different reflect-

ances correlating the two main directions, the incident vibration

rotates about a small angle. Let OX and O 7 be the two main directions

of the anisotropic surface and OP the amplitude of the incident linear

vibration (Fig. 4.39). OP may then be decomposed in the two vibra-

tions OX and OY directed according to the two main directions.

After being reflected, the vibrations OX and OF do not have the

same amplitude since reflectances are always below unity. Owing
to the difference between the reflectances correlating OX and OY,

^ r~T
—"

Fig. 4.39. After being reflected, the incident vibration OP becomes OP'.

the latter become 0X[ and OY^ after being reflected by the object.

If no phase change occurs after the reflection, 0X[ and OY[ exhibit

the linear vibration OP' which has rotated about a small angle in

relation to OP. To every main direction corresponds not only a specific

reflectance but a specific phase change as well. As phase changes are

not the same for both main directions, the incident linear vibration

is converted after being reflected, in an elliptic vibration. Generally,

the ellipse is substantially flattened and its major axis differs but little

from the direction of the incident vibration.

As the angle of rotation depends on the reflectance ratio of

the main directions, the bi-reflective dispersion generates rotations

which are not the same at all wave-lengths. Rotating the analyser
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(the polarizer and the sub-stage remaining stationary) will evince

seriatim a series of striking colours.

In the foregoing observations, the reflectance of the main di-

rections, the colours, the eUipticity of the reflected vibration, the

angle of rotation and so forth, have provided valuable data pertaining

to pohshed metal surfaces. As already mentioned, the additional

equipment required is simple: merely setting a polarizer in the vertical

illuminator ahead of the 45°-slanted semi-reflective mirror and an

analyser between the latter and the eye is all that is required. To avoid

the birefringent superimposition effects, the objective's lenses are to

be tension-free. The 45°-slanted mirror has its lower surface (on

the objective side) coated with a semi-reflective layer so as to in-

crease the reflectance. Conversely, the upper surface (eyepiece side)

is processed to lower the reflectance thus preventing formation of

TSP»-
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cemented elements A and B, is set in the illuminator. The light origi-

nated by the vertical illuminator is reflected by the ad face which acts

as a mirror. The elements A and B are cemented with a substance

whose index is such that only the ordinary ray is reflected by the

surface ab. The extraordinary ray is transmitted and absorbed by the

darkened face be. After being reflected on the object /*, the ordinary

ray is again fully reflected by ab and, if the object is not anisotropic,

no light reaches the eyepiece Oo. The device works as would two

perfectly-crossed polarizers. If the object is anisotropic, the same

effects as described previously occur. To obtain the equivalent of an

analyser rotation, a quarter-wave plate is inserted between the ob-

jective and the Forster prism. Owing to the double passage, the

quarter-wave plate brings about the same effects as a half-wave plate

and the incident vibration is rotated without being altered.

6. SCRUTINIZING OF HOT-METAL SURFACES

Scrutinizing structure changes taking place at high temperatures,

such as re-crystallization, are often desirable. Usually, to prevent

oxidation, the sample is put in vacuo or in an actionless atmosphere.

The chamber comprises a fused quatz optical peep-hole through which

the sample is observed. To protect the microscope optical system,

\Q/o.

Fig. 4.41. Dyson long working distance attaciiment.

the chamber walls are cooled. The objective's working distance must

be such as to allow focusing within the chamber. Owing to their

long working distance, mirror-objectives are particularly suitable for

this work (cf. Chapter I, § 3). A spherical-surface objective, of nu-

merical aperture us'mu = 65, provides a working distance extending
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over 14 millimetres. A standard objective may be converted into

a long working-distance objective by using the Dyson layout (Fig. 4.41).

The object P lies in the centre of the curvature A of the concave

mirror M. The object-originated rays pass through the semi-reflective

plate m and are reflected back by the mirror M on to the plate m and

end at A' . Therefore, A is imaged at A\ i.e. the object, which may
now be examined by a powerful objective with short working-distance.

The working distance of the Dyson layout is approximately 13 mil-

limeters.



CHAPTER V

Geometrical Measurenieiits

1. SETTINGS IN MICROSCOPY

Microscope measurements are based on two types of settings:

transverse and axial. The former entails no alteration in sharpness.

Let us consider, for instance, a small object whose tips are properly

focused. In microscopes comprising a micrometer eyepiece, the spider-

line is shifted so as to align it seriatim with the imaged edges of the

object. As the spider-line shift is shown by a micrometer screw, the

width of the observed object can be readily measured. These operations

entail two transverse settings. A transverse setting is made every

time the spider-line of the eyepiece micrometer is brought in alignment

with the imaged point of an object without altering the focusing and

the spider-line is shifted transversely. The axial setting is a sharpness

setting. For instance, it is required to locate the position in depth

of a given point of the image: to do this, the fine adjustment is actuated

until the point considered is sharp concurrently with the eyepiece

reticle. Shifting the microscope axially brings the imaged, considered

point, in coincidence with the eyepiece reticle. The object-point lies

in a definite position in depth with respect to the microscope and

is so located by an axial setting.

2. SETTING ACCURACY

When the microscope is fitted with a 05 mm diameter exit pupil

(optimum magnification) setting accuracy is practically restricted by

the diffraction laws (cf. Chapter I, § 8). Let us first investigate this case.

Transverse setting accuracy

Let A be the focused object (Fig. 5.1). To eff'ect a transverse

setting, the spider-fine R of the reticle is shifted in a front plane so

as to be in coincidence with the image A' of A. Now, let us assume

163
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the object considered to be either a point or a Hne. Granting that

such coincidence can be brought about, under normal conditions,

with an accuracy attaining one hundredth of the diffraction disk

diameter: the matter could be reasoned taking as basis the diffraction

disk lying in the image plane A. and then reverting to the space-object.

Fig. 5.1. Lateral setting.

dividing it by the objective's magnification. A prompter method is

to consider direct the phenomena taking place in the plane of the

object A.

Let us'mu be the objective's numerical aperture (N.A.) and A

the wave-length. The dilTraction-disk diameter in the object plane is

1-22 A//7 sin w. Therefore, A can be located by a transverse setting with

an accuracy Iv equating:

1 -22 /
Jv >-—-.— . (5.1)

lOOwsmw
^

i.e. accuracy within 002/^ for / =0-6/< and a N.A. =0-30.

N.B. The foregoing implies, of course, a mechanically excellent and

vibrationfree microscope.

If the object is the edge of an area, accuracy is much impaired
and will in no way be provided by the foregoing formula.

Axial setting accuracy (Fig. 5.2)

The problem involved is the following: the object being properly
focused at A, to what length t- can it be shifted or—what amounts to

the same thing
—can the microscope be shifted, A remaining motion-

less, without the eye noting any change in sharpness? Now, if the

object-point A can be shifted to A(, for a distance e without changing

sharpness of the image, it can be shifted for the same amount and

with the same result to the right at A^^. Under such conditions, the

eye perceives no change in image sharpness, irrespective of the object's

position within the interspace /f,,^]
^ 2f. Such interspace determines



GEOMETRICAL MEASUREMENTS 165

the axial setting accuracy. It is not feasible to locate the position

in depth of the object A with greater accuracy than Af^A^ = 2e.

Granting Lord Rayleigh's tolerance (Chapter I, § 6), defective focusing

should not entail a variation of the optical path exceeding one quarter-

wave. Then, accuracy of axial setting is:

2e > . \ ,, (5.2)
477Sin^w/2

2e = 1 /< for A = 0-6 /< and ns'mu = 0-65 .

To sum up, provided the microscope be used with a 5 mm diameter

exit pupil, accuracy of transverse and axial settings can be educed

from the following formulae:

Transverse setting Axial setting

1-22/. ^ /
J > 2e

lOOwsinw 4nsm^ul2

N.B. It should be pointed out that measurement accuracy depends on

many factors other than setting accuracy, such as stability, clearances,

expansion, stresses and so forth. It is but rarely that full use can be

made of the setting accuracy provided by high N.A. objectives.

Role of the observer's eye in axial settings

Let us consider an axial setting carried out with an instrument

lacking a reticle. As focusing changes, the instrument-image changes

in depth and the instinctive excursion of the eye keeps it in focus as

long as it remains within the limits of sharp vision.

Fig. 5.2. Accuracy of an axial setting (2f).

Setting on the image may therefore be correlated to any position

of the image within the eye-accommodation amplitude. The result is

some uncertainty as to the object's position, called "depth of ac-

commodation".
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Let dp be the depth of accommodation in metres, G the microscope

magnifying power, 250 millimetres the reading distance.

If .T is the accommodation amplitude in dioptrics, u the immersion

index, then:

dp |0-25i^n\~—- rt (5.4)

Let P be the distance to the near point and R to the far point. These

two distances, showing in metres the accommodation amplitude (in

dioptrics), is educed by:

1 1

(5.5)R

If 0) is the exit pupil diameter, the expression may be written thus:

dp =
Tior

Ansm^u
(5.6)

Hence, if the accommodation is to be reduced as far as is feasible,

the exit pupil must be as small as possible, i.e. magnify to the utmost,

for a given objective.

It may be required to ascertain the admissible eye-accommodation
variation enabling one to obtain the accuracy shown theoretically

by diffraction (equation 5.2): Let n denote such variation. The

resulting data are tabulated hereunder:

cj in mm
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ceeding 1 mm would be permissible. However, it is best not to exceed

a 05 mm diameter exit pupil, corresponding to a one dioptric admissible

eye-accommodation variation, assuming the eye to be a perfect

instrument.

3. MEASURING A LENGTH IN A FOCUSING PLANE BY MEANS
OF TWO TRANSVERSE SETTINGS

The length to be measured in the focusing plane is shown (Fig. 5.3)

by the A^Ao interspace. A^ and A2 are imaged at A[ and A', in the

plane observed through the micrometer eyepiece. The reticle is aligned

'^1

Fig. 5.3. Measuring a length by means of two lateral settings.

with A[ and A', by means of the graduated drum T that drives the

spider-line transversely. Provided the graduation of T is calibrated,

the actual length A^A^ within the object is readily ascertained by means

of the expression:

a[a:.
A^^^

g
(5.7)

where g is the magnification of the objective Oi. Such calibration is

achieved by means of an objective micrometer and allows the lengths

AiAo to be read off the drum T: the specimen is substituted for the

objective micrometer comprising n divisions per millimeter and the

12
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number A^ of divisions of the drum T, tallying with /;' divisions of

the objective micrometer, is noted. Every division on the drum T
equates therefore 7i'iNn millimeters. The length to be measured is

assumed to be minute and in the field centre.

4. MEASURING A THIN OBJECT BY TWO AXIAL SETTINGS

Thin objects may be measured through a conventional microscope

by means of a previously-calibrated fine-focusing adjustment. The
screw of the latter usually comprises a datum-mark which is moved

opposite the graduation. Such graduation can be calibrated as follows:

let us use as calibration reference an optically-tested cover-glass the

thickness e of which is ascertained. This cover-glass is semi-aluminized

on both faces, each of which has an optical density approaching unity,

i.e. 2 in the aggregate, approximately. Therefore, the cover will only

let 1/100 of the incident light pass through, which is adequate. Next,

both faces are scratched. These scratches, plainly visible in a suitable

contrast, serve as reference-marks to set the object-cover faces. There-

upon the cover-slip is set in the microscope stage (the cover-slip being

secured to the object slide, if required) and both faces of the cover-

glass are sighted seriatim by means of the fine adjustment, using the

scratches as reference-marks. Since p divisions of the fine-adjustment

screw correspond to the thickness e in millimetres of the cover-glass,

a one-division shift of the screw equates an ejp thickness (in mm)
in a medium of index ;?, index of the cover-slip, and would correl-

ate an ejnp shift (in mm) in air and n'ejup (in mm) in a medium of n

index.

In order to obtain the actual length, the vertical length comprised

in a medium of index n' is to be multiplied by //'. The presence of

a cover-glass having a different index does not alter measurements.

5. MEASURING A LENGTH WHOSE ENDS DO NOT LIE IN THE SAME
FOCUSING PLANE

The length to be measured is A^A. (Fig. 5.4) but, as neither A^

nor Ai lie in the same front plane, focusing must be altered when

changing over from A^^ to A.,. Once A., is focused, the location of the

image A'.^
is ascertained by means of the eyepiece micrometer spider-web.

Next, in the case shown in Fig. 5.4, in order to focus A^, the microscope

is tilted upwards slightly to the extent of f . Things work out as if A<>

remained in focus and that the setting on Bi (projection of /ii), was
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made through the front plane along A... The two transverse settings

yield the length A^B^ and the two axial ones the distance e. The actual

line v^i^i then equates | (A.yBi-r^-). If the length /^i ^2 is encompassed

Fig. 5.4. Measuring a length by means of lateral and axial settings.

in a medium of index n, e is to be multiplied by n. In such a measure-

ment, the microscope optical axis is not to be shifted and, in a series

of measurements, the dispersion in performance data provides the

limits of accuracy.

6. MEASURING SMALL AREAS AND VOLUMES

Compounding the measurements described in § 3.4 and 5 evinces

the data required. Surfaces may also be measured by means of an

integrating stage or an integrating eyepiece. This is tantamount to

cutting up the object in surface elements and simply adding them

up by means of the integrating stage.

7. DETERMINING THE NORMAL IN A POINT OF A SMALL REFLECTING
SURFACE

The standard microscope eyepiece is to be substituted for one of

special design (Fig. 5.5). The aperture of screen E is illuminated by
the lamp L. The light, originated from T is reflected by the 45^-slanted

semi-reflective mirror G. The microscope is adjusted so as to image T
in the investigated surface S. A is imaged in the area whose orien-

tation is sought. After being reflected back from the surface S on
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to the objective which images A, i.e. the aperture T, at A'. Let us

set at A' B. reticle, symmetrical with T in relation to G. The image
of T and the surface fully coincide at A when the image of T being

reflected on S is in complete coincidence with the reticle at ^4'. There-

sa

Fig. 5.5. Microscope using an eyepiece with illuminated reticle.

fore, a setting may be made on any element of the surface S. Now,
its normal is to be located. The reticle R is set in the focal plane of

the objective Oi, the reticle being in the microscope's optical axis

(Fig. 5.6). If the plane, tangent to the surface S at the point A, where

Fig. 5.6. Determining the normal in a point of a small reflecting surface.

T is imaged, is perpendicular to the microscope's optical axis, the

reflected beam merges with the incident beam. To ascertain that such

is the case, the eyepiece O2 is removed and the eye at A' is placed
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on the reflected image of the aperture T (the micrometer set at A'

being removed together with O^. Once eye accommodation is achieved

in the focal plane of the objective O^, the field is perceived brightly

illuminated and bounded by the objective's surface. If the plane

tangent to A at the surface S is perpendicular to the microscope's

optical axis, it is evinced that the tip of the reticle R is in aUgnment
with its image R (Fig. 5.7): the reason being that the rays, issuing

Fig. 5.7. Field aspect if the surface S is normal to the"'microscope'"axis.

from R, are reflected on the small and virtually plane portion of S
which is illuminated (image of the aperture T). They are reflected

back symmetrically and show a reversed image of the reticle R in

the focal plane of Oi. If the surface is not perpendicular to the mi-

croscope's optical axis at A, the reflected luminous cone rotates about A,
the imaged reticle R' shifting at the same time (Fig. 5.8). Then, adding
suitable elements to the microscope, enables one to carry out measure-

ments of flat-surface angles. It should be pointed out that with re-

FlG. 5.8. Field aspect if the surface S is not normal to the microscope axis.

ference to the reticle R and its image R'
,
all rays are reflected in a small

area surrounding A. From the diff'raction standpoint, the process

taking place for R and R' is as if the objective Oi had the same dia-

meter as the imaged aperture T sit A. The smaller the image, the

poorer the accuracy. Using an area of 5 // on a 0-7 mm diameter

cylinder (such as a needle) the direction of the perpendicular can be

determined within 15". If the area has a 1 ^ diameter, accuracy is

within 40".
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8. HIGH PRECISION-MEASUREMENT MICROSCOPES

The first microscope providing high-precision measurements were

developed by C. Cantu and A. Ranzini and constructed by Messrs, Ko-

ristka. This instrument, designed to investigate nuclear plates, is shown
in Fig. 5.9 (type MS2). The stage features two rectangular motions.

The X motion is obtained by means of a plate attachment so secured

as to virtually preclude any v motion (sag.
= 0-3 /^ for a 50 mm travel).

T

Fig. 5.9. Koristka high precision-measurement microscope.

The y motion is conventional ("vee"-ways). Shifting the objective

provides the r motion which is obtained by a plate attachment and

hydraulic drive. Prior to effecting measurements in order to determine

the correction required, the .t, r and r motions are tested by means

of an interferometer.

The type MS2 was followed by the type R4, designed from in-

vestigating large plates, measuring 300 by 300 millimetres; the R4-type
is particularly suited to speedy observations. In both types, the system

used to carry out the transverse setting is ingenious: the eyepiece

reticle is fixed. The image is slightly shifted by a parallel-sided plate
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which may be tilted (Ochiallini). This device does away with errors

originated from micrometer screws. To the observation system is

adioined a reading device, next to the eyepiece, in which the micro-

meter scale is also shifted by a parallel-sided plate. Provided the

thickness of the second plate exceeds that of the eyepiece and for

an identical rotation of both plates, the micrometer motion is more

extensive and measurements more accurate.

An electrical measuring and recording device may be added to

this device. Rotations of the eyepiece plate take effect direct on an

electrical system that feeds them to an electron computer. High-

precision microscopes are now built by several large concerns. These

instruments, currently used in nuclear research, should likewise, prove

verv useful to biologists.



CHAPTER VI

Measuring Refraction Indices

of Transparent Objects: Unpolarized
Two-wave Interference Microscopes

Two wave interference instruments provide measurement of the path
difference between two waves that travelled along different optical

paths. The result is therefore always an optical path which is the

product of a length multiplied by an index.

When the object involved is transparent
— of thickness e and

index n — and immersed in a medium of index /;' the interference

instrument shows {n'
—

n)e. Provided the thickness e and the index n'

of the medium in which the object is immersed are known, the measure-

ment evinces the index n of the object. The interference microscopes
shown in Figs. 3.4, and 3.8 are suitable.

1. MEASURING PATH DIFFERENCES

Let us consider the diagrammatic object in Fig. 6.1. It consists of

a small rectangular parallelepiped the cross-section of which is shown

at BCB'C. Required to measure its index n, considering that it is

(1) (2)
'

1

^r

I

Fig. 6.1. Diagrammatic transparent object BCB'C.

immersed in a medium of index n'. The specimen is illuminated in

monochromatic light of wave-length /. Thickness of the object being e

and its index //, the optical path travelled by the ray (1) passing through

174
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the object is ne. A random ray (2), passing next to it, follows the

path n'e.

Over and under the horizontal hnes BC and B'C\ respectively,

optical paths are identical for the rays (1) and (2) and do not intervene.

The path difference between (1) and (2) is then:

d = (n'-n)e. (6.1)

This is the path difference brought about by the object.

The following may apply to any 2-wave interference microscope

but, in order to simplify matters, the matter is set forth on the basis

of Dyson's interference microscope (Fig. 3.4). Let us consider the

rays, paralleling the ray MAC, corresponding to a wave surface which,

after passing through the object, has the shape shown in Fig. 6.2.

1

Ji
B C

Fig. 6.2. The wave surface after passing through the object.

The rays paralleling the ray BN, which have not passed through the

object, exhibit a flat surface wave. These two waves meet at A' where

they interfere: their path difference J depends on the microscope

adjustment (Fig. 6.3). In fact, the plates Li and Lo are not parallel-

sided plates but small-angled prisms. Hence, the path difference varies

continuously from one end to the other of the field of view. If the

variation attains several wave-lengths, straight and parallel fringes are

Fig. 6.3. The two wave surfaces in the image A'.

developed, as shown in Fig. 6.4. The distance of both waves, i.e. their

path difference J, varies: every time J increases or decreases by A,

a shift is made from one fringe to another. Assuming that there are

three fringes, the field aspect is shown in Fig. 6.5. The object lies

in the area A'. It is assumed that, in the area (2) (Figs. 6.4 and 6.5), the

path difference J between the two waves is an odd number of times A/2,

e.g. 5A/2. Therefore, there is a dark fringe in area (2). If J =
7/1/2 in (1)
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there will be another dark fringe in the area (1) surrounding the object.

The path difference is A ^6 in the object-occupied area and differs

from J. Therefore, the fringes within the object do not extend into

the fringes lying in the field surrounding the object and a shift d' is

observed. The number of fringes visible in the field of view depends

Fig. 6.4. The two wave surfaces when fringes are developed.

on adjustments. Fringe spacing is least when the slopes of both prisms

dip toward opposite directions. The plate L^ is shifted at right angles
to the optical axis, without altering its orientation, by means of the

screw V. This adjustment shifts the fringes in parallel relation without

altering their spacing. Therefore, the path difference between the two

waves shown in Fig. 6.4 may be varied. These waves move, retaining

(I) (3)

Fig. 6.5. Path diflerence measurement {<)').

their parallel relation, without affecting their relative slope. Let us

assume that the object-originated path difference be less than A/2.

The shift (Y is then the actual path difference and merges into d. In

Fig. 6.5, f5 is of the order of A/3. The shift is to be located in relation

to the fringe (1) and not to fringe (2) since S < a\1. Yet, the path

object-originated difference h is not necessarily shown by the observed
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shift d'. For instance, when 6 = 3A-f A/3, Fig. 6.5 is still the same

although, this time, b' = //3 differs from d. In monochromatic light,

all fringes are identical and a shift equating a whole-number times ?.

cannot be observed for the figures are superimposed.

To obviate this difficulty, phenomena are observed in white light,

this requiring that the dispersion of the object and its surrounding
medium be not too extensive. Now, the instrument is adjusted to

bring the white fringe, corresponding to zl = in the position (1),

shown in Fig. 6.5. (Refer to Newton's colour scale. Chapter VII, § 1.)

Next, actuation of the screw K(Fig. 3.4) displays the fringes seriatim

so as to bring the same fringe in the object. In order to make no error

on the integral part of the path difference d (3/ in the previous example)
all that is required is to evaluate the so-measured rotation of the

screw V as /-wave-length fringe intervals. Were the white fringe

perceived, in the field of view, both in and out of the object, all that

is needed is to evaluate the distance of these two fringes as mono-

i\--o

Fig. 6.6. The path difference J increases from left to right.

chromatically-spaced fringes. The measurement of the path-difference

fractional part d, i.e. b' {aI3 in the foregoing example), is accurately

carried out in monochromatic light. To determine which of the two

indices, ;/ or n', is the higher, is evinced by merely watching the motion

of the white fringe J = during rotation of the screw V. Now the

Fig. 6.7. The path difference J decreases from left to right.

wave arrangement in a given position of the screw V defines the wave

arrangement, i.e. whether the path difference J increases from left

to right, when the reference wave is below the wave that passed

through the object, conversely, decreases (Fig. 6.7). This is ascertained

by observing an object whose index is known. Let us bring the white



178 PROGRESS IN MICROSCOPY

fringe J = in the object. If it is perceived outside the object to the

left from the field when ii < u\ the arrangement is that shown in

Fig. 6.8 and when // > n' in Fig. 6.9.

Let us assume that we are now deaUng with the arrangement shown

in Fig. 6.7, in relation to a specific position of the screw V. Let us

A--0
J-0 J=0

Fig. 6.8. Arrangement when /; < /?'. Fig. 6.9. Arrangement when /; : /;'

adjust the instrument so that the white fringe J = is at (1) (in

Fig. 6.5), i.e. next to the object (Fig. 6.10). If, when rotating the

screw V, the white fringe is brought in the object (Fig. 6.8), it is found

that the white fringe outside it is shifting leftwards then, u < //'.

Fig. 6.10. The white fringe J = is

outside the object according to Fig. 6.5.

A--0
A=0

Fig. 6.11. The white fringe I
= is in the

object and outside it is shifted to the right.

If shifted to the right, n > n (Fig. 6.11). If the object tapers edgewise

there is no need to change over to white light. Let us substitute the

diagrammatic object shown in Fig. 6.1 for the one in Fig. 6.12. It

can be said that the path difference varies virtually continuously when

Fig. 6.12. Diagrammatic object for which the path difference varies virtually continuously

when changing over from the medium surrounding the object to the object itself.

changing over from the medium surrounding the object to the object

itself. There is, therefore, no break in the fringes as in Fig. 6.5. Fringes

are continuously distorted. A specific fringe can be observed and its

shift in the object definitely measured. The appearance of fringes is

shown in Fig. 6.13 wherein the object has a random shape. The fringe
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^0^0 in the object corresponds to the fringe ab outside it. The shift d

observed is the actual shift and shows the path difference at the point
of the object being considered. Likewise, to determine whether n > n' or

n < n', all that is needed is to observe in monochromatic hght an

Fig. 6.13. For the object of Fig. 6.12, there is no break in the fringes. Fringes are

continuously distorted.

object whose index is known, and which enables to follow up fringe

distortions. The matter is readily solved by comparing the shift

direction of the fringes in both instances.

2. DETERMINING THE REFRACTION INDEX FROM PATH DIFFERENCE
MEASUREMENT

The foregoing measurements show d = {n'
—

n)e. If e and n' are

known, n is educed as follows:

n = n —
(6.2)

Let us assume that the diiference n'— n correlates a (5 value of ap-

proximately A/2 and the d error does not exceed //40. If e = 20 /^

and assuming the measurement accuracy to be 1
/.i,

the relative error

in the difference n— n is:

A{n'-n) Ad Je
01

n—n
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Since <5^;./2 and e = 20/^, then, n'-fi^OOl and

/](«'—/;)- 0001.

In the example selected, the absolute error J« is approximately one

unit to three places of decimals.

Accuracy can be greater but, as will be seen later (Chapter VIII, § 2),

a prominent factor, the incident light N.A., takes effect in measure-

ment accuracy.



CHAPTER VII

Measuring Refraction Indices

of Transparent Objects: Polarizing
Interference Microscopes

APPLICATION OF THE FULL-DUPLICATION METHOD

Full-duplication polarizing interferometers are eminently suitable

for microscope measurement of the refraction indices of transparent

isotropic objects. As in all interference processes, measurements are

based on the previous determination of path diflferences. Two pro-
cedures may be used:

(a) In the flat-tints method, the object and adjacent area exhibit

two uniform but different tints. The path difference between the light-

rays travelling through the object and those passing next to it can

readily be calculated by means of Newton's scale of colours and the

refraction index of the object educed therefrom. This process however,

only approximates the index value.

(b) In the method using interference fringes in monochromatic-

light, the whole field of view is streaked with straight, parallel and

equidistant fringes. The fringes located in the imaged object are not

in alignment with the other fringes. The shift, reckoned as inter-

fringe spaces, shows the path difference between the rays traveUing

through the object and those propagating next to it. As previously,

the refraction index is educed from the shift. The potential accuracy

of the method is very high and depends on the precision with which

fringe settings are carried out.

1. MEASURING PATH DIFFERENCES BY MEANS OF THE FLAT-TINTS
PROCESS. FULL-DUPLICATION PROCESS

The following processes are applicable to objects of any shape but,

in order to simplify matters, the diagrammatic object in Fig. 6.1 is

again referred to. The object, whose refraction-index n is required,

181
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is the small parallelepiped object cross-sectioned at BCB'C, shown

in Fig. 6.1. Measurements are based on tint discrimination according

to Newton's scale of colours. Interference colours are, in fact, virtually

the same for a substance of any index: the optical path ne depends,

as the n index, on the wave-length /. But, whereas / varies by a factor

of two throughout the visible spectrum, u does not vary by more

than 1 to 2 per cent. This method only yields an approximation since

Newton's scale disregards the n variations in relation to /. Never-

theless, the method is expounded herein as it helps in grasping the

phenomena described later on.

The microscope is illuminated in white light
— it is assumed that

dispersions in the media ?i and n' do not differ overmuch. Before

travelling through the object, the wave-surface is plane. After, provided

n < n', it has the shape shown in Fig. 6.2. The arrow shows the

direction of the hght. Let us use a full-duplication polarizing inter-

ference microscope (Chapter III, § 5). The microscope birefringent

system duplicates the incident wave and there are now two waves,

Zi and 2^2-^ in the image plane observed in the eyepiece (Fig. 7.1).

This arrangement, corresponding to n' > «, is not the only one feasible.

When n' < ?i, the resulting arrangement is either the one shown in

Fig. 7.2 or 7.3, according as to whether the object-originated path

^
U) (2? I I (3)

J

s,

<r,

Fig. 7.1. Duplication of the transmitted wave {n < /;')•

difference is greater than the one between the wave Hi and I!^- For

the moment, let us consider Fig. 7.1. In the areas (1), (2), (3) the

distance between the two waves, i.e. their path difference, is brought
about by the birefringent system. Polarizing interference microscopes
include elements enabhng one to adjust, as required, the path difference

between the two waves H^ and 2*2 in the areas where they are flat

(no object being present). For instance, in the microscope shown

in Fig. 3.20, such adjustment is provided by merely shifting the

Wollaston prism W^ in a parallel direction and at right angles to the

microscope axis.

Let us assume that the path difference equates J in the areas (1),

(2), (3). The object thickness and index being denoted by e and n.
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respectively, we have seen (Chapter VI, § 1) that the object-originated

path difference, i.e. the path diiference between the ray (1) that passes

through the object and the ray (2) passing next to it, is:

d = {n'-n)e. (7.1)

However, the interference microscope brings in the path difference

J (adjustable as required) between the two waves T^ and 2*2 in the

^
f r, ^ ^

I I ^2

-^'; ^,

. 1



184 PROGRESS IN MICROSCOPY

To preclude any errors in locating the tints, the following procedure
is suitable: the polarizers are crossed and the microscope adjusted so

that a dark field obtains (J =
0), outside A[ and A',. The adjustment

is continuously altered (leaving the polarizers alone) so as to show

the colours sequentially until the field exhibits the purple of the first

order (zl
= c = 0-565 /j). Since the colours may be followed along

Newton's scale of colours, no error need be expected in locating c.

In this adjustment the colour is denoted by a at A[ and b at AL Now
the reverse procedure will enable one to locate these two colours.

The microscope is adjusted, varying A so that the path diiference

A — (n'
—

n) is zero at A[ which is now very dark. Referring once more
to Newton's scale of colours while carrying out this operation will

determine and, therefore, identify the initial colour at A[, i.e. when

c = 0-565 ju on all sides of A[ and A!^. Hence the colour surrounding

A[ and at A[ are definitely determined:

(1) Purple (first order) on all sides of A[,

(2) Colour correlated to the value e at A[.

n > n

J
—

L

b >
n > n

Fig. 7.4. First arrangement of the two

wave surfaces.

b > a

•^9

Fig. 7.5. Second arrangement of the two

wave surfaces.

In fact, these two measurements are adequate since they evince c

and a, i.e. (n'—n)e, according to the equation (7.4). There is no need,

therefore, to determine the colour and, hence, the path difference at AL
However, this may be done as a test. Having restored the first-order

^2

2",

n > n a>b n > n a>b

Fig. 7.6. Third arrangement of the two

wave surfaces.

Fig. 7.7. Fourth arrangement of the two

wave surfaces.

purple around A[ and A'^ (c
= 0565 /<) the colour of the image ^o is

defined by h. Exactly the same operation is then resumed : :1 is varied

so that black is developed in the image AL The colours being followed

along Newton's scale of colours, it is possible to determine the initial
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Newton's colour scale
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The equations to be used are, therefore:

, \n > n (;; —u)e\ , ., . ,.
b > a\ , ; ,[ \

= c-a = b-c = {b~d)2
\n < n {n-u)e\

^ ^'

(7.5)

, r. ]
= a—c = c—b = {a—b)2

n < n {n—n)e\
^ '^a > b

These data are not ahered if the two waves i^i and E^ are inter-

sected as shown in Fig. 7.3, i.e. if 6 > J. There remains to determine

whether n' > n or n' < n. To solve the problem once and for all,

a sample (whose index is known), is measured.

Let us take a numerical example:

(1) Testing the adjustment. A sample, whose index is known to be

/; = 1-550 and of thickness e = 10//, is immersed in a medium (index

n'~= 1-527). Then, {n-n')e = 0-23//.

Having set the instrument for the first-order purple to be developed
around both images, these appear in two different shades. A[ is, as

before, still the left-hand image and A'., the right-hand one. The tints

observed in both images are correlated to the path differences 565-f

+ 0-23 = 0-588// and 0-565- 0-23 = 0-542//. According to Newton's

scale, the image correlated to 588 // is indigo and the one correlated

to 0-542 // is red. If it is found that the left-hand image {A[) is indigo,

a = 0-588 // and the arrangement is either that shown in Fig. 7.6

or 7.7. In the present case, the sample is determined (« > /?'), and

the figure observed is correlated to Fig. 7.7. In this way the position

of the microscope element which can take effect on J can be determined.

In this position, the left-hand image (^i) forms part of the lower wave

(the direction of light is shown next to each figure). If, now, an unde-

termined sample is dealt with, it is ascertained that, for above mentioned

position of the adjusting element, the only possible arrangements are

those shown in Figs. 7.4 and 7.6.

(2) Measuring the path difference of an undetermined sample. The

sample is immersed in a medium, of known index n' . Observation

in the polarizing interference microscope discloses that when the field

around the images is purple (c
= 565 //), the left-hand image {A[) is

bright yellow {a = 0-332 //) and the right-hand image (^o) green

{b from 0-747 // to 0-826 //). Then, b > a. However, calibrating the

known sample reveals that the left-hand image belongs to the lower

wave, thus correlating with Fig. 7.4. The sample index n is lower than

the index of the medium in which the sample is immersed. Detecting
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the colour of the image A[ then gives:

n < n' (n'-n)e = 0-565- 0-332 = 0-233// . (7.6)

Note 1. The first-order purple was selected as field colour sur-

rounding the images A[ and A', merely because it is readily detectable.

Naturally, all measurements can be resumed selecting another back-

ground colour and testing the data as often as required. Thus, in the

previous numerical example, if the microscope is adjusted for c = 0-332,w
the field surrounding the images is bright yellow instead of purple.
The left-hand image {A[) becomes lavender grey (a = 0097//) but the

difference 0-332— 097 =0-235// remains the same.

Note 2. The flat-tints process just described does not apply when

dispersions of the medium n (the object) and the medium n' (medium
encompassing the object) differ overmuch as tints depend on the

variations of the ratio (//
—

«') e/A in the visible spectrum. When
changing over from the radiation /"(O 480 //) to the radiation C (0-565,a)

the previous ratio takes on the values {np—n'p)elX and (nc—n'c)el?..

Therefore, it is the difference between {np—n'p) and {tifj—rt'c) that takes

effect. Such difference, equating {np—nc)
—

{n'p—n'c) is the difference

between dispersions. If the tints are to remain the same as in Newton's

scale, the numerator of the ratio (/;
—

/?')e/A must not be a function of /..

Consequently, n—n must remain constant, i.e. dispersions must be

the same. Otherwise the tints are no longer those in Newton's scale

and cannot be detected.

2. MEASURING PATH DIFFERENCES, APPLYING THE FRINGES PROCESS
(FULL-DUPLICATION PROCESS)

Measurements may be carried out by substituting tint discrimination

for interference-fringe shifts. Such fringes can be originated in several

ways, but, regardless of the device employed, phenomena remain

the same. The following example should make it easier to comprehend

origination and application of these fringes. Let us revert to the

diagrammatic microscope shown in Fig. 3.19 and work in mono-
chromatic light. We have seen (Chapter III) that a slit, located in

the condenser focus (not shown in Fig. 3.19), should be used: it is

imaged in the focus of the objective Oj, where the Wollaston prism W
lies. The imaged slit is to be aligned with one of the Wollaston-located

fringes. Let us shift slightly the Wollaston W in the direction of the

microscope axis by moving it, for instance, away from the objective.
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Since the slit is no longer imaged on the WoUaston fringes, this image
is the more duphcated as the Wollaston is moved farther away from

the focal plane of the objective Oi. Figure 7.8 shows the originated

beams from the slit-images F' and F" given by the Wollaston. Phe-

02

' A
T \

—
~''~T^:^? 7"

\ w /
\ w /

\ V /

V
F'

\ /

V
f'

Fig. 7.8. Fringes produced by the slit-images F' and F'\

nomena occur as if the image-plane A' were illuminated by the two

synchronous sources F' and F". Therefore, veritable Young's fringes

are observed in said image plane.

Since changing over from one fringe to the next causes the path

difference to vary, one wave-length /., the two waves i7i and 2*2

are arranged in the image A' as shown in Fig. 7.9. The fringes outline

Fig. 7.9. The two wave surfaces when fringes are developed.

equal path-difference loci, i.e. loci which are as far apart as the

waves i^i and Zo. The fringes involved are, therefore, straight equi-

distant and parallel lines at right angles to the plane of Fig. 7.9.

In while light and with crossed polarizers, the dark fringe (A = 0)

would be developed at A'^. The path difference increases on both sides

and colour fringes are perceived. In monochromatic light, the field

is streaked with bright and dark fringes. In Fig. 7.10 and following,
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in order to simplify the figures, the dark fringes are shown as dark

hnes, narrower than the bright inter-spaces (bright fringes), sand-

wiched between them. It is assumed that settings are m^ade on the

dark fringes in order to make the figures clearer. Figure 7.9 shows

why the fringes are at right angles to the direction of duplication.
The field has the appearance shown in Fig. 7.10, The area BC in

Fig. 7.10, etc. are correlated to the area BC in Figs. 6.1 and 6.2.

Fig. 7.10. Field appearance when the fringes are at right angles to the direction of

duplication.

In the areas A[ and A'., the fringes are not in alignment with the other

fringes since the path difference is not the same. In one of the images

{A[, for instance) the shift, away from the outer fringes (area where

there is no object, i.e. (1), (2), (3) in Fig. 7.1), equates, but is of op-

posite sign to the shift in the other image {A'^, if the fringe N{A =0)
is half-way between A[ and A'o. Phenomena are symmetrical in relation

to N (J =
0). Let us detect the next fringe (outside either A[ or ^o).

Such a fringe corresponds to a certain path difference A^ (Fig. 7.10)

and, then, Ji = A. This means that, changing over from the fringe A^

(corresponding to a zero path difference) to the fringe zJi, the path
difference changes over from zero to zl^. The object originates a shift

b' which amounts to a certain fraction K' of a fringe inter-space.

Each such space equates a path diiference amounting to one wave-

length / of the light involved. Then, in the present instance:

6' = K'X. {1.1)
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As shown in Fig. 7.10, the shift amounts approximately to one third

of the space between two fringes. Then, K' = 1/3. However, the

shift d' does not necessarily equate the actual path-difference ^ brought
in the object as, in monochromatic light, all fringes are identical.

Now, were the object-originated path difference to equate a wave-

length whole number /?, nothing would be visible in monochromatic

light. Were a shift d' = K'a, smaller than a fringe inter-space, to be

observed, then, the actual shift may equate a whole number times /.,

viz., pX, plus the fraction A". The actual path-difference S would be:

d =(n'-n)e =pk + d' =pX+ K'X = KX (7.8)

In Fig. 7.10, the path-difference d' is the actual path-difference if,

in the case of the image A[, p is zero and the shift is to be located

in relation to the right-hand fringe. How to eliminate these difficulties

is shown later.

In the above-described method, the fringes are at right angles

to the direction of duplication. Such a direction is not too con-

a, JO J

Fig. 7.11. Lengthwise extended object at right angles to the direction of duplication.

venient for carrying out measurements when the object extends over

some distance in a given direction or when the straight edge of

a phase-shifting object is being investigated. Such a lengthwise ex-

tended object appears as shown in Fig. 7.11: owing to the shift, it

Fig. 7.12. Transmitted wave by a straight edge of a dephasing object.

may occur that no dark fringe develops in the two images. The

straight edge of a phase-shifting object gives rise to a wave similar

to the one shown in Fig. 7.12 or looks like the Fig. 7.13: devoid of
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visible fringe in the duplicated area. Of course, in the overlapped
area abed, the fringes are in alignment with the outer fringes. Then,
measurements can be carried out by setting the extended edge of the

object at 45° from the fringes (Figs. 7.14 and 7.15). Duplication is

less marked but the fringe shift 6' is readily observed.

I zi=o

Dobling

Fig. 7.13. Straight edge of a dephasing object at right angles to the direction of duplication.

Fig. 7.14. Measurements when the extended

edge of an object is at 45° from the fringes.

-^ !*-<?'

Fig. 7.15. Measurements when the straight

edge of an object is at 45*^ from the fringes.

Nevertheless, it is advisable, when these two types of objects are

involved, to have the fringes at right angles to the direction correspond-

ing to the larger dimension. It might occur that merely rotating the

object 90° from the positions shown in Figs. 7.11 and 7.13 would be
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adequate. Such is not the case for the extended object shown in Fig. 7.1 1

for both images are overlapped at abed and the shift hardly observable

in the two areas aa^ccx and bboddi (Fig. 7.16). As regards the straight

edge of a phase-shifting object it is unobservable (Fig. 7.17) since

duplication is invisible as it parallels the straight edge of the object.

Fig. 7.16. Extended object parallel to the duplication.

Therefore, fringes must be paralleled to the duplication and the

object's larger dimension be perpendicular to the fringes. This is the

most convenient and rehable arrangement when precise measurements

are required.

In polarizing interference microscopes, the fringes are usually

paralleled to duplication and all the operator has to do is to set the

Fig. 7.17. Straight edge of an object parallel to the duplication.

object in the proper direction this being readily achieved with a little

practice.

There are several methods for paralleling fringes to duplication.

Several of these are shown later. For the time being, this adjustment
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is assumed to have been carried out and when a strip-shaped object

is involved the result is shown in Fig. 7.18.

As previously, b is reckoned in fringe inter-spaces: if b equates p

inter-spaces, plus or minus the fraction K', the equation (7.8) provides

the path-difference d. Now, the following method should be used to

avoid the uncertainty regarding the actual path-difference, i.e. the

value of K in the equation (7.9) provided, however, that the dispersions

of both object and medium are not too different. Let us substitute

monochromatic light for white Hght.

Fig. 7.18. Fringes parallel to the duplication.

The dark fringe outside the two images A[ and A', and within

either of the two latter are duly located (Fig. 7.19) by means of the

reticle of the eyepiece micrometer. Then, observation is made in

monochromatic Ught of wave-length /. (Fig. 7.20). In the case of

Figs. 7.19 and 7.20, it is evinced at once that /?
= 3 and K' = 1/3.

if K' is computed in relation to the right-hand fringe. In the example

selected, the path-difference is, therefore, d = lOA/3. Merely observing

the direction of the fringe shift, using a sample of predetermined index,

determining whether n > n' or n' > n. For instance, it may be found

that, in the upper image {A[), the fringe shift is taking place to the

right if the sample index is higher than that of the immersion medium.

An object causing the fringes to shift to the left in relation to the outer

fringes is then correlated to a lower index. The direction of shift is

observed in white ligth. There is no problem when the object tapers

towards its edges and no white light change-over is then required.

All that matters is to follow up a specific fringe (cf. Chapter VI, § 1).
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In industrial instruments, actuating a microscope element usually

gives rise to parallel-to-duplication fringes. Yet it may be desirable

to be aware of simple processes providing such fringes. Here are

two of them. Both are of general application but, in order to simplify

matters, the microscope discussed is the one shown in either Fig. 3.19

or 3.20. It is assumed that the Wollaston prism W.. is in its normal

position, i.e. in the focus of the objective Oi, as in the flat-tints method.

h <^

^i-o

Fig. 7.19. Setting of the black fringe within

and outside the two images.

ft til I

ijitm
-'^c

A =

Fig. 7.20. Actual path difference measure-

ment in monochromatic light.

Let us set a third prism, IV3, in the image plane A' (Fig. 7.21), the

prisms W^, Wo, PFg being, of course, between the polarizers \?x ^n<i '^i-

The image A' and the W^ fringes are concomitantly perfectly sharp.

If there are any path differences in the object, i.e. in the image A\
the W^ fringes are shifted. It should be noted that W^ does not give

rise to any duplication in the image since the focalizing plane of its

fringes are merged into the image plane.

Instead of the W^^ prism, a Savart polariscope (or the polariscope

shown in Fig. 4.29(a)) may be set above the eyepiece (Fig. 7.22). As

always, both W^, W.^ and the polariscope S are to be between the

polarizers .?i and ./\. A convergent light beam passes through the

Savart S, set next after the eyepiece, originates at infinity fringes which

are virtually straight, parallel and equidistant. Properly adjusted, the

microscope shows the ultimate image, that of A', to be at infinity.
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Therefore, the ultimate image of the object and the Savart fringes

are seen concurrently. Any change in the optical path in object,

i.e. within the image, shifts the fringes of the Savart S.

-i-

r^i7

/WN

0.

•^rr^'y^

T

Fig. 7.21. Fringes parallel to the duplic-

ation (Wollaston).

Fig. 7.22. Fringes parallel to the duplic-

ation (Savart).

3. DETERMINING THE REFRACTION LNDEX FROM PATH-DIFFERENCE
MEASUREMENT (FULL-DUPLICATION PROCESS)

As in all interference methods, ihe above processes evince an

optical path, i.e. the product of an index by a thickness. If n is to

be measured, e must be determined and vice versa. Let us assume e

to be known.

Flat-tints method

When b > a and n > n\ the equation (7.5) yields:

77 = n' + {c—a)je .

Other instances are easily derived from the equations (7.5).

Since e and the index n' of the medium encompassing the object,

are known, merely measuring c and a enables one to educe the index 77

of the object.
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Let us take the numerical instance mentioned in § 1 :

If f = 20// and n' = 1-525 the equation (7.6) yields:

,
0-233

„=„'__-^ = 152.
20

As stated above, the index is only approximated. Accuracy does not

extend beyond two places of decimals.

Fringe-shifting method

When /; < n, the equation (7.8) yields:

n =n'-KXie. (7.9)

As e and //' are determined, measuring the shift K of the figures now
evinces the index n of the object. Reverting to the previous example

{n = 1 -527 and e = 20 //) it is found that the fringe shift of the spectral

green line of mercury (A
= 0-546/a) equates the fraction K ==

1/2 27

of the fringe inter-space. Then:

0-546
/; = 1-527-——= 1-515.

45-4

Accuracy depends on the precision with which e and K are known.

Assuming that e be measured with a one-micron accuracy: Aeje = 1/20.

If K is determined with an accuracy within 1/40 of the fringe

inter-space, then, J /C/AT
= 1/20 since A^^ 1/2. The relative error

J{n'
—

n)J{n'
—

ti) is derived from:

A(n'-n) Je JK
n'-n e K

whence

zl(//-70^0 001.

In the example selected, the accuracy attained is correct to one

unit of three decimals. As stated previously, the aperture of the

incident beam is a prominent factor in measurement accuracy (cf. Chap-
ter VIII, § 2).

When the thickness e is not known

The Barer process consists in immersing the object seriatim, when

feasible, in two media whose indices //[ and n!^, are known. Now,
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using the fringe-shift method, the shifts K^ and K.^ are detected,

respectively, in the media n[ and n'.. Whence the two equations:

e
'1 _

•• •:: ^

from which are derived both index and thickness:

n',K,-u[K, {K,-K.}X
n=—r. 77— e=

; ;-. (7.10)
Kx—K.2 «i

—
"2

4. MEASURING THE REFRACTION INDEX OF LIQUIDS
(FULL-DUPLICATION PROCESS)

Kofler propounded a method based on employing glass powders
whose indices are known (cf. Chapter XI, § 5). A specific powder is

immersed in the liquid to be investigated. Observations are carried

out on a stage provided with an adjustable heating device. The micro-

scope objective has a low aperture and the condenser is diaphragmed
to provide coherent light. Shifting slightly the microscope settings

evinces a luminous fringe, called the "Beck line", which surrounds

every glass particle. As the microscope is moved away from the

specimen, the Beck line is moving towards the higher refracting index

medium. Conversely, as the microscope nears the specimen, it moves

towards the lower refracting index medium. Observing the Beck line

enables one to determine which way the temperature is to be adjusted

for the glass particles to vanish, i.e. to obtain equal indices. At the

temperature considered and the wave-length used, the hquid has the

same index as the glass particles.

Interference processes enable measurement of the refraction index

without any temperature adjustment. The procedure is to measure

the specimen at its own temperature. Were the temperature to vary,

the relevant refraction-index changes are followed up. E. E. Jelley

has made use of multi-wave interferences. The more readily applied

polarizing interference methods will now be discussed.

Using a micro-chamber

The 2 cover-glass plates, d and d', whose index n is known, are

secured to the object-slide a (Fig. 7.23). The liquid (whose index n is

to be measured) is poured in a minute space provided between the

two plates. This arrangement is covered by the object-slide b. The

two plates, d and d', need not touch either a ot b and only the thick-
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ness e of the plates take effect. There may be some liquid between aoth

and the plates d and d' without this interfering with measurements.

The arrangement is set on the stage of a polarizing interference mic-

roscope. The Uquid area has the shape of a rectangle which is set

lengthwise at right angles to the fringes, whereupon the procedure

mentioned in § 3 (fringe-shift method) is apphed. Provided n' > n,

a flat wave, after passing through the micro-chamber, has the shape

shown in Fig. 6.2. The area BC in this figure corresponds to the

t t t

'lb
t=^

[V..I
I .VA . .

-~-T

t . \ t'M»ulrni*» II

/
n

Fjg. 7.23. Micro-chamber for index measurements (liquids).

area BC (index n) in Fig. 7.23. The flat areas on either side of BC
(Fig. 6.2) correspond to the surface-wave areas that travelled through

the plates d and d' of index n (Fig. 7.23). The aspect of the field is

shown in Fig. 7.18. The two images A[ and A'., are images of the

area BC (Fig. 7.23) where is the liquid /?. Let K be the fringe shift

expressed as fringe interspace, then (equation 7.9):

{n'>n) n^n'-KXle. (7.11)

Let us consider n'— n = 002, e =017 mm and Ae = 2 //. Measur-

ing K with an accuracy of approximately 1/40 of the space between

two fringes (A = 546 /^), n is correct within 2 to 3 units of four places

of decimals. Owing to temperature-originated index variations of the

liquid, the work is to be carried out at a steady temperature. As

mentioned in § 2, to preclude any error on A', a change-over to white

light is required. Therefore, dispersion of the liquid and the plates d

and d' should be not too different, d and d' may be substituted

(Fig. 7.23) for two plates whose faces B and C are sloping and not

perpendicular to the object-slide. Under such conditions, fringe de-

formation can be followed up in monochromatic light thus dispensing

with white light (Chapter VL § 1). Using a liquid whose index is known,

the fringe-shift direction is noted. Merely comparing this shift with

the one obtained from the undetermined liquid // shows whether n

is higher or lower than n' .
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APPLICATION OF THE DIFFERENTIAL METHOD

Polarizing interference microscopes, based on the differential me-

thod, are suitable for measuring refraction indices of transparent

isotropic objects. These instruments are not so commonly used as

the full-duphcation types, but they should be used whenever feasible

owing to their simple construction. As in the full-duplication method,
measurements are based on a prior determination of the path difference.

Either the flat-tints or the fringe-shift method is appHcable to such

determinations. All the following measurements can be made with

the microscopes shown in Figs. 3.25, and 3.28. Provided that the

duplication brought about by W2 in the image P' be feeble, the mi-

croscope, shown in Fig. 3.20, is also suitable.

5. MEASURING PATH DIFFERENCE USING THE FLAT-TINTS METHOD
(DIFFERENTIAL PROCESS)

As previously, and in order not to over-elaborate the present work,

we will consider a diagrammatic transparent object (Fig. 7.24). In the

areas b^ and ^i, i.e. to the left of BB' and the right of CC, there is

the same medium of index n', and another medium of index n in the

area between BB' and CC . Such media are separated by flat surfaces

Fig. 7.24. Diagrammatic transparent object BCB'C.

perpendicular to the plane of Fig. 7.24 which are projected along BB'

and CC . Their angle in relation to the object-slide is B. The object,

whose index is being measured, consists of the n index medium com-

prised between BB' and CC . The microscope is illuminated in white

light. Let us assume n < n . Prior to travelling through the specimen,
the wave-surface is the plane surface-wave E^ (Fig. 7.25). After travelling

it is deformed and becomes the wave-surface H^. The areas Bbo

and Cbx are lagging in relation to the area B'C {u < li). Owing to

the birefringent system in the interference microscope, the wave I is

duphcated. The two waves, E^ and E., are in the image plane

14
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(Fig. 7.26). Their side shift is small in relation to the width of the

sloping areas BB' and CC. The magnitude of d is so selected as to

be close to the microscope's resolving power in order that the differ-

ential method be applicable to all objects without any objectionable

\^ I
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readily that the path difference between Z^ and iT^, equates at M the

product ad. If the path difference I is not zero. Fig. 7.28 shows that

the path difference at M becomes J f ad. When A = 0-565 ^i, the

first order purple is obtained between crossed polarizers, in the areas Bh.,

and B'C. Since the path difference at M has not the same value,

^C

I,

A I2

Fig. 7.28. Owing to the slope a the path difference at M is A- ad.

the tint is different and characterizes the slope a of the wave-surface

as the side shift ^ is a constant of interference microscope. The tints

in the areas Bb.y and M are identified by means of Newton's scale.

Let a and h be the correlated path differences, i.e. in microns.

Then :

A = a

A + ad = b (7.12)

whence the slope a:

a=(b-a)ld. (7.13)

As shown later, connecting a to the index n is readily achieved.

The shift d is set in a definite direction in relation to the microscope.
To make equations (7.12) and (7.13) applicable, the steeper fine

of the object, i.e. BB' in the present instance, must be parallel

to the direction of duplication. To do this, after securing the first-

order purple, in the area B., the specimen is rotated (by means of

the stage) until the tint in the area Bb.y is farthest from the purple
in Newton's scale. If this adjustment is not achieved, the duplication
in equations (7.12) and (7.13) is not d but dcos(^ where /? is the angle

formed by the direction of actual duplication and projection of the

steeper slope BB' to the horizontal plane (stage plane). If the pro-

jected steeper-slope line BB to the horizontal plane is at right angles

to the direction of duphcation, then: fi
=

n;/2 and dcosfi = 0. The

object's slope is invisible since the path difference is the same at Bbo

and BB' {a -= b in equation (7.12)).
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In Fig. 7.28. the path difference 'J and ad add up. In Fig. 7.29, they

are substracted from one another and ad— J should be written in equa-

tion (7.12), This is not very important but it should be determined

whether the wave surface shows a peak (Fig. 7.30) or a trough (Fig. 7.31).

Merely substituting the specimen for an object whose slope and index

are known provides the answer. For instance, let us consider an object

Fig. 7.29. The path difference at M is ad—J.

with the slope d =20°. Let us assume n = 1-515 and n = 1-526

and that the duplication brought about by the interference micro-

scope in the specimen plane d = 25 ft. The microscope is adjusted

so that J = 0, i.e. Bb^ is dark. At BB', the tint is, for instance,

lavender grey (0 097 //). Both waves are arranged as shown at BB'.

Now the adjustment is altered so as to increase J : the tint becomes

white at BB'. This means that the path difference increases there.

Hence, it is the wave most shifted towards the right by duplication

B 1. b2
J>,

^2 B/ j \C ^

B C'

Fig. 7.30. Wave surface when /;' > //. FiG. 7.31. Wave surface when /;' < «.

(wave Zg) that moves away from X^ as it drops. Or, which amounts

to the same thing, it is the wave most shifted to the left by dupHcation

(27j3 that moves away from 2*2 ^s it rises. Therefore, observing an

object of known index n shows that as 1 is increased from zero, the

lint order at BB' rises if /? < /;'.

Let us now assume that the index n of the known object is higher

than n'. Starting again from the value .1 = 0, the arrangement is

shown in Fig. 7.32. Let us increase 1 by actuating the microscope
control as mentioned before. The wave {1\) most shifted to the right

drops, or, which amounts to the same thing, the wave most shifted
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to the left (i7i), rises. In the area BB', the path difference decreases.

If the initial tint (J being = 0) is still lavender grey, it now tends

to a darker tone.

Zl=0 !

A--0I,

I
I

FlG. 7.32. The two wave surfaces when // > n .

In this way, the path difference at Bh.^ (a in equation 7.12) and

at BB' (b in equation 7.12) are measured unquestionably and it is

also ascertained that the surface wave (Z^ or Zo) is either the one

shown in Fig. 7.30 if /;' > n or the one in Fig. 7.31 if u < u.

6. FRINGE-SHIFT PATH-DIFFERENCE MEASUREMENTS
(DIFFERENTIAL PROCESS)

A system of straight, parallel and equidistant fringes can be made
visible in exactly the same way as with full-duplication microscopes

(§ 2). These fringes are always the loci of equal path differences

between the waves H^ and Z.^. As in full-duplication microscopes,

Fig. 7.33. Fringe-shift path-difference measurements in the differential process.

the fringes are paralleled to duplication. The object is so set that

the projection of the slope BB' on the horizontal plane is paralleled

with the fringes. The object in Fig. 7.25 has the aspect shown in

Fig. 7.33. The two bands BB' and CC are no longer correlated with
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the two duplicated images of the object as in the full-duplication

process. In Fig. 7.33, the two areas BB' and CC are correlated to

the two areas BB' and CC of slope d on the object in Fig. 7.25.

The shift 6' evinces the path difference ad if the latter is less than /

and if the shift in relation to the right-hand fringes in the area cor-

related to BB' is included therein. The path difference b' rnay be shown
as a fraction K' of the space between two fringes. Then:

d' = ad = K'X (7.14)

Yet, the actual path difference d may equate a whole number p of

wave-lengths / plus the fraction K' of the space between two fringes.

Then:

d = ad=pX^d' =pX+K'l = KX. (7.15)

Provided the dispersions of the substances do not differ overmuch,

the procedure to determine p is the same as mentioned in § 2. Let us

substitute monochromatic light for white. The dark fringe outside

the two strips BB' and CC (Fig. 7.33) and the one in either of these

two strips are duly located. The micrometer readily affords the means

to measure the space between these two dark fringes and ascertain

the number of monochromatic-fringe spaces there are within the space.

Thus p is faultlessly determined. Observation in white light also

Fig. 7.34. When // is closed to /;', a may be small and large.

evinces whether /; > /?' or n < n' (§ 5). Now, if the slope of the

object examined is variable (Fig. 7.34), there is now no need to change
over to white light. Let us assume that the slope BB' varies continously,

in the area 5', from zero to the value 0. There is no discontinuity

of the slopes between B'C and BB' and in monochromatic light, the

deformation of a specific fringe can be determined and the object's
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slope measured faultlessly. As formerly (§ 2) comparing the shift

direction of the fringes with the one obtained from a known object

shows whether // > //' or /?' > /;.

7. DETERMINING THE REFRACTION INDEX FROM PATH-DIFFERENCE
MEASUREMENTS

The first thing to do is to interconnect the slope a of the surface

waves to the slope of the object.

Let us revert to the diagrammatic object (Fig. 7.25), shown again

in Fig. 7.34. Since a is still assumed to be small (greatly amplified

in Fig. 7.34), this means that, provided d be large, n is close to /?'.

If e is the thickness common to both media, // and n', the optical path

along the radius (2) is u'e and, along the radius (1) located at distance x

from B, it is //.vtan + (e— .vtan 0)/?'. The path difference between (1)

and (2) is, therefore, (>?'
—

/7).YtanO. The slope a of the surface wave

is derived by merely differentiating .v in relation to the expression

{n
—

u) xi2in . Then:

a = (/?'-//) tan 0. (7.16)

Flat-tints method

Let us substitute a for its value in equations (7.12) and (7.13),

when u' > n, then:

77=;/--^. (7.17)
^tan0

Therefore // can be determined provided that the object's slope

be known. Reverting to the example in § 5 : the tint is blue {b
= 0-664//)

at BB' and purple (a = 0-565 /n) at Bbo. Knowing that d = 25 n,

tan 61 =0-364 {0 -20°) and //' = 1-527, the expression (7.17) gives

n = 1-52.

As mentioned in § 3, accuracy can scarcely exceed 2 places of

decimals.

Fringe-shift method

When //' > 77, the expression (7.15) shows:

Following up the same numerical example: d = 25 /n, tan 6 =0-364,

n' = 1-527: in mercury green fight (A =0-546/0 the fringe shift ob-
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served equates 1/5 of the inter-fringe space. Then K= 1/5 whence:

0-546
n = 1-527- -—- - 1-515. (7.19)

45-5

Provided that K be measured with an accuracy of 1/40 of the inter-

fringe space and that d = 20" be known within 1°, the index n is de-

termined with an accuracy within two units of three places of decimals.

When the object's slope is unknown

The procedure is the same as described in § 3. Provided it is

feasible, the object of slope d is immersed seriatim in two media whose

indices, n[ and «o, are known and, in accordance with the fringe-

shift method, the shifts K^ and Ko are evinced, in the media /;[ and n',,

respectively, whence the two equations:

n = n,—; n = «..—
'

dtand
-

dtanO

from which are educed both index and slope:

n',K^-n[K, {K,-K.^a
n = tan B = —-, . (7.20)

K^~K. {fi[-n'.)d

8. MEASURING THE REFR.\CTION INDEX OF LIQUIDS
(DIFFERENTIAL PROCESS)

With a micro-chamber

The index n of the prismatic plate b^BB' is at a known angle

to the plate a^a. (Fig. 7.35). One drop of the liquid of the index n

(2) (II

1

Jb2
w^

02 n^-:::-v;:B,y>V'V g.

Fig. 7.35. Micro-chamber for index measurements (liquids) in the ditlerential process.

to be measured is dropped in the angle BB'ox and the plate set upon
the interference microscope stage, whereupon the shift K of the fringes

observed in the area (1) in relation to those observed in the area (2)

is measured. The formula (7.18) gives //. To follow the fringes from
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the area (1) to area (2), the tip B' in contact with f?i, a.., may be

rounded off (0 varies from zero to Q in the area B'). There is no need

to change over to white light.

Immersion measurement

In chemical microscopy, the method is suitable for measuring the

index of a melted autectic. We have seen that, in Kofler's method,
a glass powder of known index is immersed in the liquid (§ 4). In the

differential method, the glass particles are substituted for readily

purchasable tiny glass spherules.

Figure 7.36 is a vertical cross-section of the specimen, passing

through the centre O of such a spherule of index /?', radius r, and

which is immersed in a liquid whose index n is being measured. Let

(I).

Fig. 7.36. Index measurements by immersion of spherules in the liquid.

US observe the specimen through a microscope whose duplication d

is set at right angles to the fringes. The specimen's horizontal view

takes on the appearance shown in Fig. 7.37. Since duplication is

very weak, it is not shown in Fig. 7.37. It is assumed to be in the

direction XX' . If the indices of both spherule and liquid, n' and n

respectively, are equal, the fringes within the imaged spherule are

spaced as are the outer ones and in alignment with each other.

When n = /;', all fringes, save the central one, are shifted. Let us

measure the shift d of one of the fringes along the diameter XX' which

is at right angles to the fringes. As mentioned previously, the two

duplication-originated waves are not shown in Fig. 7.37. Their path

difference at random point A along XX' is J + 6 and, outside the

sphere, d. A simple calculation shows that:

6 =2d{n'-n)i2ind (7.21)
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6 is readily connected to the sphere radius. Let OA = x (Fig. 7.37)

then:

tan d
X

whence:
]Xr^—x^)

2d{n'-ii)x

(7.22)

] (r2-.T2)
•

The observed shift d = Ka is, in this case, actual as the difference

path varies continuously from the centre of the sphere. The previous

.
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If ^ = 25//, u' = 1-527, / = 0-546//, then n - 1-509. Measuring
K with an accuracy of 1/40 of the inter-fringe space and if /• is known

with an accuracy within r/40. then /; is deiermined within 5 units of

the fourth place of decimals. To determine whether n > /?' or n < /?',

a known liquid must be measured.

Fig. 7.38. Index measurement of a melted eutectic.

The photograph (Fig. 7.38) shows the method apphed to the de-

termination of the index of a melted eutectic. The two unmelted

substances which formed the eutectic are visible at the top and bottom

of the photograph. The fringe method applied here shows that the

fringes in the melted eutectic are not in alignment with the fringes
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within the sphere. At the temperature obtaining when the exposure
was made, the indices of both eutectic and sphere were not equal.

The eutectic index is educed from the sphere's.

9. MEASURING BIREFRINGENCE THROUGH A POLARIZING INTERFERENCE
MICROSCOPE

Polarizing interference microscopes are suitable for measuring bi-

refringence of anisotropic substances. This requires the direction of

the vibration, passing through the object, to be adequately defined.

Interference microscopes in which the light is linearly polarized, just

before impinging on the object, are suitable, i.e. the microscopes
shown in Figs. 3.19 and 3,24. The instrument, shown in Fig. 3.28,

is also adequate, provided the compensating system W^ be substituted

for a sht. Measurements are also feasible when the polarizer is placed

after the object since natural light can be considered as consisting

of two incoherent vibrations at right angles. The polarizer only lets

through one of the vibrations and phenomena occur as if defini-

tely-directed vibrations were passing through the object.

In a given orientation of the incident wave, an anisotropic object

exhibits two rectangular directions in which vibrations may propagate
without change. To both these directions corespond two indices //' and

n". In an anisotropic uniaxial medium only, one of these two indices

is constant: the ordinary index, iiq. The other one fluctuates between

the ordinary and the extraordinary index, «„ and //^, respectively.

Birefringence of the medium is the rto—n^ difference. Let us take

a textile fibre as example: it acts as a uniaxial medium whose optical

axis is parallel to the fibre's. Let us assume it were possible to immerse

the fibre in a known-index liquid. The procedure to follow is de-

scribed in § 3. The fibre index is measured when the fibre is parallel

to the polarizer-originated incident vibration, this educing n^. The

measurement is resumed after rotating the fibre 90' about its axis so

that it is at right angles to the incident vibration, thus educing n^,

whence the birefringence n^)
—

Hg.

10. CONCLUSION

In the foregoing methods, the measurements shown referred to

simple-shape, diagrammatic objects. It follows that such measurements

are also applicable to objects of any shape as the measurement may
be applied to only a portion of the object. For instance, in the flat-
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tints method (full duplication and differential process), even if the

tint varied considerably from one point to another of the object,

a small area can be isolated so that its colour does remain virtually

constant and detectable. The same applies to the fringe-shift process.

Fringes may be substantially deformed, thus making for less accurate

performance, but not restraining apphcation of the process. Detecting
a dark fringe portion and measuring the shift in relation to the outer

fringes of the object will achieve the same result.

The accuracy mentioned in the above examples can readily be

improved, provided due regard is given when adjusting the aperture

of the incident light-beam (see Chapter VIII, § 2).



CHAPTER VIII

Measuring Thickness and Slopes with

Interference Microscopes. Measuring
Dry Masses

1. TRANSPARENT OBJECTS

Thickness and slope measurements are based on path differences.

Therefore all the methods shown in Chapters VI and VII are appHcable.
As mentioned previously, interference measurements yield the product
of an index by a thickness. Hence, to measure the thickness of a crans-

parent object of index ;z, both its index and that of the medium en-

compassing it are to be known. Provided the path difference be

measured and u'— n known, equations (6.1), (7.4), (7.5) and (7.8) yield

the thickness e readily.

Likewise, when both the index of a transparent object and that

of the medium encompassing it are known, its slope can be determined

by the differential method. Equation (7.18) evinces the slope 6 of the

transparent object:

(//
—

;?)(7

The method was fully set forth in Chapter VII. ^ 5, 6. Angles of

transparent crystal faces can easily be measured in this way even

when comparatively wide, provided that the sample be immersed in

a medium whose index is close enough to its own so that the measured

path difference K/. be small. The differential method is also applicable

to the thickness measurement of an object exhibiting a constant slope

(Fig. 8.1). The transparent object lies at BCB'C\ its index is //, and

the medium surrounding it is of index /;'. The slope of the face BB' is

constant. The measurement gives (equation 8.1) and, if the width /

(projection of BB' on a horizontal plane), can be measured by means
of a micrometer eyepiece, the thickness e is derived since e = Ita.nO.

212
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Multiple-wave devices give excellent thickness-measuring results

when low and medium magnification are employed. Owing to the

fineness of multiple-wave fringes, very small fringe shifts and, hence.

Fig. 8.1. Measuring the thickness of an object exhibiting a constant slope 0.

small thicknesses, are readily detectable. Measurements are carried out

on the same basic principles. The fringe shift, shown as a fraction

of inter-fringe space, evinces the path difference (n'
—

n)e.

2. REFLECTIVE OBJECTS (THICKNESS MEASUREMENT)

The interference microscopes, shown in Figs. 4.23, 4.24, 4.26, 4.27

and 4.28, are suitable for measuring the thickness of reflecting

opaque objects. The polarizing interference microscopes, shown in

Figs. 4.29 and 4.30, are also suitable provided the double-duplication

process be applied.

Measuring a thickness with a two-wave interference microscope

Let us consider, in monochromatic light, the diagrammatic object

shown in Fi2. 8.2. It consists of a small ridge A, of thickness e. The

A
eT"

' '

'.

777777777777777777777/// //7777777777777777777Z PI

Fig. 8.2. Diagrammatic reflecting object.

microscope shown in Fig. 4.23 is taken as a typical example but, of

course, the following is applicable to any microscope based on the

two-wave interference concept.

The object P is in front of the objective O, (Fig. 8.3) and a reference

flat mirror M opposite the other objective 0[. After being reflected

by the object P the incident plane wave is deformed and reverts to

the objective O^: this wave is shown at E^. After being reflected by
the mirror M, the incident plane wave remains flat and is shown

at I[. Both waves are imaged at P' where they interfere. Directing
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suitably the mirror M enables one to parallel perfectly both waves.

Slightly lilting the mirror M causes the wave I[ to be at a small angle
with wave I^ (Fig. 8.4) and fringes appear in the field. Aspect is

similar to the one shown in Fig. 6.5. The more the relative tilt of

p' aT\

1 IT^A
—-77^77777/. y?77777777-r;

Fig. 8.3. Measuring a thickness with the Linnik-Zeiss interference microscope.

these two waves increases, the closer the fringes. In the Zeiss micro-

scope, the mirror M is not shifted: adjustment of the interference

fringes is obtained by tilting the parallel flat plate L\. Both the space
between fringes and their direction are alterable by tilting L\. The

purpose of the plate L^ is to make the beam paths identical in the

Fig. 8.4. Slightly tilting the mirror M (Fig. 8.3) causes the wave L to be at a small angle

to wave L\.

interferometer, this being indispensable for observation in white light.

As mentioned before (Chapter VI, § 1), the observed shift b' does not

necessarily represent the actual object-originated path difference b.

In the case depicted in Fig. 6.5 the shift b' is /1/3 approximately but

the actual path difference b may equate a whole-number times I plus A/3.
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The problem is solved by changing over to white light. If the object

is so small that only a portion of the fringe is detected in its image,
the white light corresponding to zero path-difference (A = 0) is brought
on to the object whereupon the location of the white fringe in the

field surrounding the object is determined. The distance from the

small object itself to the white fringe of the field (outside the object)

is shown as monochromatic inter-fringe spaces. Such distance con-

stitutes the path difference. If the object is sufficiently extended as

to exhibit at least one fringe, as in Fig. 6.5, merely observing the white

fringe, within and outside the object, evinces the path difference which

is the inter-fringe distance reckoned as monochromatic inter-fringe

spaces.

There remains to determine whether the object y4 is a prominence
or a hollow. Once more, white-light observation gives the clue to

the problem. A known object, e.g. a prominence is examined and

the position of the white fringe in the field (outside the object) is noted

when, concomitantly, this fringe is within the object. The object being

in the centre of the field, for instance, it is found that the white fringe

(outside the object) is to the left of the field. If the same arrangement
is observed with the unknown object then, a prominence is present.

Conversely, if the white fringe (outside the object) is to the right of

the field, a hollow is involved.

Measuring a thickness with a polarizing interference microscope

Measuring a thickness is inferred from the preliminary measurement

of a path difference. The methods shown in Chapter YII, §§ 1 and 2,

are applicable: the only change required is to substitute the diagram-

matic object shown in Fig. 6.1 by the one in Fig. 8.2. The wave re-

T

Fig. 8.5. The object reflected wave.

fleeted by the object, then, has the shape shown in Fig. 8.5 (where

a hollow is involved). If e is the thickness of the detail examined,

owing to the reflection, the path difference is ^ = 2e.

Let us consider the microscope shown in Fig, 4.30. The object-

reflected wave, having the shape shown in Fig. 8.5, penetrates into

the objective O^ and passes through the Wollaston at /. This wave

15
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is split into two waves, Z-^ and I!., and the imaged arrangement is the

one shown in either Fig. 8.6(a) or 8.6(b). If the detail is a prominence,

the arrangement is the one shown in either Fig. 8.7(a) or 8.7(b). Provi-

ded the Wollaston WbQ in the focus of the objective Oi, the flat-tints

method is appHcable (white Hght). Let us denote as A[ (Chapter VII, § 1)

«,
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Fringes appear as the Wollaston W (Fig. 4.30) is moved away
from the objective in relation to its former position, e.g. when
no longer in the focus. Then the thickness e can be measured by
the fringe method in monochromatic light (Chapter VII, § 2). The
wave arrangement is similar to the one depicted in Fig. 7.9. Assum-

ing that the detail observed (either prominence or hollow) has the

shape of a small rectangle, the appearance of the field is identical

with the one shown in Fig. 7.10. The observed shift d' does not

necessarily represent the actual path difference 6 = 2e. We have

already seen that the actual shift may equate a whole-number times

the wave-length of the light used, that is, pX plus the portion K' observed.

Now, equation (7.8) is written thus:

d =2e =pA+ b' ^pl-\-K'l = KX. (8.4)

This equation yields the thickness e of the detail observed. To de-

termine the factor p it is necessary to change over to white light, in

accordance with the process described in Chapter VII, § 2. No problem

Fig. 8.8. Diagrammatic object, the thickness of which varies continuously.

^-A

fi
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is involved when the thickness of the detail varies continuously as,

for instance, in the case of the object depicted in Fig. 8.8. When

changing over from the area B to the area A, the path difference

variation is continuous and all that is required is to follow up the

deformation of a specific fringe (see Chapter VI, § 1). Assuming that

the object shown in cross-section (Fig. 8.8) has the shape of a small

extended strip perpendicular to the plane of the figure, the appearance
is the one shown in Fig. 8.9. There is no uncertainty as to the shift

of fringes and the shift d observed in Fig. 8.9 is the actual shift evincing

the thickness e of the object derived from the equation (8.4).

Measuring a thickness with the multi-wave interference microscope

Changing over to white light, in multi-wave microscopes, is not

feasible. Therefore, if the object being measured originates a sub-

stantial fringe shift, there are no means to measure the actual value

of the path difference in white light. Nevertheless, in some cases, tu3

problem is solved by observing the phenomena with two monochro-

matic radiations. It follows that such a difficulty is only present when

there is a break between the fringes within and around the object.

Such is the case in the object shown in Fig. 8.2. Provided it is as-

certained that the thickness e of the object is small in relation to A,

the observed shift d is the actual shift. Such being the case, the thick-

ness e of the object is derived by expressing the shift as a portion K'

of one inter-fringe space.

Then:

d' = K'l = 2e (8.5)

whence the thickness e.

There is, likewise, no problem in the present instance provided

the thickness of the detail varies continuously in relation to the field

surrounding it: merely following up the deformation of a specific

fringe will serve the purpose. The appearance of the field is very

similar to the one shown in Fig. 8.9 but the fringes are very narrow.

Measurement accuracy

No mention has yet been made about a prominent factor: the

N.A. of the incident light-beam. It is granted that the path difference,

following reflection or after passing through the transparent object is

clearly determined as 2e and {n—n')e, respectively. These values

square with path differences when the incident light-beam consists
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of parallel beam (pin-point source at the condenser focus) which is

normal to the specimen. To obtain sharper images, opening the con-

denser diaphragm is always beneficial. Under such conditions, the

specimen is illuminated by numerous parallel-ray beams, slanting

at various angles. In Fig. 8.10 the diaphragm D of the condenser C
is reduced to the very low aperture So, located in the focus of C.

So

Fig. 8.10. The specimen is illuminated by a parallel beam (low condenser aperture).

The specimen is illuminated by a parallel beam. In the case shown

in Fig. 8.11, when the diaphragm D is opened to a greater extent,

any point S of the diaphragm aperture sends forth, through the

specimen, a parallel-ray beam whose slant ao varies as does the po-
sition of point S. Phenomena are identical in reflected light (Fig. 8.12).

If the diaphragm of the vertical illuminator (not shown in Fig. 8.12)

Fig. 8.11. The specimen is illuminated by a parallel beam whose slant a varies as does

the position (diaphragm D opened).

is almost closed, phenomena occur as if there were a pin-point radiant

Sq at the focus of the objective Oj. The specimen P is illuminated

by a parallel-ray beam. If the diaphragm of the vertical illuminator is

opened still further the imaged source does not consist of a point at So

but of an extended area. A random point S of this image sends a beam,

of slant ao on to the reflective object P. Assuming a be the maximal

value of tto in Fig. 8.11 and 8.12, it is the slant of the beam when the
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point S is on the edge of the imaged source. The aperture a of the

light-beam is an essential factor in measurement accuracy.

Let us consider, for instance, the thickness of a small object in

Linnik's interference microscope (Fig. 8.3). The instrument is adjusted

Fig. 8.12. Reflected light: a random point S sends a beam whose slant a varies as does

the position of S.

to give rise to fringes in the field the thickness of the object being

measured by shifting the fringes. Estimating the inter-fringe spaces

provides the answer. Let us assume that the images *So and Sfj of the

light-source (not shown in Fig. 8.3) are pin-points on the axes of the

M

Fig. 8.13. The beams are not normal to ihc surfaces A/ and P.

objectives Oi and 0[. The object is illuminated by a parallel-ray beam

normal to the specimen P. If e is the thickness of the detail examined,

the path difference is d = 2e and (he fringe inter-space is 2/2. When
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changing over from one fringe to the next, thickness increases or

decreases by A/2. This is no longer true if shifting the source moves
the images So and S'^ away from the axis. Nor is the beam perpendicular

any longer: its slant is a (Fig. 8.13). The inter-space fringe then

equates A/(2cosa). If a non-pinpoint source is now considered,

a system of fringes is correlated to every element of the source.

Inter-fringe spacing changes from one system to another. Finally,

owing to these phenomena adding up, two occurrences take place:

(a) The fringe inter-space observed is no longer -^/2, thus giving
rise to errors in path-difference measurements;

(b) Fringe contrast drops rapidly as path-difference increases.

It may be taken for granted that the path differences considered

are always small enough so that fringe contrast does not drop sub-

stantially. For instance, an illuminating aperture sin a = 0-60 does

not materially affect contrast if the path difference does not exceed

approximately four wave-lengths (Dyson).

Tolmon and Wood, Gates, Bruce and Thornton have investigated,

in reflecting objects, the effects of the angle a on fringe inter-spacing.

The relevant data are tabulated hereunder:

Accuracy ->
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E. Ingelstam and L. P. Johansson have investigated the point at

issue both theoretically and experimentally. When /; = 150 and

«' = 1, they found that a numerical aperture close to 0-25 provided

accuracy within //lOO if the object-originated path difference did not

exceed /. An aperture higher than 01 5 is not feasible if the same

accuracy is to be achieved with a 11 path difference.

Therefore, if highly accurate measurements are required, the aperture
should be kept at values as low as image sharpness will allow.

Two incompatible view-points stem from the foregoing when

accuracy in thickness and accuracy in width are both required

simultaneously (Ingelstam). If thickness accuracy (path difference) is

the paramount consideration, this can only be obtained at the expense
of transverse measurement accuracy, i.e. less definition.

3. MEASURING ANGLES OF CONTACT BETWEEN LIQUID
AND SOLID SURFACES

Formerly, when investigating the wetting of a solid, researchers

endeavoured to measure direct the contact angle, i.e. the angle formed

by the solid with the liquid surface. Accurate measurements were

difficult to secure with the instruments employed at the time and
have been replaced by more easily carried out dynamic measurements.

/yj///,//^/J<.///////////y\, /V^-V/^ --/

I I
\ '

Fig. 8.14. Drop of transparent liquid on a flat horizontal surface.

The differential method, described in Chapter VIII, is so readily ap-

plied that contact-angle measurements are revived as they can be

carried out in the very small areas discernible in a microscope. Angle-
of-contact variations, originated from various causes, can thus be

gone into, step by step, with great accuracy.

Figure 8.14 shows a drop of transparent liquid on a flat horizontal

surface and Fig. 8.15 the meniscus formed by contact with a vertical

solid wall.
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In the first instance, the plate L is assumed to be transparent and

the whole arrangement placed on the stage of a polarizing interference

microscope. The differential method is used. The liquid drop may
also be put on the reflecting plate L. Phenomena are then observed

by reflection although the principle of the method is unaltered. In the

second instance (Fig. 8.15) the liquid is enclosed in a micro-chamber,

set on the microscope stage, the plate L being immersed vertically.

FiG. 8.15. Solid plate L immersed in a liquid.

Let us consider, for instance. Fig. 8.14. The angle Q is the tangent

angle with the horizontal line A'M at the surface of the liquid. The

thickness of the liquid drop, in the area through which the ray (1)

passes is e. The thickness e,„ is maximum in the area (2). n being
the index of the liquid, the optical path between A and A' is Jq
= (/z— 1)^+ £»„,. Assuming the angle d to be small, then, according
to equation (7.16)

(«-l)0. (8.6)a

The angle a is the slope of the transmitted surface wave H (Fig. 8.16).

According to equation (7.13), then

d =
a

{n-\)d
(8.7)

The tint at P is determined, which yields b, and a is derived by

determining the tint outside the drop. The contact angle 0^. sought

is derived by measuring b quite close to Af. When a solid plate is

immersed (Fig. 8.15) the contact angle is y and then, y ^njl—d.
Let us now assume ihat, in the flat areas outside the drop (Fig. 8.14),

the instrument is so adjusted as to show the first order purple (0-565 fx).

If the second order sky blue is observed at M (0 664/0. then b^a
= 0099 //. To compute d in formula (8.7) the data required are the

duplication <:/, characteristic of the interference microscope and the
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index n of the liquid. Applying the fringe-shift method yields a more

accurate measurement of b—a (Chapter VllI, § 6). Figure 8.17 shows

schematically the fringe arrangement whose direction is cissumed to

be parallel to duplication. Let us consider the point A where the

tangent of the edge of the drop is perpendicular to the fringes. This

C

Fig. 8.16. Transmitted wave surface 2.

shows at once the contact angle at A. When changing over from the

edge of the drop A to the area outside it but, nevertheless, quite close

to A, the path difference varies by A/2 in Fig. 8.17. As mentioned

previously, the whole of the interference sequence is determined by

locating the dark-fringe shift in white light. If the actual path dif-

ference is the observed //2 path difference, then, b— a = A/2.

To determine the contact angle at a point M other than A or B.

the duplication value in the MM' direction is to be included in the

'"^,1^

A'
/?

M

1
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factor. Figure 8.18 shows, using the fringes method, the photograph
of a drop of water deposited on a not thoroughly clean glass plate.

The method is applicable to the study of small insects, such as

"flying" arthropoda. Such insects float on the water because they are

Fig. 8.18. Drop of water deposited on a not thoroughly clean glass plate.

Fig. 8.19. Water surface deformation produced by a small insect (Velia). The deformations

are observed using the fringes method.
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not wet. The portion of their body in contact with the water flattens

down the surface of the hquid and the contact angles so formed are

measurable. The flat-tints method originates vivid colours in the areas

where the surface of the water is flattened down by the insect's contact.

Figure 8.19 shows a "Velia" about 7 mm long. The water-surface

distortions are observed using the fringes method.

4. MEASURING DRY MASSES BY MEANS OF AN INTERFERENCE
MICROSCOPE

R. Barer, H. G. Davies and M. H. F. Wilkins have suggested

applying interference methods to the measurement of living-cell dry

masses. Let us consider a diagrammatic cell consisting of a smaU

plate of thickness e and surface s (Fig. 8.20). The cell is of a soHd

(2)

i

y-y.

Fig. 8.20. Diagrammatic cell.

substance of total dry mass M and a liquid substance of index /;'.

The cell is also surrounded by the selfsame liquid. Where living cells

are involved, the index /;' selected may well be that of water (1.33).

The refraction index of the cell, different from //', equates /;. Let us

denote the cell's concentration, i.e. the number of grammes of solid

substance it holds per cm\ then, the dry mass of the cell is:

Let us write:

M

K =

cse

n— n

(8.9)

(8.10)

The value of K is 00018 for proteins, 00017 for lipoprotein and

0017-00020 for the two types of nucleic acid. Hence in measuring

ihe dry mass of cells and other tissue elements composed mainly of

these substances the value 0018 may be selected for K (errors wiU not

exceed about 10 percent). A^ is a constant for a specific substance.
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Equations (8.9) and (8.10) yield:

Now, (n
—

n')e equates the path difference d between a light ray (1)

passing through the cell and another ray passing next to it. Then:

Since the constant K is known, the dry mass of the cell can be derived

by measuring its surface s and the path difference d it originates in

relation to the medium encompassing it. The measurement of d is

made by a two-wave interference microscope, e.g. Dyson's or a full-

duplication polarizing interference microscope. The method applies

to uniform objects within which d has a well-defined constant value.

However, measuring the dry mass of a non-uniform object is feasible

by observing the zones where S is constant. The dry mass and area

of such zones is computed by means of formula (8.12) and the total

dry mass is derived by adding the elementary dry masses, d =f(x, v),

showing the d variations in terms of the coordinates .v and v of a point

of the cell's surface can be plotted. The total dry mass is derived by

computing graphically the integral:

The measurements carried out using this method apply likewise to

transparent objects enclosing no liquid. Reverting to Fig. 8.20, the

object of thickness e and index // has a density q and a mass M = soe.

Since the path difference originated by the object is 6 = {n
—

n)e,

then:

M=-^— . (8.14)
{n-n')lQ

Provided the following be known: the index /?, the area s and density o

of the object and the index n' surrounding it. its mass M is determined

by measuring, with an interference microscope, the path difference b

it gives rise to.



CHAPTER IX

Infra-red and Ultra-violet Microscopy

Infra-red and ultra-violet microscopy is a powerful means of inves-

tigation which finds numerous applications. It is well known that

there are many objects, transparent in visible light, which have ab-

sorption bands in the infra-red and the ultra-violet. In order to make
the object visible in the receiver, merely using a radiation whose

wave-length corresponds to one of the object's absorption bands will

achieve the result. For instance, living cells, transparent in visible

light, exhibit details in the ultra-violet because the 2700 A wave-length
radiations are absorbed by the nucleic acids. Moreover, ultra-violet

light enables reduction of the diffraction-disk diameter (Chapter L

equation 1) thus improving resolving power. Lastly, some substances,

under the effects of ultra-violet rays, radiate some visible light whose

colour frequently helps in identifying or discriminating these sub-

stances.

1. MICROSCOPE OBJECTIVES IN INFRA-RED AND ULTRA-VIOLET
MICROSCOPES

Up to a wave-length of about 1-5/;, standard achromatic objectives

may be used but the image quality is not too satisfactory owing to

the chromatic variation of spherical aberration. This aberration is

more particularly prominent in powerful achromatic objectives. Better

resuhs are evidenced, in general, by apochromatic objectives whose

residual aberrations are not so marked. Designing glass achromatic

objectives transparent up to 3
;t<

and even 10 /< is feasible provided
that they be applied to a narrow spectral range. In fact, there are

several optical glasses, currently used, which are transparent up to 3 /v.

Beyond, special glasses or artificial crystals are required.

Nevertheless, from a 1-5// wave-length approximately, application

of reflecting objectives is a suitable process. Such objectives are

228
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perfectly achromatic thus ensuring image focusing in visible light.

They also have a long working distance. An objective of numerical

aperture 065 has a working distance of approximately 13 mm whereas

that of a lens objective does not exceed 0-5 mm for the same aperture.

Therefore phenomena can be observed with a magnifying power
unattainable with lens objectives. Such is the case, for instance, when

observing an inaccessible object through the peep-hole of a furnace.

Fjg. 9.1. Schwarzschild-type reflecting objective.

Reflecting objectives are based on the two types of assembly shown

in Figs. 9.1 and 9.2. In the objective shown in Fig. 9.1 (Schwarzschild-

type objective), the light diffracted by the object A is first reflected,

by the concave spherical mirror M, then by the convex spherical

mirror m, on to the image A' through the aperture T, provided in the

mirror M. In the objective shown in Fig. 9.2 (Cassegrain or Newton

type) the fight is reflected either first on a flat or convex mirror m

Fig. 9.2. Cassegrain type reflecting objective.

and then on the concave mirror M. In both arrangements, the rays

located in the half-cone angle Uo are stopped and occlusion of a portion

of the incident beam occurs. The occlusion ratio of a mirror objective

is defined as foflows: sinwo/sinz/. This ratio is higher in objectives

of the second type and is the reason why Schwarzschild-type objectives

are now preferred.
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C. R. Burch has built Schwarzschild-type objectives which are,

as yet, the best ever designed. He showed that, if both mirrors are

spherical, the objective can be corrected from both spherical aber-

ration and coma but that occlusion of the incident beam by the small

mirror cannot be less than 45 per cent. Nor can the numerical aperture

of an objective comprising two spherical mirrors exceed 0-50 approxi-

mately (although it can be increased to 060 in the lower infra-red up
to 1

i-i,
and 80 above 2 5 //).

The numerical aperture can be increased by retaining the spherical-

aberration correction but coma develops and the field becomes very

small. With an objective of numerical aperture 65, the field diameter

does not exceed lO/i at 2500 A.

In Chapter 1, § 3, it was mentioned that the central occlusion

brought about by the small mirror altered the diffraction disk and

reduced the diameter of Airy's disk while retaining the zero-minimum

rings and making the bright rings definitely stronger. Such increased

intensity of the bright rings lessens image contrast. If the occluded area

does not exceed 10 per cent of the total wave area in the space image

(see Chapter I, § I and Fig. 1.7), the diffraction phenomenon is but

slightly altered, this corresponding to an occlusion ratio sinwo/sinw of

approximately 030. Using a non-spherical surface (the mirror M),
Burch reduced occlusion to 4 per cent. When both surfaces are non-

spherical, the numerical aperture 65 is increased to 095. The N.A.

can still be increased further by setting on the object a plano-convex

lens whose centre is in coincidence with the object. In this way the

objective of N.A. 065 (dry-front-lens) becomes an objective of

N.A. 0-98 and, with immersion, the dry-front-lens objective of

N.A. 0-95 becomes an objective of N.A. 1-4.

Objectives comprising 2 spherical mirrors have been used by
E. R. Blout, G. R. Bird and D. S. Grey for infra-red micro-spectro-

scopy. The objectives were of N. A. 063. Setting on the object

a silver-chloride or a thallium-bromide-iodide lens increased the N.A.

to 1-25 and 1-50, respectively. This arrangement gives good resuhs

in the range 2 to 20 /f.

S. Miyata, S. Yanagawa and S. Noma have evolved non-spherical

concave mirror objectives by evaporating in vacuo, on a spherical

mirror, a layer of zinc sulphide of variable thickness.

Mirror objectives are also employed in the ultra-violet. W. Thorn-

burg has developed a reflecting objective, featuring a low occlusion-
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ratio and long working distance (Fig, 9.3), designed for ultra-violet

microspectroscopy.

The rays issuing from the object A are reflected by the flat mirror /;?!

on to which they revert after being reflected by the concave mirror M.

Next, they are reflected once more by the convex mirror m.^ and end

I ',;,v,,,',, tur

A p

Fig. 9.3. Thornburg reflecting objective.

in the image A'. The residual spherical aberration can be corrected

by altering the shape of the surface nii . The N.A. of this objective

is 0-77 (dry front lens), its occlusion ratio 034 and magnifying

power X 100.

Objectives which are both reflecting and refracting have also been

devised. Such arrangements comprise one or two mirrors added to

refracting elements which provide correction of aberrations without

having recourse to non-spherical surfaces. They usually comprise

a fairly high number of air-glass surfaces which may promote origi-

nation of stray light but, against this, they have a low occlusion

ratio and an extensive field. Using a quartz meniscus one face

of which is aluminized, B. K. Johnson evolved a high N.A. objective

(Fig. 9.4). The rays from the object A pass through the lens A (fused

quartz) and are reflected on the 45°-slanted plate G. After passing

through the lens 4, they are reflected from its aluminized back to end

in image A'. The back of G should be coated in order to prevent

a double-image. As shown in Fig. 9.4, the N.A. of the objective

is 0-84 which can be increased to 1-27 by adding a meniscus lens

above /j. When the objective is focused for a spectral line in visible

16
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light, it is equally well focused for a spectral line in the ultra-violet.

Furthermore, the spherical aberration of the arrangement is well

corrected both in visible and ultra-violet light. Lastly, owing to the

Fig. 9.4. Johnson reflecting objective.

45"-slanted plate G, the light-beams are not occluded. B. K. Johnson's

system acts as a spherical mirror whose aberrations are corrected by
a correcting lens.

Bouwers has also used correcting meniscus lenses the study of

which was carried out by D. D. Maksutov (Fig. 9.5). The light from

Fjg. 9.5. Reflecting objective with correcting lens L (D. D. Maksutovj.

the object A is first reflected by the mirrors /;; and M, then

passes through the correcting lens L (meniscus) and ends in the

image A' .

D. S. Grey has described Schwarzschild-type objectives comprising

many refracting elements. The objective shown in Fig. 9.6 is cor-

rected from 2200 A up to the lower infra-red range, it has a N.A. 1
•

I

and an occlusion ratio of approximately 26. The refracting elements

between the object and the mirror m enable one to increase the N.A.

while those between M and m increase the magnifying power and

provide improved correction.
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In 1950, D. S. Grey described several objectives for ultra-violet

applications. Numerical apertures range from 0-4 to 10. Figure 9.7

shows schematically one of these objectives. The N.A. is 10 and

Fig. 9.6. Grey and Lee reflecting objective I «sinM = 1,1

sinWf,

sinw

= 0-26

Fig. 9.7. Grey reflecting objective (wsinw = 1

sin Wo = 0-30
sin» i

the occlusion ratio 030; the convex mirror consists of an aluminized

portion of the convex surface of a lens.

Nomarski and Bernstein devised an objective of N.A. nsinu = 090,

magnifying power x 100 and spherical aberration-corrected in the
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2300 to 4360 A range (Fig. 9.8). The objective is of the immersion

type and comprises a hemispherical lens (I). The intermediate image

A[ is formed after reflection has taken place on the two reflecting

elements (2) and (3) and, next, travels through the two doublets (4)

^3 (5)

Fig. 9.8. Nomarski and Bernstein reflecting objective.

Fig. 9.9. Solid reflecting objective (D. D. Maksutov).

and (5) to form the eyepiece-observed image A!,. A small field dia-

phragm is provided at A[ to eliminate stray light. The occlusion

ratio is 0-30.

D. D. Maksutov designed and developed the first one-piece systems.

(Fig. 9.9.) These objectives, called "solid objectives", were investigated

later by C. G. Wayne and R. L. Drew.
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K. P. Norris and M. H. F. Wilkins devised a solid objective,

applicable to ultra-violet photomicrography, consisting of 3 quartz

elements linked together by optical contact (Fig. 9.10). Two of these

elements are aluminized at M and w; the occlusion ratio equates 35

Fjg. 9.10. Norris and Wilkins solid reflecting objective.

per cent. The N.A. 090 is achieved using water as immersion

medium. Bouwers and Blaisse have also developed an ultra-violet

solid objective (Fig. 9.11). The element (1) is aluminized in the

area m, which acts as a convex mirror and is surrounded by a small

Fig. 9.11. Bouwers and Blaisse solid reflecting objective.

semi-aluminized annular zone. The rays passing through the semi-

aluminized area are reflected on the completely aluminized area m.

In this way the occlusion ratio is reduced to 0-30.

Lastly the '•ultrafluar" refracting objectives, developed by Zeiss,

should be referred to. These objectives are corrected in the 2300

to 7000 A range and provide very satisfactory imagery. They are

eminently suitable for ultra-violet microscopy and available in three

types :

Ultrafluar x 32 77 sin w = 0-40

X 100 72 sin w = 0-85

X 100 77 sin w = 1-25
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These three objectives are of the glycerine-immersion type and com-

plemented by a projection-type eyepiece and an achromatic condenser

of N.A. 8.

2. OBSERVING AND RECORDING INFRA-RED
AND ULTRA-VIOLET IMAGERY

Photography in the lower infra-red spectrum is feasible owing to

such sensitizers of photographic emulsions as dicyanine, neocyanine,

xenocyanine, and so forth. Such sensitizers have been used for dyeing

biological specimens. The photographic plate processed by the same

sensitizer has utmost sensitivity for the more-absorbed radiations.

This process furnishes highly contrasted negatives up to 1 -3
i-i (spectral-

sensitivity limit of photographic plates). Instead of registering the

images photographically, the infra-red image can be observed direct

on a fluorescent screen by means of a very simple image converter

also called frequency transformers. Figure 9- 12 shows schematically

an image converter: the semi-transparent photocathode C is set, on

Fig. 9.12. Diagrammatic image converter.

the inner wall of the vacuum-tube T, several millimetres away from

the anode A which is also a fluorescent screen. A potential difference

is originated between A and C. Infra-red photons, incoming on C,

release electrons which are accelerated by the electric field obtaining

between A and C. The electron pencil of rays appears on the fluores-

cent screen as a spot. Sharpness is not too good with such apparatus

and, in many converters, of which there are many types, the anode

is independent of the fluorescent screen. These apparatuses include

electrostatic lenses conjoining the photocathode C and the fluorescent

screen A. Highest spectral sensitivity attains approximately 1-5m.

Some devices are designed to obtain increased luminance of converted

images.
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There are "solid" frequency transformers which might possibly be

used in microscopy. They consist of the photoconductor D and the

electro-luminescent layer E, sandwiched between the two thin trans-

parent conducting layers Q and Co (Fig. 9.13). Both layers Q and Co

are deposited on the inner faces of the two glass plates A and B.

A heavy alternating current is fed through D and E by means of C^

and Co. As the photons reach D the resistance of the layer drops

locally thereby giving rise to the increased potential difference to which

Fig. 9.13. Diagrammatic solid image converter.

the layer E is locally subjected. The layer E radiates visible light

opposite the area of the layer D affected by the infra-red radiation.

In order to convert an infra-red image into a visible one, television

scanning tubes are also suitable. W. Heimann has evolved a tube

of this type sensitive up to 35 /^.

In the ultra-violet field, photography is in general use as standard

emulsions remain sensitive to wave-lengths up to 023//. Figure 914
shows the diagram of Burch's microscope for photomicrography in

visible and ultra-violet light. The ultra-violet source is at S^ (mercury

arc without continous spectrum). The lens Lx images Si on the slit F^

of the monochromator which consists of the objective L3, the prism P
and the auto-coUimator mirror M^. Directing suitably the latter,

and after reflection on the mirror Mg, a spectrum is obtained from

which a monochromatic portion is isolated by means of the slit F...

By means of the lens L5 (field lens) and reflection on the mirror M3,
the sHt F2 is imaged in the condenser C which is a mirror objective.

The condenser C is adjusted so as to image L5 on the specimen at A
(Kohler illumination), the lens L4 imaging Lg on Z.5. Uniform illumi-

nation in monochromatic light of the specimen is thus obtained.
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The visible-light source So can be imaged on the slit K by means of

the lens Lo. Since the microscope is focused in white light, it requires

no change in the ultra-violet.

Burch's objective, at O, is used minus the eyepiece, thus eliminating

its aberrations. With an objective of N.A. 0-65 and a tube length

of 345 millimetres, the image projected direct on the photographic

plate at E is magnified x 110.

Fig. 9.14. Diagram of the Burch microscope for photomicrography in visible and ultra-

violet light.

As in infra-red, transposing an ultra-violet image in visible light

is feasible. To convert into colour variations the absorption variations

of an object investigated in ultra-violet light, Brumberg devised an

ingenious method; he makes three exposures of the object at three

different ultra-violet wave-lengths. Next, these three negatives are

projected and superimposed on a screen through three differently

coloured filters. The colour variations evince the absorption variations.

The Polaroid Corporation has devised an apparatus, built on this

principle, that promptly provides a coloured image.

Image converters are also used in the ultra-violet. Figure 9.15

shows the Bausch and Lomb ultra-violet microscope to which an R.C.A.

converter is fitted.
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Fig. 9.15. Bausch and Lomb ultra-violet microscope with an R.C.A. image converter.

Reference must be made to receivers of the television camera type.

They can function below 2300 A and, owing to their sensitivity, it is

possible to use faint radiations and to irradiate certain objects for

some length of time. Television camera tubes have also been used

in Brumberg's colour transposition process.

3. FLUORESCENCE

Under the effect of ultra-violet radiation, a fluorescent body has

the property of emitting visible radiation. This phenomenon enables

detection of substances not visible in a standard microscope. In primary

fluorescence the substance radiates light which is visible under the

effects of ultra-violet radiation only, without any further processing.

In secondary fluorescence, the substance is impregnated with a fluo-

rescent solution.

In order to examine the fluorescent image without the objectionable

exciting radiation, stop-filters are provided which eliminate the ultra-



240 PROGRESS IN MICROSCOPY

violet beyond the specimen. The fluorescent portions ot^ the specimen
show up brightly against a dark ground (Fig. 9.16). A dark-ground
condenser (Barer) may also be used to illuminate the specimen thus

preventing the incident beam from entering the microscope. Quartz

condensers or comprising mirror optical systems may also be used.

In the latter type, the surfaces are not to be silvered but, mstead,

aluminized.

FiG. 9.16. Fluorescence of a cross-section of a stalk (Courtesy of Dr. Gabler-Reichert).

Many biological substances are fluorescent under the effects of

wave-lengths below 3650 A and at which glass is transparent. In such

cases a standard condenser is suitable.

When the specimen emits radiation within the visible light spectrum,

standard optical systems are used beyond the specimen. The microscope

is not to comprise semi-apochromalic or apochromatic objectives since

some of their elements are of fluorite whose fluorescence may set in

disturbances. Likewise, cedar oil, which is fluorescent, is not suitable

as immersion fluid. It can be substituted for non-fluorescent syn-

thetic oils.
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A fluorescent specimen may be examined either in transmitted

or reflected light. In the former case, the layout is that of a standard

microscope. A filter is set in front of the condenser so that the specimen
is irradiated only with the radiation required. Frequently, uUra-violet

radiation, extending over a wide wave-length range, can be selected

and, then, all that is required is a filter eliminating the visible spectrum.

A second filter, set in the microscope proper, lets through the visible

fluorescent light but occludes the ultra-violet.

In reflective examinations, various arrangements may be used:

those of Lieberkuhn (Fig. 4.17), of Chapman and AUdridge (Fig. 4.18),

mirror objectives and so forth. When low magnifying powers are

involved and the distance between the objective and the specimen is

adequate, illumination can be efl'ected laterally, using an illuminator

not integral with the microscope. Lastly, to secure valuable information

regarding the details observed, it may be desirable to study the

spectral constitution of the fluorescence generated. Such is the object

of microspectroscopic fluorescence the fundamentals of which are

set forth in Chapter X.



CHAPTER X

Microspectroscopy and

Microspectrophotometry

1. FUNDAMENTALS OF MICROSPECTROSCOPY
AND MICROSPECTROPHOTOMETRY

In microscopy, investigating spectra in the same way as in chemical

analysis affords valuable information related to the constitution of

small samples. In histochemistry, for instance, it complements the

morphological aspect of the problems considered by determining

locahzed substances.

Evolvement of reflecting objectives gave rise to the extension of

microspectroscopy. Complete absence of chromatism made them

particularly suitable in ultra-violet and infra-red applications as they

could be used without altering the focusing used in visible Hght:

obviously a very valuable and practical feature. Generally, micro-

spectrophotography determinations are spectral-absorption determina-

tions. The object, transparent to a lesser or greater degree, need not

be destroyed and its absorption is studied versus the wave-length.

Conventional spectrum analysis methods apply equally well to micro-

scopy and furnish either quahtative or quantitative analysis.

In qualitative analysis, the spectrum of an area of the specimen

is used to seek the presence and define the nature of an unknown

substance. Then, the absorption curve of the spectrum is to be plotted

in order to determine the position and the structure of absorption

bands in a more or less extensive portion of the spectrum.

In quantitative analysis, the purpose sought is to determine the

quantity of a substance whose presence is already ascertained. Two

procedures may be used:

(a) The object is illuminated in monochromatic light;

(b) The object is illuminated by a complex source and the spectral

analysis carried out after the light has passed through the object.

242
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2. THE OBJECT IS ILLUMINATED IN MONOCHROMATIC LIGHT

The arrangement is schematized in Fig, 10.1. The monochromator

is set ahead of the microscope and adjusted so that the image of the

outgoing-sUt F' is formed in the condenser C (reflecting objective).

The condenser C is adjusted so as to image 4 in the specimen P.

w

Fig. 10.1. Diagram of a basic system for microspecrophotometry (monochromator

before the microscope).

Next the reflecting objective O^ of the microscope forms the image P'

of P in the photographic plate E. The layout is like the one shown

in Fig. 9.14. Thus is obtained a photograph, in monochromatic light,

of the specimen. Once this photograph is microdensitometer-analysed,

the absorption obtaining at several points of the specimen at this

wave-length, may be compared with a point located in a vacant area

of the specimen. Measurements may be carried out with the neutral

wedge W against the photographic plate E in a suitably uniform

imageless area of the field. Both the wedge and E are illuminated

simultaneously by the same wave-length.

The layout, shown in Fig. 10.2, in which the beam illuminating W
docs not pass through the microscope, may also be used. The semi-
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reflective plate Af^ splits the incident beam in two parts, one of which

passes through the microscope, the other next to it serving to illuminate

the neutral wedge W.

The imaged wedge on the photographic plate, is developed at the

same time and, hence, under the same conditions as the image of

the specimen.

The upper portion of Fig. 10.3 shows the aspect of the photographic

plate, including the wedge image W. The lower portion of the figure

Fig. 10.2. Double beam microspectrophotometric device (P. M. B. Walker).

shows the microdensitometer-analysed negative. This analysis is

effected as follows: absorption of the image W is analysed at any

random point, the incident and the transmitted intensity being denoted

by /o and / respectively. At such point, the transmittance is defined

by the ratio T = ///q. In actual practice, the optical density cL i.e. the

common logarithm of the inverse ratio l/T, is frequently used, then:

log log T
(10.1)
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The curve (1) shows the densities in the image A' of the object

along xx' while curve (2) shows those in the image W of the neutral

wedge along yy' . The curve in Fig. 10.4 is derived by plotting the

photographic densities dp as ordinates (densities measured along vv')

;v.^l'\^^^^y^",
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FiG. 10.3. Analysis of the negative.

flo*
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Fig. 10.4. Abscissae: actual densities (d) of the neutral wedge. Ordinates: densities dp

measured along vv' (Fig. 10.3).
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and the actual densities (d) (of the neutral wedge) as abscissae. The

area, i.e. B' is a vacant area and is going to be investigated by com-

paring it with the absorption of the detail being examined. The curve(l)

in Fig. 10.3 denotes the photographic density (d^^) for B'. Re-plotting

this value on the curve in Fig. 10.4 denotes the actual density d^^ at B'.

Likewise the photographic density (d^^) of the detail A is obtained

(Fig. 10.3), to which the actual density d^^ is correlated (Fig. 10.4).

In relation to B' the density d^^^^ of the detail A' is:

^A'B'
= ^A'-ds" (10.2)

According to (10.1)

^ A' ^ B'

may be written and, provided T^,^' be the transmittance of A' in

relation to B'
,
then:

T^^n'
= ~

^L-B'
= log

~^ = log
-—

. (10.3)
J 5' ^ A' ^ A'B'

The equations applicable to microspectrophotometric determina-

tions are (10.2) and (10.3). The foregoing measurements evince

T^'B' and c/^.^j/ for a single wave-length. Measurements are to be

resumed for the other wave-lengths of the spectrum and the curve,

showing the T^^^' or c/^-^^ variations versus the wave-length, are to

be plotted. When the specimen and the object itself are considered,

spectroscopists substitute the word ''density" for "absorbance": the

word "density" is solely applied to measurements carried out with

the photographic plate. The latter may be replaced by a photo-

electric cell (Fig. 10.5). The source 5", fed by the stabilized power-

supply unit Fj, illuminates the monochromator whose outlet sUt F
acts as source of monochromatic light. The microscope consists of

the condenser C and the objective Oi, the latter imaging the specimen P
on the screen E. A small aperture, made in the screen £", isolates

the imaged portion to be photo-analysed. The photo-multiplier R,

fed by the stabilized power-supply unit V., is set at the bac'K of T,

the lens /. imaging Ox on R. The image A' of the investigated detail A

overspreads the aperture T and the measuring instrument shows

a deflection D^>. Shifting the specimen evinces a deflection D^/

for the area B' . The transmittance of A' in relation to B' is

T^,,i,
=^

D^'IDji>, whence the density d^'^^.
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When photographic layouts are involved, a double beam arrange-

ment may be used (Fig. 10.6). The light from the monochromator

(not shown in Fig. 10.6) may follow alternatively two different paths:

the normal path through the microscope and the comparison path,

ending direct on to the photomultipher R. The mirror m^ moves

to and fro, thus alternating the beams corresponding with both paths.

Fig. 10.5. Diagram of a basic system for microspectrophotometry with photo-cell.

The objective Oi images the specimen P on the diaphragm Ti, set

close to the lens l^. The lens I^ images O^ on the photomultipher.
The lens 4, athwart the comparison beam, ensures uniform illumination

of the photomultipher R. The adjustable diaphragm Tg is set against 4
while the continuous adjustment of the intensity of the reference beam

is provided by the neutral wedge W. The photomuhiplier-suppHed

signal is amplified in the amplifier AM and eventually fed to the

oscillograph U.

The measurement consists in equalizing the signals generated by
the two beams, this being accomplished by merely shifting JV whose

positions are shown by a graduated scale. Since the image A' of the

detail A is formed on T^, the signals are equalized when the neutral

wedge W is in the position W^'.

17
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Setting on Ty the image B' of the vacant area B of the specimen,

the reading is Wq'. The transmission factor T^'^r of A' in relation

to B' is given by T^'^'
= W^^IW^, whence the density d^^^' of the

detail A'.

In the Thorell arrangement, the vibrating mirror m^ is set between

the objective O^ and the small aperture T^ (Fig. 10.7), the latter being
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compared with the current I>. generated by R., used as reference.

This comparison takes place in the electrical apparatus RC. The

absorption changes within the object, at a given wave-length, can

thus be determined. The shift of the specimen is linked to the motion

of the paper strip of the recorder D which plots the curve /J/o with

respect to the position of the point investigated in the object. Motions

of both specimen and recorder are provided by the motor MO. The

2ear box EG is connected to two selsyn S/i and 5/2, thus enabling

W
\ /

'V A

Fig. 10.7. Thorell arrangement.

to adjust ad libitum the ratio of their speeds of rotation. The selsyn

51.2 drives the selsyn Sl^ which itself controls the paper-strip motion

of the recorder D. The selsyn SJ^ also drives the selsyn 5/4 which,

through the device SP (described later), controls the motion of the

specimen. Motions of both specimen and recorder therefore take

place according to a definite ratio. In these measurements, the wave-

length of the light supplied by the monochromator, is constant.

The wave-length of the light used can be modified, at will, by con-

necting the selsyn 5/i to the selsyn S/5. The recorder may also be

substituted for the oscillograph U. The specimen is shifted according

to a definite direction by means of a highly sensitive device ensuring

a sensitivity attaining 01 /<. The chamber B^ contains some mercury

(Fig. 10.9) and is connected through the pipe t to the element 5.,

the two latter being filled with mercury. The diaphragm of By is

connected to the specimen and controls its motion. The unit com-

prising /;/. Bo. r, Bi. and the screw V, forming the device SP, is shown
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in Fig. 10.8. The object of Fig. 10.9 is to show the identical devices SP
and RC in greater detail and their different locations. As mentioned

previously, the motor MO actuates the specimen through the selsyn

Fig. 10.8. Diagram of the Caspersson microspectrophotometric equipment for surveying

quantitative cytochemistry appUcations.

Sli and Sli. The latter (Fig. 10.9) actuates a screw that penetrates

into a chamber and, by compression, ahers the mercury level in Bi.

The pressure causes the mercury to rise into Bo thus shifting the

diaphragm actuating the specimen P. The motor MO drives also the

recorder D whose pen /, driven by the device RC (itself driven by the
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motor MO'), plots the curve showing absorption in terms of the

position within the specimen.

Once the curve is plotted according to a specific path within the

object, the specimen should be shifted slightly in a perpendicular

direction.

RC

rLnnj^_ruLrLr

Fig. 10.9. Motor MO actuates the specimen P through the selsyn Sli and Sl^, the screw V
and the device BitB-.ni. Motor MO drives also the recorder D whose pen / plots the

absorption curve of the specimen.

This shift is required in order to plot another absorption curve

according to a line parallel with the former. Such shift is provided

by a plate, set after the objective 0^, and whose tilt changes bring

about a slight shift of the imaged specimen. The arrangement is



252 PROGRESS IN MICROSCOPY

devised so that such shift be directed at right angles to the shift origi-

nated by the diaphragm m. Thus is derived the absorption distribution

over the whole area of the object.

Note 1. In devices similar to the one shown in Fig. 10.5, measure-

ments only deal with a small portion of the image to which is cor-

related an even smaller portion of the field object. Then the outlet

slit F of the monochromator may be imaged on to the specimen.

Even with a narrow sht providing fully-monochromatic light, the

width of the illuminated field is always adequate. In layouts similar

to the one shown in Fig. 10.1, the whole field object at E is included

in the photographic plate. If the slit of the monochromator is imaged
on the specimen, the slit is to have adequate width, covering the field

but this may give rise to wave-length changes throughout the image.

Conversely, the whole field is illuminated without any such change

if the slit is imaged in the condenser, duly adjusted to obtain the image

of /o (Fig. 10.1) on the specimen. Reducing the slit increases mono-

chromatism without lessening the width of the illuminated field.

Note 2. In layouts similar to the one shown in Fig. 10. 1, the

specimen is illuminated throughout. The photo-analysed area receives

some stray light from all the illuminated points of the specimen.

Such light is due to the optical elements of the microscope and

diffraction-originated efi'ects. Every image element is a diffraction

disk spreading the light. Hence, luminous elements close to the studied

detail may convey light there owing to their diffraction rings. Such

effect can be very objectionable if the investigated object is close to

a much brighter detail. These drawbacks can be avoided by illumi-

nating only a very small area, instead of the whole specimen.

Discounting design problems, setting effectively a diaphragm

against the object solves the difficulty. Since such an arrangement

is but seldom feasible and only when low magnification is involved,

the following method is to be preferred and applies to all cases.

The light, originated from the monochromator, passes through

the microscope in reverse. A diaphragm, provided with a small

aperture, is set in the plane of the spectrum furnished by the mono-

chromator. This aperture is imaged on the specimen by the micro-

scope objective. The emerging light impinges against the condenser

and proceeds to the photoelectric cell. Figure 10.10 shows diagram-

matically the layout of the device. The diaphragm T with its small

aperture, is in llic position of the outlet slit of the monochromator.
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After being reflected in the 45°-slanted semi-transparent mirror G,
the light enters the objective O^ which images, on the investigated

specimen P, the hole T reduced by the magnification of the objective

Oi used. This is the image that serves to illuminate the detail in-

vestigated. Since any diameter can be given to it, only the detail

Fig. 10.10. Mcrospectrophotometric arrangement in which the light originated from

the monochromator passes through the microscope in reverse.

investigated need be illuminated. The condenser C sends the light

having passed the detail investigated to the cell R. By means of a re-

tractable mirror, not shown in Fig. 10.10, the specimen can be illumi-

nated and observed in the customary way. If the image plane /*',

observed through the eyepiece O2, is symmetrical with the diaphragm T
in relation to the semi-reflecting face of the mirror G, the specimen
and the imaged aperture T in the latter are seen by diifusion. This

enables one to ascertain that the detail observed is the one to be

photo-analysed. Proper ahgnment can be checked by means of

a reticle, at A' . Luminosity of the device can be increased by leaving

the slit of the monochromator at T and inserting a cyhndrical lens

between G and T. In this way, all the light from the monochromator
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is focused on a virtually pin-point image on to the specimen. This

method is suitable for such arrangements as those shown, e.g. in

Figs. 10.5 and 10.6.

3. THE OBJECT IS ILLUMINATED IN WHITE LIGHT

Figure 10.11 shows the diagram of this arrangement. The specimen
P is illuminated by a source of light (not shown in Fig. 10.11) furnish-

ing a continuous spectrum. The objective O^ projects an enlarged

image of P on the slit F of the spectrograph. The spectrum is collected

Fig. 10.11. Diagram of a basic system for microspectrophotometry in which the object

is illuminated in white light.

on the photographic plate at E. The investigated detail A' is con-

veniently set so that it overspreads only a portion of the slit F, e.g. the

lower part. The upper part is overspread by a vacant area of the

specimen serving as reference and, on said part, a rotatable and

adjustable sector is set which furnishes on the plate E a series of

spectra whose black levels provide a photometric scale for all wave-

lengths. As in the methods described in § 2, the photographic plate

may be substituted for physical receivers.
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In the method just described the specimen is illuminated simul-

taneously by all the radiations of the spectrum, this being incon-

venient from the stray-light standpoint. Nevertheless, the method is

suitable in some cases, e.g. when investigating a transient phenomenon.

Yet, whenever feasible, the methods in which the object is illuminated

in monochromatic hght are to be preferred.

4. MICROSPECTROPHOTOMETRIC MEASUREMENTS

As in conventional spectrophotometry, quantity determination and

identification of a substance can be made by microspectrophotometry.

In one instance, the spectrum recorded by one of the previous

methods is compared with the spectra of known substances, spectra

derived from the selfsame instrument. When the detail investigated

exhibit a typical spectrum, this is readily carried out.

d 04

A =0-405/^

Fig. 10.12. Absorption curve of an erythrocyte from a newt (After Barer, Holiday

and Jopes).

Figure 10.12 shows, according to Barer, Hohday and Jopes, the

absorption (absorbance) curve of an erythrocyte (blood red cell com-

prising a nucleus) from a newt, showing this erythrocyte schematically

(Fig. 10.13) the absorbance measurement is effected, for instance,

along the hne ox at a specific wave-length (A
= 405 /<)• The areas AB

and CD, in Figs. 10.12 and 10.13, correlate the cytoplasm; and the

area BC the nucleus, respectively. A family of curves, similar to the

one shown in Fig. 10.12, can be plotted for all the spectrum wave-

lengths. Absorption variation versus the wave-length, taking place at

specific points of the specimen, can also be determined. In both cases

the curves in Fig. 10.14 show the outcome. The curve N shows the
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absorbance variations of the nucleus versus the wave-length and the

curve Cy those of the cytoplasm variations. Cytoplasm absorption
at approximately 0-415// correlates the characteristic spectral ab-

sorption region of haemoglobin (Soret) which is known by macro-

spectrophotometric means. Absorption of the nucleus at approxi-

mately 0260 fi is due to nucleic acid.

In quantitative microspectrophotometric determinations the purpose
is to define the concentration of a given substance in the investigated

KiG. !0.13. The absorption measurement is effected for instance along the line OX
in the image of the cell.

. 05 -

Fig. 10.14. Absorption variation versus the wave-length (after Barer, Holiday and Jopes):

Curve N, absorbance variations of the nucleus; Curve Cy, absorbance variations of the

cytoplasm.

object. Determinations may be either absolute or relative when com-

paring the concentration of the substance in two difterent elements

of the specimen.

Let us assume that microspectrophotometric measurements evince,

in the investigated object, the absorbance d, at the wave-length /.

Let / be the thickness of the object (in cm), C the concentration of

the substance within the object (in grammes per litre) and K the

absorptivity (extinction coefficient) of the substance at a given wave-
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length. Provided Beer's law be applicable, then:

d,
= KIC. (10.4)

Measuring the concentration C requires, therefore, measuring the

thickness / of the object. Such measurement is not always easy to

carry out and it is more convenient to substitute it for an area measure-

ment thus leading to the determination of the mass of the substance

in the object, instead of concentration.

Let M be the mass of the substance in the object and s its surface,

then:

M
C = ^ (10.5)

si

whence

sd,M =-^- (10.6)A

Provided A", at the wave-length considered, be known and having
measured d-, and the area s of the object, the mass M of the substance

in the object is educed. Equation (10.6) shows that, when small

quantities of substance are to be measured, the areas must be small too.

In an area of 1 /r, approximately 5 x 10^" gr of nucleic acid may be

detected (A' = 20 at 2600 A). These numerical values correspond
to d,

= 01.

In this way, Thorell measured the quantity of haemoglobin in

a single living cell. The curve in Fig. 10.15 shows the changes in

absorption 1
—

///o (/q
= incident intensity, / = intensity transmitted

after passing through the object) along the line ox. Absorption at

any point of the object can be determined by scanning. Once the

shape and dimensions of the cell are known, the haemoglobin con-

centration at any point of the object can then be calculated. The

aggregate quantity M of haemoglobin is eventually computed by

integrating the absorption curve over the whole area S of the cell.

According to equation (10.6), then:

M
=jj'^dxdy. (10.7)

.9

Equation (10.6) also shows that there is no need to determine K
if all that is required is to compare the masses Mi and M2 of the same

substance in two different objects. This is the problem which arises
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when it is required to compare the relative contents of the selfsame

substance in two different histological structures. Let s^ be the area

of the object including the mass Mi of the substance and 5., the area

of the other object including the mass Mo of the selfsame substance.

A =0 435a

*%

0- ^ X

Fig. 10.15. Quantity measurement of haemoglobin in a single cell (Thoreil).

Microspectrophotometric measurements evince absorbance (df)^ for

one of the objects and (d^)., for the other. Equation (10.6) allows

one to write:

Ml _ (d^j Si
(10.8)

5. CAUSES OF ERRORS IN MICROSPECTROPHOTOMETRY

The first cause of error is ascribable to stray light, present in all

monochromators. The outlet slit lets through, not only the mono-

chromatic radiation required but also a continuous background, con-

sisting of all the spectrum radiations. This continuous background
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conduces to under-eslimale absorbance of the investigated object
because the background brings about a drop in contrast of the object
in relation to the field surrounding it. Such background is best mi-

nimized by setting a second monochromator next to the first (double

monochromator). The role of the stray light in the microscope is

prominent, too. The undesirable haze it generates on the image may
distort measurements. To minimize stray light to the utmost, the

illuminated area of the specimen should be as small as possible so

that the other areas, not involved in the measurement, do not add

their own quota of stray light. This is why an inverted microscope
is particularly suitable.

Owing to the condenser aperture, beams at various angles may
pass through the object. Then, absorption is not the same as when

parallel beams are involved. Blout, and later Walker, have investi-

gated the measurement corrections required. If the N.A. of the

condenser is 1, measuring an object (living cell) of index 1-37, conduces

to a 12 per cent over-measurement (absorbance measured close to

unity). If the object has an index of 1 53 (fixed cell), the error does not

exceed 4 per cent and, when the N.A. of the objective is 0-6, the two

errors drop to 5 per cent and 1 per cent, respectively. Another cause

of error may stem from the lack of uniformity of the object itself.

Let us now consider an object of constant thickness and another one

whose thickness varies. The projected areas of both objects on the

observation plane are identical. Assuming that the images of both

objects can enter the cell through the aperture T (Figs. 10.5 and 10.6).

it is found that measurements diverge and an error regarding the quan-

tity of substance is made. To minimize such an error (caused by the

non-uniformity of the object) the diameter of the aperture should be

reduced to a bare minimum so that the small portion of the image

passing through T^ can be considered as uniform. Due consideration

must be given to aberrations of the objective. For instance, objectives

comprising two spherical mirrors, of N. A. exceeding 050 (spherical

aberration corrected but field reduced by the coma), can be used in

microspectroscopy but the objects investigated must, of course, be

kept within the small field where coma is admissible (10 [x for an

aperture of 0-65 at 2500 A). Outside this field the coma causes

a considerable drop in the maximal central intensity thus reinforcing the

diffraction rings. Since the lossof maximal-centre energy is proportion-
al to the square of the distance to the centre of the field (D. S. Grey),

coma effects increase rapidly beyond the admissible field, to the extent
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that connecting the object and image intensities is no longer feasible,

thus preventing microspectrophotometric measurements altogether.

Besides all the foregoing causes of error, diffraction laws set a limit

to the size of the smallest objects observable in microspectrophoto-

metry. When the dimensions of the object approximate the wave-

length, a non-negligible portion of the object-diffracted light is lost

and cannot enter even the most powerful objectives. Therefore, an

absorbance error is made. On the other hand, distribution of the

diffracted light varies as the wave-length. In relation to the incident

light, the spectral distribution of the light diffracted and focused on
the image is altered. But such modification is not due to absorption
of the object, thus giving rise to another error. Furthermore, when

reflecting objectives are involved, the occluding effects of the small

mirror on the diffraction disk are to be considered. The reinforced

diffraction rings further reduces the dimensions of an object below

which microspectrophotometric measurements can no longer be made.
It seems that the smallest dimensions of investigated objects should

not fall below 4 to 5 /. approx. At a 2500 A wave-length, details ap-

proximating one micron can be measured whereas, in the infra-red,

close to / = 20 11 measurements should be restricted to objects whose

dimensions approximate 80
i-i.

6. PHOTOMETRIC EYEPIECES

In some cases, simple visual instruments may prove to be serviceable.

They usually consist of an eye-lens enabling comparison of the lumi-

nance of an imaged area with that of a comparison area of variable

luminance. In Leitz's microscope photometer (Berek) the same source

illuminates the specimen and the comparison area (Fig. 10.16). There

is no need, therefore, to stabilize the light source. The light-beam

originated by the source of light (not shown in Fig. 10.16), is split

in two by the semi-reflecting cube A/,. One of these portions travels

along the path (I) and serves to iUuminate the microscope normally.

The other portion travels along the path (2) outside the microscope
and serves as comparison beam. The two beams meet again in the

cube Mi. One half of the cemented face of Mi is opaque and reflective;

it is illuminated by the comparison beam (2). The other half lets

through the microscope-originated light. The microscope eyepiece Oo is

so designed as to allow focusing simultaneously the investigated image
and the line bounding the comparison area.
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Appearance of the field is shown in Fig. 10.17. The image A\
whose luminance is being measured, is compared with the comparison
area A[., whose luminance is adjustable acl libitum. Such adjustment

may be made in several ways. In Fig. 10.16, luminance variation of

M

u(2)

cz
3 V

M.

(I)

M,

^

3 P

Fig. 10.16. Leitz's microscope-photometer (Berek).

Fig. 10.17. Field aspect.

the comparison area is obtained by means of the two polarizers A^i

and TV... Rotating tVo, whose orientation is shown by a graduated
circle adjusts the luminance of the comparison area until luminances

of A' and A'^ are equalized. The filter V enables one to provide the
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same result in monochromatic light. The photometer assembly proper
is adaptable to a standard microscope. There is a similar type of

instrument designed for photometric work with opaque objects.

The Cooke, Troughton and Simms photometer eyepiece may be

used, either with a separate light source, or a single source as in Berek's

Fig. 10.18. The Cooke, Troughton and Simms photometer eyepiece.

device. The comparison surface consists of the small metallized

surface /?, located at the tip of the glass rod / and cut at 45^. The
device for adjusting the luminance of the comparison surface consists

of the three polarizers (polaroid) A^^, No, N3.
The polaroid elements A^i and N^ are fixed and their axes parallel.

The polaroid A^2 is rotatable and its orientation shown by a graduated
circle. Under such conditions, the transmitted intensity is subjected

to a s'm*0 (0 = angle of rotation) instead of the sin-0 law obtained

with 2 polarizers. The polaroid element A^, eliminates the errors due

to a contingent polarization of the hght source. Monochromatic
filters can be added.

We would also mention a very simple device which we have used

(Fig. 10,19). It consists of a plastic-material rod (diameter: about

3 mm), which conveys the comparison Hght into the eyepiece. The
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microscope-illuminating source S radiates light in the plastic-material

rod T. The light travels in the rod owing to full reflections against
its walls. Bending the rod does not alter the phenomena. The com-

FiG. 10.19. Photometric device using a plastic-material rod (Frangon).

parison surface of the cube M is thus readily illuminated. Photometric

balance or measurement is made by means of a device, such as neutral

wedge or polaroid element. Monochromatic filters can be used.

7. FLUORESCENCE MICROSPECTROPHOTOMETRY

Under ultra-violet radiation, some substances radiate visible light

(primary fluorescence) whose constitution may provide valuable in-

formation regarding the details of the investigated specimen. Other

substances treated with fluorescent materials radiate a fluorescence

of different spectral constitution (secondary fluorescence) which is well

worth investigating.

A monochromatic incident ultra-violet radiation gives rise to

fluorescence comprising several types of radiation. The spectral in-

vestigation of the fluorescence is made setting the spectrograph next

to the microscope in accordance with a layout similar to the one

shown in Fig. 10.11.

18
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According to Stokes's law, the emitted light is of longer wave-

length than the exciting light. When excited by the ultra-violet

radiation, the fluorescent elements of the specimen emit visible ra-

diation. Hence, all the optical elements beyond the specimen P, the

microscope and the spectrograph, may be of glass.

Fig. 10.20. Arrangement for fluorescence microspectrophotometry.

The layout may be the one shown in Fig. 10.20. The source 5
emits the ultra-violet radiation. By means of the optical system L, S
is imaged in the condenser C which is adjusted so as to image the

diaphragm D on the specimen (Kohler illumination). The filter K
set for instance, close to Z), occludes the visible light, letting through

only the exciting ultra-violet radiation. The optical elements between S
and the specimen P should absorb the least possible ultra-violet as,

for a given exciting radiation and given observation conditions, the

intensity of the fluorescence-emitted light is proportional to the ex-

citing-light intensity. Uviol glass, quartz or reflecting devices are

suitable.

As in the layout shown in Fig. 10.11, the specimen F is imaged
on the slit F of the spectrograph by the microscope whose objective
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is Oi. Under the incident ultra-violet radiation, some elements of the

objective may become fluorescent. Such fluorescence brings about an

undesirable haze which must be occluded by a filter within the objec-

tive, which occludes the ultra-violet radiation.

The problem then arising is the following: having obtained the

fluorescence spectrum emitted by a detail of the specimen, it is now
desired to compare it with that of another detail, either of the selfsame

or of another specimen.
The same procedure as used previously achieves this as follows:

a portion of the spectrograph slit F is covered by the fluorescent image
and the remainder by the image of a comparison source exhibiting

a continuous spectrum. A rotatable sector is set on the latter portion
which shows, on the photographic plate, a series of continuous spectra

correlated to various illuminations whose relative values are thus

determined. Exposure time is the same for either the fluorescence

spectrum or the comparison spectra. Then, at every wave-length, the

curve connecting the measured densities (d) (photographic densities

measured on the comparison spectra) to the logarithms of relative

d, (ioqE)

Fig. 10.21. Curve connecting (d) (photographic density) to the absorbance d.

illumination can be plotted. Relative-illumination logarithms may
be substituted for densities d, which may define the illumination of the

plate. The higher the density, the greater the illumination received.

Let us now consider a fluorescent detail whose measured density

is (di). This is the density of the fluorescence spectrum at the wave-

length A. The curve connecting (d) to ^exhibits a density rt'ilFig. 10.21).

Such density defines the intensity of the fluorescence emitted by the

detail at the wave-length /. Changing the wave-length enables to plot

the curve d = f{?^), defining the fluorescence change of the detail

versus the wave-length.
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Where it is required to investigate another detail whose fluores-

cence spectrum is in the same plate, the measured density (^2) exhibits

the characteristic density d<i which may be compared direct with d^.

When the fluorescence spectrum of a detail is to be drawn from

another plate, the comparison spectra are brought about under the

same conditions, the same source and the same rotatable sector.

Exposure-time is identical for both plates. Then the densities obtained

from the latter may be compared.
As typical example of fluorescent microspectrophotometric measure-

ments. Fig. 10.22 shows, according to Sjostrand, the fluorescence of

the sciatic-nerve sheath of a rabbit. The ordinates show the densities d

06

0-4

C2

420 440 480 520 560 600 640 680

Fig. 10.22. Spectral fluorescence of the sciatic-nerve sheath of a rabbit (after Sjostrand).

Solution of thiamine, solution of thiochrome.

just defined. Figure 10.22 shows also the curves obtained with solu-

tions of thiochrome and thiamine, respectively. In this way, Sjostrand

found, in the sciatic-nerve sheath, the emission spectral line at 0-460 //,

characteristic of the triochrome. The spectrum also shows lines due

to thiamine derivates located in longer wave-length ranges.



CHAPTER XI

Chemical Microscopy

1. INTRODUCTION

Great strides have been made in chemical microscopy since the works

of L. and A. Kofler. Application of the microscope to thermal analysis

provides the means to define and identify an organic compound and,

when a mixture is involved, to determine its composition. All phe-

nomena, concomitant with the temperature rise of a substance up
to its melting point, such as : sublimation, decomposition, birefringence,

polymorphic transformations and so forth, can be studied. This is

why the term "fusion methods" is frequently applied to operations

taking place during the temperature rise and the cooling of the specimen.

Lastly, microscopic methods require not only very little time but

small quantities of substance as well, usually a few milligrammes.

2. HOT STAGE AND COLD STAGE

The hot stage is the microscope element devised for application

of fusion methods. It is placed on the stage of a standard microscope
and designed for heating or cooHng the specimen ad libitum.

Figure 11.1 shows the diagrammatic cross-section of the Kofler-type

hot stage. The apparatus is of cylindrical shape and has the size of

the microscope stage. The object is placed on the object-shde A and

encased in a cover-sHp. The object-slide is secured by the metal

frame B connected to the rod CC. The small threaded element V is

provided to rotate C about its axis thus shifting A in the direction CC .

The element V may rotate about a vertical axis so that, when shifting C
horizontally, A describes a circular motion centred upon V. These

two linked motions ensure that the specimen can be brought at any

point within the field of view. The upper and lower parts of the

heating-chamber are closed by the glass plates D and G, respectively.

267
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The stage is heated by a resistor located at E and F. The temperature

is measured by a thermometer at //, its tip being very close to the

specimen. Figure 11.2 shows a hot stage (type Kofler of Reichert),

fitted to a microscope. The more widely used types of the stages can

be used up to 350° C. Observation is always carried out at a low

Fig. ll.l. Cross-section through the Kofier W to 350" hot stage.

magnification and, therefore, objectives with a long working distance

can be employed thus preventing the ill effects caused by the temperature
rise. The objectives generally employed have a x 3, x 5 magnification,

X 10 at most, associated with eyepieces x 10 or x 20. Therefore,

total magnification does not exceed x 200. Except, of course, during

observations, the objective is kept away as far as possible from heated

specimens in order to prevent any damage. When investigating sub-

limation, A is substituted for a cap covered with a glass plate which

serves as condenser for the substance to be sublimated. Special

devices allowing to study low pressure sublimation have been devised.

Cold stages whose minimal temperature is under (fQ are valuable

for measuring the melting point and studying the polymorphism of

organic compounds which are liquid at normal temperatures.
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Low temperatures of —100, — 120°C are obtained by circulating

in the cold stage a cooled gas such as dry nitrogen, which is cooled

in a coil immersed in liquid nitrogen (A. H. Thomas, W. C. McCrone).
In most cold stages, carbonic acid snow is used as it readily provides

temperatures down to — 60°C approx. (Reichert, Leitz).

Fig. 1 1.2. Reichert hot stage microscope.

Inserting a hot stage or a cold stage between the condenser and

the microscope objective brings about a gap between these two elements

thus frequently precluding the use of a hot or cold stage in conjunction
with a phase-contrast or interference microscope. The condenser

diaphragm to be imaged on the phase plate in the objective is not

always in the focus of the condenser thus preventing coincidence of

the diaphragm image with the phase plate. Some hot stage microscopes
were designed for phase-contrast and dark-ground applications and

also, providing reflected-light observation by means of a vertical

illuminator (Reichert). Figure 11.3 shows the O. P. L. microscope,
fitted with a hot stage designed for investigating opaque objects.

Peltier-effect apphcations to hot or cold stages have been made
in the U.S.S.R. Let us take two welded metals, A and B, and insert

these two conductors in series in a circuit through which electric

current is flowing. If the current travels in the direction AB, either



270 PROGRESS IN MICROSCOPY

heat is developed or heat absorption occurs at the weld (Peltier effect).

For instance, if heat is being developed, the heat will be absorbed

if the current direction is reversed.

Fig. 11.3. O.P.L. (Optique Precision de Levallois) hot stage microscope designed for

investigating opaque objects.

3. CALIBRATING THE HOT STAGE

The hot stage is heated by a resistor. The current is rheostat-

adjusted. Calibration consists in determining, for every rheostat ad-

justment, the temperature variation versus time.

The procedure is the following: the hot stage (with its ancillaries

and a specimen) is set on the microscope, the thermometer being fully

inserted into its recess. The rheostat-adjusted potential difference is

shown by a voltmeter connected across the hot stage terminals. Then,
the rheostat slide is so adjusted that, initially, the potential difference

is low, e.g. 30 volts. The temperature is recorded every minute until

the temperature rise drops to less than TC per minute. This shows,

therefore, in relation to the potential difference considered, tempera-
tures for which the rise is 1°, 2°, 3°, ... per minute. The foregoing

measurements are resumed for several potential differences, and curves,
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similar to those in Fig. 11.4, are derived. In this graph, the tem-

peratures read off the thermometer are shown as ordinates and the

potential differences as abscissae. Two curves are plotted: the first

corresponds to a temperature rise of 2°C per minute, the other 4°C

300

5> 200

a>
a.

Fig. 11.4. Calibrating the hot stage.

per minute. If a temperature rise of 2°C per minute is required at

200' C approx., the graph shows that the rheostat adjustment is to

provide a 73-volt potential difference.

4. DETERMINING THE MELTING POINT

Before attempting measurements of undetermined substances, it is

indispensable to find the melting points of several compounds the

melting point of which is known. After putting several crystals of the

substance on the object-slide, and covering the latter with the cover-

slip, the cover-slip is rotated by means of, for example, an india-rubber

eraser, thus spreading out the sample since the crystals adhering to

the cover-slip underface melt at approximately 1° above the melting

point of the crystals on the object-slide, the best procedure is to remove

the latter, clean it and re-set it on the specimen. In this way, the crystals

are on the object-shde and not on the cover-slip under-face.

All the accessories being in order, focusing is made, selecting an

area of the specimen where discrete crystals are discernible. The

rheostat is adjusted so that temperature rises promptly to about ten

degrees below the melting point. Heating is stopped until temperature

begins to drop. Using calibration curves similar to those shown in

Fig. 11.4, heating is resumed so that temperature rises about 2° per
minute. When 2° below the melting point, the rate of temperature
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rise is slightly decreased. Shortly before melting the crystals lose their

shape, their outlines rounding off. The temperature at which the last

crystal melts is considered as the melting point.

When dealing with an unknown substance, the melting point is

determined approximately in a preliminary test, followed by the fore-

going procedure. In most organic crystals, transition from the solid
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As most crystals are anisotropic, the melting point can be deter-

mined by means of polarized light. To carry this out, a polarizer is

set under the hot stage and an analyser on the eyepiece, the work

taking place between polarizer and crossed analysers. The birefringent

crystals show up bright against a dark ground. When melted, they
vanish and the whole field becomes dark. Vanishing of birefringence

•

> ^B ^

Fig. 11.7. Melting of azobenzene crystals.

determines the melting point. However, it may occur that a crystal

is no longer birefringent at a temperature lower than its melting point.

It may yield an isotropic polymorph (carbon tetrabromide becomes

isotropic at 46-9° and melts at 92-5"'), or become an opaque mass of

disorientated crystals of a polymorph or, yet, lose the crystallization

solvent and become opaque.

5. MEASURING THE REFRACTION INDEX OF A MELTED SUBSTANCE

The refraction index is a useful datum for defining pure compounds
or analysing chemical binary systems.

Kofler showed a method, based on glass powders, whose indices

are known, for measuring the refraction index of a melted substance.

A specific powder is mixed with the substance in the solid state.

A few pellets of the mixture are then put on the hot stage and observed

through the microscope. As temperature rises, the crystals melt and

the glass particles are visible, immersed in the liquid. Kofler makes

use of Becke's line (see Chapter VII, §4) to determine the phase showing
the higher-index. The work is eff"ected in coherent light by reducing
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the condenser aperture and Becke's line is observed by shifting the

microscope setting. This Une shifts to the higher-index phase when

the microscope is moved away from the specimen. In order to elimi-

nate dispersion effects, a monochromatic filter is used. Measuring the

index of the melted substance consists in causing the glass particles

to vanish by suitable temperature adjustment. At the temperature

considered and the wave-length used, the melted substance and the

glass particles have the same refraction index. In most types of glass,

the index increases by one unit of six places of decimals per degree

centigrade (10""). It may therefore be considered that the glass-

particle index remains constant from 50 to 300° C. Conversely, the

index of melted organic substances varies much more. Such variations

may attain and even exceed 10"^ per degree. Rising temperature

lowers the index. Indices are balanced by increasing the temperature

if the melted substance has a higher index than that of the glass

particles. If the index of the melted substance is lower, the powder
is to be changed.

As temperature rises, some compounds may be sublimated or

decomposed, this making it difficult to determine the refraction index.

Measurements are yet feasible if the compound can be supercooled.

Once the substance has melted, the hot stage is cooled in order to

achieve supercooling. The resulting liquid has a lower temperature

than the melting point and its index is therefore higher than that of

the non-supercooled liquid. Then, equalization can be made with

high-index glass particles.

The foregoing procedure requires temperature variations substan-

tially above the mehing point. In some cases, such variations make

the method inapplicable.

The refraction index can be measured, using interference methods

without calling for temperature adjustments. First, the index for the

temperature of the specimen may be determined. If the temperature

varies, the corresponding variations of the refraction index can be

followed up. Polarizing interference methods, in conjunction with

the Kofler process, are particularly simple to apply (see Chapter Vll. § 8).

6. MIXED FUSION — KOFLER'S CONTACT METHOD

In the contact method, devised by Kofler, the mixing area of two

substances in contact between the slide-object and the slip-cover is

observed. This method is very suitable for studying the purity of
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a crystallized organic compound and determining whether two com-

pounds are identical.

The process is the following (Fig. 1 1.8(a), (b), (c)). One to two milli-

grammes of the least fusible substance B are melted first. The sub-

stance is set against the slip-cover, is flame-melted and spreads
under it. Good care is taken that the melted substance does not

(a) (b) (c)

Fig. 11.8. Mixed fusion — Kofler's contact method.

extend over more than one half of the surface of the specimen

(Fig. 11.8(a)). When B has cooled off and solidified, the second sub-

stance A (Fig. 11.8(b)) is heated until it melts, spreads under the slip-

cover and comes in contact with B (Fig. 1 1.8(c)). If, during this process,

a portion of B were cooled, the whole is allowed to crystaUize again.

(a) The substances A and B are identical

In this case, there is no mixing zone. Crystals grow throughout
the specimen until the whole is soHdified. The mixing zone exhibits

no discontinuity either in the growth or shape of the crystals.

(b) The substances A and B are not identical

If the substances A and B are not identical, a break comes out

in the mixing area.

(i) The two substances do not react and are miscible in any proportion.

If the substances A and B are not identical a break appears in the

mixture area. In this case, they may furnish a continuous series of

mixed crystals whose properties change continuously within the range
of limit values corresponding to the forms of A and B. Plotting the

temperature as ordinates, and the mixture composition as abscissae,

gives the curve shown in Fig. 11.9. The dotted-line curve shows the

initial melting temperature and the full-line curve the temperature
when the melting process is over. During the cooling process only

one kind of mixed crystals is deposited. Under the graph is shown

a diagrammatic aspect of the specimen when heated at a temperature
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slightly above the melting point of the more fusible substance A.

In the case shown in Fig. 1 1 .9 meking begins at the left and gradually
extends to the right.

Liquid

PreDOrafion

Fig. 11.9. Temperature-composition diagram. The substances A and B are miscible

in any proportions (type I).

PrepOrofion

Fig. 11.10. Temperature-composition diagram. The substances A and B are miscible

in any proportions (type II).
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Experience has revealed that there may be two other types oi

diagrams: they are shown in Figs. 11.10 and 11.11. As temperature
of the specimen rises (as shown in Fig. 11.10), melting extends first

1
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As the solidified specimen is heated, the two eutectics, E^ and E.,

melt. The eutectic E^ is between the substance A and the compound M,
the eutectic E2 being between the compound M and the substance B.

If the temperature is increased, the compound M melts and

D
Ow
a>
o
E

.1'
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crystals Ci and Ca are called limit mixed crystals. In Fig. 11.14,

(A) and (B) denote the isomorphic crystals of the constituent A and B,

(Ci) and (Ca) the limit mixed crystals. Figure 11.15 does not differ

much from Fig. 11.12. The mixtures on either side of the point K

Composition Pure

a>
a.

E

Pure Cornposition

Preparation

Fig. 11.14. Temperature-composition dia-

gram when substances A and B are not

miscible in any proportion in the solid

state (peritectic point K).

Preparation

Fig. 11.15. Temperature-composition dia-

gram when substances A and B are not

miscible in any proportion in the solid

state (eutectic point i; and mixed crystals).

(peritectic point) are similar to those shown in Fig. 11.12. The

area to the left is the first one to melt as temperature rises. A simple

eutectic is shown in Fig. 11.15, the A crystals having a low B
content and conversely. The points Q and C, correspond to the limit

mixed crystals which are isomorphic to A and B, respectively.

7. TEMPERATURE COMPOSITION DIAGRAM OF BINARY MIXTURES

In general, plotting of the temperature composition diagram merely

consists in determining the melting points M and N of the two pure

substances A and B (Fig. 11.16) and both the melting point and com-

19
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position of the eutectic mixture E. The fusion curves ME and NE
are plotted arbitrarily. If required, the melting point and composition
of an addition compound, the maximum or minimum of the curves

of a solid solution may also be determined.

Pure Composition Pure

Fig. 11.16. Kofler method for determination of eutectic composition.

Kofler devised a striking method whereby the temperature com-

position of a binary mixture can be promptly determined without

any need for weighing. Let us assume that the index of pure A be

1-350 at t\ and the index of pure B be identical at t^ (Fig. 11.17).

In most melted mixtures and liquid bodies at normal temperature,

O)
\_

o

E

b
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result was employed by the Koflers to restrict determination of the

temperature-composition diagram to index measurements using the

glass-powder method. First, the glass powder is inserted between
the object-slide and the cover-slip, the contact method being prepared

p^j^g Compositioo

Fig, 11.18. Determination of eutectic point composition.

Pyre Composition Pure

Fig. 11.19. Determination of addition compound composition (M).

as usual. Let us now determine the eutectic point. Next, the specimen

is heated on the hot stage and, as the glass particles are scattered

throughout the specimen, some of them are always present in the

eutectic area. One such particle is observed as the eutectic is mehing.

If the glass-particles index is adequate, a time comes, as temperature

rises, when the particle is no longer visible, i.e. its index is the same

as the hquid's, this corresponding to point M in Fig. 11.18. At the

temperature /g, the melted eutectic mixture has an index of 1-530.



282 PROGRESS IN MICROSCOPY

Balancing the indices thus allows one to determine the point M along
the straight line ab. The abscissa of M shows the composition of

the eutectic mixture. Adding to this measurement that of the eutectic's

mehing point, the position of the point E on the diagram is determined.

Procedure is the same with an addition compound (Fig. 11.19). Having

B

Composition Pure

Fig. 11.20, Determination of minimum melting composition {M').

previously determined the straight line ab with A and B being pure,
the point M is sought by balancing the particles index with the melted

addition compound. Composition of a maximum and a minimum
of the fusion curve may be determined in this way (Fig. 11.20).

8. APPLICATION OF FUSION METHODS

Observations are made during the temperature rise and cooling
of the specimen and, next, after crystallization.

Experiments are complemented by application of the Kofler con-

tact method. We will now set forth, in accordance with the foregoing,

the more important properties that may be investigated together with

the feasible measurements when applying fusion methods.

(a) Observations made as the specimen temperature rises

(i) The compound is being sublimated. Observation of the cha-

racteristics of the crystals formed.

(ii) A break in certain physical properties is evinced : a polymorphic
transformation is taking place. For instance, carbon tetra-

bromide changes over from the monoclinic form to the cubic

form at 46-9X.
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(iii) The substance decomposes.

(iv) The substance melts. Determination of its melting point,

(v) Measurement of the refraction index of the meked substance.

(b) Observations made as the specimen cools off

(i) Supercooling is taking place: the compound remains liquid

below its melting point,

(ii) Observation of the rate of crystallization,

(iii) Observation of the crystallization front. As crystallization

extends into the specimen, the boundary between the solid

and liquid areas may exhibit three aspects:

(a) The front is smooth and uniform-orientated areas are forming

(naphthalene) ;

((i) Formation of discrete and variously shaped crystals (picric

acid) ;

(y) The crystaUization front consists of small spherules which are

developing from discrete nuclei (cholesteryl acetate). The shape
of the crystallization front depends on substance purity and

temperature. If the substance exhibits a polymorph, the latter

does not exhibit the same crystallization front,

(iv) A second crystallization takes place after normal crystallization

of the melted substance : this is a polymorphic transformation

(carbon tetrabromide).

(c) Observations made after the specimen is crystallized

(i) Nature of the crystals formed.

(ii) Birefringence
— Observations in both parallel and converging

light.

(d) Observations made applying the contact method using a reference

substance

(i) Determining whether the investigated substance A is identical

with the reference substance B, thus making A identifiable.

When A and B are identical, crystals develop throughout the

specimen, without giving rise to a mixed area,

(ii) Plotting the composition-temperature diagram. SoUd solution.

Mixture with formation of a eutectic. Melting point and

measurement of the refraction index of the mehed eutectic.

Formation of an addition compound.
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9. CHARACTERIZING AND IDENTIFYING FUSIBLE COMPOUNDS

The Koflers have pubhshed tables showing the data of 1200 organic

compounds including melting point, temperature of eutectic point with

two reference substances and refractive index of the melted substances.

These numerical data are complemented with the description of many
properties recorded during the survey of the cojnpounds. These tables

are used to identify the fusible compounds by comparing the obser-

vations and measurements derived from fusion methods with the data

shown in the tables. The Kofler tables were gone over, in a very con-

venient form, by W. C. McCrone, in his work: "Fusion methods in

chemical microscopy".
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