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Abstract

This project has been concernsd with the mannsr of the
formation of diffrimoscopic images. Some of the paramaters which
directly affect tha Vinal images are discussed.

A connaction is made bstwsen ultra-microscopy and diffri-
moscopy and certain practical applications of diffrimoscopy are sse
tablishec. 7he resolving powsr of an optical system, fFor example,
is greatly increased with this techniqus.

The advantages of the diffrimoscopic technique in the funde
amanial study of diffraction particularly in the “near-field" ars
investigated. The Fourier transform thsory or a medified version

thereof is used throughout,
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Foreword

Visual observation of diffraction patterns usually pressnts
few problems; however, the recording of these patterns meets with
several difficulties becauses of the nature of photographic emulsions,
Diffraction patterns usually have areas which differ in luminosity by
several orders of magnituds. Ths problem then is one of recording the
weaker details while retaining good definition in the bright areas. It

was Found that black and whits film was strongly affected by irradiation e

T
“

within the emulsion. In colour films these irradiation effects proved

to be much less serious. Thase Tilms, thus, could accept a certain g
mount of over-oxsusing without an accompanying deterioration in image
quality. However, the colour rendition of the film is in many cases

very poor. Kodax films, for instance, rendsred yellow monochromatic
light (wavelength 5780 A) as a green, while Ansco films rendsred light

of the same wavelength as a deep red. In both films blus light (wave-
length 4352 A) was not easily photographed although the rendition was
good. [lidway through the praject it was found that Ansco had changed ths
dyes in their films to give a much improved rendition of yellow iight,

The majority of the prints made for this report were reproducsed
from composite colour slides. The inter-negative mathod was used through=
out. A special anlargsr which lowered the contrast present in the origi-
nal slide was ussd in bath stages of the reproduction. Tha speciral disge
tribution of the cathode ray tube and the spectral responss of the ma-
dulating probe used in the enlarger affectsd the final images although
in most cases this was not serious. The prints which ars presenisd in
colour in this report were done by a commercial firm and the problems of
contrast are ciearly evident in these pictures. The laboratory at the

N.R.C. is unfortunately not squipped as yet to handle colour snlargements.
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The author begs ths reader's indulgence if the prints pre=-
sented in this paper do not always show all the details described.
Generally speaking, the black and white prints are of a better overe
all quality than the colour prints. This is due mainly to the efforts
of Mr. M. Bergin and the effectiveness of the LogEtronic enlarger at

the National Research {ouncil.
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wre 1 = The optical bonch used for studies in diffrimoscopy.
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1 - An Introduction to Diffrimoscopy.

The Origins of Diffrimoscopy.

The word "diffraction™ is derived from the Latin "dis", meaning
apart or asundar, and "frangere®, to break. The term "diffraction of light®
signifies a cortain breaking up which a beam of light undergoes in passing
an obstacls, and also signifies other types of breaking up which ars funde
amentally related to the ons mentioned. The subject of diffraction covers
a wide field,

fluch work in the study of diffraction has bsen done outsids the
realm of visible cptics. The important contribution of those working in
the microwave region of the spectrum may be cited as an example (e.g. C.L.
Andrauwe*, T.J.F, Pavlasek, G.U. Farnell##), Howaver, in the 300 years since
the Tirst paper on diffraction was published by Grimaldi#¥*#, ths fisld still
lacks a usesable theory which would explain all facets of the phenomenon.
[iorsover, since the advent of the well-known and much-quoted Rayeigh cri-
terion for tha resolution limit of optical systems, optics has been faced
with a seemingly impassable barrier.

Recently certain authors have found means of surpagsing the limit
of resolution sst by the Rayleigh criterion. The image formed in the focal
plene of zn objective of a point source is the so-called Airy pattern upon
sizch is based the Rayleigh criterion. The trensmission propsrties of tha
isjsctive may be altered in such a way as ¢o give a distribution of light in
the Tocal plane which differs from the Airy pattern. An exampls of this is

the amplitude filtering technique developed by Dr. Lansrauyses,

R

Andrews, C.L. Optics of the Electromagnstic Spectrum, (Prentice-Hall)
1960,

%% fernell, G.U., Can. J. Phys. 35, 777, (1957).
rarnell, G.UY., Can, J. Phys. 36, 935, (1955),
Grimaldi, Francesco flaria, "Physics-iiathesis de Lumine Coloribus
cv Iride%,
Lansraux, Guy, Revus d*Optique (acut-sept. 1953, T.32, pp. 475-499),
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Another approach has been ths techniqus called in French
"strioscopie" and the related phenomenon known for many ysars as ultra-
microscopy. "Strioscopy" has until now besn used for little more than
showing the diffraction effect. Bouasse, howsver, did study this pheno-
menon a little mora closely and proposed an explanation of which more will
bs said latsr.

In this research project the latter phenomsnon has been re-
studied and been called diffrimoscopy. The reason that a term other than
"strioscopie" was chosen was that, in the meantime, this term has become
ambiguous. The name “"diffrimoscopy" was suggested by Dr. L.E. Howlett and
comes from the two words "diffraction" and "image". It designates a new

field of optiecs involving image formation using only diffracted light.

The Diffrimoscopic System.

Figure 1 shous a picture of the optical bench used at the
National Research Council for studies in diffrimoscopy. From the laft
can be ssan & point light source, two doublets, an object, a mask holder,
tuo more doublets and finally a microscope with which images are observed
anc photographed.

figurea 2 is a schematic representation of the diffrimoscopic
system. It is sxactly the system shown in figure 1. In figure 2+~ =b-
Ject is present but the plane where the object is to be inserted - Jare
ly indicated. The source S is simply imaged on to the mask M, whi... cuts

out all of the light. The image plans, thersfore, is dark.



Ob jact Image
S L, L, plane L L, plane
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=
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Figure 2: Schematic figure of a diffrimoscopic gystem -~ object absent,

Flgure 3 shows the effect of inserting an object into the incident beem,

v

The light which misses tha object impinges upon the mask and is absorbsd.

5 L L, L Imags
4
Voo v

Figure 3: Schematic figure of a diffrimoscopic systom with the ob ject
placed in a beam of converging light.

iight which just “touches" the edge of the object is diffracted and fo-

cucced in a diffrimoscopic imago,



S L, 0b ject L, Ls Image

v

Figure 4: Schematic figure of a diffrimoscopic system with the object
pPlaced in a bsam of parallel light,

Figure 4 shows another possible diffrimoscopic system. Here the
co 23t Is located in a beam of parallel light instead of converging light
as Lafore. This system has been used to give diffrimoscopic images. Another
arrangement (not shown) in which the cbject is located in a beam of diver-

ging light has zlso given diffrimoscopic images.

Cengral Characteristics of the Diffrimosconic Imaae.

In sach of the above mentioned errangements, the images resemble,
&l lou megnification, a bright line tracing of the abject contour on a dark
cackground. It is not surprising that the area within the object profile
is dark, but it is most striking that the backaround which corrssponds to
tns region outside the object, is also dark.

ihe simplest possible object, = thin opaque plate bounded by a
straight edge, will be used in the following discussion, If the diffrimos-
copic imege is cobsesrved accurately with the proper magnification, a very

thin bleck centrzl line appsars, as shoun in figura 5, It is impossible



Figure 5 - The diffrimoscopic image of a
perfectly smooth straight sdge.

to say, from looking at this line image, uhich side of the liné:bbrrés-“(
porics $o ths shadoy region of the cbject; that is, it is lmpossible to-

say whether the object itself is on tha right or on the left of this. 1;na.7""

The image is absolutaly synmatrzcal with respect to the central black.: \
fringe. This last statement is wholelly true, at present; only for those“
chizets whose diffracting edge has a small radius of curvaturs., A small
cuodnt of csymmetry is present in the cass of objects having large radii

o curvaturs. The black frings, housver, is still present and is readily
identifiable, Ffor flat objects no such difficulty sxists. The central
{rings follows exactly ths object contour ae schown in figure 6. This is

ths diffrimoscopic image of a thin opeque plate bounded by a somewhat

[41]
i

It sssms cortain that tho black contral frings corresponds
actly to the c¢iffracting edge and is not shifted, for instance, into the
shadeu roglon behind the objects Tho oxporimental ovidoneo for this, houwe

gver, is still incomplete,
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Figure 6 - The diffrimoscopic image of a
rough edge.

Ths width of tha dark central line is not in itself significant.
It depends on tho threshold level of ths receiﬁar and on the illumination
of the light source. The fringe may be mads narrowsr by exposing the pho-
togrephic film for a longer period of time. Light scattering within the

gmulsicn, however, will eventually make the dark fringe disappsar complete-

1

I

cr

Ye has boen found that colour film is less susceptible to these irra-

0.

igtion effects that is black and white film, Colour film will thus accept

crtain emount of over-sxposing without degrading the image significantly.

£
Q

This is important when pictures must be taken of diffraction patterns whose

illumination cver different areas varies by many orders of magnituds.

811 neasurements made of the width of the fringe, whether by direct

visual ohservation with an ocular or by measurements taken from films, have
yigldsd 5 microns or less. It secems safe to say that, bscause of the sym-
metry of the diffraction pattern, the edge can be located at the centre of

the dack frimge ¢o within .5 microns. The same system operating in the
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conventional manner would give, at the edge, a transition zone from light

to dark approximately 25 microns wids. Alsoc a change in the illumination
provided by the light source or a change in the threshold levsl of the re-
ceiver would rasult in an apparent shift of the transition zons. The center
of a symmetrical pattern would not be affected by such veriations. Conse-
quently, thare is a net gain in resolution of S0 times over that of the same
system used in the conventional mannsr. A further discussiun of the reso-
lution is presentsed in the appendix. The defects of the edge shown in

figure 6 (see pags 6) would not be detected in the conventional system.

Some Parameters Affectine Jhe Diffrimoscopic Image,

.

The Ciff-imoscopic image is accompaniec oy a system of broad
ieteral fringes cn either side of the luminous arsa in the middle of the
photasgrapn,

Figure 7 (see page 8) is a composite showing the diffrimos-
copic image formed when using white light, blue light (wavelength 4352A),
grean lignt (wavelength 54618) and yellow light (wavelength S780A). It
can he seen that the position of the lateral fringes is dependent on the
wevelength of the light utilized. The distance bstwesn the central bright
zone and tho first lateral fringa is largest in the case of the longest
wavelength,

The next diagram, figure 8 (see ‘page 9), will requirs a certain

anount of explanation. This figure is a schematic repressentation of the

i

vype of clifrimcccopic system in which the object is imserted in a beam of
iznt {soce figurc 4 on pzge 4). The incident light which is not
Gif ‘rected or siopped by the objoct itself is focussed by lens L, on to a
miia i, wo.ich is nere represented as a strip mask., Such a mask may bse

used since the lignt which is diffracted by the straight edge lies in a
pieng which is perpendicular to the edge in the case of a parallel incident
bezam (the case in which the incident light is corvergent is presented in the

eppendix). Consequently, laens L, fTocusses this cdiffracted light to a linse

(continued on page 1l)



A composite showing the variation of the lateral fringes
uith wavelangth. The top photograph was taken in whits
iight. The next nhotographs were taken respectively in i
blus light (wavelength 4392 A), green light (vavelengih :
5461 A) and yellow light (wavelength 5780 A).
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Figure 8: A 3-dimensional view of a part of the
diffrimoscopic system shown in figure 4 (see page 4).
The area shaded in blue indicates the path of the
incident undiffracted light. The area shaded in red
indicates the path followsd by the diffracted light
through the diffrimoscopic system. The so-called
"Focal line" is here indicated. The mask M is placed
one focel langth away from lens L. which in turn is
one focal length away from the diffracting object.
The distance from lens Ly to the image plane is also
one focal length.
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Figure 9 - A composite of photographs showing the variation of the
diffrimoscopic image with mask width., Freom the top, thass
distributions of light were formed with a .Smm mask, o
lmm mask, and a 2mm mask and 4mm mask respsctively,
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in the plane of the mask. This line is perpendicular to the sdge of the
object and tharefors perpendicular to the strip mask. The diffracted
light which iz not stopped by the mask is gathered by lens L3 and focussed
to a diffrimoscopic image as shown. This picture treats both ths inci-
doent bsam and the diffracted light as bundles of rays and, conssquently,
is subject to the limitations of any picture which triss to portray a wave
phencmenon through thc use of rays.

The effect that the width (2€ ) of the mask il has on the final
image will now bs demonstrated. In figurs 9 (see page 10) as the width
of the mask is varizd through the values .5mm, lmm, 2mm and 4mm, it can be
secn that the lzteral {ringes are brought even closer to the central black
fringe. Tiis may be interpreted as a re-diffraction from the edges of ths
mask of thc bcam of diffracted light. A more corcect thcurstical expla-
nation Tor :tha variation of fringe position with mask width will be dealt
with - ¢ later section.

The lateral fringes have thus been shown to be linked to the
mask width and to the vavelength of the light.

-

Re Formation of the Diffrimoscopic Image.

- -
Scms “amarks on

Figure 10 (ses pzge 12) shows five photographs of a straight
ecqe, all taken with the seme ciiTrimoscopic system. The two photographs
to tho left show tho image insice the Pocus of lens Ly , the middls pho=-
{ograph shous tho correctly focussed image and the twe photographs to the
sigh% shou the imzge Tormed outside ths {ocus. In this figurs can be seen
“rn2 evolution of the diffrimoscopic imagse in space.

Taesc photographs have three important characteristics. First,
imegas, whether out of focus or rot, present a central minimum.
Szcondly, the images are sll symmetrical with respact to this central black
~irdly, images which have an equal defect of focus either inside
cr outside iRz focal position ere identical. These aspects of the diffri-
imaga play an important role in the preliminary theory which uwas

5ed @nd of which more will ba said later.

0
4]
<
«
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Figure 10 - A composite showing the evolution of the diffrimoscopic.
image in front of, and behind the focal plane., From the -
left, the photographs show the distribution of light formed
émm and 3mm in front of the focal plane respectively. The
central photograph shows thae image formed at the focus. The
next twc photographs show the distribution formed 3mm and
6mm behind the focal planz respectively.

o
1
!
i
1
:
:
'

PR

Figures 1l and 12 (ses pages 13 & 14) indicate the manner in 5
vhicn the next photographs wsre taken. A stop was introduced in the plane %
the wmask in such a way as to permit only half of the light diffracted ‘

oy tho edge to continue ang form an image. Two of the photographs in

igurc 13 {see page 15) show ths images formed with only half of the dif-
g

racted light, the third shows the normal diffrimoscopic imegs. ALl the

images hgre arec correstly focussed. It is noted that ths imzges formed
with either half of the diffrected light are identical. Both images present

z central maximum and are symmetrical with respect to this meximum,

(continued on pags 16)
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x " - 1]
N left-stop

S

Figure 11 - A 3-dimensional visw of the diffrimoscopic system shown
in figurse B (ses page 3). In this figure can D8 seen the presence
of a "“left-stop" in the mask plane. This stop cuts out all the
light diffracted to the left of the optic axis. In this paper the
terms "left" and "right" will rafer to the two sides of the optical
system as sesn by an observer standing at the image plane anc look-
ing toward the light source.
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« A 3-gimensional view of the dif frimoscopic
system with a "right-stop" in the plane of
the mask.
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Figure 13 - The two images at the top were formed with half-masks. The
image at ths left was formed with a left half-mask as shoun
in figure 11 (sac pzage i3). The image at the right uwas

tight helf-mask as shoun in figurs 12 (see
war photograph shows the normal diffrimos-
images are in focus.
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hotographs in figure 14 (see pages 15) correspond exactly

fle p
to thoss of figure 13 {seg page 15) except now tha system is out of focus.
in this case ths images taken with 2 right or a left stop are asymmetrical.
g considersd to havas a certain mirror symmetry with res-
peel to the opiic axis. liorsover, the two images taken with stops indicate

how the out-of=fonus diffvimoscopic image is formed. If it is imagined

that she wwo gistyibutions of light formed when a stop is present are out

§ o f PR
Oy DRase DY GRE-ngad

gth, and a mental superposition of thess two

)

neiterns iz mzds, Lt may Ss sesn that the disiribution shown in the third
nis same procedure may now be applied to

i - -t °

cogranne snown in FTigure 13 {ses page 15) although there the result

e of

iz not 2o zasy Lo visuailzs,
Tho susposibion fhat the light unich passes on one side of the

mesk i@ cur oF ohass with thst which passes on the other side is supported

By Gha Yoot taab all ¢iffrinmocscopic images (see figure 10 on page 12)
oricont @ cencral minimum.  Indeeo, by using the simple expsdient of in-
shase reversal oizie in the plape of the mask as shouwn in fi-

gurs 1%, it was possible to change ithe minimum in the normal diffrimoscopic

Phase Revsrsal Plate

?

Ficurs 15 = This dicgrem of a diffrimoscopic cyci.n shouws a phase regversal
L y irnto the mow< 3lcne. The presence of

contral miniaun o) the diffrimoscopic
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The following section will serve as an introduction to the
formalism used in the derivations as well as an indication of one of the
theorstical arguments supporting the assumption that ths light on ons side
of the mask is out of phase with the light on the other side by one=half

wavelength, °

A Short Theorstical Argument.

19

M(%n;%x) / %'

~— }3‘

/ €13,3)
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Plane of
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In the Fourier transform theory of diffraction phenomena, the
distribution of light in the image plane of an aberration free gystem is

given as:

Cr"(“‘? 3¢ ?;"'U"Z) cian(y3, 232,
‘CI}.,g.) } SS‘ M(%H%z).e It e Lan (4id,+4 gcfg. 33,;

%4
. . . ()
where 42?:,,3d and Iw(%«,g:) are the complex amplitudss in the imagse

and pupil planes respectively.
54 -
Y - is the Tocal length of the systam

g,— is ths distance from ths pupil at wnich the image is observed.

* Lansraux, G. - Diffraction Instrumentale, Ed. da la Revus d'0Optique
theorigue et instrumentals, i1vdd.

CHNSCI T s i



- 18 -

3 1942l
M(gnigz) = m(%o’g’-)'e /"‘3’ 8'

(2)
where mtg.,%z) is the amplitude function in the pupil
and p(%,,g,j is the phase function in the pupil
Let o= mm(i-g) 3)

The facter ot might be called a focussing factor, When the image
is observed in the focal plane 3.{: and ¢=0 .
The origin of the system of co-ordinates is taken aa the point

"0" , whare the optic axis meets the pupil.

latyi+y) Seam (i d + Y423, | .
L T

The complex amplitude function in the plane in which ths
diffraction occurs will be represented by the symbel "o In the mask
plane it will be represented by the symbol "™’ and in the plane which is
conjugate to the object plane it will be denoted by the symbol “C",

In this case the pupil plane is the plane of the mask. Choosing
ths  Y,-axis to coincide with the focal line mentioned sarlier and

using the one-dimensional form of the above equation gives:

'Cf‘}.s = ‘S M(g.)'ewcg" e—”“%"} 33-. (5)

uhare |, 1s thes diamster of the pupil.

The integration must actually be carried out over two domaing
—iv, —m~-i und & —= 44 , because of the presence of the strip mask. The
quantity "€” here is one=half the width of ths mask.

For simplicity the following motation will be introduced:

"
¢, Ctyt ~-lamy, 2, + eyt -017Y,3,
s Megae@78 e, L Miy)- Q4.7 *"#9 dy,

. . |
(el ~c2mied,
= &, Mig-€7.C b3 dg.  (6)

Also, C'(g.) may be said to be a function of ee o
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Thus, L/" Loy, i2ng g
A [A . - ] ]
At 3"=° Lr 1
. 6«13.
C(D.‘d} = ‘£L,a M(gr"e 48' (8)
Letting  Miyn = Metygo + M, (30 : (9)
where PQe(%J is an aven function of y,
and Mo (g is an odd function of Y
Thuss
L
Coner = |, Meign€™Fdyy + § Pgre ¥4
{o,b} = d 1y ¥ @(3""" 3. + Su, o"éu" 5: “0)
Sut Lﬁ ‘
' {ay
,i% YVIO(S.) C Jﬁ; 0 (n)
Ls
Thuss 2 layr
C(o,d_) = g_% Me(g,)“'e A‘é’ (12)
11
Now l(:(o,a)& s . This states that all diffrimoscopic images

whether out of focus or not, havs & dlack central fringe on the optic

axis (see figure 10, page 12). from tnis follows that Cf(o,cc)z 0.

ioyl

sy
A §_~,,ﬂ Me(%.)“e

c{gm = O for all o . (13)
ae Me (3‘§ = D (i4)
The useful part of the complex amplitude My) in the plane of the
mask is thus pursely an odd function of u, . This result supports the

assumption vhich was made on page 16 and will be derived in another fashion

lator,
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Thus, " Loy, L -iamgd

C(a»\d-)-: g M{%,)'e .e J%. (¥)

-5
At %r =9 L’q
iy
C{o,m = 5% M(g,re g Jx, (8)

Letting Pﬂ(%a'= Ne(gJ » Mo (4 (9)

whers Me(%,; is an even function of y,

and ™M, g is an adge funciion of ¢
Ihuss

L Cayl S (d oy
C\'o,a.j < 5““1 Me(é.l'e Cig‘ + 5"’ mo(*z.)‘e ‘écla, {10

fut Lea fay %
g.u, Y"I.,<g.,-€ cjg. =0 (1)

Lrp 4
Thus: C § )
(osot) = " Mew,,-G cl%, {12)
%
Now !C(o.,d.)j = ¢ ., This states that ali diffrimoscopic images

whether out of focus or not, have a black central fringe on the optic

axis {see figurs 10, pags 12). From this follows that C(o,ac): 0.

L2
N

Loyl
in,, me(%')'e C‘gv = 0 for all ob . (13)

R me(g,} = 0 (1)

Ths usaful part of the complex amplitude M(-é,) in the plane of the
mesk is thus purasly an ndd function of Y . This result suppoarts the
assumption which wags made on page L6 wng will be derived in anather fashion

“stop.

(i ]
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In the last short section something was learned congcerning the
complex amplitude distribution in the plans of the mask by making use of
experimental evidence pravided in the image plens. The result that m(g,)
was found to be an odd function of y, will be checksd more thoroughly in
the next section. The information gained in one plane will give know-
iedge of the nature of the light distribution in the Fourier transform
plans,

The next step in this research project was to make a clossr in-
vastigation of the complex amplitude distribution in the plane of the mask,
The purposs of this was twofold. First, a knowledge of this distribution
would give an exXplanation of the structure of the diffrimoscopic images.
Secandly, the mask plane and ths objact plane being linked by the Fourier
transform, it was hoped that information could bs gained about the distri-
bution of amplitude and phase in ths objsct plans.

11 - Diffrimoscopy as a Tool in the Study of Diffraction Phencmena.

In the plane of the mask, as was mentioned earlier (see page 7
and figure 8), a luminous lins of light is formed. Normal diffrimoscopic
images ware formed while stopping down the aperture until only & emall
horizontal slit was left to permit the passage of ths diffracted light. In
figure 17 (see page 21) the mask holder with and without the baffles used
to cut douwn the aperture is shown. Figure 18 (see page 22) shows two dif-
Frimoscopic images, one of which was formed while the baffles wers in po-
sition. The two images are identical., No information whatsosver was lost
oy introducing the bafflas in the plane of the mask. The distribution of
iight in tha "facel line" determinss the character of the diffrimoscopic

imags end it is this focal line which will now be studied mare closely.

(continued on page 25)
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Figure 17 - Two photographs of the mask holder. This support was designed
to provide motion along 3 perpendicular axes along with one ree
tation about the aptib'axisa'~7ha two photographs above shouw
the lmm strip mask which was. used. in some of the experiments.
One of the photographs ‘shous the baffles which wors uscd to
cut doun tho eperture to &-slit limm-in width,
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Figure 18 ~ A composite showing two identical diffrimoscopic images. Tho
image at the top was photographsd with tho baffles shown in
. figure 17 (ses page 21) uhereas the imege at the botlom wae
photographed without baffles.







)
o~




“igqure 19 -

¥

- =y

Interference Slits

A 3-dimensional view of the diffrimoscopic system with
slits placed in the mask plans and astrids the optic axis.
A difference of phase betwesn the two branches of the focal
line will be dstscted in the interference pattern farmed inr

the imaqe plane,
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Figure 24 -



Figure 24 -

|interference Slits

A 3-dimensional view of the diffrimoscopic system with slits
placed in the mask plane of the optic axis. Experiments were
also performed with the slits on the laft of the optic axis,
From these arrangements it was shouwn that the phase is consg-
tant along each of the branchss of the focal line.
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Experimental Investigation of the Phase Distribution in the Mlask Plane.

The phase distribution along the focel line was invastigated with
the use of slits as indicated in figures 19 and 20 (ses pages 23 & 24), The
relative phases of the two slits will determine the position of the inter-
ference fringes observed in the image plans. In ons case the slits wers
positioned astride the optical axis as shown in figurs 19, In another cass
the slits wsre both placed to ons side of the optical axis as shouwn in
figure 20, This lar% experiment was, of course, performed on each of the
branches of the focal line. The effect of changing the distance between
the slits was investigated as was the effect of changing the width of the
slits themselves,.

The result of performing this type of experiﬁent with slits 200
microns wide and 1000 microns apart is shown in figure 21 (see pags 26).
The cross-hairs shown in this figure were located in the image plane uhen
the system was operating in the normal diffrimoscopic manner, without the
slits. The black central line of the diffrimoscopic image was chosen as
the reference point when first posit’.ning the cross-hairs. Ths top photo;
graph shows the result of placing both slits on the left branch of the
focal line. In this paper, right and left will refer to the two sides of
the optical system as seen by an observer standing at the image plans and
looking toward the light source. The middle photograph shows the result of
placing the slits such that one slit was on each side of the optical axis.
The bottom photograph shows the result obtained when both slits are on the
right hand oranch of the focal line. All these photographs show a reqular
two-slit interferencs pattern which is modulated by the diffracticn pattern
from the slits themselvaes. The top and bottom photographs show a central
meximum indicating that the phases at the two slits are the same. The
central photograph, however, shows a central minimum indicating that the
phases at the two sliis were in opposition. The negatives for these photc-
graphs were expased in gresn monochromatic linht (wavalength 546) A). The

same axperiment was also performed with white light and it was most striking

(continusd on page 29)



Figure 21 -

A compasite showing the interference patterns of two slits
of width 200 microns ssparated by a strip 1000 microns widg,
The cross-hairs in each photograph indicate the position of
the central fringa. The top photograph shows the result of
placing the two slits on the left branch of the fogal lins.
The centrel fringe in this case is a maximum. The result
is the same if the slits are placed on ths right branch of
the focal line as shown in the bottom photograph. The mid-
dle photograph, which shows a contral dark fringe, 18 the
result of an arrangemont such thet tho slits arc astride
tho optic oxis (as shoun in figuro 19 on pago 23).
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Figure 22 « A conposita ahoming tha inter?@rance pattexns of tio slita
of uidth 20 wmicrons aeparaﬁad by 8. strip 1000 microna wide.
The ' arrnngemant of the photographs. here is’ the ceme as in
figure 21. The central fringes were aligned to form a
vertical otraight line. Tho di??raction fringos uwhich mo=
dulated the previous pattorns aro no longer in the fiold of
visw,
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Figure 23 -

A composite showing the interferonce pattorns of tuo
slits of width 20 microns separated by s stoip 200
microns wide. Again, the arrangements of thse photo=
grephs io the same as in figure 21.




nterfarenca patterns of two

care saparated by a strip 200

the arranygements of the photo-
vroodiuure 21,
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that the central fringe in each case was ths only fringe which was a=-
chromatic,

Figure 22 (see page 27) shows ths results of performing the
sama type of experiments but with the slits reduced to 20 microns in
width while their separation remained at 1000 microns. As was to be ex-
pacted ths diffraction minima which modulated the previcus patterns have
spread further apart and are no longer in the field of visw. The arran=-
gement of tho photographs corrssponds exactly to the arrangement descri-
bed for figure 21. The results here are thec sama as those in figure 21,
that is, a bright central fringe being observed in the top and bottom
photograsins while a dark fringes is prassent at the center of the middle
photegreph.

In figure 23 (sec page 28) the result of reducing the slits
separation to 200 microns while keaeping the slit widths at 20 microns is
shown. Again the arrangement of the photographs is the same as that in
figure 21, In this case the interference fringes themselves have broad-
encd but the result of the expsriment has remained unchanged.

Another experiment was peorformed with slits 200 microns wide
and 1000 mierons apart. In this case the slits wers slowly moved from
the left to the right side while an sbserver looked at the phenomenon
through an ccular. While the slits were being moved along the left-hand
tranch of thz fosal line nc change was noticed in the positions of ths
interference risocs. The luminosity of the fringes did changs and the
reason for t~is will bacome apparent in the next section. An abrupt changs
occured whsn the slits were moved far enough to the right that one slit
wvas on each branch of the focal line. WYhen the slits themselves cross
the optic axis, it must be remembered that nothing is left to obstruct
the direct incident light and the fisld of visw for the observer is mo-
mentarily floodod with too much light. This however, 1is not ths abrupt
change which is mentioned above. Tha change which was observed is the same

change recordsd in the top and middle photogrephs in figure 21. As the

v
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slits continued to move to the right no further change occured until the
left-hand slit crossed the optic axis. With both slits moving along the
right-hand branch of the focal line no further change in the positions
of the fringes was observed.

The results of these experiments suggest that the phases in the
two branches of the focal line are in opposition and that the phase along
any one branch of the focal line is constant. These results will be used
in the theory which will be desveloped later.

Experimental Investigation of the Intensity Distribution in the Mask Plane.

A photomultiplier tubs was attached to a moving carriage in the
mask plane. Its axis of motion was sst perpendicular to both the-optic
axis and to the object edge. The light entsred ths photomultiplisr tube
through a slit mounted paraellel to thes object edgs. The width of the siit
was 10 microns. The carriags was adjusted so that the facal line was
sharply focussed in the plane of the slit.

A second photomultiplier probe was arrangsd so that it msasured
the luminosity of ths incident undiffracted beam. The output of thess tuwo
probes was then fed into an slectronic circuit uhich produced a valus for
the ratio of these two outputs. This arrangement was used in order that
any fluctuations of the light source would not affect the rsadings.

The luminosity (more correctly a relative lumingsity) along the
focal line was recordsed in 100 micron steps for @ total distance of 15
millimeters.

Figure 24 (see page 32) shous the curve obtained when making such
a scanning of the focal line. The numerical data is listed on the follou-
ing page.

The two graphs on pages 34 and 35 show ths plots uwhich were madae
of lag “W(%nll versus the logarithm of the distance from the center of
distribution along each of the two branchos of tho focal lino. The olopoo
of these two lines indicate that 5NN30,3 is proportional to gf along eech

branch,




In the case when no object is present in the object plane the

cdmplex amplitude in the mask plane is represented by:
L3} |-x" P
L -2 (x,z.-o-m,%_,)
’ M(g"g‘) = X X D‘xmxz) b e Am. CJ%, (‘5)
-t -} :
%y %a
A A

¢ (=T _,
N £

-} 1 7%. 2 "y Y el
% /
..‘ -} -41-x;
..//‘L/ ‘ //K_/

object abssnt object pressnt

*a the case of a uniformly transparent and uniformly illumi-

nated pupil I(%,,%;) = 1.

Y
=3¢,

5~ Mig,0 = SL; e olx.g dx,

L e de 1)

S

(continued on page 36)
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Scanning of the Focal Lins

Dist '
gtance  Ratio A/B Distance Ratio A/B  Distance  Ratio A/B

(mm)
i - (mm) (mm)
P9 5.0 .9
-; 1,07 5.1 1.02 :tg ig.o 92 X1 :
. 1.10 5.2 1.15 10 2 oY S
-2 1.15 5.3 1.25 x10 io°2 81 o |
-4 1.17 5.4 1.37 10 13.3 14 a0 %
6 1.23 5.5 1.50 x10 1 s o X |
.7 127 - T RRT: 0.5 .65 x10.
-7 1.30 5,7 1.85 x10 o 81 2
: " o8 3 10.7 .57 x10
"o . x10 10,8
o2 1.38 5.9 2.3 x10 10 2 a0
1. 1.42 . 6.0 2.7 x10 0 50 a0
.1 1.47 6.1 3.0 x10 0 e
12 1,53 6.2 3 a0t 12 415 310
1-3 1.58 6.3 42 X0 1i°2 e X
1-; .16 x10 Bud .51 x10* 11'2 el
1.8 116 x10 6.5 63 x10° L5 X0
1.5 .165 x10 6.6 .76 xIe® 11.6 T
LT 175 x10 6.7 .95 x10° 11.7 3
1.8 .180 x10 6.8 1.40 x10° 11.8 ST
L,8 ,150 x10 6.9 2.00 x10° 119 355 X0
. .20 x10 7.0 d : :
2.1 .21 xlo 7.1 3.24 Xig‘ 12.0 .28 XIO
2.2 .22 x10 7.2 X 122 2 :
2.3 .225 x10 7.3 .80 x10° ig'g o X0 :
2-4 .23 x10 7.4 .60 x10* 12'4 o x10
2-5 .24 x10 7.5 .60 x10* 1205 s
2-2 .25 x10 7.6 4.0 xl10* 12.6 ot
2- .25 x10 7.7 2.5 x10? 12'7 ST
2.8 .26° %10 7.8 .79 x10® 12'3 2o o
9 .275 x10 7.9 .375 x10° 12'9 "o Xl0°
3.0 .28 x10 8,0 2.3  x10° 13'0 Cae e
3.1 .30 x10 8.1 1.75 x10* 13'1 T80 XI0°
3.2 .31 x10 8.2 1.26 x10* 13'2 17 Xl0°
3.3 .325 x10 8.3 '91 10* : e
32 0.3 .72 xlo‘ 13.3 1,70 x10°
3.5 .36 x10 8.5 "ss x10® I3e s o,
3.6 .38 x10 8.6 .48 x10* 13.6 e XI0°
3.7 .39 x10 8.7 40 x10* 13.7 e XI0°
3.8 .42 %10 8.8 '34 10* : 1o Ao
3 420 8.2 -3 Xlo’ 13.8 1.425 x10°
4.0 .46 x10 9.0 °255 :10‘ ii'g e XIOZ
4.1 .48  x10 g.1 '225 x10°* | 14'1 T e
4,2 .51 x10 9,2 1.95 x10 14.2 T o
4.3 .56 x10 9.3 1.75 %10 14,3 b
4.4 .60 x10 9.4 1.60 x10 L4.4 L2s o
4.5 .66 x10 9.5 1f45 %10 14°5 2 e
4.6 .70 %10 9.6 1:35 %10 l/.6 l.l? XI0°
4,7 .75 x10 9.7 1.20 x10 14.7 RIS
4.8 .81 x10 9.8 1.10 x10 14.8 e iof
4.9 .88 xl0 9.9 1.00 x10 14.9 105 e
1, . 1.03 x10
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M(tat.,o) 2§ fi-oz -Cos(zwoc.tat,) Aoc, (1#)

n

or M(g,,,o) ‘rg (1-oc> cos(amx,y,) d=x, (18)

M(%,,o) = gﬁ(;_w) (19)

unore  0\(2WY) is the first order Bessel function.

For large valuss of Y it is knoun ¥ that 3'.(211‘3,) varies
3 1/3,:"'- « Thus it is seen M(\é.,o} is proportional to %-3/2 in
tois ragion,

The presence of the objact edge in the pupil changes thas ex-
sregsian for M(s.,o) as follous: {

! -iznm,%.
,v;(%wo} = S; 8 C]m, .gﬁ.? sz

d -c2Tx, Y,
= 2 S [1-} e JOC,

3 Plf——-—? .
= 2 g (1-acF co§(amzy,) dx, =2 ii-% Sin(arxey) dx, (20)

tional de
# Sge page 132 of “La Theorie des Fonctions de Bossel® (Centre Nati

Recherche Scientifique). 1955
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It has already bsen shown that the first integral is pro-
-3
portional to Y, " .

The second integral in equation 20 may be found in Watson* as:

L3y, ' V. o '
H,(z'n%_,) =~?}(32—)¥‘:&';3)— . S:(l x, ) Scn(zng.x,) d-x,. (21)

where H.(mg,) is Struve's function of order 1,
and f[Y(1+a)=e.! is knoun as the "factorial function®.
Jahnke-Emde** give the values of ((%) and {(%)as ), and

w respectively. Thus it is sesn that

&:((-ocf)"‘. Sin(2nx,y,) dx, = ili—;'m (22)

Watson*** quotes an asymptotic expansion for H.(zrrx.) when

~1ﬂ8. is large.

B ; r("/z)
H.(‘Lng.) = \A(zng,) +2 ﬁz) Faee
y,(zrrg.) + %r oo (23) ‘

In the same volume, on page 199, may be found an asymptotic -
sxpansion for V,(zng,). Consequantly, for largs valuss of 28y, , it is

seen that Hu(')-“'B-) o Q./n_ .
Thus |

,S:("‘JC?)%' Son (2my,) das, = %.md, (2k )

]
The second integral in equation 20 thus varies as (zng.) .

* Watson, G.N., A treatises on the Theory of B8sssel Functions, Camb.
Univ. Press (1962) p. 328, equation l.

##  Jahnke E,, Emds, F., Tables of Functions - Dover (1945) p.l1l1,

##%  |latson, G.N., p. 333, equation 2.
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The expression for the intensity in the plane of the mask is
2

% ' N 2 '
lM(%,,oﬂ = 4[ S(I-—JC. )t cosfamx,g,) Jx,] +4[£(}-ac,‘)v‘- Sin(2mx,y,) Jac,] (25)
But :

[S;“-'JC")%-COS (2m2,y,) dx,J’l cc '/g?

And ' 2
[3: (“'x?)%' Sih(zrr:zc,%,) dx‘] o '/g:z

It is seen that the first term in equation 25 varies much
more rapidly with 3.than does the second term. Consequently, in the
regions of large Iyl , ths intensity in the plane of the mask will bs
adequately represented by the second term of the equation.

The first term of equation 25 is the representation of that
part of the intensity which is blocked by the mask.

It is seen that the '/31 variation of the second term confirms
the power law found in the scanning performed with the probes. This
term is the square of the integral of an odd function. This prediction
that the branches of the focal line ars repressnted by an odd function

of 4, is also in agreement with the results of the phase scanning men-

tioned earlier.

The theoretical calculations indicated above are well known
and wsre prssented hers with the object of providing a convenient basis
for ths discussion of the expsrimental data.

The following treatment is dus to Prof. Lansraux. It pro-
vides an expression for CQ}), the complex amplitude in the image plans,
A system of infinite aperturs (integration carried over the domain -o>+w)
will be dealt with first, and then the case of the finite aperturs will
be discussed. |

a) Infinite Aperture.

The complex amplitude in the imago plansc ie givon bys

C<3.) =_§: Mty e-azﬂg.g. c[ta.
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The function Cﬁ})For both positive and negative valuss of E
is shown in figures 27 and 28 on pages 41 and 42 respectively. The
curve of S?(znego vas found in Jahnke-Emde*.

Figure 28 is a composite of the curve C?}) and a diffrimoscopic
image. It is sean that tha theoretical curve represents rsasonably
well the distribution of light formed in the image plane. This figure
also shows that (3 is an odd function of % » that is, that the two
branchss of the complex amplitude curve ars out of phase. There is a
particularly good agresment between the predicted broad minima and
those found in practice. Furthermors, it is seen that the curve C?ga
represented in figure 27 crosses the 29€3 axis at some value of the
argument, say, ME€3.=P . It is sesen immediatsly that the position
3. of the lateral fringss is linked diractly to the width 26 of ths
mask. Y

This leads immediately to an explanation of the phenomenon
known as "ultramicroscopy". Ultramicroscopic images of a pin are
shown in figure 29 (see page 43) which shows the transition betuwsen
diffrimoscopy and ultramicroscopy. As ths diameter of the masks is
reduced the interior of the pin becomas the luminous area whereas a
classical system would present ths interior of the pin'as a dark zone
surroundsd by a bright background.

The next figure shows a schamatic figure of the curve pre-
sented on page 4l. The shaded areas have besn marked with plus and
minus signs according to whether the amplitude of the CQ&) curve is
positive or negative in this region. It shall be assumed at present

that ths amplituds is positive on the shadow side of the object edge,

P s R o
’ ,/ /// S e '\_:\vx\\ '\\\_‘\\\\«
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% Jahnke-Emde - "Tables of Functions" (Dover) - 1954 - p.l.

(continued on page 44)
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Figure 28 « A composits of the complex amplitude and the e
. diffrimoscopic image. ' The positions of ths A

minima in the two figures were made to D i

corraspond to sach other. : N







Figurs 29 - A composite of images of a needle point showing the
transition from diffrimoscopy to ‘'ultramicroscopy.
Starting at the top left the mask dizmeters are 8mm,
4mm, 2mm, lmm, O.6mm and 0.3mm respectively. Since
the object in this case does not present a siraight
edge, a circular mask mountsd on ths surface of a lens
had to be used.
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The next figure shows the effect (see figure 9 on page 10)
that a narrowing of the mask has on the amplituds distribution in the
image plane. The luminous areas immediately adjacent to the central

minimum are broadened, in this case, to fill ths entirs fisld of visuw.
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The effect of adding another diffracting edgs in ths objsct
plane is to create a zone of destructive interference outside the re-
gion bounded by the twc edges while thes region within the edges is

luminous as shown in this next figure.

REGION OF + o+ = acdion oF

PESTRUVLTIVE - B .»+", + DESTRUCTIVE
AL .

INTERFERENCE L wTeEaFeENCE

If the shaps of 2 nsedle wers cut out of a piecs of shest=~
metal and introducad into ths object plane the imagss would have ths
same aspect as the real needle in figure 29, Ultramicroscopy can be
s8xplained as a special cass of diffrimoscopy.

b) Finite Aperturs.

The complex amplitude in the image plane in the casse of an

aperture of diametsr L is given by:

Ly,
Ctay = 2 Cst SG s_gx%w dy, (29)

Let
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Equation 31 is a mote gprract expression for the complex
amplitude Cbain the imags plane. A comparison with equation 28 on
page 39 will show that ths only differencs betwesn the result of the
two treatments is that % is rsplaced by Séczn%aa within the squars
prackets. This ssems to provide an sxplanation for the small fringes
which ars ©lose to the black central frings of the diffrimoscopic
phanamenon. For small values of UEY the argument zngg. will bs
in the region of ths Sine-integral function which oscillates slightly
abaut gi(mli;},): T__E « At large values of 273  the Sine-integral
function will have reachad the valus g and no more small fringes
would be obsservad.

Some preliminary experiments have been made which indicate
that the small fringes are indsed linked to the width of the aperturs.
Thase experiments, however, sesmed to indicate that thess small fringes
were insensitive to small changes in the apsrturs. This may or may
not be explained adequatsly by ths pressent theory.

1t was noticed, also, that a reduction of the agerture did
not affect the width of the central fringe. As this central fringe is
linked to the resolution of our system it seems paradoxical that the
resolution of our system does not strongly depend on the aperture. It

is also noted that this central black frings has not yet been fully
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explained. 0On the basis of ths preliminary result contained in equation

28, it would seem that ths central black fringe should be infinitely thin.

A graphical repraesentation of equation 31 has not yst been made. This curve
might have yiselded some‘explanation'For the width of ths central frings.
from equation 31 it is expected that this possible explanation could only
be linked to the apsrture of the system, but as has besn mentionad earliser,
the preliminary experiments do not bear this out. It was possible to ra-
duce the aperture of the system without changing the width of ths central
fringe. This then remains one of the problems which must be solved with
this project. It may be that the central black frings is insensitive to
changes in the aperturs when the aperture is large or it may be that this
fringe cannot be explained on the basis of a classical theory.

According to Young*, a diffraction pattern is the rssultant
of the unperturbed incident beam and reradiated Huygen's wavelsts from
points on the edge of the aperture. Later, cther authors (e.q. Bouasse)
proposed that the light reradiated into thas shadow of the object was out
of phase with that reradiated into the illuminated region in order to ex-
plain just the type of phenomenon now under study.

A notion which is clossly related to those mentioned above has
been investigated., It is assumed that the object in some way parturbs
the "light field". Estimations of the naturs of this psrturbation may be
caiculated by starting from the characteristics obssrved in the image plane
and working back, through tha use of Fourier transform theory, to thas ob-
ject planas. Ths calculations are illustratsd in the appendix and the re~
sults are summarized belou,

The average value of the perturbed amplitude in the object
plane was found to be zero. Ihe perturbed wave was calculated to be

90° out of phase with the incident wave and Bouasss's supposition was

* See Andresw, C.L. - “0ptics of the tlectromagnetic Spectrum" -
Prentice-Hall (1960) page 300,
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verified. The perturbation at the edge itself was found to be Zero.
This last rasult doss not seem to be in agreement with thse results of
other workers. These calculations will have to be re-examined but

the principle of ths investigation of ths object plane has besn illuse-
trated. It is hoped that with this technique the mechanism of dif-
fraction may be more fully undsrstood. This technique has an advantage
over the technique used at microwave frequsnciss where a probe is used
to investigate the slsctromagnetic field in the vicinity of the object,
At microwave‘frequencies it seems impossible to chart the fisld in

the very close vicinity of the sdge bscauss of edge-probs intsractions.
In diffrimoscopy probes are not necessary and consequently this li-

mitation does not exist.
11l. Further Studies in Diffrimoscopy.

a) Direct Expsrimental Evidence Showing that the Black
Fringe is not shifted from the sdgs.

It may be that the black central fringe is slightly dis-
placed within (or without) the geometrical shadow of the edgea.

An expsriment should be performed which would prove that the
central black frings lies exactly on the border of the geometrical
shadow of ths edge. It has besn assumed up to now that this is the case.
Such an experiment could meke use of complementary objects, such as a
strip and a slit of identical width. The widths of thsse objects could
then be found by msasuring the distancs bstween the two central black
fringes in their diffrimoscopic patterns. A shift of the central fringe
by an amount ¢ within (or without) the border of the geomstrical shadow
would mean that the two widths mentioned above would differ by an a-
mount 4¢- . Ths use of complementary objects thus would provide suffie-

cient sensitivity to detect all but the most minute of shifts.
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b) Intensity Scannings.

The intensity scanning of the focal lins was performed with
the use of a spherical mirror in the off-axis configuration. It is
hoped that in the future a better arrangement will be possible with
the use of off-axis paraboloids or with the use of beam splitters so |
that the spherical mirrors could bs used in the on-axis conhfiguration.
This latter arrangement, it must bs remembered, has ths disadvantage '
that the intensity in the focal line under the best conditions would bs
reduced to $ of the original intensity. The use of more ssnsitive
probes togsther with a better optical systeém would provids 2 mors ri-
gorously correct scanning.

A scanning of the final diffrimoscopic pattern is also plan-
ned in order to provide a more complete verification of the theory.

In this cass, hémever, it is felt that probes of increased sensitivity
are assential as the luminosity of the diffrimoscopic pattem away

from the central arsa is too low to be measured with the probses pre-
sently at hand., A scanning of the diffrimoscopic pattern formed when
a phase reversal plate is present (as shown in figure 15 on pags 16)
would provide a check on the scanning mentioned above and may yield

a better explanation of the normal diffrimoscopic pattern.

A complate analysis of this data together with the thaeory is
needed to ensurs that the small fringes and the broad fringes of the
diffrimoscopic image are indeed correctly and exactly sxplained.

c) Central black fringe.

Moreover, there remains the problem of the central black
fringe which is seemingly not explained on the basis of the theory pre-
sented. As was mentioned sarliesr, this theory predicts that the central
fringe should be infinitely thin. This fact may be an Bxpression'of the
approximate nature of the Fourisr transform theory or it may be an ex=-
pression of a perturbation in the vicinity of the diffracting edge which

was not taken into account when formulating the equations.,
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Fzgure 30 - The diffrlmoscoplcflmages of a stralght edge, a rod: .
and a ball. The overall magnmf;catzon here is l9x.__w{“/'

d) Asymmetry for objects whose edge has a largs: radlus off¢ 7Q}§ﬁh ﬁ‘¢tf\ t
curvature (sse figure 38). A ENI

The asymmsetry present in the case of the rod and ball‘manﬁiﬁhéd‘

on page 5 does not seem to be linked to an interaction of the ;ight‘dif;y
fracted from the various edgss., A black frings is still present*bﬁt
adoitional work is needed to prove that this frimge is not shifted. It
is necessary to know mors about the diffraction pattern in the case of a
large radius of curvature if the diffrimoscopic technique of measurement

is to be applicable to all mannsr of objects.
1V, Practical Uses of the Diffrimoscopic Technique.

The improvement in the reselution of optical systems which

the diffrimoscopic fechnique permits certainly must bes regarded as one
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of the acre significant pructical a#spects., From this is derived the
principle of tre "arofiloscope" which was announced by Prof. Lansraux#*
in a publication ir which this author participated. The "profiloscope"
would permit metrological pointings of object contours with a much
batter precision thzn obtainable in a profile projector,

From the academic point of view, howsver, the most important
aspact of the diffrimoscopic technique is its usefulness, which has

aiready manifested itself, in the ‘undamental study of diffraction phs-

nomana. It nss yielded an uxplanziion of ultramicroscopy**, for example,

~

floreovar, since the phase in th: mesk nlane has besn found to be cons-
tant 1t s possible from a scanning of intensity to arrive at the am-
plitude distribution in tnis planw., it is then possible to calculate

the amplituos distribution ootn 1n the image plane and in the object

nlans,
g Lansraux G., "Oiffrimoscopy" -~ Metroligia (April 1965, vol, 1,
op. 31 ~ 36).
L Professor Lansraux suggested this link between ultramicrosccpy and

diffrimoscopy after seeing the photographs on pages 42. It ssems,
howsver, that there ars certain ultramicroscopic arrangements which
remain best explained on the basis of the Tyndall effect. An ex-
ample of this would be the ultramicroscopic arrangemsnt used by
Siedentupf.



- 5] -

Description of Apparatus.

1, Light Source -

This piece of equipment is shown in the two photographs on
page 52, It providss a light - tight housing for an Osram, mercury-
filled, super-pressure lamp. The lamp bulb (sse figure 31, page 52) is
cooled by convection currents rising through the housing. It carries
a current of S5 amperes at 100 volts through a small (ar1/16")arc. This
ensures a high luminance which is important for experiments in diffrac-
tion., The arc is then focussed on to a removable pin-hole which be-
comes the effective source for the optical system. Pin-holes of 200
microns and 30 microns were ussd, Provision is mads in the design of
the housing for adjustment (see figure 32) of the lamp bulb along 3
perpendicular axss so that the arc can always be focussed on to the pin-
hole which remains fixed. This facillitates the changing of bulbs with-
out the need for any adjustments to the optical system.

A variable Tilter housing was desicned by the author to fit the
light source. Changes in wavelangth could then be realized, again, with-
out the need of readjusting the optical system. This housing may hold 4
filters or 5 filters and ons "hole® for observations madse in polychro-
matic light.

2. [lask Hclder -

The mask holder (shown on page 21) was designed to provide
~.cion along 3 perpendicular directions and a rotation about the optic
zxis. The linear motion was realized with the uss of UniSlide dovetails.
The moving surfaces of these slides are coated with nylon to provide
smooth movement. The rotation about the optic axis was realized with ths
usea of a 5" diameter Torrington needle bearing. This allowed ths strip
mask to be adjusted until it was parallel to the diffracting edge and thus

perpendicular to the focal lins.
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Fiqurs 32:

The light source.
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ure 31: Tha lamp bulb and housing.
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3. Lens Holder -

The holder shown in figure 33 was designed to provide ‘

“motion along 3 perpendicular directions and rotations about 2 axes per-

“pendicular to the optic axis. The lenses could be correctly positioned
and oriented by makingkusa of the reflscted light. The lenses themselves

are 4" diameter, air-spaced, telescope objectives obtained through the
Edmund company.

figure 33:

S

-,
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4.*“ﬁicroscope -
. This microscope was designed so that it would move along two
‘perpendicular axss in the horizontal plane. The motion of this large
" end heavy pisce of equipment along these directions was made possible with
the use of hardened stainless stesl rods and adjustable Thompson ball bush-
ings. The pushing force was provided by a special Roton planstary screuw.
This screw also gives a free-wheeling action vhen the end of tha travel
has been reached. A small vertical adjustment was also provided in the
design. The microscops was built with a special objective carrier by which
one could chbose either of two magnifications without the need of refo=~
cussing. A removable S0° mirror was built into this system. Visual ob-
servations were made with the mirror in place at 90° to the optic axis
(figure 34) while photographs could be taken with the removal of the mir-
ror (figure 35). It was necessary to insure that the mirror would return
exactly to the same position gach time it was moved., Care was also taken
to insure that a correctly\fccussed image observed visually, corresponded
to a correctly focussed image in the film plane of the camera. The micro-
scope objectives used were obtained through the Wild Company of Canada,
The construction and a large part of the design of this plece of

equipment is due to Mr. M. Ranger.

Figure 34 Figure 35
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'

S.W*EError -

- A system of spherical mirrors was used for part of the
research for this project. The mirror shoun below has a radius of
curvatura of 9' 7" and a 124" diamster. The -particular mirror shown
heée was usad to focus the diffrated light. One of the spot masks which
were used to stop ths incident light is shown stuck to ths center of the
mirror, These mirrors wers fabricated in the optical shops at the

National Ressarch Council.

figurs 36:

i
1
i
|
i
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AR system of sphcriczl mirrors was used for part of the
research for this projsct. 7The mirror shown below has a radius of
curvature of S' 7" and & 124" diemcter. The sarticular mirror shouwn
.ore was uscd to focus the diffrzted light, One of the spot masks which
LoSC LSO TS Stop uhe lncident light is shouwn stuck to the center of the

c

WlISOr,

National Research Council,
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Appsndix A

On page 7 the resclution of the diffrimoscopic system is com=-
pared to the same system operating in a conventional manner. This dise-
cussion was based essentially on the predicted resolution according to
the Raylsigh criterion,

The Rayleigh criterion, howsver, sets the theoretical limit of
resolution under the best conditions. The system used for this re-
search project had a point source which was in fact not a point but a
hole 200 microns in diameter., This would thus raise the predicted li=
mit cf resolution. In fact it is difficult to predict what resolution
might be expected when an object such as a straight edge is used., It
sesme safe to say, howsver, that the nst classical limit of resolution
of the system was in excess of the 25 microns quoted in the text.

An attempt was made to increase the diffrimoscopic resolution
of the system by replacing the 200 micron pin-hole with a pin-hole 30
micrens in diameter. The width of the central black frings did not
change noticeably., The resclution of the system operating in the dif-
frimoscopic manner does not seem to be greatly affected by the changs
in tha degree of collimation of the light.

The lenses used in this system weres not achromats. This, how-
ever, did not affect the resolution of the diffrimoscopic system and
the reason for this will be understood from looking at figure 10 on
page 12, New achromatic lenses have been received which will improve
the overall character of the images but wvhich are not expscted to appre-

ciably improvs the gain in resolution.
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"focal line" ——u.

Appendix B

The case in which the object is placed in a beam of convergsnt

light is depicted above. This is a 3-dimensional rspresentation of a

part of the system shown in figure 3 on pags 3. The incident light

{coloursd blus) is focussed on to the mack fi by ths lens L, uhich is not

shown in this figure. A strip mask may still be usad because the light

diffracted by the adge still forms a "fecal linse® in.this casa. '
A similar argument would show that such a focal lins would' be

formed even in the case uhere the object is placed in a beam of diverging
light.,
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Appendix C
The complex amplitude distribution in the object plans is
D (x,3.) . This may be uwritten as:

DX, %K) = B (% X)) + D {2, ,%,;)
where D(,,%,) is the parturbed complex amplitude
and L%, y20,) is the unperturbed complex amplitude.
Or page 31, no perturbation was assumed. In that case, D(x.%)=0
and consequently D (x,,%,)=ID{x.x,) The symbol D(x,,x,) was
thus used on page 31 to represent the unperturbed complex amplituds
in the object plans.

The aspects of the diffrimoscopic image which are as yat un=-
explained on the basis of the Fourisr transform theory must in some way
or another be explained in terms of the function D@(%) mentioned on
page 19. The oddness characteristic of this function was derived essen-
tially from the fact that the imags presents a central minimum. This is
the only part of the complex amplitude distribution in the mask plane
which could possibly have any information concerning the perturbation and
still be detected in the image plane. Consequently, only this part of th
complex amplitude distribution in the mask plans, Fﬁc(g‘) , will be used
in the following calculations. It must be remembered that the complete
form of hﬂa(gg is as yet unknown and is not completely given by the se-
cond term of equation 20 on pags 35,

a) In one dimension:

K,
Ma(g.w 3: D (xy © d=.

where K is the diameter of the pupil in the object plane.

% L.,
Mn(-gj-)': D (D G B

Since f&g%ﬁ is solely an odd function:

-Lzrmc,%

;vlo (‘A'f') == Mo('g’t) or Mc ((‘f.} + Mc("‘é;) =0

(32)
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K/'L

“/z T,
S ID(ae,) G_me‘%loloc. +.S ]D.(x.)ec 'x&o}x. = 0 (36)

(<]

2 ¢ 2R Uy ¢ 2T .xl |
S J})(oc‘)[ e 4 + @ Tm%:} clac‘ =0. (3%)

Ko

2 S ]D('JCA'COSC’ZU&.E-‘) dx. =0 (38)

-]
Ky

This is true for all values of Y.. Therefors, S‘ D(x) AOC =0 (39)
¢ ¢

That is, the average value of ths perturbsd complex amplituds
in the object plane is zero.

b) Using the notation introduced in equation § on page 18:

D = §‘, M. (g cos (o, gklm +c§ M (4 Sin (2rz,g.) g (40)
Since MO(%,) is an odd function of Y
cos(zx,4) is an even function of 4
gin(rx.y) is an odd function of &

)“L'JE Moty sin(amex.y )cl% (41)
The complex ampl;tude of the perturbation is thus 90° out of phase
with the incident radiation.
c) At the edge X, =0

Thus Ly .
C -1
Tbcm-:? Mgy € ’ AJ‘ (42)
bscomes lez
JD(oc.)M_o: Sy, Moifg‘)ﬂ%, (43)

Since f\(olg) is an odd function of 4.
Ly

£ Moy dy, =0 (44)

E »‘x&‘“"h%’i""gﬂ

y
f::} ‘
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Thus D (OC;)’ =0
_ o =

, =0

The complex amplitude of the perturbation at the edgs is zsrc.

(457






