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PART ONE
Introadugtion

INTERELIENCE microseopy is o method for examining phase
chunging specimens which has been known ind discussed for
u considerable time, But o general appreciution of its practical
vilue has arisen only of recent years, largely as a result of
ERperience with the monw well-established phasie contrast ech-
nigue of Zernike.

Phuse contrast and interference microscopy both provide
intensity comtrasted images of phase chunging specimens by
means of optical interference phenomena, but the important
charieteristic of the latter method is thut the mutally nter-
fering beams which produce the contrast are generated by il
interferometer system incorporated mto the microseope itself,
thus avowding ii..-p-:m‘n:nct upon diffraction by the ihject
structure.

Two advantages follow  immedistety from  this . md'f:
pendence.  First. that contrast can he obtained for I'l:.LE.uFL-E
causing phase changes which are (oo uradud] 1o Lhifml.l;un
adequnie proporton ol the hght q1tl1_‘-li:iL: Lhe rl.]'ii!.'-il: ‘stl_.}i] o :li
phase combist microseope. thus ;:nu_hhrig Fhu.”: g:‘:ldﬁ_:l'lﬁ- .'I'
well s abrapt chinges 1o be perceived, This resulls |n.~.1.ll1
SRR "-|"T|u~,_-.h i tE peneral o phology +11f Thq_‘ia['h:.q.-.
per better than phase contrast does, and which h:l.ur:“..l
vesemblance 1o thil ohlained by staining methods, . Seeondadly.
the direct dluminution nesd no longer _l”: r""“r“ftﬁdk mw:
marrow portion of the aperure. thus avoiding the we ‘,l}ume
artifacts. that result from severe stopping<down, WL-I“[t?htureu
confusing mmages of the substige SWOP formed by feature
which are parily out of oo

| unideubled advantage from L’;:

nhserviional standpoint, hat af cven prefer H“F-m-:':?l:é this

||"|L" J.I-.'Illl-!ll":. 1|-|'i||- ”I'_ T el .|“I.I|'-|.!‘.'- [ﬂr "‘!cﬂ'&l 11:H11I: i

precise amount o phigse chanae |||||LJIII,I."11. It is l“:‘l s

see plhiase chunges of less than 1120 w;l‘ﬂ"'b"“l'iﬂ‘-l‘:ﬂln Han
it o 4 o ol gt ¥

govnl comditions changes of 17300 wiryeleng

obiserved

The Toregomg ore



HAKER INTERFEREMCE MICROSCOIME

The interference microscope thus permits both obseryy-
tion and measurement of the various phase changes prodyced
by transparent objects and this alone s often extremely
vitluable; but this value is greatly enhanced if the phase
chunges produced by objects can be converled into, for ex-

Swing-oul polariser. Tha ratatian ol iy

element contrel the mitnnaty selabonihip
belween the dooklewliacted baamu

cpormithing e ol -el-loos image le be

ample,  biochemical information  about the total  protein oxtingiivhed ~for: nomal N ammittacdighs Eye-
content of o living cell, or its water content.  How this parfic- ety piece— | —
uliar information can be obtained from phitse measurements _
has been recently disclosed by workers in this field. Tt would G i
be impossible to attempt a review of this valuable work in
the confines of this publication. but formulae are given in T Al oy ot Ao
Part Two for converting the measured phase relationships into K
refractive m_nhcex.lund in addition the reader is referred to Boublu-reliactng piate - comanted fs the .
the papers listed in the Bibliography. frank Jens ol the cobdenser  1ondering M —J
bi-lacal
H—l || @
D{'-.‘i"l"!'!‘ul'fﬂﬂ ﬂ]r the -r'”-.'if.l"l'n'n'”\‘.’f” Drible-relracting  plata woderng  he r:& :
; ! A ' ! chijoctivie bi-Tagal
The optical design of the Baker interference MICFOSCOpe

was developed by Mr. F. H. Smith in the firm’s labora Lories;
While in mechanicul design it closely follows the Baker Series
4 1I'!!|Ill'l.il'l'h!!'llh. with important modifications o meel the
ﬁpet:!ﬂh.'i:.'d requirements of an interference microscope (Plate
11], _i"hl.: Seraclz. 4 microscopes are described in i sepitride pub-
lication, but it may be convenient to recapitulitte their chief

Tho re-combaned doulsin alincted 18y
Quartar-weve plats,

Tha yo-cambinad toys cireulinly. polarized n
appaste diretiams by the quarier wsvn plate

characteristics for reference here. o
Y Rotatnble analyier. with awing oul ssciean, < -H_.'FFE
(.{'H.lr.w and ﬁnﬂ fﬂuu:-s:ing movements i‘lrlﬂl'utu on the calibrated in dagrent _Iris
age, while the body-tube remains stationary, although its s ==
sition in relition 10 the stibe of fhe | oo o tOUET 8 £ T e LS WL i W20 k 2iar,
EI:::L iy (- ; M 10 the stapge of the instrument can b T P o i ;: Abcmn e i ) __Stop
anged by releasing the lever on the right hand side of the el ! ' tray
::mh and sliding the tube in its dovetails, T he Tever operales b i
hhf:::::l dl;l:lﬁl;']r:"?:,nf P‘.ld Whjﬂh h‘}Ed lh': I'”f-'“: ||rITI]!.-' T]]L-' h”':]-l' Firsal impga achibitng interfnmmes betwaen
E i . uppnnud hy ”'II.,‘_‘ h—'ﬂ J]Ill'-.i,l W hiTl\{ []'[j}_.: .Jl.fiuﬁl- tha pefadun imags ol the object i — e — —
?{:.‘I:ll i m.u l.lc'-_ This arrangement of fixed bady and imgeted psn (he oubolfec ke
ot SINg stage has du:tmur. Ht]'n"ft!‘l[il._l:ii_'.'i, particularly in photo-
Fﬂﬁii?ﬁi};rb:j:ﬁﬁmg tontrols are in a convenicnt, low
Ihl: I'I'IHIl:,'d hmd;.&f L1h:|.|lidli L ['.II: rL-_Huu.I (a1} ll'H'_' I.'.'t'-'nl:ll.' “-|-|||-1-| Priis
close m"“imit}‘: Elf;ht::df::ltiluml Hae ~I'-'!J’Ilh1r1'|L'n1 are p|:lr.:w':|.f " 1 Cieneral diagram of the [ayoul of he Bukis Doy blerelmetlng lnber

bean be reached by a single move- letence Microncope.

ment of the hand,



3 INTRODUCTION

In the case of the interference microscope, eich ubjective
requires its own special condensing system.  To [ucilitate the
casy and rapid change of condensers the well-known sliding
type of changer after Akehurst is provided, in which each unit
is mounted on its own dovetailed plate, whieh slides into i
corresponding fitting on the substage,

- Plute One shows the general appearance of the interference
migroscope and the positions of the different parts,

Below the condenser (C) is situated the polarising plate
(P with a lever o control its orientation, and mounted on
hinged bracket to enable it to be swung out of the uxis, Above
the polariser is the iris diaphragm (D) and below it the tray
for colour filters, as found in conventional substage arrange-
ments,

_ The condensers are pre-centred and placed in their correct
orientation in relation to their changer slides, and no wtlempi
should be made to unserew any part of them, The pairs of
knur!rd serews (SC) on the upper surfaces of the plates control
the tilt of the systems, as explained below (page 22),

The objectives are mounted on the usual type o iy
nosepiece changer (N). - Unlike normal ._,hiﬂ”g,_].:i' hi:l“ﬂﬁ
never be removed from their nosepicces and are. in fucll.
]I);nnr:dd in position to prevent this accident from happening.
Viider er that ather objectives may be used on the stand, pro-
rejr:u ‘m r;_md: for the entite nosepicee with its objeetives to be
e "us‘:g{ﬂﬁcﬂiﬁ?ﬁc :ibll:nu.invu_luii_slidr:? and replaced by
or normal objectives. & alternutive interference objectives

Immi"m?tilghﬁ hﬂd;::gut;g above the nosepicee is the tube-
: . 1ens (1) for the binocular tubes.  This js
rl:;:u:i:ie:t;? I::I‘I;wb::]&“md; ﬁrl:'lng eontrolled by o lever: on the

i Y and above it is the quarter-wave retird
ation plate (RPY on 5 slide S the guarter-wave retird-
posi ' e marked with the " in ' and * out®
“ﬂl:;?:ﬂn:l”{ﬁﬁ?;wﬂm:::il _‘:“ﬁ"ur-w;wr plate & the rotating

" ¥ n ﬁgrmﬁ UHI.J '.-'.'||:|- o (i L sition

marked by 4 red line on the graduntion cirgle |

Interg
srew irﬁ;h:tﬁf?ph;:rn::bm?m; “”hff Mnoculur eyepiece fittings
! of the body.-tube: when the | p
% ’ ' cn the lTormer
i use the tubelength compensating lens mist b
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Dagrommutic represenintions of the paths of mys through s shearing
syslem (nob 1o séalel
A The bhdic parts of the Instrument, see ulsiy Plales 1and 2,
(¥: object wave with [dcud profile
R reference wave with shelred profile.
B: Enlargemnent of the spuce belween the condenser aind he dbjective.
FLi Object focus.
F=: Referonee focus
Ob: Obpect plane

swing avide,

The mirror bracke! plugs into the tail of the limb by a
three-pin fitting and is thus readily removable if it s desired
toy use the microscope in o horizental position or on o I'mjnt.'h:_»
jux Base. For photomicrography the Projectolux cumera unit
is available.  Full partioulars of the Projectolux and camern

unit ean be furnished on request.
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W
. Tesv-Futtie 2
LT.CIuh%?_:l-ufii::“’};':lls;wljITU[: e dppearances seen iy the Wiearing amb the
Ao Shearing syslem nhowin eomplete sopocilion of thie e inge 10
amd the sheared e (7)
= e gLt batween (nptle. aabs and contre of referenve ares
b marimym size'af ool which can he viewed withou avertap
i Sheeating syslem liowing sime overlan bt
mod the sficared one (v}
y=keplmblom between optic axis and centre of refareticn ren

mothe true fmpde 1

Shaded poction repreiang

] f sards bt ures of the owe nvige over
Fpped BYihe  shieared iitge  aitl o aliers I~-n.: invalld  fi
mensrement,

£ Bouble-foci vyaton ;
y=dinmeier ol (he) faleronde ween s llable frr making medhire
menly 6 the svloplasm of the ool show i b s of 'which
Nirte: ]1]:;“:1' :I|:|1'r ’FMI\‘IIM!II-I It dirgle of dlumeter v, )
flis . el Nlues ol o ahd v (o e d)ifete Ll ir
ver on page 6, (Disigrams ool disin: 1o soaley etk Oeten o

INTRODUCTION 0

Charive of Objective Svstent

1'|I'h|3: Shearing Svstem objectives are designed for making
senstlive measurements upen separated features, e, :éiﬁch
cellss but they are not so well suited for continuous specimens
such as seetions: for these the Dowble Focus systems are more
suititble, bul measurements with these will not be quite so
aecurate as with the former. The following notes explain the
essential opticil charcteristics of these two alternatives,

The Cptival Sviremy

lah Shearing Svsrem. Text figure | illustrates this form of
the instrument.  The same portion of the luminous source is
imaged by the condenser in two laterally separated areas in
the pegion of the object, while the subsequent effect of the
special form of ebjective brings the images in these fwo
sepurdted areas into comncidence in the image plane. which
consequently  containg @ correctly focussed Imave of the
specimen superimposed upon a mutually coherent laterally
thsplaced reference ares. These interfere ina munner which is
controlled by the  double-refracting  phase-shifting . system,
which also permits the interference contrast to be varied
Petweon positive, centrd darkfield and negative contrast.

The Referenee Area with which any given: feature of the
object s mterlerometrieally. compared: Ties in a laterally  dis-
placed region of the field, isolated from the object feature, see
Text figure 2. Thus, the shearing system permits a:complete
spatiitl segrégation between the object feature and the refer-
ence areit, when the former i below a size dipendent upan the
character of the objectve in ose.

In the case of the « 10 shearing objective, the centre of
the relerence ared is separdted from the optic axis by a distunce
of approximately 330 microns: for the » 40 system, this
distance 75 about 160 microns, and for the water immersion

100 system, the corresponding distance is about 27 microns:
Fhese dimensions signify that for the thrgn systems, objects.
of up to 330, 160p, and 27u respectively in dlam_c:lur_eam'hn
viewed withont any overlap between the object and its refer-
ence arex,  Complete freedom from overlap. however, 1s not
ps @ rule pecessiry, aml mensurements can usually be elfeoted
in any arca free frone overlap, Text figure 2 LATH.
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TexT-Ficurr 2

Hagrimmatic representations of the

pathe of rayvy througl 5 dowbie:
focus sysiem (ot 1o scale). -

2 Til_c bisic parts of the instrument, see also Plites | and X
i obiect wave-with Tocus praifile
tobickaround reférence wive.

= RO

Enlirgement of the space Belween the |
Fi: Objeet focus,

F*: Relerence foeys

Qb Object pline,

indenser and he phjective.

: (b) Diouble-Focus Svstens, Text lioure 3 jllustruics the
Ofpl!ll;‘ﬂ] ]il_'!t"':.'.'u[ of lht HIECFDNCU[}U o tht '_,_L",'_\CEL?.ITI.. mowl ich the
Oplical properties of the matched condenser and vbicctive
PaIrs impart double-focus effects

~ The double-foeus
ﬁf:.'lil:l‘]bl.!cf in that the
object, instead of he;

systems  itfer from  those alredy
reference arca for any given feature of the
ng located in « laterally displaced region.
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surronends the feature, Text figure 2.(C),

The resulling images interfere in a manner which again
is controlled by the double-refracting phase-shifting system.

Instructions for setting up and using the Interference

microscope ‘ure given in Part 3, butl the following section,

explaining some basic theoretical principles, may be of assist-
ance when using the instrument for more precise guantitative
work.



PLaTE 3

Chromosomes in living cells of Locusia,

Taken with = 40 shearing objective.
Upper: Analyser of interference microscope sel for positive contrast,

Lovweer hwnalvser sel for negative confrsl,

(1) Cell at lower left cenire
Resting stape showing fing chromosome hreads

Maote: difference in contrast of nuclear =ap (low refrachve
andex),

(i) Cells bt Tawer right eentre and extréeme ripht

L LITEO={Eme

Leptatene stage with fully  developed
threadds

fanl |’-||_||.- Foeeibre

Puchylene st
corresponding  pomt
fength of the thresd can b st Massive X-chromosam
lap of nueleus,

Wanrtesy of Dr, E 1. Ambgpse,
Chester Beatty Resenrch Institute; Londen




PLATE 4

Chromoasomes o living cells of Locista.
Tiken with = 100 double focus chjective

U pprers Positive contrast,
Lower: Megalive contrast

Central cell is al pachytencostage, Nuclens in lower part of cell, The
two homologons strands of the paired chromosomes are clearly resolved.
They can be seen to be associnted at ol responding chromomeres, n one
pair, which runs horizontally across the nucleus, the separate stronds appear
to be relationnlly coiled.

(Courtesy of Tir, E, ). Ambrose,
Chester Beatty Research Institete, London)

PraTo 4
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PART ITT'Wwo
Theoretical  Tregtmen!

Phase chunges exhibited by objects muade visible by inter-
ference microscopy can be measured, and from the u.l|l.mnlih1-~
tive knowledge ol these phase changes, much useful mfarmi-
tion can be derived (see Relerences),

Interierence phenomena can be used 10 determine phase
relutionships hetween mutually interfering beams of lzhl and
it will be seen luter how these can be converted into useful
informution concerning microseapic objects.  The essentil
step in this process is to cause the object o modify the phase
relationship between the beams, so that the measured phase
relationships can be directly related to the optical puth-length.
chunging properiies wptical thickness) of the object. The
interference microscope achieves this seleetive achom on the
part of the object by obtaining the mutoally mterfering wive
trins i the combined Beams from dilferent portions of rlw
afjec) ared, wherghy o wave train procecding from an wbjec
feature becomes combinad with 4 wave tmin [rom anothes
porlion of the object arei. convenicntly relerredd to s the con-
parivent ared or reference wrea, Consequently, the final image
5 4 compoynd one comprismg two superim posed mutoally
tifferent views of the ohject aren which are mterferometrically
compared.  This imagedouabling s achieved by double
refruction due o anisolrapie erystalling mitterial in the vbjec
live system.,

Yaars ol wave iriins con miloally mterfore only iF Lhey
origipate from precisely the sume portion of the e source,
which means that the two superpeosed ditlferent ampiees of the
objeet wren most B iluminiated By iddnticnl s af 1
light source in porfect posdt-epoit reginttution upon eieh
l-'ﬁhf-r I ather wonds, the imim scicdbline pooser of the obs

jective must be exnctly comperated onp for the licht source
by Intraduging a. previsely compliomoniny form of image
diodbling between the sourcs anal (e oy vee . e 1 Hhe

eondensersystem.  This i carricd our By o sl aitatlon ol
double-refracting crystalline clontants i (o [ . well

THEORETICAL TREATM N 1

s in the abjective. The essential opbicil systems are digormnm-
atically shown in Plute 2 and Text figures | & 3

Owing 10 the weil-known wave-like Behaviour of light, the
fl'li_i.’ll'iﬁllj{' which resuits from the combination of ni.'n'hl:.umu
orgimatng from precisely the same porion of g lll.lrninuulh
source depends not anly upon the individual intensities of the
beams. but also upon the distiunce betwesn o crest ol one wive
train and o corresponding crest ol the other. This principle i
diagrammatically iHustrated in Text figure 4 Gid), which shovs
how twa entirely different wave amplitides (A + B and A)
I B'Yf can unse from the super-position of pairs ol identical
wave tews, only diftering by the distance between successive
crests i the two pairs (45 or L wavelength i A + B: 135 or
o wavelength in A B'Y. This crestto-crest distunce s
convenlionally known as the phase relationship or phase
differenve.

Veetor DNagruns

Although the wave dwgrmms of Text figure 4 clearly
illustrate the dependence of the resulting ntensity upon the
plisse relutionship between the eombined beams, i Mere con
venient and esael means of representation, which s cus
toomerly cinployved, is the vectar disemem. Twe such dine
erarms, Husirating the two conditions In Text hgure 4 (o, ¢ are
shown in Teal ligare 4 the dl. Fach vector s o straishl Nne
whose length s proportional o the smplitude (@resi-to-trouch
displacement distincer of one wave tram gnd whose direction
Fepresents e pestion oF o crest ol that trion for one moment
of time,  Since this moment soarbitrary, all that s really
relevant is the dicectivnal eelationship onventionully known
as plese gneled between the two vegtors representing the o
wWave Luns,

Itowill b seen that the voetor iagrem achieves: con-
siderable  geometneal simplification and this faeilitates the
derivittion of - simple formula estublishing the resulinnt aim-
phitiele oltained by the superposition of e identicol wave
trnine. Por the specinl case, where the wo trddok ave one
and the saroe amplitede, A7 this formiule s

L}
RA A cos—

e
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- | Wovelength —pe
e

WavE A

VAN Phase dilererce
~# o phase relalionshpl

WAVE A+B

Tesi-Fravpy <4

Wave dimeram  (Hostrebieg the combigation ol bwo wave (mns wilh a
plase differange of oy

ALY BN )
b

Fexe-Figuee Ah

WVewror daagraom illstrating the wlave condition,
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WAVE a'+g?

TexT-Fiouse dc

Wirve dliigram similar t0 da except that the phase dilference is inereased

Sewton

(LY

B35 3B~

#
]

el "'i'i';1ra1

Fesr-Fioume 4d

dlogram lluserting the above condition,
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Hhpmey boam ar jhe ARmiue
Fu by =ammd

Bahgrmf hiaf) aduzied |8
fvww e s sl
ijm salerssis pocion ol ik
kel —

Objuik beam ab il reden
purburr el fim fald

Eschgerutid baam i atfel g
Ll lasfei e dllomn

iz A ths habors

Fexe-Fiione ¢

Vector iugenn alustrating the fhamderence method of phase messiemens

where RUA.Ts the resultang amplitude and 6 15 the phase angle
hetween the Iriins.  In genersl it s only relative ;|r111_+IiELrLIc
which is of anteresl, so thwt *A° can he omitted from the
cquution.  In practicil double-beam interferometry this special
chse 1|!' amplitude equulity obtiins 10 o sufficiently  close
APPTOXITEILIon, '

Mindmare Iieiinativns Condirlon

A case of particelar importance s wheee the phase anele
Ui TRO dogrees, for hen 002 Becomiisg 00 Jeare, o [or whieh
the corresponding cosime vitlue is sere Tl amplitole Tor this
special condition s, therefore, also sera, o i L I eermebena-
TVom 15 At & munnanuem

Taus comddivon of mimirmum amim e oo I el 1
estibilish & known phose reltionship between (twe wave 1riins,
ey serve wyoa dolum apanst wiieh other phase relaliomsigm
can be meanured. How this can be done 15 vectorially ilus-
trivtisdd In Text Opore 5. A phase-changing system for -f.:n'vm:_',

the plisse relutionslip by any knewn smaunt s adjusted o
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give nunimum dlumination for the portion of the visoal feld
to which 1t has been devided 1o gquontiuvely relae another
portion where the phase relutionship is different. The 180
depree phuse relatonship for the reference portion of the field
having beep tius established, the phase changing system is ogiin
achjusted. this tine to establish the same minimum Humination
condition for the other porton of the Geld,  The omount by
which the phase relationship hus o be chonged to move the
minimum llumignen condinon from ong portion to the ather
15 chearly the diference 1in phase relationship between these twio
purlions,

Direciion of Measerenont

From the same figure, however, it can be seen that there
is an ambizuity as to whether the phase angle 1s to be measured
in a clockwise or ant-clockwise direction. The vorreel diree-
ton for the angular phise measurement corresponids with the
actugl direction of the phise modiication heing msured,
Thal s to sy, that o phase advance must be measured in e
phase advinee direction and w phase retardation in the corre:
sponding returdation direction. In practice. the direction of
the phase moditication is usually known, or can be ascoriained
i manner to be explomed ater (Part 4)

Ppsfen of Hee Prosent Tnstrament

Phere sre varions well-known methods for manually
Clanging the phase relstionsiip by Known amounis, but many
of these ure excessively course for the very small phase
chunges which are frequently enoountered, lor example. wn_h
eyvtologenl material. Flowever, with interleromeler systems
of the doublerefracting type. such as that employed in the
Baker interference microscope, the circumstance: thid the two
intlerfering wive truins are pularised in mutually perpendicular
planes enibles one W0 employ o birelningent compensator 1o
effect (he phuse change.  Various forms of these are familir
o users of pormel polarising mileraseapes, Ihe q.'hlmun TRATE
pensator s very simple and has the additional merit that the
mensurine principle svalved ie pheolute, so thai the uncer
trinties of calibration are avoided .

[ mtually perpendicolar IFnsverse vihration direc-
W the pwo polursed wave Imans nre converted  fnto

|01 » )
vibrnions by frnsmission through o

corresponding el



Prave 5

A, B, ©: Fresh epithelinl cell, taken with « 40 shearing objective,

D: Sen Urchin egg. mken with 10 double-fogus ohjective,

TA) Analyser set 1o darken background (223 deg.),
18] Anulyser set to darken cytoplusm (185 deg.),
(€} Analyser set 1o darken nueler region (121 deg,),

The analbyser was being rotated in an anti-cloc
progressively increasing retardution

(T3 Sen _Lln:hrn cgE. with fertilisation membrane, mounted  swithoo
Aressyre. This preparation exhibite fringes. denotime 4 phuse difference
of 64 [Conrtesy of Dr, 1. M. Mitchison, |

kwise direction, indicaling

I*LATE

L
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Bogha e ereularly
polgiiiad @ ampsaanl

Lall hand: ciculaaly
pelanigmd gesspniaik

L Phase relilionibip
Flarw ol bnyad el e berwauy dka twn
ol 't vl caniqmmassgen oiular somporatts

Pesi=laeme b

S g the plane politissl pesiilianl of to crendarly polarised
ORI Ents

brrefringent guarter-wave retardation plate whose vibrations
are nclmed at 45 degrees 1o those of the incident wave (riins.
Hut_.'uu.n-.: the plane polarised vibratons of the incident wive
triins are mutuwilly perpendicular, the cireular vibrations into
which they are converted by the quarter-wive phate. vecur in
spposite directions, the one clockwise and the other unti-
clockwise.  The advantage thereby vained is thit the resultant
of the two combined cireulur vibrations of ekl amplingle
OCEUITINE o nppasite direchions iy Wlways [l [1ehierised
vibration, inclined in precisely the some direction we thol o the

ctorresultant of the veetor dinpram for the phuve 10Litamns
Jup bietween the twe saome wn Hivw . thas |y

Ligerirnmenatically i,'t[l].|_|:||,._| in Tesd fieugse fe Arean which II:
can e seen that the inclinntion of il (il pelirises] 1ot
of the twio I|[r'!'1-'1l-:i|'L'|:. vircilr f"l v el Fradins |« o 1|.,..
prospertima] v 503 where 85 (e anend :

l - . | ¥ B el I.,;..I_.|||.-.|5|i;|
Wriwren e wave L i Tt _1-|-|:_.||| e L ied al ”” diline

THEGRETICAL TRUATMENT I
Baikpimesd releieras  baam
adpnted i pive  darkadi Wik imaidiaid i Cibact bwarm cetiinded by
vanddwn for dha  relerenes ~obipr® bpnture Veop Tmalurs bim b vy

porhes ul The diglg

Rackgreessd relarence bass
igsikiiiled 1o mabs the
abpet Tealhere match e
infpgense Lmld Wactia esuhanl o Ot bamm oy s jales

1t mfwrwe lild wiicn imgan el (s Pl

Trsr-Fmivre 7

Westor dingram illesiratimg the matchmmg method o measuning very
st Testlures

polarised resultants of the virious phase relationships can be
read off directly from o goniometer analyser sel o minimise m
turn the intensity of cach resultant reguired (Plate 5 A, B, C)
The forceoing explanation is summarised in the Appendix

ligure I,

Muarching Medhond

Phase measurements obtsined by trunsferring the min-
e HHamination condition from the reference portion of the
field 1o the position being measured by means of e wonio
meter aralyser, are extremely useful but tend w become un-
certin when the features being measured wre too small for the
minimum illumination condition to be precisely tlt'lt:_rmmunl
by the eve. For such cases a useful procedure is 1o adjust the
poniometer amalyser 0 obtain eguality of Humination between
the relerence field and the minute feature,  This is 4 highly
condition which tends to render the feature umxlhllc
quainet its reference background.  The vector diagram for this
mictind s shown in Text figure 7011 will he seen that the
o ohuse adjustment s precisely hulf that required
Hatumn tmimum Allamination condition to the
srresponding poniometer .'|T_m|].ii.:t:r rotas
174 where 8 is the required angular

sensibive

corrosondin
to transfer the
feature wmd that the
nion 1s conseguently oply
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phase relationship.  This method s applicable (o isoluted
granules, particles and flaments.

Hialfsldy Evepivee

This s an additional piece of apparatus which greatly
enhanves the accuraey with which phase messurements can
be made. The eyeprece field contwins o small area where
there s o uniform instrumentally produced  phase change
surrounded by o shurply defined boundary,  As @ result the
two portions of the field generally assume ditferent intensities
which, however, become equal for a very sharply defined
position of the analyser.  The feature 10 be meusured is made
to straddle the boundury between the two portions of the Reld,
the condition of equality being obtuned for the reference area
and then for the feature.  See also page 31 and Text figure 9
ilse Plate 8.

Fnvegral W avelenpihs

The foregoing acconmt of plusse moeasoremient bas assined
that the phase relationships are less tan ome wovelengtl).
that is 1o say less than 360 degrees.  The meusurciment of
plase dngles i excess of 100 degrees s shightly complicated
by the crrcumstance that the vector diaeroms for phase res
latwmships wineh differ by antegrn] multiples of 360 degrees
are pdentical Inoonher words, the above methods are not
directly appheable (o the determimtion of integral numbers
ol wavelengths, Although phase modhilicitions exceeding 3n0
dogrees are rarely encountered i Bokogical work, it may be
pecessiry b kpow' the modified technigues Tor degling wilh
them.

Since the phase modineation mroduced by an objec
featire 15 merely the result of o displacement of the assooied
wanve tomn along its direction of propegabion, the magniml.
of the phise modilicition is virtually inversely proportional
e the wavelength of the wave truin, o given linear disploce
ment (path ditference) containitg more shart-wive erests 1o
lopgawive ones, Consequenthy, Humination by white Tieh
light includine o wide rnge of wivelengths, gives rise b
minbure ol dilferent wavelenpths, Only For the sp
where there is oo puth difference between the poirs o] wate

THEORETICAL TREATMENT 5]

fruans will there be one and the sume phase relitionship for
all the diffevent wavelengths simultuncously,  For a polarising
system, therefore, this 1 the vne unigue condition for which o
neutril eoloured mimmum illumination condition can be ob
tamed.  This neutral minimum, conveniently referred 10 ns
*bkaek.” therefore serves as a reference datum [or the determin-
ation of path differences for any nuwmber of wavelengths,  All
thiat is required is a deviee which wall directly modify the
actual lingar, path-length relationship,

In s simplest forme such o device ponsists of o wedge
mitde from birefringent paderin] sucl as erystalline guariz,
cut parallel w the optical axis. Sliding soch o wedpe across
the optical aperture provides a variable thickness of bire
feangent materil and therefore serves to vary the puth differ-
ence between the wave trains, provided that its own vibrition
directions are approximately purmllel o those of the wave
T,

Fronge Frepiece

Perhaps the most conyvenient i|rr:mgemcm_cmphaying sitch
o wedge s the fringe eyepieve Gee po 33 The wedge with
its scale 15 pushed through o slot in the eyepiece mount o
positions which give, say, first the black dutum for the rufer-
erce portion of the field and secondly for the feiture bemng
measured,  The wedge calibrations may be in terms ol linear
patth ehilference msteud of angodar phum:l. singe this :411np!1lh+:.\
e caleulation of the refractive indices of features whose thick-
nesses aee known. s nol, of course, essential o select the
Black terference colour as the dutum, any other of _lhr:
sequence of interference colours may be chosen, but 1_1E[:l|:'1~ l:v
probably the most easily recopnised.  Wedges cun also be
waedd fry onochromatic light 1o produce & system of fringes
for estimuiting phase changes by the well-known method of

frinee deformation, (Flate 9,

Retraetive Dide v ol elations

can be readily Tound if the thick.

The releictve mdex, . ,
The rel Lo (04 can he ditectly measured

ness © LS of the obect o0 knows
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for abjects which can be assumed o be spherical or evlindricy|
by measuring their dizmeter):

o

o= +n

RLEN
where I is the change in phase relationship tin desrecs) pri-
duced by the objeet, A is the eflfective illuminating witvelength
expressed in the same units a5 " and “n° s the refractive
index ol the reference pertion of the object space. Ustially the
fluid in which the mawrial is immersed. 1 the actual linear
path difference (p.d) is directly known, for example, by employ-
ing a pal-calibrated wedee in heterochromatic lielt, then this
formula simplifies 1o -

pd.
o — - n
L

IF"t" is not known but it is possible (0 change the

medivm in which the malerial is fmmersed, then the refractive:

mdex can be found from the following equation, where * A °
i5 the phuse differenee produced by the obiject immersed in the
medinm whose refractive index iy * Ny and “B* i the corre-
sponding phase dilference for the chaneed medium of refrie-
tive index ' n _ |

(M =1y
no= | RE— -+ T
A-H
:A:.xh"h-ll;hlll' :‘:‘AJLUI'C of Lhis equalion is that the phase dilferences
o “. d "W need not be expressied iy any parteonler form, so
dll that is necessary is merely o yse the

1 I , pi e LITRLIT Iil-lflll‘f
ences tiken irect from the phiase contred oF ’.-."“‘r‘*'
Valmne aud Dev-Mevr Caleslutivny

Refractive frndex virlues are often I [

whul in mamy
il thys oy become
fiseovery thal the ineroase
S peT cenl. Inereqse in
subsliances contained in cells s
Fon all sueh substanees, hay made
the voncenmrution when the refractive

fielids of rosearch, hut i is only recent
Irtle for eylology,  The it .
M rafrictive ipdey resulting fro
concenttation of the solid
(HOO1E, 1w within 1) Per gent
I pssible doealouh e

THERETICAL THREATMEN] 20

imlafx 1 known, Thus, (' zera concentrabion s tuken os
equivalent o o refractive index of 1334, the concentration
uf evtolegical substences is
n 1334
2= — —
0TS
witere C s the concentrition i lerms of pereeniaee jnd o i
the refractive index us mensured by one of the above methods.

IT ome 35 nterested only an the combined amount of
eytological substances. it s not necessury o know the refrac-
lve index becanse the equivalent thickness of the combined
dry substances s proportuonal o path diflerence. Cone
seguently, the equivalent volume of dry, concentrated sub-
stances in solution s proportional o the produgt of the cell's
mean path difference tmopadd and its area.  Since the increase
e relractive index due B one per cent inerease in concenie
liom s 00TE to & close approximation. the solid substances
contatned i the eall, and considered i isolation from the
waler component, are optically eguivalent o a substance
laving o refractive index equal 1o 1-334 — 018D |-514.
provided that the surrounding medivm s water S0 e

average equivalent thickness of concentrated substunces (M,

I=
. ral.

1514 - n
where mupd, tmean path differencel —m% 36, and o

refractive index of the surrounding water, usunlly about 1334,
Conseguently, the total equivalent volume of dry substinces is

.l
V = Ay [—im——
1-514 - n
where A, s the aren of the cell in the sume URIEs sejuired as
mped, and Voin the same units cubed.

The dry volume muy be vonverted o {lr}flr TS5 far un
dssumed value of speeific weigin,  For the mujonity of i
o value of 125 grammes per ml, is a close enough approxin-
tion, Muore detailed information is available in the approprigie
references at the end of this manuil.



PART THREE
Instructions for Setting-up the Instrument

Naores on Hlumination

The usual hght sources are perfectly  satishictory  on
account of the high Hght transmission of the optical system.
Excellent results can be obtained with the customiry Kiohler
lumination, For precise phose measurement & maercury gréen
filter 1 adwvisable and @ neatral for obtaining interference
colours: in white light (see puges 26 & 29 For preliminary
setting-up, however, the filament stroeture of the lamp in the
back focal plane of the ohjective which results from Kahler
iumination’ should be destroyed hy introducing a diffusing
screen between the lamp and the substage condenser. since
this structure mars the visibility of the interference heure m
the back focal plune of the objective.

When avaalible, the ideal souree 15 probably & mercury
vapiur Lamp, with its entire visible region used for abumning
thterference colours and a mercury green filier for preeise
fhitse measurements,

_The substage iris diaphragm should be used in s manner
similar o thul which is customary m normal bright field
SRRy, Lew 1t should be opened us wide a5 1% @ :]H]Julllbk*-
with :..ldcl.]u.'lll: contrast.  This applies with particulir foree 10
the Lhmhlﬂ-fm;Ll'. type ol system (page 230, The shearing nter-
Fcrunn.:': aystems Ipage 22) do not sulfer in contrust [iom severe
?ll.lppuu_._: down,  When using the » 100 double-focus water
tmutersion objeclive, the substage iris should be completely
dpened. Only distilled water should be vsed s the Fmmersion
::;::]n:m Ilnr, hrlu!'l s of o« |00 objeetive.  Nejther imimersion

4 nar arganic selvents should be gllowed 1o COmne inth cor

st with the fronts of any of the shisetiv stupplied with the
mierference micrieciope,

See " Munbpulation and Mumteniinee of ( Bkt ATitkamnm: p. K

.'-'lt

INSTRUCTIONS FOR SETTING U o

Yjstenent of the Instrimenn

(Refer to Plate | for the positions of (he components and
contrals named 1w the following parsgraphsi,

. Insert und lock into the substage slides the candenser unit
WO apprapriate w0 the objective being used and rack up o
stagre level.

2 Rotute the lever of the substige polariser (P} ta the * off °
position 1w eliminate the second interference beam and thus
praduce normal bright field conditions, '

A Focuy on g preparation und seleet o reasonably elear areq.
Adjust he condenser focus if necessary,

4 Rotate the substuge polariser Jever to the *on* position.

S With the quarter-wive plate (RF)Y i * dee, with 504 i
visible on the stidey aomd the goniometer analyser (RA) in the
body on the opesiding portion of its seale (the * ot * pasition
v marked by o ored line interrupling the seale), remove (he
eyepece and nspeet the back focal plane of the objective by
the wse of the telescope provided.  In ditfused white lght this
shogld exhibit an mterlerence pattern, which ¢an be traversed
acrpss the aperture by (urning the goniometer anilyser. By
this priwess o [ringe can be browght into the centre of the
aperture wodd subseguently broadened out o G as uniformly
we o possible by adjvstment of the two condenser levelling
serews (SCT either simultancously or alternatively.

Typicul appearances in the back focal plane of o x40
abjective are reproduced on Plae 60 Te will be Tound of
assistance 1o compare  (hese sllustrations with the hgures
actunlly seen, until one  becomes quite familiar with  the
workmg of the instriament,

Shogiring Systems

When white light i usied, rotabion of one substhipe scrow!
only, of rutinon of Both in opposite directions, will cause a
gories of interférende Trmges (o) moye QCross Ilhc objective
aperture, thus permitfing selection of the required order of
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‘ interference. . When this order, of frinee, hus been brought (o
the centre of the objective aperture, hoth screws should be
simultaneously operated in the same direction to spread this
selected [ringe over the major portion of the o perture. Whether
the rotation of the two screws should be clockwise or anti-
clockwise to bring this about iy 4t once apparent because the
meorrect direction will make the fringe narrower instead of

| broader. It should be noted that for cach sheiaring system
there is only one frmge which can be spread over the major
portion of the aperture.  Peripheral portions of the aperiure
which may be slightly beyond the spread of the chosen lringe
i 2

can be masked out by adjustment of the substage irs
diaphragm and this method can be employed when it is desired
o whe awdders othor than the optimem one.

While muking these adjustments slight ieepularines can
somtetimes be oseen in (e objective aperture and these are
usually due to strike in one or ather of the crysinl optics. Care
is always taken, however, 10 ensure that such rregulurities are
too small to impair the performance of the mstrument,

I the present copy of this manugl has been issued with
an instrument, & supplementary leal will have been iserled in
the front staling the optimum order fringe w be wsed for ¢ach
of the shearing objectives; and the analyvser settings (o be used
for cach of the adjustments.

Peehle-Focus Svatem

When the double-focus system is in use a series of fringes

: in the aperture of the objective indicates that the microseap
! is out of adiustment, as above, bul in this instance one does
nol have (o seleet the order in which the instrument s 1o

work, The goniometer is rotated until a fringe lies across the

centre of the aperture, then one of the substige screws (15 em-

YEATMS ployed to broaden this fringe, and the other o check any

Hlustrating the progressive. broadening of the frinpes <een n the el resullunt retation of the J“Ilh"r”'
local plune of o dosuble-Togis objeciive when the levelline  scicin 96

upproprhiately  adjposted
| ‘s‘,"ll.'lll vomipletaly oul of 1 I sEmen .-'\'r‘r_'g,ll Tir f'|r[|"r'|e. i|'.||_|:J'i'.'i|".|'|'?l:'”'|r

=+ Syltenn Ml out ol wdjusiment, but fringes o Fach time the object or the abject-slide is changed, the
o Une fringe comimencing 1n fill the adiustment of the microscope must be checked, whether the

HELER AT | [}
gehbeved when ane [ringe hos e e el Bkt

smiprlately fHHle0 1) ypaed i
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shearing or the double-focus system is being used.

When the most uniform jlumination in the objective aper
ture has been obtained, the instrument s correctly adjusted
and it remains only to remove the viewing telescope and to
replace the eyepiece and examine the specimen.  This should
exhibit strong interference contrast, which can be varied by
rotation of the goniometer anilyser {see plates 3, 4 and 5).

PART FOUR

Phase Measurements

l'f‘lll: most dircct method of measuring the phase differ-
ences ntroduced by various features of the specimen is 1o
rotate the goniometer analyser to a position which causes a
clewr reference portion of the field adjacent to the selected
feature 1o assume i clearly recognisable hue or density, and
then again to rotate the goniometer analyser 0 a second
position which causes the selected feature 1o assume the same
appearance us wits previously obtained for the reference por-
tian af the field.

I'wice the angle through which the goniometer is rotated
from the divst to the second position s the. fractional part of a
wirvelength, expressed in degrees, by which the selected feature
has changed the phase relative o the wdjacent reference area
isee Text figure 5 and page 13 lor theoretical explunation),

The correct direction in which to rotate the goniometer
analyser 15 determined by the sense of the phase changing
property of the featurces being measured.  The phase changing
system of the instrument is so designed that a phase retarding
feature lone having a refractive index higher than the
surrounding mediumb requires an anti-clockwise rotation for
all the objectives except the » 100 double focus system.  For
a4 phase advancing feature the corresponding rotations are, of
conrse, reversed,

If the sense of the phase change to be measured is not
alrendy known from the nuture of the preparation, this can
be found by, for example, the Becke line test'.

UoAWlien light fmpioges apon (be Inmerfice belween two media whiose
selractive Indlees differ by i substantisl amount, the light is reflected and
refrncted towirds the one havipg the higher refractive index anid restills
in the appesrance of o fine white boundury line, [t is nsually necessary 1o
reduce the sone of (umination o see this effect elearly.  As is well Known
fhe ahject ppon Incredsn g the ﬂ1:11‘il'|'ll.'l."l1"ll.:twrﬂ_h the
abjective (lowering the  stoge of this pitrticular
instrumientd when the object rerprds the Hght, and vice versu, A oo _Lh:ul
ol Biologedl  materinl in top geometrically amorphous: 1@ prudice 4
daftnite *hline.' Bul the ohject either brightend darkens 1:e|.||:n_l-;|- t ll:!l
surpound, and these pppesrmnccs enrrespolld 1o the Jine miowting tanc e

the line moving * oul”

the line muoves ineid
preparation. and, the

L )
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B B
Advance v/—\ m

A B
Retardation /—\ /_\

TixT-Frsune 8

Charl showing (he direstions inowhich the gommeler amlyser his (o
be rotated to secure advance or retordution of the referemee beam with
different objectives

A with the dopfle-fovm L waler immersion ohjective,

B owith all other iypes and powers of objective

Before attempting o apply the Hecke test the second
beam should be suppressed by rotating the polariser situated
helow the condenser 1o the ' off ' position,

When the phase change is oo small 1o provide adequate
Becke line conditions, then if can be assumed that it 15 less
than 180 degreek, in which case the correct rotiution direction
is the one which causes the feature o change towards the
original referepce appearince as soon as rotation starls,

The recommended reference appearence is the darkest
condition obtainable in monochromatic  light,  preferably
mercury green. 1 s, however, possible 1o use such a rlcri.dily
recognisable colour as purple, obtained by the use of unfiliered
light.

The phase changes due to features which are 100 small
for their densitics to be readily recognised can be measured
by the matchine method instead (see Text figure 7 and page
150, in which case the goniometer analyser is rotuted from the
reference position only far enough for the small feature to
mateh its surround.  The required phase chunge is then four
times the angle through which the analyser has been rotated
This method is often useful for such small 1solated features us
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hacteria and fine flaments. [t &y often useful also for such
features as  granular inclusions inoocells:  the cytoplusm
surrounding the inclusion then being used as the selected
seference portion of the feld.

Praceival Examples

[ The Becke test indicated o feature showing o retardation
thrghtening of the feature upon increasing the distance he-
tween the objective amd the slideh therefore o rotation of
the anulyser in an anti-clockwise direchion using o - 40
shiective wis required to darken the object,  Twice the
angle between the reading for darkness of the surround anl
darkness of the feature pave the anzular medsure of the
amount by which the feature was rererdong the hight relatve
o the surrovnding material

2. The Becke test was negative, indicating o phase change of
less thin 180 degrees,  Rotation of the goniometer amilyser
in 4 elockwise direcnon with the - 100 objective from the
tdurk surround ' position darkened the objeet, thus again
indicating a rerardarion, and wice the angnlar dilference
between the readings indicuted 1the amount of retardation.
as hefore,

Phase Changes Greater than One Wavelength

lafh l_'.r'rm.fuaF Chanpes. The above metliods of s e
memt suffices provided ot 15 known (hal (e plise changes
hi_:mg measured are less thun one wavelenetl Wit livinge
|'JI""!U'ELC-'11 lnul:.*ri_ufl this is ususlly the case. und even i the
FITE coses when 11 bs o, the neasimum phase clmnee 15 prce
fcully always approgched by o srisdient of phose change which
slarts ot less than one w:m.-.]mgTh, resuliime 11 ||..-'|..m'}:u|-uri it
a fringe system upon e abjeet (e 1M Bate [0 1w
'.\\"hﬁ'llll’-' Jt_ulnher of “'{I‘l'll'il.-'ﬂ!_’”'lﬁ TS p I witl :|.|'|,_- AN S AR LY
hunge i then merely the number of Jarb Fogees hotveen 1
thin edpe of the gradient and the repo | - . -
reversal of the sense of e gradien gttt i et tel by poncsion
il the ponwwmeter umalyser, when 1he 1 i .|i|r|.|'-.'-- o th
reversed region will move in i directi; | i I.|L]L' AR

(R} .|‘.I,Ir'.'_'||
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of the frimges in the other region of the vradient.

(Al Abrpr Clanges. There s, however. a spevial case
oo which the fringe-conmnting method for determining mtegral
numbers of wavelengths does not apply,  This is when the
bounidars of the phise change is substantally vertical, result-
ing inoan ahrupt transition of phase change. There are no
fringes o be connied e o more elnborate echnigue 15 there-
fore reguired

Frinee Evepiere

The best metluad Tor determimng  infegral numbers of
witvelengths 1s o employ o fringe evepiece tsee p. 33 n pluce:
of the standard one: and w0 adpust the guartz wedge o trimsfer
the hlackest appenrdanee of the relerence portion of the feld
Iy the repion being meusared, white tunfiltered) light being
wseal, The number of fringes which traverse the region while
(his addjustment oy being made corresponds 1o the peguired
number of inteeral wavelengths. When using this veulur, both
the poniometer analyser and the gquarter-wave slide should be
In therr respective *oul ™ posLTonSs,

A method which has the advantage of not cailing for
wstrumental elaborwtion s 10 obtn the integrad number of
waveteneths from two phese rendings instead of one, the first
b made with light of one mean wavelengih and second
with hieht of @ different menn wavelength. T s, of course,
essentiad that the s readings are obtained Trom twi separate
settings for the reference partion of the flield, corresponding
Lir thae twer welvelengihs,

A Tormula for this method soas Tollows: —

M=o rhomg (A - il
L. Al
where = Ay s the phase difference with Tight of shorter wave-
lerethy ay, und © Ay " is the corresponding phitse difference with
Lyeht of longer wayelength 2o TUIS advisable to. ignore the
fractionial components of the result, since this hus already
Feen necuritely ubtained in the form of Ax I'he :I!Il'lur:m;-:
hetween the two wavelengths should not exeeed -‘J”\ where
Ihis raises

N i thie nomrber of wavelengths being meisred
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no practical difficulties. because abrupt changes exceeding five
wavelengths  are  extremely improbable,  especially  with
biological material,

Good quality commercial filters will usually be found
adequate, even in white light, and the mean visual wavelengths
are usually ohtainable from the manufacturers. It is recom-
mended that one of the twa filters should be the mercury preen
one previously mentioned tsee page 210 The second filter
could then be blue, 1f a mercury vapour source is used, then
the green filter will provide the single green line, the second
filter can be one designed to transmit only the blue line,

APPENDIX

Prectical Notes

i

The = 100 objectives are carrected Tor water immersion
and must pever be oil immersed, or cleaned with organic
solvents.

It s advisable w ensure that No. | cover glasses of a
measured (hickness of 018 mm are employed for all prep-
arations,  This applies egually to both dry and water
IwHnersien  systems,

More than usual cleanliness in respect of condenser and
objective surfaces, slips and covers, is necessary with the
interference microscope,

The objectives are permanently fixed in the nosepiece
and no attempt should be made 10 remove them.

The front component of the » 100 objective s nearly
Aush with the mount, so that particular care should be
taken not to press it on the slide. Thix objecrive is fropile.

If a fringe evepicee is employed both the guarter-wave
plate und the analyser must be pluced in their respective
“out ' positions.

When using Kahler illumination it is particularly im-
portant to see that the filiment image is centred on the
aperture of the substage condenser: this can be checked
gither by direct inspection of the condenser iris dinphragm
or by examination of the back focal plane of the objective,

When obtuining the interference figures in the back focal

plane of the objective for setting-up purposes, insgl-lrl i
sround screen in front of the lamp (o destroy the Kihler
image of the filament,

If an uttempt 0 obtain & setting of the Ig_unfﬂmc!cr
analyser is frustrated simply by t!ml‘nui' position PI’ the
senle appearing i the window, this condition 15 mmtu-::
diately rectified by turning to the digmetrically oppesite

side of the scule,

i
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10, Muke sure the shiding changer of the substage is pusheg
completely “home* when changing condensers, und jy
properly focked in position,

Interference Colours

In eeneral, the intensity viriations associated with the
phase variations produced by an ipterl’ﬁmmatur syslem when
aminated by monochromatic light are teansformed into
colour varintions when the fight contains o misture of widely
differing wavelengths,  This phenomenon results direetly from
the gircumstance that any given lineir optical path dilference
hetween the interfering bewms corresponds (o phase differences
which are inversely proportional to wavelength,  For example,
it ane considers an interferometric leld across which there is
a uniform gradient of mereasing ophcal path dilferenge it is
apparent thut the corresponding gradients of phase differenee
are mversely proportional o wavelenoth, Consequently the
field will be crossed by fringes whose spacing 1s proportional
to wivelength, so that a mixture of wavelensths results in a
corresponding mixture of fringe spacings,  For instance, red
fringes will he more widely spaced than will he blue ones, re-
sulting in i eyclic variation of the red-blue intensity relation-
ship.  This variation in mtensity relationship applies, of
course, 1o all the colours present in the illuminating beam so
thal there is 4 corresponding progressive variation in (he
colours seen in the interferometric ficld.

le¢ wolours associated with given optical path differences
for whitedight illumination when the analyser is set 10 make
the “r“ pith '[.!I'ﬂ.l.'ﬁ.‘nl‘ﬂ appear black, ;Lrl'u sel forth an i
luble (p. 351, Orders hiE|1EF than 3 are non mcludied because

their hue suturition is insufficient for the estimation of path
differenges.

Hﬂi.l'-.ﬂ:‘ﬂdr Evepipee

@ I'Lﬂ-fl"}l:ml;tfnumc}l of "I'f!\'l.llil.l [}r'lu-q'L' dilferepee mensuremenl _'-"-'”h
!,I;i;h 13.1 ﬂlﬂrfﬂrﬁ'l]tc |:T'|“-T”.$£‘U|]L T dted Byt precisuan
Erigh?huh 4 convenient condition, sl s thit of minimunt

BIINCSS, TN be recoprised.  Noi culy is this particnir
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Dingrums o llusteene the appearonmges seen when osing (e Half
slimde Eyepicee

Yoo Bonehalunce candition
B Wilavee Inr the refesenes wiva (R pnding o 1)
U Bidlaswe Tor Phe vbjec) « Beagding ra,

o Relerence aien

h lFJ1|\'cI

o Malfeahude strep nlcesecting Al feld,

condition often mdarred by Bare and slight errors of adjustment,
but 10 can be very diffieulr 10 reeognise when the objest 1o
which it has been transferred by mstrumental phose adjusiment
= very smalloin relition o the feld of view, owing lo he
distorbing ellect of elare Troan e rest of e field,

The half-shide evepiece has been introduced 1o preatly
inerease the aceuiey of phase measurenient by exploiting the
well-estublished fuct that the eve is far more provise in s
estimation of equality of Mummanen berween (wio adoming
wreas in the field, than s recopmising-a selectad |evel ol
illumination at any given region. The Biker hullfshade eye-
plece carries 0 45 anelined viewing prisme having o totally
reflective Troe whicl réceives the pritaey impie ol the object
formed by the microscope objecrive. A central horizontal
strip of the rellecting fuce is conted with an aluminium film,
Owinge 10 the ditferent chumeter of metalll reflection from
torl reflection ot o diclectric mr interfuce. the two par-
pendicularly pline polirised beams of the \d-.:uhhhn:i'ru_c!lrlp
mterlorence microscope system suffér o relative phiise shftal
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Typical uppeurance vsing the hull-shade cvepiece,
Taken with =40 shearing objective. mercury preen line,
Upper: Lefr hand side, wnalyser setting giving o clise match belween bialf-

shade strip and backpround (177 deg.),

Levwier: Arca iH'IHlL'di.Ih.‘l:.- o the right of the very prominent 41:||'ri-.:§r. on
the: boundary shews matching condition (41 deg.).
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this metallized strip. In other words, the strip s exuely
equivalent to an artificial object producing @ consiant and
uniform phuse change with extreniely clean-cul edges and
conseguently changes its relative luminosity when the phase
changing system is varied.  There are two such phase sellings
for which the steip matches the surrounding field.  One of
these two positions is extremely sensiive, and s clearly
recopnised becouse 11 yields & markedly lower over-all bright-
revy than does the other, wmsensitive conditon, The normal
measuring procedure consists in adjusting the phase system
1o yield the sensitive bulance condition [or the refercn.e
portion of the Geld and then © make o further adjoastment o
tramsfer this swme sensibive Wkance condition e e Featume
whise phase shift 5 being measorad, the Titler having beean
previously Brovehl into o position where i is stracddled by at
least one edee of the stop. In general, the accuracy s more
thin o tmes greater than with the normal, direel methoul.

The prismuatic, lovally metallized face. Logether wilh the
Primesry inage of the olyject, are viewed through o low-powsr
awiliry  microscope provided  with o serew-in form of
focussing adjustment. This arrangement permits the metallized
stiip 0 be focussed with the necessary aceuracy, and nlso
allows the wse of alternative eyepieces. )

The mowllized prsm s carried in o horzontl slide.
whieh also curries an adjacent prism without o metallized SUTTf.
anid which can be pushed into the vptical system when il is
destredd to retuen 0 normul viewing,

The half-shade ovepicer unit serews on 1 e i URCERL S
budy 1 plice of the normal moneeutur Wbe oo Booeular head
and is Jocked i place when 1t s stpmtred s b e mnigraseane
Hmb.  The unit comtninys its own rhavsectom vl s
LI mecessury o enkure that the s b

lic ] ! |LEE TR Wi
shide m- (he h""[.""' are Tl dn their revesve ol [ E

Foreeroesf il Eveptve

R H I llill: iirodouction of (e Baker interference micrp.
seope, exeriende his shown IR 511[:;;,";‘ CITR LIS Nees MY
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exist for which the uniform held provided by this instrument
15 Jess useful than would be a field crossed by o svstem of
strajght interference fringes.  For the uniform field condition.
phase changes in the specnmen can be measured by adjost-
ments of the anilyser, but when s preferred 1o make ripid
visual estimates, one has o rely upon the imformatinn provided
by the hues of the interference colours seen s white light.
This' method depends upon an uncommonly precise sguain
ance with interference colours and 15 not vsually favoored.

I, however. relevint optical conditions can be modified
such o way ay Lo produce o lield which is crossed by straigh
interference fringes. visual estimates of phuse chinges n the
ubject can be made by observing the extent to which the abject
deforms e steaipliness of these frinoes,

The straight fringes are produced by introducing an
aptical puth difference between the object beam und reference
besm which linearly increases across the field, Tn the absence
of localised phase changing features, this uniform gradient of
opticul path-dilference produces, in monochromatic light, @
system of ¢venly spaced interference fringes so that the corre-
sponding distribution of mtensity cun be wsed 10 determine the
phasechange produced by some localised  feature. This
method is useful when photographic densstomelrc lppiralis
15 uvililuble

The apparatus for producmg the fringes consists of &
Rumsden eyepicee with focussing eye-lens at the foeal plane
of which is a guartz wedge supported in a metal virrler which
15 inserted inlo a slot provided with 4 rotation movenient
throwgh 907, Between the twi eyepiece lenses is oo artlyser
plite in a slide 1o allow the unalyser (o be placed in or nu of
the wpticul system.  The evepicce unit is pushed mto the top
of the monocular (wbe and then secured by the knurled serews
after having been orientoted with the analyser shide in @
digonad posiion,  The frmges can then be plioed either in r:
vertical or horizontal positon by rev il\lnglﬂit chrrier In the
Aot into o position which is respectively horizontal vt vertical.
A shortened monveulir whe is provided to compensate, for
the additional * tubelength * occupied by the slot below ﬂ‘t:.‘.
cocpieee. Both e o e wikvesplote compnsier “."L! re
volving wnalvser in the body of the micrtseape must, Oof COURSE,
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Typical eppearances: wsing the fringe eyepiece.
Tuken with =40 shearimg objeclive, mercury green ling,

Lpper: Shews displacement of the fringes by the siliceous gicdle of 4
diatam,

Lower; Fixed, unstuined section of cul pitorily o demopstrate o specinicn
i the fringe field. Mounted in lguid paraffin (refractive index 14T
Optical thickness; 0.28 % & =0.546 &,

FLATE

1_}
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be in their respective *oul = pasitions, o
To permit viewing of ihe kack of the objective, the whole
eyepiece is easily removed by lnosening the seeuring serews

If it is desired to change over o nnr_mul uniform fielg
conditions without exchanging the cygfliucu for i _r.unu!u rel o,
it is only necessary to push the eyeprece danalyser Wity S ou !
position end move both the guarter witve compensitor and
analyser in the body to their respective *in " positions,

Normul quartz wedge compensalors can also be provided
in metal carriers for this eyepiece in place of the steeper
wedges required for the fringe ficld condition.  Such com-
pensators are also available with a calibrated scale for which
use the eyepicce is provided with a cross-lined graticule.  In
this form, the eyepicce can, of course, be used with a nopmal
palarising micrescope for the estimation and measurement of
birefringent retardutions.

NEWTON'S COLOUR SCALE
{Modified from Quineke)
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APPENDIN FIGURL 1
Diggrummatic summary of the bavic phase measuring svstem.

7o AL Ay the analyser is se1 o darken surrownding portion of field, and
al Az lo dorken the ohject element, Twice the anguiar ditfference belween
the setlings (1] 5 the wagulac phase difference reguired.

f: K5 s the vibraios  dircction resulling from combinauen of the
circular wihrations shown ut (40, and R s the correspanding direction
for the combined vibrations ot the image of (he phase retarding element
in the preparation,

5: Both waves reach the imoape plane, bul onby the abject wave (O.W.)
reprodduces the prafile modificalion  due o the phase returding abject
element, backpround wave (BW) having been defocussed by the douhle
relracting abjective. The two phase relutions which resut are Shown by
the wvectors,

4: Both waves leaving the yuarier-wave plate ewcularly polarised in
opposiie directions as shown by wircle diagriens, The positions of the
rotating urrows reproduce phise relstionship shewn by vectar dingram,

10 Representy phise retarding element in the preparation,

30 Two waves derived from a single wave by lhe double-refracting
plate.  The resulting vibration ditections «hown by deuhle arvows. Phase
relationship Between wives ndicated by wector diagrom.

15 Single wave front. double arrow indicat il
] Wil i are ndicating pline polarisation after
leaving palariser. et !

a7
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jon of propagation
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