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GENERAL PREFACE

TTTTR series of^email monographs is'one which should
commend itself to a wide field of readers.

The reader will find in these volumes an up-to-date
rdsuihe of the developrhents .in tfie subjects considered.
The references to the standard works and to recent.
naners will enable him to pursue further those subjecte
which he-finds-of,especial interest. The monographs
should therefore ba of great service to-physics students
who have examinations-to 'consider, to Those who areengaged in research in other branches of physics and
aufed sciences, and to the large number of sciencemasters and others interested in the development of
.physical science who are no longer in close^ontact with
'XmTc^onsideration of the list of ^uthoJs it is clear
that the reader need have no doubt of the accuracy of
the general accounts found m these volumes.^  . 0. W. RICHARDSON
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PREFACE
CONTENTS

Although this work i3 primarily intended for
the University student, it is hoped that the

various technical applications described in it will make
it of some value to chemists and engineers who are
•making increasing use of Interference methods and
apparatus in their respective professions.

The subject is so wide that it has been necessary to
omit all mention of Stationary waves and Infra-red
Interferometry. Other sections have had to be cur
tailed, but the references" given at the end of each
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chapter wiU form a supplement.
Michelsorrs Stellar Interferometer has been d^ait

with at some length, not only on account of its import
ance, but also because the exact action of the Inter
ferometer (all distinguished from the earlier double sht
method) is apparently not generally understood.

I am especially indebted to Dr. G. Hansen for a copy
of the curves given in Fig. 6.8. These have made it
possible to derive simple expressions for the Resolving
Power of Lummer Plates under actual working con
ditions, instead of for the hypothetical case of grazing
emergence. ,

Finally, I also wish to thank Messrs. A. Hilger Ftd.
for the loan of the blocks of Figs: 2.4 and 2.5, an
Messrs. Carl Zeiss for the blocks of Figs. 2.6 and 5.6.

W. E. W.
King's College "
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APPLICATIONS OF
INTERFEROMETRY

CHAPTER I

introductory

:T^HE fundamental basis of the phenomenon of Light
X^:. Interference is the Principle of Superposition due
Thomas Young. Suppose^^.that due to a single wave

tr^'n we have a displacement X in a given direction
at V certain point and time and that appther tram
acthig by itself have a corresponding displacement Y,
t'le principle states that the instanUineo'as resultant
displacement of the two waves acting together is the
algebraic sum of the separate displacements.

R = X + Y.

This additive principle which is only approximately
valid for vibrations in matter must hold exactly for
lio-ht vibrations since practicaUy tife whole of Optics

reXed this principle of superposition imphes therealizea, , ^ individual components

S'the resultant displacement. ...This is fn .^ccordance
^•+b the experiments of Ebert wmch showed that one
Sht beam however intense had no effect on another
beam crossing its path.





2  APPLICATIONS OF INTERFEROMETRY

The field of ' Interference' of Light is so -wide that
3t has become customary to divide it into two parts,
ihe study of the mterference effects due to particular
shapes of wavefronts is termed Diffraction, and the
term Interference is limited to mean the effect of com-
bimng two or more separate beams that, originally
mi^t have come from the same source.
When two or more beams ' interfere' to form the

famihar fringe effect either we have-'a redistribution of
the light, the bright parts coUecting the energy from
he darker portions, or a complementary pattern is

bright parts of which correspondto the da J persons of the observed pattern. Fresnel's
Bipnsm, the Diffraction Grating and the Lummer Plate

Sf redistribution
Pinlc ^ in Newton's
mSfrs o Y ̂iJciielson and Fabry-Perot Interferometers complementary patterns are formed.

Laws Governino the Interference op Ligk':?

ferS?K!«S''^® obtained if the inter-^  ® originate at a common source.
l iob frpm ^ wactical consequence of the enormously
iSt of visible
SerWnf • r homogeneity of known sources.
SSrS fhe most- nearly monochro-
w^-^es fnr unbroken train of
train -will be sf f ̂  ^hat interval another
slfin vS tL r f relation-
■with an p-K-nn ^+' were possible to photographIS?JtrfrSpir mT 1®^^. in aU Wb-
Again-withasnffl^- fi^ obtained from separate sources,
be able to nbt " o^f time of exposure we should
are obtained'ctH+h^i, i frequencies, as these effectstX whtohX or wireless
cTri;„XofX'„X:Xr?"- 's.0 register .he efiee^ ' S" be

INTRODUCTORY 3
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identical in all respects and this is only possible when
the beams originate from a common source.

' "l^hen the original beam has been plane polarized
and is passed through a doubly refracting medium, we
have the additional limitation (first given by Fresnel
and Aragp)*that the -vibrations must be analysed on a
common azimuth- before the interference effects are
observable. This follows since the transverse vibrations
of the two beams emerging from the doubly refracting
medium are mutually perpendicular.

'  ■' Classification op Interference Phenomena
We can divide the methods of obtaining Interference

effe'cts into two broad classes.
[A] Methods which require a, point source, or if the

interference effects are only required in one direction a
/ line source (Pivision of Wavefront).
(  [B] Methods in which the Beam is (fi-vided by partial
Vefkction into two or more beams (Division of .^phtude).

In tlie first class, provided the point or line source is
sufficiently fine, it is possible to have -wavefronts -mth
similar phases emerging in shghtly different directions
from the source. These can be further separated by
mirrors, prisms and lenses and eventuafiy broiig t
together again to produce interference bands. The
greater the area over which the wavefront must be of
thb same phase, or coherent, the smaUer must be theangle the source subtends at the wavefrmt. Examples
of this class are the Fresnel Bipnsm and Ifcrors, Lloyd s
mirror. Billet spht lens, and Rayleigh Interferometer.
When the slit is too wide the fringes chsappear. TMs]- r,-r,r^a nf the fringes was actually used bySeLoninhismethodofineasuvingtheangula^
oStars and by Gerhardt in his adaptation of Michelson sot stars an y diaweters of ultra-microscopic
method to obtain, tne diffraction
particles .(®o® gio^g also belong to this cjass.gratmgs, e^em , ^ ^
partial^XtTon h.H .Uvered mirro.. .he» i, .
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point to point correspondence between the wavefr$)nts
of the transmitted and reflected beams. Any peculi
arities in the one are also present in the other.," It
therefore follows that however complex the original
TTOvefront may be, the clearness of the interference
effects is not impaired. This means that \rith division
of arnplitude, extended light sources- may be used, so
that in general the effects are much brighter. Examples
of this class are the interference effects of thin films
and the interferometer systems of Jamin, Mach,
Michelson, Fabry Perot, and Lummer Gehrcke.
^  interferometer of this second class can in special
instances be modified and used as an instrument of

class. It thereby gains many additional
qualffies and behaves in an entirely different way. A
notable example of this is jthe modification by Twiouan
^ IT- Michelson interferometer.Mchelson in his book Light Waves and their Uses
restricted the term Interferometer to denote any arranrre^"
ment which separates a beam of light into two parts
and allows them to reumte under conditions to pro'duce
interference. Common usage has however extended
this defimrion to include all methods that divide the

number of parts that are subsequently
brought together to cause interference. For this reason
It IS convement to subdivide each of the above classes
accordmg to whether we have two or more interfering
beams. All the arrangements in Class A with the

Sw ? uf^1°'' (including Echelon) Gratings
and fuT^m 1 type, while the Fabry Perotand L^mer Gehrcke Interferometers of Class B are
examples of Ihe multiple beam type.

numerni?^^li^+^'v^^' of-=- interference methods are so
in^ bo^lr impossible to include aU
chosen foiu irterp^f Representative examples
sidered while ma ' ™P°rtance are therefore con-
the reader onee m-ther applications wiU occur to
are reSed The Possibilities of any particular typeare reahzed. The purely scientific or academic use of

INTRODUCTORY

an ̂ angement will Be considered first and its technical
applications afterwards. The simpler and better known
intesference 'methods will only be very briefly discussed
in order to leave more space for the more complicated

•-.and lesser-lmown arrangements. ,,

GENERAL REFERENCES ON INTERFERENCE
BloustoOH ;Trealwe on Light, Chapter 9 (Longmans).
Preston : Theory of Light (5th Edition), Chapter I, Sect. Ill,

Chapter II (Maomillan).
Sphuster : Theory of Optics, Chapters I-FV (Arnold).
Wood; Physical Optics, Chapter VI (Macmillan).
Bouasse and Carriers : Interferences (Delagrave, Pans)._
Fabry : Applications dee Intcrfirences Lumineuses_ (Paris).
Micliolson : Light Waves and their Uses (out of print).
Michelson : -Studies in Optics (Univ. of Chicago Press).
Gehrcke : Die Anwendung der Interferenzen (out of prmt).

L
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point to point correspondence between the wavefr^nts
of the transmitted and reflected beams. Any peculi
arities in the one are also present in the other., it
therefore foUows that however complex the original
wavefront may be, the clearness of the interference
effects is not impaired. This means that with division
of amplitude, extended light sources- may be used, so
that in general the effects are much brighter. Examples
of this elass are the interference effects of thin films
and the interferometer systems of Jamin, Mach,
Michelson, Pabry Perot, and Lummer Gehrcke.
An interferometer of this second class can in special

instances be modified and used as an instrument of
the former class. It thereby gains many additional
qualities and behaves in an entirely different way. A
notable example of this is j;he modification by Twjnnan
and Green of the Michelson interferometer.

Michelson in his book Light Waves and their Uses.
restricted the term Interferometer to denote any arrange^'
ment whicii separates a beam of light into two parts
and allows them to reunite under conditions to pro'duce
interference. Common usage has however extended
this defimtion to include all methods that divide the
beam into any number of parts that are subsequently
'brought together to eause interference. Por this reason
it is convenient to subdivide each of the above classes
according to whether we have two or more interfering
beams. All the arrangements in Class A with the
exception of Diffraction (including Echelon) Gratings
belong to the double beam type, while the Pabry Perot
and Lummer .Gehrcke Interferometers of Class B are
examples of the multiple beam type.
The applications of» interference methods are so

numerous that it would be impossible to include aU
in a book of this compaSS. Representative examples
chosen foi^ interest and importance are therefore con
sidered, while many further applications wiU occur to
he reader once the possibilities of any particular type
are reahzed; The purely scientific or academic use of

9

an Srtangement wiU be considered first and its technical
applications afterwards. The simpler and better known

•' intesference methods wiU only be very briefly discussed
in order to leave more space for the more comphcated

• ••.and lesser-known arrangements. „

GENERAL REFERENCES ON INTERFERENCE
ifoustoHB "TreaJise on X-JjW, Chapter 9 (Longmans).
Preston : T/«ori/ of Light (5th Edition), Chapter I, Sect. II ,

Wood ; Physical OpticSy Chapter VI • x
Bouasse and Carriere : Interferences (Delagrave, Pans).
Fabry : Applications des Interferences Lumineuses (Pans).
Micliolson : Light Waves and their Uses {ont of ̂ int).
Michelson : -Studies in Optics (Univ. of Chicago Press).
Gehrcke ; Die Anwendung dcr InUrferenzen (out of prm ).
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CHAPTER II

ARRANGEMENTS' INVOLV-
01^ line sources (DIVISIONOE WAVEFRONT) [^±rxoiKjx^

'"T^HE first type of Interferometer, namely tliat by
+T, • which Young verified the principle ofthe interference of light, was of this class. A primary
8ht limits the hght to a cylindrical wavefront, and two

Mthi3_ wavefront care selected by two further!
.  hese in turn are equivalent to two secondary'-

sources aocordmg to Huyghens' theory, and because

fi!® °.!?'"^®®Po^ding phases (having come originally
bpp^« narrow primary slit) wherever the

?n thplTfn can be observed either
scone W ® ^th a tele-
L avafiabir ^ sufficiently strong source
of forming the two secondary sources by means
or a rp'al^^ souTce^ either images of a common source,
bp PfT-pfpr"^®® This can
Mirrors or such as the Fresnel Inclined

narrow ^ general way why such
^hTsoTrcfa essent^l. A and B (Fig. 2 1) are
produced fe f^o images of the same source
a screen for ttie 7 , above arrangements and S is
distant D from of a low power microscope),
S abriSt T. H I AB. Whether therehnght, or a dark frioge at any point P distant a

6
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fronaN (ON j."- to S) depends on whether AP — BP
is equal to an even or odd number of haU wavelengths
(assuming A" and B are in phase with each other).

Writing 2d for the distance AB, AP — BP =

provided D is large compared with d. Let us suppose
that for a particular value of x, say z^, we have a bright

2a; d
fringe so that == mA, where A is -the wavelength

j  . , mAD
and m an integer : Zi =

2d

oL

'

b;
'  o

B,f

Fio. 2.1.—Interference between two
point sources ,

f AB -2d

N ON- D

r NP-x
ffi

If the two

sources A and
B  (still, in
phase) are dis
placed down
wards a dis-
Ig, nee z (i.e.
AAi = BB, ==
z) the value
of a; OS measured from (he old origin N for the same

f; bright fringe will be ̂ - + 2 since the same fringe
' has been moved down from P to P' a distance z.

If PP' happens to- be equal to the distance between
AD

■  successive fringes, i.e. = then aU traces of interference

bands would be obliterated F the sources at A and B
AD

had a width equal to To obtain clear distinct
fringes the slit source shojild not be wider than about
a quarter of this value. This Constitutes a real disad
vantage in this type of interferometer; if it is to be
used mth monochromatic h^nt, only a few sources can
be obtained of sufficient intensity; A coal g'as-oxygen
blow lamp playing on a hard glass rod furmshes a clean
and steady source of sufficient intensity for extended

•  ' measurements for the sodium lines. A quartz mercury





8  APPLICATIONS OP INTERPEROMETRY

lamp is also suitable if the fringes are observed svith
a Wratten filter, but the path difference between the
beams can never be very high.

Fig. 2.2.-Interfer6nce between two sections of a plane wavefront

^  2-'2) emerging from a
of ^ with two shts

rv^ori/irv'singlesHtinbhe normal dSetSor^tt^^
direction d is givep by-'A sin ain 6\ y ̂ ua sin 0\

-  . \ ?. j / [ T~)-^  J / \ X

only cona->!m^ ^ °ase, we are
can besuhstituteaforl^^^nr^''®® ^
Bin^ represented by yi = r!/t m (cot + where a is the phase

V

The Rayeeigh Interferometer

This instrument was devised by Rayleigh^ to deter
mine the refractive indices of the newly discovered gases
Arpnand HeHum. Subsequently it has been consider
ably developed by Haber, Lowe, Zeiss,Hilger and others.Essentipy it is a diffraction grating with two shts,
although as in the case of the usual diffraction grating,
It isnp the diffraction effects at each slit or rulinv that
give it its important properties, but the interference
effects of the beams diffracted at the several apertures.

DIVISION OP WAVEPRONT 9

difference between them, the resultant displacement is
by Young's principle of superposition y = y^.
"^T^^is gives'
y — r {sin cot -f- sin (cot -f- a)} = 2r cos sin (cot -f d)

sin A
Thwhere tan 8 —

1  cos

A

e amphtude of the result-

I:

ant train is 2r cosj^ and the intensity cos® —.

Applying it to the case under consideration, the path
. difference between corresponding parts of (i) and (ii)
is BH' = (a b) 0 so that the phase difference a is

consbquently (a -j- 6) 0.

The expression for the resultant intensity in any
^ecfion Q is therefore :— *

.  /naO\ «
sin® —V-

fme\^ ' A )• 1 ̂r7tav\ •

\T)
If 'a' is considerably smaller than b the cosine

term varies more rapidly with 6 than the sine term.
The "cosine term has maximum values of unity when

■ o r> ^ etc., the angle between the(a + b) ' (a + b)'
the other factor which canbright fringes being ft)'

be regarded as the envelope of the cosine terni hy
fl — n —. and minima when 6 = -,maxima when b — (I, „ > a?

—, etc. These are
a '

curve A

shown in Fig. 2.3-"where the dotted

refers to sin® (^) / the solid
curve

. /n: (a b) 6\

B shows the effect of the cos- j-—J term.

JLAi
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Thus the solid curve of Fig. 2.3 represents the inteKsity
at the focal plane SK of the telescope OE in Fig. 2.2,
the point 5 of this figure corresponding to 0 in Fi<^". S.s!
It IS irnportant to note that the intensity curve of any
particular fringe is practically a cos^ a curve.
When the hght source is heterogeneous only the

central fringe will be clearly defined. If white light is
used, for example, the central fringe is white, while tlie
fringes on either side are coloured, this effe.nt becoming'
more and more pronounced away from the centre until
after five or SIX fringes on either side, no more can be seen,ihe fringes are red on the side away from the centre
and violet on the inside. This follows since the angle
between the fringes is proportional to the wave-length.

/ncensity

^A7\7v>s.
Fio. 2.3.—Intensity curve for double slit arrangement

If now a thin plate of refractive index and thickness
t is placed m froqt of one aperture, e.g. AB in Fig. 2.2,
a path chfference (^ — i) < jg introduced, and the fringe
system, IS displaced. H (^ _ i) ̂  ig ^
or fmr wavelengths, the central white band is displaced
to the position previously occupied by the third or
fourth coloured fringe. The practi6al method of employ'ing this principle .is shown in the modern f3 of

azS' ^ade by A. Hilger and

achrpmatio objecti™ E.'t t' are^Jo
Tertioal Bbt apertures about 4 mme. wide 12

DIVISION OF WAVEFRONT H

apailt; The two parallel beams after passing through
the gas chambers D and E pass through two thin glass
plates^ inchned at about 45° to the beam. One plate
K is fixed, while the other L can be rotated on a hori
zontal axis perpendicular to the incident light. The
interference bands are observed by the telescope QR.
As the shts are widely separated, the fringes are very
close, and need an extremely high power eyepiece for
convenient observation. This high power is only needed
in the horizontal plane, so that a great saving of licht is
effected by using as the eyepiece a cylinder of glass 1-2
mms. diameter, with its axis parallel to uhe slits A andC.

Q •<

R

11'' ' ' IdHu 1=—1 jU A

c B

R

1  1 /I " ' -
i Pf (J '

Figs. 2.4 and 2.5.—Plan and Side Elevation of Rayleigh
Refractometer

The side view is shown in Fig. 2.5: immediately below
L and K is a parallel plate that extends across both
beams in the lower half. Its purpose is to lift the
lower beam so that a sharp separating line is obtained
between the upper and lower set of fringes which forms
a fiduciary system.
The movable plate L is controlled by an 8-inch arm

which has a hardened polished ste^el end. A spring
plunger keeps this end in contact with a micrometer
screw carrying a divided drdm; the thickness of the
plate L is chosen so that one division on the drum re
presents a shift of less than of the distance bety^^een
the bands.
The Rayleigh Interferometer can be used either to
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determine the refractive index of a gas or a liqiiivi or
to determine the percentage of impurity in a mixture.

X  calibrated using a monochromatichght source at different points along its range.* This
means finding the mean drum rotation for a displace-

. Substituting white light the posi-tion of the di-um is found where the white light fringes
m the two halves of the field of view coincide. This
gives the zero reading of the instrument. The unknown
gas or liquid is then passed into one chamber and the
white hght fringes are brought into coincidence again
rhe new drum reading gives the optical path difference

fia) t as a total number n wavelengths plus a

1  / "w^elength will be approximately amean value for white light, about -55 to -57 u.

larvR happens that when a comparatively
nower f?® plate has to be made, and the dispersiveof the substance under examination is very
Afferent ffom that of the tilted plate, difficulty is

of toe upper^sSof fringes most closely resembles the white central

p??SiimS® circumstances apre^inai^ measurement must be made. With gases
readmgs may be obtained at intermediate pressnrt oi
natively shorter chambers can be used.

monochTomatfc^Swfes''?hl'^ is necessary to usedniibt n^io+r. X , . , . Ols IS SO Bven when no
enersrvdislril^l^- central fringe, since the
from tfat in different
ffirerln n?';l the difference in
equivalent tn o ̂  glass platb^and tAie substance. It is
the white light''soS 'Vhe wavelength of
usinv a -wtiJfo r i,x r. errdh is. eliminated -by
and substituting ^nrce-'to locate the correct fringe
the fractional no^ Monochromatic source to obtain
thatwhenamonochrn^^'^i^^^^^^' realized
to differentiate bat source is used it is impossiblentiate between one fringe and another.)

/

Tifie problem of calibration of a Rayleigh Refracto-
meter has been discussed by Edwards ̂ and Adams,®
who have also considered the errors due to dispersion.

Messrs. Carl Zeiss also manufacture a portable type
which is based on the auto-colLimating principle. It is
shown diagrammatically in Fig. 2.6 which gives the
plan and side elevation. The light source (a small
electric lamp) is focussed by a lens on a short sHt, the
beam being twice re
flected by a suitable gk-
prism. It emerges
from the objective,
passes through the
compensating and
tilting plates, and gas
chambers to a plane
mirror S, in front of
which is the double
slit diaphragm. The
light returns almost
ljut not exactly on
its own path, and the
fringes are observed
Muth the cylindrical
glass rod Ok.
This form has the

advantage that
chambers of only half
4-ViA Iciicfth tlios©

d in the standard form are needed to obtaip the
"nme sensitiveness, since the light traverses the gas or
uS columns twci. This is of importance since, withjiquiu temperature^control becomes easier.

5**%^ event of an aScidental dtsplaeement of the
+bis form is. somewhrt difficult to readjust.

""tC'Bayleigb Refractometer Is by far > the most
+  and convenient means available of jneasiiringaccurate refractive index. It surpasses other

small .®j methods such as the Jamin because the

Fig. 2.6.—ZeissL Portable Rayleigh
Refractometer
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fiduciary system is a similar set of fringes and n it a
cross wire. This feature was introduced by Haber and
Lowe. It wiU be obvious that readings with this
arrangement will not be affected by a distortion nf the
framework or a displacement of the double slit, since
both sets of bands are displaced equaUy. The chief
advantage is, that with a similar set of fringes in the
upper and lower half of the field separated by a very
fine ^vidmg line, the two sets "can be placed in
coincidence to a far greater precision than a cross wire
could be set on the centre of a fringe. This is borne
out in experiments with the coincidence type of-range
under where alignment settings can be made with
practice to a far greater accuracy than would be expected
from considerations of the resolving power and magnifi
cation of the system. Since we are deahng with two

f urces, the fringes are cos^ d type, the intensity

Sv P^t compared withdecreasing slowly to zero on either

tPn+h +i! T?''® ̂  ^ ™ ̂thin atenth of the distance between the bands would be good.
other hand, with the coincidence method a con-

sistency of aboqt ̂^^is obtained after a Uttle practice.
chnnip nf ̂  r o^amber and 8fi the smaUestchange of index discermble,

w+v, inn X i X A.
_ 1 V ̂ n®f • Chambers and A = 5461 x lO"' cm.,

^nimnr? i ' represents the order of themmimum change that can be observed. With 1 cm

S o^in nrni' r"® and
that can bi?°^ total range of path difference
lall. InVhrrr'^f by-tilting the plate is
•005 cm nr rn M'^'inn'^ model of Zeiss it is about
model 30 wavS/ths wavelengths and in the Hilger
of index ^ i, +lia+ TJius the maximum difference
length of"'<^hnmK '■ measured multiplied by theieng.h of.chambers must not exceed -005 cm., but
^ is approximately 5000.
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lltieoretically, by employing sufficiently long columns
the smallest change of index can he made measurable.
Practically, however, this is limited by variations in
index due to temperature which can only be made
uniform between limits. For example, when 10 cm.
chambers .are used in a portable type (optical path
20 cm.) the fringes are not sufficiently steady for
accurate setting until nearly an hour has elapsed after
placing thej liquids in the chambers, in spite of a very
efficient shielding system. Thus while 100 cm. chambers
can be used for gases, -1 to 5 cm. is the greatest con
venient length for liquids. When the index difference is
large, the chamber length must be proportionately small.

The Rayleigh Refractometer is widely used in an
ever increasing number of varied applications. Its
accuracy is so high, that e.ven with the permanent
gases the refractive indices of which are comparatively
close' a displacement of of a fringe with 100 cm.
chambers will occur when -01 per cent, of Hydrogen is
present as an impurity in air. A siimlar displacement
would be given by -OOG per cent, of Hshum, -0045 per
pent of Sulphuretted Hydrogen, -03 per cent. Carbon
monoxide and -0095 per cent. Carbon dioxide.

Technical applications of the above facts have been
in using the instrument for testing the permeabihtyStaioon fabrics to hydrogen^ and the quantitative

^'^The'Lme^t^e'^S^interferometer using shorter cells
.  caT^be used for estimating the salinity offor hquicl concentration of salt solutions;s^water ^jggrence in refractive index of solution
althougu t , jyjQ chloride of similar concentra-

" is possible to use this instrumenttion IS percentage in a mixture to a higher
to io^TaLirXton Ln be attained by carefuldegree « chemical analysis. It is sufficiently

"tive to be used to .check the stability of N/10
^'^Tb^^instruSnns'widely used in Hiochemical'work
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mainly because of the quantitative method of inter-
ferometry developed by Hirsch in the application of
the Abderhalden reaction. These are described in
Hirch's monograph Fermentstudien (Jena, 1917) and by
Hirsch and Hecker.® A single example may be quoted •j iiiaoii ciiiu. Axuk/Kci.* xx siii^iy yAcmi^iy JLULctjr uy ij^uutou. j
in testing the' blood sera of children when only small
quantities of liquid are available a special 1 mm.quantities ot liquid are _.

- • • •"' r>tV'--
'  ■ ■ ••■''" ^V-'v/rV ';

'••'■ M ■-' ■ ■ . .r \V' ' ' '"•"'

chamber has been employed. Even then the accuracy
obtained is three or four times gieater than with a
total reflection refractometer.

The above list of applications would not be complete
without reference to the Fire-damp tester of Beyhng,
Haber and Lowe.® Essentially it is a portable type as
in Fig. 2.6, but is made in a flat shape so that it can
be conveniently strapped to the observer. Two small
accumulators are enclosed together with tubes of
calcium chloride and soda hme. The zero position is
found on the surface after liUing both chambers with pureair. The standard chamber is then plugged with cotton
wool. To test the air in the mine, the polluted air is
1^ asmall rubber pressureail, the cotton-wool being momentarily removed from
the other ^de (tp equahze pressure). The displacement01 the white hght fringes is compensated for by turning

wMch is graduated directly in percentage ofme ane and an accuracy of •! per cent, is obtained.

PPilN
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1

. 0

Lut-A (Fig. 2.7) be a point source sufficiently distant
from the telescope objective E that its image is forrned
at 0 in the fdcal plane F. If two parallel shts C and D
(separation a) are placed in front of the teleMope we
eet a fringe system at the focal plane, with O as the

"central bright band of zero path diference. The next
bright fringe will occur at 0' where CO — DO — /, and
the angle ONO' (a) between consecutive fringes is

. With"'two virtual sources G and D, the intensity
distribution of the bands is of the cos® 9 type- The
sohd curve on the right of F gives the intensity dis-

B"

A

"ir.:

0

.,-f-

Fio. 2.7.-Frmge3 from two point Bources with
Intensity

double slit

Michelson's Method of Measuring Stellar
Diameters

chapter it was shown in a
necessaruf^^-n ( point sources are
of (hvisiL obtdned by the methodi ttl of regarding it
turbance pme the wavcfront or hght dis-
as that emergina amphtude)
conditionSrnlvfaSfl ,1 ¥ aperture CD. Thisor virtually S'nH so^^rce either actuaUyy subtends a very smaU angle at the apertures.

,  i.- 1..^^ V due to this point source. Anothertribution along ^ {binges
separate point source ^ ^ displaced through
with Its centre ^f A when 0 is the angle
an angle 0 relative ^ represents

uniform intensity over F. _ men
e = i<=^ = ^a'
u'nnt fringe' effect wiU vanish whenrSaplda 1-1. M 2-a f'""

those of A, so that
0 or 7r-»

2a 2a

lyS^hs-rr'" . :■■ -

to. ■  -d'-v.-'ivvt , •• ,

Vpt-'
,  , " 'r'*v

. \ : f- . , , ■
■  . ■ : :■■

,,S. 'iV ■ "*■ ■ '

•.< vT, • ,'
•- *! v.- ,

pav^- '..V

-,- . .■< •••*-«,4'^ ..

a '=' .-J'' ?
.. . .'. - ,"v

1
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mainly because of the quantitative method of inter-
ferometry developed hy Hirsch in the application of
the Ahderhalden reaction. These are described in
ffirch's monograph Fermentstudien (Jena, 1917) and hy
^sch and Hecker.® A single example may he quoted;
m testing the blood sera of children "when only small
quantities of liqiiid are available a special 1 mm.
c amber has been employed. Even then the accuracy
obtained is three or four times greater than with a
total reflection refractometer.
The above list of applications would not he complete

mthout reference to the Fire-damp tester of BeyHng,
in ^we.® Essentially it is a portable tjrpe as
be pnn'vo •' ^ shape so that it can
LcuXl!?^^ ̂  strapped to the observer. Two small
calcTm nhr*/''® together with tubes ofand soda bme. The zero position is
founrlnr,+rl ^ <ma sooa iime. The zero position is
air The after tiUing both chambers with pure
tool To W?1? then plugged with cottonwool. io test the air in t.he _• •_wool Tr, +u . ^'isupmggeclwithcotton-
Sn ilto Z- fu P®U"ted air is
baU the cotton ^^.°^®ans of a small rubber pressure
the other ̂ de (\n r"® momentarily removed from

Michelsok's Memod of MEASUKmO Stellae
JJIAMETERS

general way^'thy^n^rtow ^ a
necessary for interferenpa ff i sources areof divis4 of wave w °bt:.ined by the method
IS that, for this method regarding it
turbance emerging from4i wavcfront or light dis-
must be substantifiiv t' aperture AB in Fig. 2.2as that emerging frorn phase and amphtude)
condition u .1 ° tpe other anonfunn qj) This
as that emerging phase and,
conditionisonlvsatiafi4 ¥ apertureor virtually subtends a verv sm ®®orce either actually

y mall angle at the apertures.

lI^-A (Fig. 2.7) he a point source sufficiently distant
from the telescope objective E that its image is formed
at 0 in the fdcal plane F. If two parallel slits 0 and D
(separation a) are placed in front of the telescope we
.get a fringe system at the focal plane, with 0 as the
central bright band of zero path difference. The next
bright fringe will occur at 0' where CO' — DO' = A, and
the angle ONO' (a) between consecutive fringes is

0- With"'two virtual sources C and D, the intensity

distribution of the bands is of the cos® 6 type. The
solid curve on the right of F gives the intensity dis-

A

0

Intensity

Fio. 2.7.—Fringes from two point sources with a double slit

tribution along F due to this point source. Another
separate point source B will have a sumlar set of fringes
wi4 its centre (zero order) fringe P displaced through
an angle 0 relative to that of A when 0 is the angle
ANB If the dotted hne curve on tbe right represents
the intensity distribution due to B, the fringes disappear
when P is midway between 0 and 0 , since in this position

i^the two sets of fringes are complementary and give
uniform intensity over F. ̂ Then

0 = ia = 75-.

Similarlv the resultant fringe effect will vanish whenR are displacid 1-.1 and 2-5 fnpges from
onjiiictiiy ^ « T 1

the fringes of B are displaced
those of A, so that

4
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disappear. If b is the smallest< separation of ;]S2iM4
that makes the fringes disappear, then

\ -
' A6 (angle subtended by the star) = 1-22 radians.

0

For a disc of uniform brightness the fringes again
disappear when the separation is 26, 36,- etc. The
efiective wavelength A should be determined by the
same observer since it depends not onlv on the eneruvoaiuo uuservei- since it depends not only on the energy
distribution of the star, but also on the Vr-'sual Acuity
curve of the observer. [This can be obtained by
rneasuring the angular fringe width of fringes from' a
close double sht (so that the star is effectively a point

source), if the angularg*- ws.. V..i. vy vy J JJ. U4XW CtXl^ UXCVl.

f
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-^2^C
ringe width is p for

a slit separation s,
A = ^s.]

The action of this
type of interfero-
meter can be under
stood from Fig. 2.10.
Let the light from
the end point A of
a distant line source
AB fall normally on
the interferometer
■whose outer mirrors

.^•^°-r'Magniflcation Effectobtained by IMichelson's Method
are C and F If R +v„. wnose outer mirror
due 10 A and 0
and tha angle a beWeen the W„ges i, before i'

bv one wldn;i B, tAen BF evceed
a

zeroorder fringe of the liobt 'A V "by one wavelength This iT+b ' r exceeds BCappearance of the fringe effect thS^
ig / - «A  ̂

,  OT'~'6' « remains = -.■Ifiun the interferometer -a ®'

d.-«ee„;-.. a., in the ratio ~
a

■  '"\ ■'
Tiis arrangement,, which is probably the most impor

tant astronomical development of this century, has a
twofold advantage. In the first place, it has a resolyin,^

' power only Hmited by the purely physical hmita.-tions
of the length of girder that can be constructed without'ri undue fiexui-e and vibration. Secondly, even whenatmospheric conditions are such that star images with
larae aperture telescopes are badly defined and present■■ a 'boiling' appearance, the interference fringes niay benuite diftinct- This is because the apertures m theLterferometer are small. Any variation in the index

■ of refraction of the air over one aperture merely causestL frTnge system to move as a whole. Provided this
fa not too rapid the distinctness of the bands

•  unaltered, while under the same conditions thesto image from a fuU aperture telescope would be
ZerSons were made mth a 20-footine ursL . J 100-inch Hooker reflectormterferometer mounted^

at Mount Wdson. ims and not because ofmerely for ^ ® xhe inner mirrors MoMj had
any optical ^^0 45 ^ ches; giving a
a constant sepa „Vinnt -02 mm., easily visible
fixed fringe spacing ^ symmet-.:■ with a magniScation of "■ Jmtlap in theI  rioally .f, ttwe interference

■  ?i''Sos3 "the star image, which i/ilongatei because
of that the fringes fmm

]\Iichelson ® ^ Orionis) disappeared when
the red sta,r ®®*^®|seu inches, althoughthe outer mirrors h telescope was turned on

,  they reappeared wben instrument was m
"-.efieetive wacei^gth 1 =

.  , 1 — 1 -22 - eivea the anvnlnr rlio-5750 A the formula a - jg„gipur coiicgc ubmry

;
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disappear. If 6 is the smallest'separation of •li3iM4
that makes the fringes disappear, then

1

6 (angle subtended by the star) = 1-22 v radians.
0For a dise of uniform brightness the fringes again

disappear when the separation is 26, 36,- etc. The
effective wavelength X should be determined by the
same observer since it depends not only on the energy
distribution of the star, but also on the Vj'anal Aon;f-,r

vt.s,/jjwA*j.o iiuu uiiiy uii Liie energy
the star, but also on the V-'sual Acuity

curve of the observer. [This can he obtai—' '--
measuring the angular fringe width of fringesclose double slit (so that the star is effectively a point

.ryi'.C'

i5'S34S^

K:...y "^' *

source), if the angular
fringe width is ^ for
a sUt separation s,
X = /35.]

The action of this
type of interfero-

1^ meter can be under
stood from Fig. 2.10.
Let the light from
the end point A of
a distant line source
A-DFio. 2.10.—Magnacation Efiect normally on

obtamed by Michelson's Method ^he interferometer
whose outer mirrors

ice fringe
EO = A,

are C and F. If.^R ig thp, "uose outer mirror
d«. to A and 0
.nd tie aogle c. between the fringes i, before :*
where a is the separation DE Wh
order fringe of the light frniv, -r 1^.order fringe of the'UghrfroS'R
by one wavelength. This is the cnndif- fuy uuB wavelength. Thiq ic, +u , exceeds RC
eppea^noe of 'he «„ge for the die.

TT, ° reiiiains = ^Ihus the, interferometer ih p-ffcot . ®
diamefer of the stur ir, the ratio
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T^is arrangement,i.which is probably the most impor
tant astronomical development of this century, has a
twofold advantage. In the first place, it has a resoling

' power only limited by the purely physical hmtations
of the length of girder that can be constructed without

fi undue flexm'e and vibration. Secondly, even when
atmospheric conditions are such that star images with
large aperture telescopes are badly defined and present

•• a 'boiling' appearance, the interference fringes may be
quite distinct. This is because the apertures in theinterferometer are small. Any variation in the index

■ of refraction of the air over one aperture merely causes
the fringe system to move as a whole. Provided thismotion is ni too rapid the distinctness of the bands. ^mains unaltered, while under the same conditions thesto image from a fuU aperture telescope would beconsiderably made mth a 20-foot
interferSieter mounted on the lOO-mch Hooker reflector
S Mount Wilson. This large telescope was selectedfoci's —>

.  rically adjusted so tbat^tne ^ p interference
^ Ws""®™, ihe »tor image, wUch ia'ilongated becauseof the restricted gerturehficlielson and P ^ disappeared when

the red sta,r gg^j^mtion of 121 inches, althoughthe outer mirrors ha telescope was turned on
they reappeared instrument was inthey reappeared wnmi instrument was in

,  _ _ 1.22 - dveo the aPDrnlnr <Ra-5750 A the formula a > j„„j,ip„rCoiicgeUbrap
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Wliin "fiPlAanrvT-k/iN /-^ j. __ t ,

XXII i

S  does not radiate .-uniformly the lactorISiZ riTIk™-Vf7'-°® ■'''""-
limSwhen "°'= o'tho"/"' a .""l^ening towarde the(approjdmate value for"he" ml'to S " ="®
by about 17 per cent. increased

BeetrmilV^tp^rSL"a't^ w\th\Tf^!rgef.lnSh
«. - 5-%-36,*

It under conslructiou.
angular diameters of s^ill 8013!^ obtain theby estimating the visib ifTS L"" also
separations, to deduce the Lh! j ¥ at various
over the star disc, which intensity distribution[The hg.it from each point f ̂®®^all never see.equaUy to form.every pfrt^f contributestbrough a telescope objecttef T disc image- obtalu.., uut^a truflTage ^"tVtS
Angulab Diameter qi- Ultra Mtxu,,

Although Gehrcke" suvtx t u ^^^oscopic Particlessbt method was not used ?? double
of microscopic pk^ides measure the diameters
3Se^^^"'^° P™minete^ bad beenson s experiment. ^ *be success of Michel-- -"p^uxiuienr. " — "uwesB 01 iviichel-

'te W J,u« to
stellar

- i4:rs orde" [XrirtrSuT
®®® reference 15.
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Th3.fringes vanish ,when BD — BO = X. Dropping
perpendiculars from A and B on BD and AO respectively
(see Inset) : •

BD - BO = (BD - AD) - (BO - AO) = BN + AM
(taking A to be symmetrical with respect to the sHts
so' that AC = AD).

If the refractive index of the medium surrounding
AB is /X, the optical path difference is /<(BN + AM) =
2fj, AB sin M = A; o

®  A A
or AB = 2/.1 sin u 2 (Numerical Aperture)'

This Numerical Aperture is not necessarily the full
valuQ for the microscope objective, but its actual value

Fig. 2.11.—Gephardt's Microscope Interferometer
as determined from the positions of the shts. Presum
ably these can be placed at some other rrpre cbnvenient
position CD' so that they only transmit the same°
beams as if they were actually at CD.

The double slit method in microscopy has been used
by Gerhardt^' to measure the mercpry and mastic '
particles iUuminated in the dark fieldf^f a Zeiss cardioid
or paraboloid condenser.*
Division of Wavefront into More than Two Parts

■ ■ The most important example of this class is the Diffrac
tion Grating, and this wili be bjiefly considered so as
to afford comparison with the Interferometer methods
discussed in Chapter VI. ^

Suppose for simplicity that we have a pla:^e»wavefront
of wavelength A incident normally '''on a grating of

* In Gephardt's experiments the particle was only illuminated
at its edges, therefore a factor 4 instead of 2 in the Above
formula has to be applied.
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spacing 5, the reflecting, or transmitting. (as the^case '
may be) grooves of which have a width b. If d is theamphtude of the hght from a single groove along the
normal to the grating, the amplitude in a direction^'
making an angle 6 with the normal is

Uq \  X

nb sin 6
X

sinX • I • o
a V where x = ir o sin 0.

^  • /
. ®

nf ~ beams arrive at the focal plane.
nmT%r+ °i telescope in phase and the resultant
slif« ^ where N is the total number of
in fl nir obtain the resultant amplitude
wavp7^ be reaHzed that the "
betwppn Pbase. The path differencecorresponding ^arts of successive beams will

s sin 6 and the phase difference 6 = ^(s sin 6).
ixr_ ° ^^ then have to sum:
a, sm wt + sin (u,t + 5) + gin + 2d) . . "•

.  This * uf ' N + N - I)d.can b5 summed trigonometrically, but if. it ia ,
realized that we are dealing
with vector quantities, a'
simple geometrical method ia
available.

If the lengths and direc
tions of the successive lines
AC, CD, DE, etc., in Fig-
2»12, rejuresent the terms of .
the above expression ^
amplitude and phase, then

•AB wiU leprSsent the result- ^
.  ; - ant amplitude. In our case'ng the centre n * x, AC = CD = DE, etc. Joi"'
points A, B Q pv ° ^be circumscribing circle to the

.  ' > c., and dropping a perpendicula
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from Q on AB at P? if r is the radius of this circle
we have '

X = Z.ACO = /_OCD and 2a- = 180° - d.
So that ZAOC = d.

/.AOP = ^ and AB = 2?-.sin
In the A 400, sin

AC
_ sin X _ .cos (5/2

Resultant = 2AC
sm 0

sm

r

Nd

_ " 2 ag cos (3/2 sm
m*

.  N0
2 sin (3/2 cos d/2 .2 ~ sin <5/2'

is:

Thus the full expression for the Resultant Amplitude

sin X sin Ny o
Ag = A.

sm Y

where y = (3/2 is half the phase difference between the
waves from corresponding points of consc,cuti«e slits.

The last term varies much more rapidly with d (or
with 6) than the second, so that the sharp line pattern
'of the diffraction grating is entirely due to the inter
ference effects of the beams from the yarious grooves;
sin Ny , . . , ,.r ^

has its maximum value N when Y = 0 or any
sm Y

integer multiple of n. The minimum values are given
by Y = ̂  71 when Kois an integer not exactly divisible

♦ In the special instances where d can bfe made infinitely small
(with corresponding increase of N]^we have :

. No » . NS. •
sinN5/2 T 2

Resultant = o, =«<,
a

where a is now ^ the extreme phase difference.
0

3
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X

sinX • I • o
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^  • /
. ®
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26 APPLICATIONS OP INTERFEROMETB|f . '
by N, and the first minimum values on "either "side of
a principal maximum Y = mn, are Yi =

DIVISION OP WAVEPRONT 27

= A

= (m -

Por a principal maximum Y = mn = -^s sin 6
or that

Hence
dd m

'  I • 'r '^•^"•'-'t*!. V.'*. .-I

s sin"6 = m^^
,, — „ is the dispersion of the gratings
d/. 8 cos 0 . . . "

If di and 02 ^-re the directions of the first minima
on either side of the principal maximum 0,

j 8 sin 01 = + ̂̂TT, ^ 5 sin 02 =
giving - {sii? 0i sin 02}

«or
o  . (Bi —
sm'-m =

Ns cos
01 + 02

..3..\.W w, •-. _ ,

...,., , . •a",.,.--

In

A, so that sin
2  "" """

of a maximum and its first minim'um and

an orSina^ grating Ns is very large com withpared
n+.Pnf ci.r. _i 1 — angle between the centre

= cos 0.

The late Lord Rayleigh has shown that it is possible
to resolve' two spectral lines when the principal
maximum ciFone corresponds to Jhe first minimum of
me other. Therefore^ if we toake the 50 in the expres
sion for the dispersion equal to*d0 = —«.

0  • ' Ns cos u
5\

■ V r
The tatio is termed the Resolving Power and

. ■ equals Nm. The order of interference m means, that the
■ path difference between the beams to and from succes-
■  "sive grooves ig m wavelengths. This leads to another
*and probably more convenient way of regarding the
Resolving Power of a grating. It i8 the path difference
between the beams irfpident at the ends ̂ of the grating
measured in itvavelengths.
As an example, consider the case of a reflection grating,

the ruled portion of which is I cms. If it is used in
a ' Littrow' or back reflecting method so that the
incident and diffracted beams are practically super
posed, the Resolving power:

R.p. = ̂ ̂ ^
A

where 0 is the angle the light makes with the grating
surface. Thus a grating has its maximum ̂resolving
power when the incident and diffracted beams aj-e
superposed and practically grazing the grating surface.

Echelon Gratings c

The R.P. of a grating cannot be increased indefinitely
by increasing the number of rulings, since after a certain
stage, the diamond point of the ruling machine becomes
worn. A large grating with a large .spacing of wide
grooves cannot be made with sutfiicient accuracy.
Tliis led llichelsoni® to devise an entirely new way of
obtaining high resolving power. His method waq to
pass a parallel beam of light from a collimator through
a pile of plates arrcmged in echelon formation. The
beams emerging from consecutive apertures are
uniformly retarded and we get a transmission grating
of a comparatively "small number of apertures, but a
very high order of interference

the thickness of each plate and /j, its refractive index
for the wavelength A. Pull details of the transmission

wiUcbe the smallest wavelength change

Tbis gives
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by N, and the first minimum values on "either ;side of
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a principal maximum Y = mn, are Yx =

^  * fiFor a principal maximum Y = wtt = -jS sin o
or that ' s sin®0 = rnA>.

The tatio is termed the Resolving Power and

Hence ̂
dA.

m is the dispersion of the grating 4

-

'.► <1

^ n. . '. ......

"'g' ■.*'-'iw!-;.r -w. ' ' ',. . .. - *• ^-'•t.., ...., . ■ • ■v.:
'. It

y ... ,

nn-V-".

wrf.

S COS 0 . _ .
If 61 and 02 are the directions of the first minima

on either side of the principal maximum 0,

? « sin 01 = ^ s sin 02 = 7i
giving -j {sii? 0^ sin 62}

Kor
O  . / 01 — 02\

sml^^——?) =\  2 J

.' equals Nm. The order of interference m means, that the
■ path difference between the beams to and from succes-
■ ' sive grooves ig m wavelengths. This leads to another
•and probably more convenient way of regarding the

Resolving Power of a grating. It is the path difference
betiveen the beams irjfiident at the ends ^ of the grating
measured in ̂ luavelengths.

As an example, consider the case of a reflection grating,
the' ruled portion of which is I cms. If it is used in
a ' Littrow' or back reflecting method so that the
incident and diffracted beams are practically super
posed, the Resolving power:

2 i cos 0
R.P. = ^

Ns cos
01 + 0a

where 0 is the angle the light makes with the grating
surface. Thus a grating has its maximum ^resolving
power when the incident and diffracted beams are
superposed and practically grazing the grating surface.

In an ordina^ grating Ns is very large compared wi
A, so that sin ^ ^ = SQ the ancrle between the cent

wit

2 ~ — SO the angle between the cent
h

re
of a maximum and its first minim'um and

"^-os = cos 0.
The late Lord Rayleigh has shown that it is possible

to resolve' two spectral lines when the principal
maximum dF one corresponds to ^he first minimum of
tae other. Therefore^ if we ^nake the SO in the expres
sion for the dispersion equal to* 60 =

ri r *o" « Ns cos 0'
obseri^le ^A^wifiobe the smallest wavelength change

Echelon Gratings o

The R.P. of a grating cannot be increased indefinitely ^
by increasing the number of rulings, since after a certain "
stage, the diamond point of the ruling machine becoines
worn. A large grating with a large sjpacing of wide
grooves cannot be made with sut&icient accuracy.
This led Mchelson" to devise an entirely new way of
obtaining high resolving power. His method wag to
pass a paraUel beam of light from a coUimator through
a "pile of plates arrtcnged in echelon formation. The
beams emerging from consecutive apertures are
uniformly retarded and we get a transmission grating
of a comparatively "small number of apertures, but a
very high order of interference ^ where t is
the thickness of each plate and fj, its refractive index
for the wavelength A. Pull details of the transmission
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Fio. 2.13.—Path differ
ence in a reflection
Echelon

20

instrument are given in standiu-d textbooks subh as
Wood's Optics or Preston-Porter's Theory of Light.

Recently a method^® has been found of making h'Rchel-
son's original idea of using it as a reflection instrument
a practical possibility. This has the advantage that

its use is riot limited by the
transmissivity of glass, and it
also has between three and
four time^ the regolving power
of the corresponding trans
mission instrument.

This will now be' briefly
considered. The path differ
ence GAH - EOF (Fig.°2.l3)
for light incident normally onthe plates CB and AK (AB = CD = <, AK = BG = s)

when the light is diffracted at a small angle 0 is
jWair(2l s0) and for reinforcement

¥, /Walr(2f — sO) = mX.
-iNeglectmg the dispersion of the air, the dispersion

of the grating-is:
,, ^ _m _2t

'  dX 8 Xs'
Putting m successively = m and m -\-\ correspond

ing to 0^ and 02 directions (and writing ^„ir— 1). the
angle between <:jiccessive orders 0^ — 02 =-^"
Nm^aml grating, the resolving power isto CSfT Jw^ °^y 25 - 35, theVder ' m 'If the iS-^f i® 34,000 {X 4000 A),
over a wiVIa from eaclbslit had been spread
orders of sncpf^^H ®hobld have several hundredeaSten nr^r^' ^o the large width 5 of•tep P„oti„ay th;:;4V

has a njaximum value when 0 = 0, and zero values when
X0 f= °+ - , or multiples of this. If 2fA.t =mX, the prin-

'• ■ / ®
cipal maximum of occurs when 0 = 0 and thesin Y

next orders occur

sin X

at 0 = ± -.
8

Here the factor

=.0, r,® .that iro spectra appear. ' This condition
is known as the Single Order position of a spectral
'line. In general we see two orders of Hne, an angle
dd ='- apart, which may He anywhere in the region

X  Xbetween 0i and 02 = -fr -•
s

In a transmission instrument the variation of path
difference needed to change the position from single
to double order can be obtained by sUghtly fifing the
Echelon, and this is done without any material dis
placement or deviation of the spectra.

The same method cannot be used with the Reflection
type as the necessary tilting would cause the" reflected
beam'to go outside the field of view.

Fig. 2.14 shows the method finally adopted for

i Spectrqgraph
Co/hmator

Fio. 2.14.- -Combination of a Refl-jction Echelon and a
r Spectrograph

e ih.
"  "niV »6le. The expression ^

X. by which sin Ny
sm Y

must be multipHed

u6ing a Reflection Echelon in'^coniunctjpa with aspectrograph. The- light to be analysed is focussed
on a primary slit Sj which may either be vertical or
horizontal. It is reflected by the small quartz prism
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instrument are given in standard textbooks sutb as
Wood's Optics or Preston-Porter's Theory of Light.

Recently a method has been found of making liliehel-
son's original idea of using it as a reflection instrument
a practical possibility. This has the advantage that

its use is riot limited by the
transmissivity of glass, and it
also has between three and
four timeS the regolving power
of the eorrespbn'ding trans
mission instrument.

This will now be' briefly
eonsidered. The path differ
ence GAH - EOF (Fig.°2.13)
for light incident normally onthe plates CB and AK ^AB = CD = <. AK = BG = s)

when the light is diffraeted at a small angle 0 is
ix^{2t s0) and for reinforcement

,, iWair(2i — sO) - mX.
iNeglecting the dispersion of the air, the dispersion

Fio. 2.13.—Path differ-
once in a reflectionin

Echelon

of the

has a ipaximum value when 0 = 0, and zero values when
A0  p= y- - , or multiples of this. If 2/^< =mX, the prin-

•  I 5

cipal maximum of
sin Ny
sin Y

occurs when 0 = 0 and the

next orders occur

sin X

at 0 = ± -.
s

Here the factor

=,0, TsS.that no spectra appear. 'This condition
is known as the Single Order position of a spectral
line. In general we see two orders of line, an angle

3
. 50 =.- apart, which may lie anywhere in the region

X  X
between 0, = and 0a = -fr "•

S  O

grating' is;
,. ^ __m _2t

dX~ 8 ~Al'Putting m successively = m and m + 1 correspond
ing to di and 02 directions (and writing 1). the
angle between fnccessive orders 0, — 0, =-^"

A  * 5

Nm^anrl ^ .^^^jjinary grating, the resolving power isih- ? 25 - 35, theVder ' m '
If the'livW 34,000 (A 4O00 A),

over a wMe ^aeted frcan eachoslit had been spread
orders of spectm^ ^ T shobld have several hundred
each step practioaii'^^Ai."^^"® width 5 ofP> P ctically thcowhole ofe the diffracted light

In a transmission instrument the variation of path
difference needed to change the position from single
to double order can be obtained by sUghtly jilting the
Echelon, and this is done without any maiterial dis
placement or deviation of the spectra.

The same method cannot be used with the Reflection
type as the necessary tilting would cause the" reflected

■■ beam'to go outside the field of view.
Fig. 2.14 shows the method finally adopted for

p{(^ I Spectroyraph
j Co/hmator

Fio. 2.14.—Combination of a Reflection Echelon and aSpectrograph

IS contained in ama'rrw angle. The
/  Y 715 sin 0\ °. T. _~X~~) ^y which

sin Y

expression
sin X

must be multiplied

x.r

u6ing a Reflection Echelon in'Vconjuncti,^ with aspectrograph. The light to be analysed is focussed
on a primary slit Sj which may either be vertical or
horizontal. It is reflected by the small q^^uartz prism
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Q to the objective 0 and through'the quartz or fliiorite
window W on the Echelon. The reflected bea-m is
focussed by 0 on to the slit Sj of the' spectrograph.
The latter makes a coarse analysis of the spectruin
and separates the lines of widely diiierent wavelengths
so that these do not overlap as they do "at the slit 82. '
When Sj is vertical the edges of the Echelon plates
must also be vertical as in the figure, while the slit'S2
must be sufficiently wide to adbommoi^;ate at least
two orders of any line. By also taking a plate with
the Echelon turned through two right angles, it is
possible to determine whether a satellite lies °on the
long or short wavelength side of a main Une. In the
one position of the Echelon, its dispersion assists that
\\r-^u while in the other, it'opposes it.With a -very rich spectrum such as that of the iron
arc, he sht Sjand the Echelon plate edges are arranged
horizontally so that its dispersion is along the slit 82
w ic can now be narrowed down as desired. In order

q. c ange a line from single to double order position f
as requndd the air pressure in the chamber C is Varied
t ^ suitable pump, and providedof air to or from the chamber during

pattern remains steady in spite of
and ^ ° ojpperature. This is because the densityand -1— iiiia oecause rne

• Rayleigh : Proc. Roy. Soc., 59, 201 (189G).
'•Edwards: Bull. Bur. Statid., 14, 474 (1917); J. Amcr.

^hem. Soc., 39, 2382 (1917).
^ Aclams t Joiltw. Attic?*. Chcn\. Soc.^ 37, 1181 (1915).

Haber and-Lowe-: Zeitschr. f. angcw. Chem., 23, 1393 (1910).
• Edwards': Techn. Papers Bur. Stand., No. 113 (1918).
« Mohr : Zeitschr. f. angew. Chem., 25, 1313 (1912).

■ Hilliger : Zeits. Dampfk. u. Maschinen betr., 34, 165, 200
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Kleraperdr :' Chem. Zeitung (1911), 557.
' F. L6w0 : Ann. der Hydrogr., 40, 303, 1912.

*  "• Hirsch and Hooker: Zeitschr. f. angew. Chem., 33, 269
(1920).
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rf the Rffioa' constant, while the expansionchanges is negligibly temperature
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Q to the objective 0 and through-the quaxtz or fluorite
window W on the Echelon. The reflected beam is
focussed by 0 on to the sht Sj of the" spectrograph-
The latter makes a coarse analysis of the spectruin
and separates the lines of widely different wavelengths
so that these do not overlap as they do'at the slit 82-
When Si is vertical the edges of the Echelon plates
must also be vertical as in the figure, while the 8lit'S2

/y* — - • 1 ■ . .. . . m .must be sufficiently wide to accommodate at least
T.TITI^ ^ 1* TT* 1 . ^ • • H i . • . itwo orders of any fine . By also taking a piate with
the Echelon turned through two right angles, it is
joossible to determine whether a satellite Hes °on the
long or short wavelength side of a main line. In the

Echelon, its dispersion assists that
vcr+a while in the other, it'opposes it.With a very rich spectrum such as that of the iron
arc, ® sht Sj and the Echelon plate edges are arranged
horizontaUy so that its' dispersion is along the slit S2
w ic can now be narrowed down as desired. In order

Q. c ang a fine from single to double order positionr quire , the air pressure in the chamber C is varied
^ suitable pump, and provided

an piTT^nf from the chamber during
varia+mTi<r^f'+ PS'ttern remains steady in spite of
and onnQ ®™perature. This is because the density
?he chaS®''^^^ ""^^^^^tive index of the gas in
S  ̂hile the expansionchanges is negUgibly sm^. temperature
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CHAPTER m

INTERFEROMETER ARRANGEMJSNTS
INVOLVING A DIVISION OF AMPLITUDE

WE have seen that, in order to obtain interference
phenomena with different parts of the same

wayefront, the wavefront must be such that its pro-,
per les m. its different parts are similar, to a degree
T^^fl V fineness or closeness of the fringes.

vaUants, the'
i-arn 1 ^'efiel&n star interferometer, if the
Jmce'd'' (producing widely^  primary source can be relatively

^ obtaining the necessary two orCnartlarri the whole beam
wavefronts of^L^^lf" division by this method the
the original inpi'/i P ^^® similar, any peculiarity inthe two or more rTsulTw b°"^ equally by
of this methnri ?4 • fieams. A simple illustration
ntoi^the tateri 'zr,'" "■" of tW"of oil Sims on a wet roS" •'"''''l''' "'

When the film in fViin +i,* t i
(in wave-length) anrl in'* i ^ complexwhile the recordinulr all angles,
aperture. ... ' ^nnient may have a fairly wide

Let t (Fig.s.n k„ ., .
refractive (index ». ^ts .^®fi^®ss of a parallel plate of
any .wavefront S,']'nf>rti.a..oj. represents the normal tbthe wavefronts reflected fJom+1^®
faces respectively Th.^ ® upper and lower sur-y- fifie path difference, or the retarda-
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tion of.S3 compared with Sj, is 2pt cos 6 — |A [the phase
change effect due to reflection at a denser medium].
V.Tieh t is small, the lateral displacement of the S3 wave-
frpnt from So is small, GF = 2t tan 6 cos i, and from
any one small region BF of the plate, only the light

, which falls on it at an angle i can be reflected at the
same angle into the eye or camera. If ' <' varies along
the plate then the total retardation between Sj and S3
from differhpt points will vary. Since the intensity
of the light with two interfering beams is 4a^cos2-,

where A = y (2/d cos 6 — a being the amplitude of

each beam, the intensity
points will' vary, and the
interference effects seem
to be situated in the film.
■With a thin parallel film,
the possible variation in 0
(or i) may not be sufBci-
ent to produce an appre
ciable change in 2pt cos
6, so that the film will
appear of practically uni
form intensity through-

' out.
As ' t' increases, the1/ XaIV^I ^U>0 wkj} xjxMyy

of the light from different

Fig. 3.I.- -Interference of tliin
films

-j ^

localized fringes tend to disappear,'? but by usmg a
small aperture in front of the eye the condition of
one incidence angle to one point of the plate, can be
adhered to more closely. This device, e.g.^ a card with
a small hole a fraction of a millimetre, also makes it
easier to observe the fringes duetto the variation of 0
that can be seen in a parallel plate when i has a suffi
^^TheSanl! when viewed
of reflection, are usually knoivn as Hmdinger 1^He observed them in mica plates and t^med^t^m
' lameUar ' fringes as distinct from the contact rmgs
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WE have seen that, in order to obtain interference
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per les m its different parts are similar, to a degree'
Tn^tv, V the finenegs or closeness of the fringes.RavioJrTV.°'^^^<.u°^]?i? or its variants, the'
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snierS''^ (producing widely.jyjjfg ^ primary source can be relatively

'  tion of.S3 compared with Sj, is 2pt cos 0 — [the phase
change effect due to reflection at a denser medium].
V.Leh t is small, the lateral displacement of the S3 wave-

;' frpnt from Sj is small, GF = 2t tan 0 cos i, and from
any one small region BF of the plate, only the light
which falls on it at an angle i can be reflected at the
same angle into the eye or camera. If '«' varies along
the plate then the total retardation between 82 and S3

.  from flifferft-nt points will vary. Since the intensity
of the light with two interfering beams is ia^cos®-,

where A = y cos ^ ® t)emg the amplitude of
each beam, the intensity of the light from different
points will' vary, and the

/  wiue. ■- ^ "
obtaming the necessary two or

« to divide the whole beam• •■ ■"'• • • • ' by partial reflection. After division by this method the
.

the oriffiiial'irioi^*^^+^^^^ similar, any peculiarity inthe two or more rTsulTw be^^ equally by
of this mefbnH i's. • J'cs.ms. A simple illustration
of oil films on a wet road!^ ^ bubbles or
(in waveden^jA and^in'-^/^^+^^^^ complex
while the the film at all angles.tbp r i- i 01

■V t . ^
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interference effects seem
to be situated in the film.
With a thin parallel film,
the possible variation in 0
(or f) may not be suffici
ent to produce an appre
ciable change in 2pt cos
0, so that the film will
appear of practically uni-

aperture.
recording instrument may have a fairly mde

refractive -mdex^ 'I'r/ tl^lmess oi! a parallel plate of
any wavefront S, represents the normal tb
t.lio wciTTr.f b, Client on tbp, -nio+Q c i athe wavefronts

form intensity through- g j—interference of tUn
■ out. ' films

As ' t' increases, the o
localized fringes tend to disappear,^ but by usmg a
small aperture in front of the eye the condition of
one incidence angle to one point of the plate, can be
ndhered to more closely. This device, e.g.. a card mth
a small hole a frac^don of a millimetre, also makes iteasier to observe the fringes Jw ? ™ffici
that can be seen in _a parallel plate when t h
^'^iLS^banS when viewed

reflected from^
faces respectively. ^Pper and lower sur-

path difference, or the retarda-
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of reflection, are usually ImovTi as
He observed them in mica Pl^^es and termed ttem
' lamellar ' fringes as distinct from the contact rmg
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34 APPLICATIONS OF INTERFEROMETER^
of^ Newton. They have been studied by Mascart,*
Miohelson ® and Lummer.^ '■ /:■

With a parallel plate, a given fringe corresponds id
a constant value of cos 6 or 0, hence the name of fringe
of consent inclination given to them by Lummer, and
as a given fringe is made up of all-rays- that have a
given fixed inclination to the plate, these parallel rays
can be focussed at the focal plane of a telescope objec
tive; in other words, the rings are at infinity^ and can be
seen with the naked eye without the screein4f the eye is
orasse on a distant object, and not on the near-by plate.

he trmges caused by variations of < in a thin plate,
e  ave seen .originate at these variations; these
ummer ermed localized' fringes, corresponding to

Haidinger's contact rings
^  localized fringes is given

tlip ^ Rings, so called because Newton was
been rioc. th&i in detail, although they had
frinvpn n ^ Hook m his Micrographia. The
suHacp"? bringing in contact two spherical£ s.?rfi curvatures, or a spherical and.a
small thfl f the difference in curvatures is
otherwise easily seen with the naked eye,
point of pnni noicroscope focussed on thecontact IS essential.

spot as true contact, the centre
there is no T\alh^^«^ black, shoiving (as here
at the two surf between the beams reflected

sbigl til °ther surfacl. [Lloyd'sto occur wlien shows this change of phase
The fact that fh reflected at a denser medium.]
dark rinV of successivedepends on the pcrtional to the natural numbers,to realize®that the'^- cirble. • It is important
contact th^ tbp olose to the pole ofin tlbis region Tf .^^^^rig surfaces are sensibly parallel
tangent te a nninf ''be perpendicular distance from a■  o a point on a circle of radius R, then if p is
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^ half the length of a chord drawn parallel to the tangent,
^ (2"R — x) = Q^. So if X is very small compared

. . \jdth 2R, X ■= p^/2R. The path difference between

.  the rays for practically normal incidence is 2/jx, where
.  is the refractive index of the interspace ; thus in
« ebnsequenc.e of the change of phase, when — JwA,

we get darkness. This holds for successive integer
values of m, so that — 1 ^ 2 : 3, pi, pa being
the radii of the suiScessive dark rings,-the centre dark
spot corresponding to m = 0.

.  -The rings may be regarded as contour maps, one
fringe- for each half wavelength [since the light for
interference has to travel the double journey], hence
if we look at the fringes in an inclined direction they
become elliptical. As it is difficult to get much light
to enter the lens under this, condition, it is better to
put the lens surface under one side of a prism. If
the interface is illuminated -from a second surface,
the elliptical rings can be clearly seen through the
third face.

.. . If in any of these arrangements, the plane and sphere
are gradually separated, the fringes close in, until
when the separation is a quarter of a wavelength, the
bright and dark rings have interchanged position.
We have thus a very sensitive displacement measurer
which has been apphed to a variety of uses. Thermal
expansion and magneto-striction, for„ example, can be
measured by this means. e ^

With a concave lens of air, as we have in Newton s
rings, the rapid closing up of fringes away from the
centre is unfavourable for accurate measurement. It
is better to use a wedge film, when the bands will be
uniformly separated. When the wedge is an air wedge,
the number of bands per unit length is twice the angle
(in radians) divided by tl® wavelength measured in

'  the same unit. f , ,
If AB and AC (Fig. 3.2) are the two surfaces of the

wedge, at A the path difference is zero, at B or C tne
path difference between the rays is 2BC. -
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Fig. 3.2.—Wedge
angle by interfer
ence method

36 APPLICATIONS OF INTERFEROMET_. _ ,

Then 2BG = nX, if B coincides- with the nth dark
fringe counting from A. Thus since BC = al wherd

2a ' ' •1 = ̂̂, n = -jj-] when the wedge has an index jx, the
optical path difference becomes 2^BC, and for the same.

wedge angle the' number of
fringes per unit length increase
to fi times its former value.
Taking an average yd4ue,of 5000
A for the wavelength, I fringe
per cm. in an air wedge mea'ns

,  a-n angle of 5 seconds, while ifIt be a glass wedge it corresponds to an angle of 3-i
seconds (n = 1-5). o ^ 3

Fizeau t used this method for studying the thermal
expansion of crystals. The unit of measurement is
so smaU that only a sho^t length of crystal and a smaU
rpanUo ^^P^'^^-ture are required to give measurable
dioular^'a ^ plate of quartz 5 mm. thick will give a
from 10°O^°'^ ^0°^ complete fringes on being heated
form nf T?" ° > Tutton ® has devised an improved
to urevpnf ® ^PPara,tus. The main difficulty is
nlane Hup in the position of the reference
basrnlatP ° ̂,^P®^^ture. If the crystal rests on a
piUars afta h i reference plate on points of metal
on rise S fp''^ the piUais will expand
wiU be dup t^® fringe shift observed
and the metal ,, expansion of the crystal
brdSerS'wf of which must
for the vSion ^ '^"'^^^^tion was,madewith temSture the air film
from their films^nl.^ that these interference bands
ways to measure be 'qsed .in a variety of
materials. ' The p-,r+ the elastic constants 'offor accurate measurem^^T deformations requued
Po approach to the placf- i-^.® small, that there is
18 the determination of ingenious example

nn ot Roisson's ratio by bending a
0
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-.—L^at lath of the material; it is shown in textbooks on
^  the Properties of JIatter that the Poisson constant is

.. given by the ratio of the curvatures along, and perpen-
■  dicular to, the length of the lath.

If AOB (Fig. 3.3) represents the working surface of
a lens and .DM the circular section of the bent blade,
let R be the radius of curvature of' AOB, pi that of
LOM in the plane of paper, and in the plane perpen
dicular tc'ij. The path difference between a ray that
is reflected' approximately normally from 0 and E =
2(CD -b DE).

•  CD = (FC)V2R. DE = (FC)V2pi.
Lot ri be the radius EC of a ring in "the plane of the

Fig. 3.3.—Elastic constants by interference fringes

paper and its radius perpendicular to this. In the
plane of the paper, the path differe^cB = ~|
for the same ring in the other plane the path difference

J: LI must be the same.
IR • Pa)

r 2"

Thus

linowing R. and various conesponding values "rf r,
and the value of Poisson's Ratio g,/Q„ can be calcu
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lated for each fringe. The innermost fringes camiot be,
very accurately measured since the fringes themselves
are relatively broad. A very large radius of curvature ■
R can only be used with an optically polislied lath with
very small loads, since when the deformation curvature, .
in one azimuth becomes identical with R,'the elliptical v
fringes become straight lines.

These fringes are widely used in precision engineering
for comparing gauges, which are hsually^in^ the form
of rectangular cubes. The standard G and the com
parison T gauges (Fig. 3.4) are wrung in contact with'.

a plate of known flatness. [In
this process both the plate and
the under side of the gauges
are carefuUy cleaned and
freed from motes. With. the„
help of a little clean paraffin
^nd pressure, the surfaces can
be made to adhere.] The
gauges are placed some defimte
distance L apart. The top sup-
faces are cleaned and another
clean optically flat plate is
allowed to rest on top. Fringes
will in general be seen be- ^
tween the *tops of the gauges
and the lower surface of the
upper plate. If the upper
surface of T is parallel with
that of G, the number of
fringes per unit length over.

Rauve whiVv, u ^ wMth of the standard
the

rrrti

G. ' <y
T

U—

Fia. 3.4.~Gauge testing
by ipterferenco method

each will be the same

surface is
pkte makes with R?

^z)' if Ij is the separation between.

g this arrangement, care must be taken that
>•
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.  the measurement L is made between the bearing points,
if the upper surface of T is not flat but inclines towards

.  . G, the value of L that must be chosen wiU be the out-

.  side separation of G and T. Whether the difference
between the two is a positive or negative one can be

o quickly deterinined by gently pressing the centre of
the upper test plate. If the bands spread out, then
the bearing, points of both blocks are on the outside
and T is grater thSn G and vice versa.
In the" apparatus that is made by Hilger,' a third

standard optically flat plate is provided, to be used
'periodically in checking the flatness of the working
plates that may be accidentally deformed or uneveifly
worn through usage. The bands are observed with
white light through a special screen that gives an
effective wavelength -000,02 inches, so that each fringe
means a displacement of -000^01 inches. The optical
flats are 2| inches in diameter; if the bearing edges
of G and T are 2 inches apart, and we have 40 fringes
per inch, which is not too fine for counting, th^differepce

• in size is 40 X 2 X -000,01 = -000,8 inches. "Thus the
method foUows very convemently on the bmit of a
micrometer screw measurement. _

As- an illustration of the accuracy obtamable with
this method in testing the flatness of a surface, Kayleigh,
who tested the flatness of a test plate by immersing
it on levelling screws just under the ̂ urface of water
in a trough, points out that a margiqof about 12 inches
is desirable to avoid the curvature effect due to capil-

^Before leaving the interference effect? of
two important properties ihust be mentioned. In the

. ■ first place, the patterns observed by
mitted light are always complementary,

■ ofmne system correiponding-to the^minima of the ̂
This was verified by Arago,« ^0

■  fringes in a Newton's Ring experiment vamffied wnen
,  light sources of equal brightness were

and behind the apparatus. Indeed Lummer
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Rauve whiVv, u ^ wMth of the standard
the

rrrti

G. ' <y
T

U—

Fia. 3.4.~Gauge testing
by ipterferenco method

each will be the same

surface is
pkte makes with R?

^z)' if Ij is the separation between.

g this arrangement, care must be taken that
>•
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devised an Interferential Photometer based on this
principle, the vanishing of the reflected and trana-
mtted fringes indicates an equality o'f intensity of
ifluimnation at the thin film, which in this case is an
ono • between the hypotenuse faces of two

sensitiveness is of "course, not high. -
the beginnihg of the chapter, it was assumed for

simplicity that we were only concerned withanterfererice
eflects between two wave trains of eqiiah amplitude
reflected at each surface in the film." Thi°s cannot

y so, for if the first surface reflects a fraction /,
It ^ lower amplitude incident on
vnlno Its reflected wave will have a stiU lower
in rha we have multiple reflection occurring
arc trnn . wavcfronts of decreasing" amplitude
bv Pni«<f"^'. n reflected. This was pointed out
sharnpnin°rf' f 4.1. j- .P^'^®tical effect is an appreciable
discusspfl 1 + frin^s. The actual distribution is
Interfprnrfip^ ^Tx ."^^^^^ction with the Fabry Perot
frmwes oK-iai^'^ ri J ®®tiojvn most clearly in Herschel's
metal nlatp'^^T ̂  Placing a prism on a flat glass or
Se neighbourhood of the critical
tngh thus"aifl?n° the hjrpotenuse face is
sharp, while as^ ̂ "'tiple reflection and the fringes are
normal thp 1-.0 i ^1, nt incidence becomes more
It is interp^ X diffuse,

a comparativplv^ notice that with Herschel fringes,
gives a low orflp ®®P^^ation of the surfaces only
the ray in thp interference, since the angle r of
ence is 2jut cos r 90°, and the path differ-

♦

BeewsTEE's Frtnt ' "
.. and Jamin's Interfeeometeb

i^onsider light in • 1
thickness making pajalleL plates of equal
in Pig.3 5®^ g 8 ^all angle a with each other as
four surfaces. Of tf reflected at each of the
mternal reflectio^i nf ^ remainder, a part will undergo
he ®ntside" surface nf ^nd be reflected from

B (Beam I in Fig.) Another par®

t"

I  I
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will undergo the internal reflection in B only. The path
difference introduced by a single internal reflection is
2jui cos r, where r is the angle of refraction (and reflection
in the glass). The path difference between 1 and 2

Fig.* 3.5.—Arrangement for Brewster's Fringes
(Refraction in the Plates ornitted (for simplicity).

(the latter has been drawn bgneath instead of super
posed on 1, merely for clearness) is therefore

=  {cos — cos ?"b} 9
(^B + ̂a) (i"b ^ '"a)

2
= 4jut sin sm

-r-- - 2 4^

When the light is incident symmetrically between
the normals of the two plates, the angle of incidence

; on each is ̂  and /_r^ = Z.I'b s® Ihat there is no path
difference for this incidence. As the g-ngleof incidence
increases, (cost-a — cosr,,} also incrq,ases appioxima e y
' uniformly so that we get a series of fringes rurming Pii£

to the edge of the air prism formed by the pla es.
the path difference for a given set of plates a
angle depends only ®n the ahgleof incidence m ,
relative position of the beifm, the fringes, like a o

•  t™ and
•reflections will have twice and t4iree .1™ the-dark
path difference, and as in the case of Run
space between the bands is appreciably wi
bright fringe.
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These fringes were first observed by Brewster^^ and
suggested to Jamin^* the basis of a method of con
structing an Interferential Refractometer which, until
the more accurate Rayleigh instrument became available,
has been extensively used in determining small differences
of refractive index.

Jamin Interferometer
The instrument essentially coflsists of V.:^o plane

parallel slabs of glass of exactly the same thickness.
[A pair is usually cut from a single plane parallel piece
from 2 to 5 cm. thick.] The plates are silvered on one
side and are mounted as shown in Fig. 3.6. The lens
L, which is not however essential, is spherocylindrical
and merely serves to illuminate the plate Pj-uniformly.

/

Fio. 3.6. Jamfti Interferomoter and Field of View
i-AtJlU U1 V l«W

and the^rpflftif^,^ ^vides at A, a part is refracted
C to F. Of fi film B to emerge from
second plate P io ^ ^ fraction enters the
two beams travpfr ® emerges at F. The
The path diffprpn"!®! o® telescope T.cfejietwlen the two beams is as befoi'e:

whi 'h ■ — cos rj
plate is parallel. If now one

.  • ^ l^orizontal axis parallel to its
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.  • sprface so that the normals to the plates, while parallel
in the, horizontal plane, make a small angle a in the
vertical plane, a beam from 0, making an angle ̂  with
•the.horizontal plane, wiU have the same incidence angles
<bn-both plates, so that rj = r„. This wjll be true what-

. ever angle OA makes in the plane of the paper, since
in this planer the sections of the surfaces are parallel.
Another bcameOiAj parallel to the first, but displaced
wiU emerge parallel (but displaced) to Fg and come to
a "focus at the cross wires of the telescope. As OA
varies in the vertical direction, the path difference
introduced alters and we have a series* of horizontal
bands that are very nearly straight, as shown in the
inset. The greater the angle of inchnation between
tlie normals, the closer the fringes.
The plates Pi and P, are made thick, so that there

should be a hberal separation between the beams AD
and OF. If a pair of similar tubes with optimally flat
end pieces be placed in the path and one of the tubes

■ gradually evacuated, a given fringe LM will move across
the field. If ' Z' is the length of the chamber^and
the change in refractive index,

I. = nl, where n is the number of

fringes displaced by the change, and A the wavelength.
To obviate the labour of counting numerous fringes,

Jamin devised the compensator that^we have already
m6t in the Rayleigh instrument. Here both plates
are adjustable according to the sensitiveness required.
[A,t perpendicular incidence, a larger rotation is required
to produce a given path difference.] Instead of a lever
and screw motion, a circufar scale, is attached to the
moving plate. The Jamin is adjusted in the following
way." The plates Pj and Pj'^are first roughly set in
position, and the source, say a sodium burrdh with a
small diaphragm in front, is placed about 2 metres
behind the instrument. The central images are arranged
to overlap and the source brought (without diaphragm)
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wthin about 10 cm. from L; Gener-ally speakimr,
mclmed fringes are seen in the field. The plate P^
can then he adjusted until these spread out, and the,
whole field is of uniform colour; P^ is then tilted on a
onzontal axis DF, when horizontal fringes appear.
With a white light source the usual white light fringe?,
can be seen in this position, hut if the mirrors he parallel
in the vertical plane and make a small - angle in the
horizontal, white light fringes ca¥mot hg,obtained with
the now vertical fringes.

+1,^ es^ntial difference between these fringes 'and
° Au the sizes of the plates are so

Q+ at only a single internal reflection can occur
u' <i®aling strictly with two

hr^t intensity distri^tion, the
nef^ tn i'^nds being equally wide. There is no
as the to limit the beams,
efficient stops chambers themselves act as
acrarate'^flTR^^p I^efractometer, the Jamin is not as
to he ma dp A 'gi^' ®ince cross wire settings have
hands «,rithn t ̂P^°°^®nt of a plate wiU displace the
addfiL Sp , the fiduciary mark. In
it is not' vprv n ^ more or less extended "source,
ments from a nse for extended measure-ems irom a rich source, e.g Ron fines
In order fn pKa„;„ . "^^^n nnes.In order tn X • ®"S- I^Pn fines,

beams, Mach is' ,f^7 f i^-rger separation of the
nlates +!,« ^ Zehnder have used four separateplates,' the'onps^ Zehnder i® have used four separate
thp Jamin nlatps°v!*^^^°'^'^"° surfaces of
heavily silvered silvered and the others

Jamin's ^
he seen Rom''au , ® wedge shaped. As

Lummer Gehrol-p ►,! a discussiqn on wedge-shaped
longer al^infinitu es<|page 101), the fringes ar'e noon; the v'hdge anolp inealized at a point dependent
iiy means of a SL They are observed
mieroscopfg Roa oope, hence the name Interference-

•  ' been given to the combination.

t

I
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Its especial advantage is that with localized fringes,
clear frihges can he obtained with very narrow beams'
so that the method is suitable for determining index
changes of substances that can only be obtained" in
small quantities.
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CHAPTER IV

THE MCHELSON INTERFEROMETER AND ITS
applications <■

T  r . ®^ter-known form, this instrument is an exampleivision of amplitude considered in the imevious
nn/. ii however been of such primary import-
wUl k? 1 applied Physics, that this chapterwiU be devoted entirely to it.

Michelson Interferometer js
nlate nnrl + into two portions at a half silvered
of effppfi'n ° them at the same plate instead
Plate a, Vf ^ half silvered
InteSoLter.basic principle was first given in the now famous

experiment of Michel-

Fm. 4.1.
-Michelson SnterferSmeter

iT*.

son ^ on the relative
motion of the Earth
and the Aether in 1881.
Fig. 4.1 shows a sim
plified diagram of the
interferometer. T he
light from the source
S (which ordinarily is
am extended source) is
divided at the lower
surface of the plate 0,
which is half silvered,
into two beams whichfall norrp^'llv on beams which

beams reunite lat ^ The returned
and ente.n fViQ „i,_ . ®^me half silvered surface of 0and enter the oLof • silveiobservmg telescope T.
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•  _ Since the light from S that is reflected to B, passes
through the plate 0 three times as compared with the

,  single passage- of that going to A, a compensating
plate C of the same thickness and material is placed
in the OA beam parallel to 0. [For convenience the

^ compensating, plate is sometimes placed at C to save
space and to ensure the necessary parallelism of the
plates. Wljen the haH silver fi lm is on the upper
surface of 0, the compensator plate C has to be on the
OB side.'] ®
. Consider the case when the plane mirrors A and B
are perpendicular and the dividing mirror 0 is at 45°
to either. If OA is slightly less than OB, the image of
A in 0 is at plane surface D parallel to B. In the
telescope then, we shall observe the interference effects

■of a parallel plate. These wiU be a series of rings
corresponding to directions when t cos d = mX,
t being the perpendicular distaBice BD and d the angle
of incidence (and reflection) corresponding to one
particular ring and m an integer. As (tpreviously
explained (page 33), when t, the thickness of the
equivalent plate becomes very small, the diameter of
the first ring becomes greater than the aperture, so
that the whole field is of uniform intensity given by
4A^cos^^ , where A is the amplitude of either beam and
A is the phase difference caused by the difference of path.
[It is assumed that the thickness of silver has been chosen
for greater efficiency, so that the t^o beams entering
T have the same intensity. Within fairly wide limits
of silvering, this will hold, as there is one reflection and
one transmission through' the silver film for each
beam.]

This ring systern at infinity, which disappears for
very small and zero values «f t, h^s an important dis
tinction from the Haidinger fringes' which it spiperficially
resembles. These fringes are true cos^d friirges, so-that
the dark and bright rings'are of exactly equal width;
this follows since we have only two interfering beams.
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CHAPTER IV

THE MCHELSON INTERFEROMETER AND ITS
applications <■

T  r . ®^ter-known form, this instrument is an exampleivision of amplitude considered in the imevious
nn/. ii however been of such primary import-
wUl k? 1 applied Physics, that this chapterwiU be devoted entirely to it.

Michelson Interferometer js
nlate nnrl + into two portions at a half silvered
of effppfi'n ° them at the same plate instead
Plate a, Vf ^ half silvered
InteSoLter.basic principle was first given in the now famous

experiment of Michel-

Fm. 4.1.
-Michelson SnterferSmeter

iT*.

son ^ on the relative
motion of the Earth
and the Aether in 1881.
Fig. 4.1 shows a sim
plified diagram of the
interferometer. T he
light from the source
S (which ordinarily is
am extended source) is
divided at the lower
surface of the plate 0,
which is half silvered,
into two beams whichfall norrp^'llv on beams which

beams reunite lat ^ The returned
and ente.n fViQ „i,_ . ®^me half silvered surface of 0and enter the oLof • silveiobservmg telescope T.
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•  _ Since the light from S that is reflected to B, passes
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,  single passage- of that going to A, a compensating
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Weve;, 1 is "■localized at RD wTefvL fparallel. The exact shnn ®"^oes are not exactly
investigated by Michelson ^2 1 fringes have beenrecently by Ejause.o It is suLflTT^'' '
to realize that tliPv or, • for our purposefringes becomlggiven fairly smiu TJhL t <^<^°reased, or with a
aperture (in front of tbp cOaph'ragm orim tront of the eye or telescope) is decreased.,

Wbp +T, Light Fringes
en ",1.? 'Vr--'' '""K"bright fringe coinSn. ^®"tral.the plates. The colours of'thp% ® intersection of^
become impure until tlni ■ , on either side

butdowh fro^'"' "" inolinrtion D taries ■
=<I«is&etnhe iLts^^* '? ""ier, so that thea coloured fringe is vinlpt"^^ '1) follows that
central fringe and red on the

If a very thin no n ^ 1^® remote,
refractive index be\hp^!^^° thickness 'd' and
thr^ ^ covering half tb beam near either'brongh the pUe i® Si''J® »' 'bn fringes,

^  PsrsionofthemaL ffeglecting the eflfecttion produced ,bir u .• ^^f®"al of the nlate. the retnrdfi,.
nf+t • P™e are disnloposi at ^he fringesX- ^ ®P®i"sionofthemate ^ 1 r ^®gl®cting the effect
renl P^j'^nced Ly it jg oj , ° ^be plate, the retarda-re^aced by the material having been
(me^nft^"'!^® is equivalent? ^ displacement of oneimean) wavelength 4e?,f? retardation of one
^ fringes i.tox? xl ^ -retardation. of

?be some „'?)( J,i" "iebness being given- -gasnsed. ■' « tvhith the main wavelength
in-
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. Johqnnot «.-using a Michelson Interferometer in this
way measured the retardation produced when light is

, passed through the ' dark spot' of a soap film He
found It necessary to have fifty such fi lms in series to
obtain a displacement of half a fringe, showing that

5 the retardation for a single transmission through one
film d (fi — 1) is one two-hundredth part of a wavelength.
Vlsibilitv Curves ^and the Fine Structure of

e  Spectral Lines
. Fizeau ® in 1862 observed that at the 500th order or

Ring in a Newton's Ring experiment with a yellow
sodium source, the fringes had practicaUy disappeared,
while they regained their original clearness when the
order increased to 1000. [The high order was obtained
■by separating the lens and plate.] This means that
the source was double, and that the 1000th ring of
the longer wavelength then coSicided with the 1001th
of the shorter, so that the wavelength difference was
1/1000 of either wavelength. «

Michelson's ^ first application of the new Inter
ferometer was an extension of tliis principle, by means
of which he made a systematic anatysis of c*he more
important spectral lines. Instead of merely observing
the path differences at which the fringes vanished, he

•made visual estimates of the clearness or Visibility of
the bands for various path differences. The visibifity
of a fringe was defined as V ^

T® T
" max V min i

, where
Umiii ~l~ *lmln

J„ai is the brightness of the centre of a bright fringe
and J„in that of the centre of the dark fringe on either
side ; thus the fringes have greatest clarity when V = 1
and disappear as V apprdaches zero.

The observed Visibility curve is the resultant intensity
curve for a number of homogeneous ̂ sources of different
intensities and frequencies. The Visibility-pEth differ
ence curve for a truly monochromatic soured-would be
a straight line parallel to the axis and the actual
Intensity curve a cos^d. Hence what in effect is needed,

/}
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Fringes

.ju

rath difference in mms.
Fio. 4.2.-Visibility curve of Red Cadmium

State" if rf® <"• '""f »'
Cf -Shodhbomtory, poX becaoooSf M^Mson'slaboratory parSv bona, r outside Michelson's
application and nartlv xf ̂  required in its
Perot Interferon^tpr^b ? Echelon and Fabry
inferred by the above metZd lMs^'h^ what has to benot only because it onxr x i however important,
fine strJetSe of snfetlaM' knowledge of the
power is unlimited ' knes, but that the resolving
must be used fringes at infinity
large path differWces t^ • consequently for
that it is more difhcult'trv become very fine, so
T-n7,-w.„_ _ , ̂̂ nncrut to estimatP t.u^ tp xi-„
^at it is more difficuR'+rv ^ become very fine, so
Twyman and Green '"^^kility. If then modification of this instrument

i
I

^ a method of analysing the observed curve into its
h ourier components. As Rayleigh ® has pointed out, a
unique correct result can only be obtained if the original
nne or group of lines be symmetrical. This analysis
Michelson eSected by means of his ' Harmonic Analyser
a mechamcal device which is described in his book
Light Waves and their Uses, page 68. As an illustration'
of the accuracy of the method, Michelson fcund in 1802
that the Red Balmer (Hydrogen^ line was a doublet
with a separation of -MA ; the value givehBy Houston«
or the separation of the prmcipal components is •1358A.
in this way hlichelson found that Cadmium Red was a
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i

(see page 65) were used, the localized fringes could
be employed ; these can be arranged to any convenient

.  . size, "and if the ' ways ' or grooves, in which the movable
mirror moves, are sufficiently true, the fringes keep the
^same separation independently of the path difference.

^ Phus photographs could be taken at regular intervals
and the visibility measured with high precision by an
instruments such as the Moll Microphotometer. The
method is not suitable for a complex group as is found
in the green mercury, but would be ideal in examining
•the hyper fine structure of a satellite that could be
isolated by means of a powerful auxiliary instrument.

Light Waves as Units of Length

Michelson's next application of his Interferometer
' wa?, in collaboration with Renoit, to determine the

number of light waves in the standard metre, kept at
the International Bureau of Weights and Measures at
Sevres near Paris. As indicated by the experiments de
scribed above, the red line of Cadmium was selected as the
simplest and most homogeneous light source available.
The obvious method of &st setting the movable mirror
and one fiduciary mark on the metre coplanar, and then
moving the mirror until the second mark was coplanar
and counting the fringes, would not do. Not only is
there a risk of error in counting (this could be avoided
by means of a mechanical counter, using say a photo
electric cell) but the fringes would have disappeared
•with such a large path difference. ''
To avoid the necessity of maldng large counts,

Michelson constructed a number of Intermediate sub-
standards with mimors separated by 10, o,i?2-5,1'25 cm.,
etc., the smallest one being '39 mm. These consisted
of plane glass mirrors Mj M^ (Fig. 4.3) silvered on the
front and were held in an L shaped bronze holder, by

.means of bearing pins, and central sps-ings. The
parallelism of the mirrors could be effected by means
of a screw S, which, acting on the spring 0, moved the
upper bearing pin of MsSbghtly backwards or forwards.

/)
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A carrying arm H enables the Etalon to be moved
without the necessity of touching the essential part A,
thus avoiding any temperature changes. • '
,  determination of the number of light waves in
tne rnetre involves three separate experiments.
(  ) The determination of the number of light waves

in the smallest etalon.

of the intermediate subsftindards. •1  ) Comparison of the largest (PO cm.) substandard
with the metre. ^

1
I
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Pig. 4.3.

J'ig. 4.4 thus iriTnin • modified to that of-of temperature control" The''fi''^"r^
vious arrane-^rhprif io " i , mirror of the pre-
substandard etalons or two of thebe rotated about a i-® oompensating plate C could
P^^^^^diffejwices when reqSjed!''"' introduce smaU
(the largest bein^^^>>,^ f i were always small
locahzed fringes IfThL. flf ̂ ^^dest etalon), so that theand the telescone T f ^ oould be used throughout,opo i focussed on the smaU mirrors of

i

■i-b the etalons, .-the appearance of the field of view being
as iijL Fig. 4.5.

The shortest etalon was evaluated in the following
way : AD was made equal to ABMi, this is obtained

,  ,ivhen white light fringes are central in Mi. Changing
« over to red. cadmium light which passes from a spectro

scope throimh the slit S (Fig. 4.4) into the interferometer,
both Ml aim M, are now covered with fringes, since the
light is /nonpchromatic. The mirror D is now moved
back slowly and the number of fringes crossing any

Fig. 4.4.-.-Mioh0lson'8 Arrangement for determination of the
metre

point on Mj carefully counted. Since. D is to stop at
a position Dh where the white light fringes are central
in Mj, the white liglit source is p&iodically switched
on towards the end of the counting to see that this
jiosition is not overreached. The fractional part is
determined by tilting the Compensator piste C through
a small measurable angle, the angle of tilt required
for a whole fringe displacement having been previously
determined. Though not cs homogeneous, the green

■ and blue cadmium radiations ware, also determined;
these served as checks that no whole number errors
had been made. The niimber of red cadmium light
waves in the double path of the shortest etalon was

f} .
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found to be 1212-37 (the fractional part could be deter- .
mined to within a few hundredths).
The next step of comparing one etalon with the

next largest was performed in the following way:
Ml and M3 are made coplanar, so that with D in its

proper position, white light fringes 'run "continuously
across Mj M3 as in Fig. 4.5. D is then moved back until
the same fringes are central in Mj. The sm^Uer etalon
is then displaced until Mj occupies the pi^evious plane
of Mj, which is shown by the reappearance of white

light fringes in the lower

M,

Fio. 4.5.—Appearance of Field
of View

mirror Mj. D is" then
moved still further until

white light fringes ap
pear in Mj' (the new
position of M,). Red cad-,
mium fringes are then
used to count the bands

between Mj' and M4
(assuming M3 M4 is
slightly greater than
twice Ml Mj), D is moved
back still further and
the red fringes counted,
until, on checking with
white" hght, the achro-
M4matic fringes are central in

It is important Ip realize that the fractional part of
the number of waves in the first etalon is only used to
make sure of the whole number value of the red cadmium
fnnge on proceeding from M'j to so that any error
in the first determination is not n&ltiplied up, other
wise the final result would onl^ have the same relative
accuracy as the fir,^t determination for the smallest
e a on. The doubl.?d path'bf the smaller etalon should
contain 2 (i212-37c) & 2424-74, so that the next fringe
fin«l 1 of M',. liji should be 2425, and the
thfi second etalon is determined withthe cbmpensator C as in the first case.

iSlCHELSON INTERFEROMETER 55

■  This procedure is continued until the 10 cm. etalon
has been evaiuated. The final comparison with the

. working standard metre is then effected as follows.
The fiduciary mark on the standard metre is placed
coplanar with the lower mirror of the 10 cm. sub-

■^tandard, by means of a powerful travelling microscope.
White light fringes are then obtained by the inter
ferometer in' the upper mirror of substandard. The
substandard is then ifloved up until the fringes appear
in the lower &irror, which will now be coplanar with
the upper mirror in the previous position. The reference
iuirror is then moved out until the white light fringes
are again seen in the upper mirror. This stepping out
process is carried out ten times, until the upper mirror
is close to the other fiduciary mark on the metre. The
difference between 10 times the substandard and the
metre is then obtained by changing over to red cadnuum
light and counting the fringes Arom this last position
to that where the mirror and metre mark are coplanar,

•  as shown by a traveUing microscope at flie other
^"^It wiU be realized that, although the error in the
10 cm. etalon is multiphed in the stepping oul^process,

•' the total error introduced this way will be ruucli smaller
■ than the errors possible in deciding the alignment of
-the metre marks and the mirrors If the working
standard metre had been of similar desmn to the sub
standard i.e. two parallel mirrors, instead of somewhat
coarse ruliiK^s on a straight bar, the f)robable accuracy
would be about ten times greater, for it must be borne
in mind that the original prototype metre, which is
not handled, has alscrto be cbmpared with the working

>lr"L't"rrIcTio about one parj in ti«> million.
: For other work on the evaluation ofHhe metre, "see

Chapter VI, page 89.

o
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'  This procedure is continued until the 10 cm. etalon
has been cvaiuated. The final comparison with the
.working standard metre is then effected as_ foUows.
The fiduciary mark on the standard metre is placed
coplanar with the lower mirror of the 10 cm. sub-

'^tandard, by means of a powerful travelling microscope.
White light fringes are then obtained by the inter
ferometer in the upper mirror of substandard. The
substandard is then rfloved up until the fringes appear
in the lower niirror, which will now be coplanar with
the upper mirror in the previous position. The reference
inirror is then moved out until the white light fringes
are again seen in the upper mirror. This stepping out
process is carried out ten times, until the upper mirror
is close to the other fiduciary mark on the metre. The
difference between 10 times the substandard and the
metre is then obtained by changing over to red cadmium
light and counting the fringes Trom this last position
to that where the mirror and metre mark are coplanar,
as shown by a travelling microscope at l^e other

It will be realized that, although the error in the
10 cm. etalon is multiplied in the stepping out-process,
the total error introduced this way wiU be much smaller

' than the errors possible in deciding the alignment of
•the metre marks and the mirrors If the working
standard metre had been of similar desmn to the sub
standard i.e. two paraUel mirrors, instead of somewhat
coarse rulings on a straight bar, the firobable accuracy
would be about ten times greater, for it must be borne
in mind that the original prototype metre, which is

■jfSure. is correct to about one purj rn t™ m.lbon.
For other work on the eAluation ofetho metre, "see
Chapter VI, page 89.
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Velocity of Light in Moving 'Media .

Interferometry has played an all-important part in
the advance of onr knowledge of this subject, and one
experiment, which gave birth to the class of inter
ferometer considered in this chapter, has also led io
entirely new conceptions of the relations between the
fundciiiieiita.1 units of space and time. ^

Iresnels^^ calculations of 1818 based on the elastic
solid theory of light showed that the eth^r, of frame of
reference for hght waves, in a moving medium travelled
more slowly than the medium itself, the ratio being

■" ■^) ^^ere n is the refractive index of the medium.
This was experimentally verified by Fizeau by means

,  of an interferometer somewhat similar to the Rayleigh
nnf.f the difference thlt
anfl tL IL interfering light beams always followed,in Ic I,? "Srtr the motion of the water
we cnn this Fizeau drift,
fl bcrr explam Airy s observation that the Bradley
?^be ^^®ther the telescopetSffied bf^irf wis" Harress "^and Zeemam" Th7l ^f'^^^tly bya correction of Fresnel's ratio results verified
for the <TPnf>rni ™io> hrSt given by Lorentz,
propX' "rispS^ "

^^^ether there
earth due to the iTi ,^®tween the ether and the■  Their expenment was repeaS^vl^'^^
and the arranfrpmpnf • i, ^ ̂ dascart and Jamm/®the sourceTSed bv I d"" f ^ight from
a half silvered mirror M oil toTb ^fleeted byJamin iiiterferometef it V ^
replaced by a rmht-anvled P^nte has beenpaths are coincident, 4th thrSff'' ^Pt''^'"'beam (1), reflected at the Sjt f r while thehist surface of PZ, travels in
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/'•a clockwise direction, the other travels in a counter
clockwise sense. The two beams meet to produce inter-

•. .ference fringes in the telescope T. If the apparatus be
.  adjusted that the hne AB is perpendicular to the direc

tion of the earth's motion, the addition of a tube of
(S'^ater W will" have no influence on the fringes, since
both beamSppass through the tube. On rotating the
whole through 90°, so that W now hes in the dh-ection
of the earth'g motio^i a displacement of the fringes
would be expected, for the one beam traverses the water
in the direction of the earth's motion, and the other

W  I

Fig. 4.6.—Masoart and
Jamin's Ether Drift
Experiment

the opposite. No evidence of such a displacement was
•found.

The same problem was investigated ̂ by llichelson ®
and later, on a larger scale in conjunction with Morley,i'
with a modification of the arrangenlent in Fig. 4.1.

It is shown in text-books on Relativity and Opti^
(cf. Preston's Light, 5th Edition, page 666) that it D
is the distance froi© the dividing mirror to either of
the fixed mirrors of this interferometer, and if one arm
of the interferomet^ is in the direction of the earth s

/motion, that path will be longer th^n the other by an
amount equal to ̂ ^ wavelengths, wb^re v is|he earth s
relative velocity, c the velocity of light, and X the
wavelength. For a rotation of the whole "apparatus
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Velocity of Light in Moving 'Media •

Interferometry has played an all-important part in
the advance of our knowledge of this subject, and one
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entirely new conceptions of the relations between the
fundamental units of space and time. ® ' i
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where jx is the refractive index of the medium.
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^LTT ^ diaphragm D,is reflected by
T.m n' ^ of a modified
iunLn been
iSt "gff prism Pr so that tlie optical
bSm m r difference that while thebeam (1), reflected at the fiist surface of P^.travels in

■I

i'
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through 90° in the horizontal plane, the positions are
2I)u®

reversed, so a double displacement of*

expected.
Although it is only a second ofdef eff§ct in terms-of •

D  * ^- -which is already small, y can be suf&ci^tly great to
show its existence even if the effect be less than a
twentieth of the expected value. The fe,rge'path ^yas
obtained by reflecting the beams from the dividing
mirror M (Fig. 4.7) as shown, keeping the beams approxi
mately parallel to each other. (In the actual experiment

four mirrors were -used
at each corner instead of
two as shown in^ the
diagram.) The cornpen-
sator plate C is placed
in the appropriate arm
either at 0 or Oi accord
ing to which side of M is
half silvered, as discussed
on page 47.
The whole was mounted

on a rigid base floating
on inercury, and arranged
to rotate uniformly, read
ings of the position o

the central fring* being taken every sixteenth of
revolution. With a fixed ether, a shift of '4 of s-
frmge would be expected; careful observations oy®^
an extended "period failed • to show the existence of "
real (as distinct from a temjiorary effect due to lo®^
emperature variations, etc.) displacement of less than
a tenth of this amount. • * * ,-
This negative rgsult suggested to FitzGerald and
rpntz tjiat th^hysical paths actually contracted y

sufficient to compensate for the calcu-
of RpI \ s-od with this starting pointof Relativity, which has had such a profound influence.

Fig. 4.7.—Michelson and
Morley Experiment
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.on modern physical concepts, was built up—mainly by
Lorentz, Minkowski and Einstein.
A repetition "of the experiment by Mfller i® seemed to

indicate a small but real displacement, but the recent
work of Kennedy and Illingworth justifies the

'^conclusion of'Michelson and Morley that no observable
displacement occurs. ' .
A very interesting refinement has been introduced by

Kennedy which -will 5)robably find many uses in future
Interferometry. One of the mirrors has a thicker film
ef silver over one half of it than over the other. The

I  n.
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Fig. 4.8.—Kennedy's Half Shadow Method of detecting small '. displacements

result is to have a raised step, of about one-twentieth
of a wavelength. The interference "fringes instead of
running uniformly over the surface of the mirror are
discontinuous at this step since the two systems are
out of phase by the equivailent of a tentb of a wave
length If AF in Fig. •4,8 represents the dividing
edge on the face oi the mirror represented by the
base CD the curve KLEM would represent the cos^Aintensity curve of a wide fringe pa^Uel to the line AF
if the two parts were ooplanar. Smte the "other haK
is displaced, there is a discPntinuity at E and for this
half the intensity distribution is AN. The appearance
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of the field of view in the immediate neighbourhpod of
the separating fine is shown diagrammatically under
neath, the left-hand side is dark and "the right-hand
side considerably brighter. When the main fringe is
displaced so that the minimum is symmetrical about
the separating line as shown in II, the linb can be made
to vanish due to equal brightness on ei^ier side. A
very small displacement of the main fringe system 'otU
cause one part to brighten up &id the other half to
darken. In the diagram the bands are drawn fairly
close together, while in practice, by. adjusting "the
parallehsm of the two emerging beams more 'closely,
they can be spread out so that the whole of the field
of view is covered by a very smaU part of a fringe,
when the illumination over any one haK will be sensibly
constant. The method is really equivalent to the
nalt shadow method introduced by Jellet in Polarimetry.

ngwoith found that oy this method a displacement
o  ®tween and of a fringe could be definitely
aetected, the exact value depending on the visual
acuity of°the ol server.

Mickels^ s 21 Earth Rotation Experiment
other terrestrial experiments

wh iVVi ol, 1 ̂  Relativity theory make this experiment,
interesi °T+ ^ positive reMt, of considerable
but nwirifT + suggested by Michelson in 1904,
until 1925 ^ ° '^ery high cost was not carried out

(Fig paths of the two beams divided at A
ADOBA % square paths ABCDA and
the earth abnni°+i^'^ rotation of
a linear vein -f mirrors are rotating with
clockwise and°^ ̂  Path difierence between theuwise and counter-cloWise beams is

If T is":r f" ~(^l~v TJ = T„.
^2 for tho'^tW clockwise beam ADCBA, and

MICHELSON INTERFEROMETER \ 61

T..=} (T. =J 1(^„ +
V  '

4tl 4:Cl

C + vj
'• ■ where c is the velocity of light, which being large
•  compared with v gives us

■  ■ ■• • - 4:1o- ■' . T„ = — with sufficient accuracy, so
■

that the path difference in wavelengths is
«. 2v. T„ _ 8vl

;  . . 2. ck'
If ft) be the angular velocity of the earth, we can write

approximately v =2^1, so that if we write A for the

area the path difference is
4 area x co

ck
wavelengths.

If the experiment be carried (rut at a place of mean
j j- 1 4. • 4 area x co X sin 0latitude 0, the band displacement is 5 ,

CP.

The same result is predicted on
the general as well as the
special relativity theory. In
the general theory it is a test of
what is known as the Equival-

> ence hypothesis, and for this
reason the experiment was
tried.

, The mirrors were mounted in
boxes at the ends of 12-inch
water pipes forming a rectangle
2010 feet by 1113 feet, the pipe
at one end was duplicated to
accommodate the beam EE in
the figure. The whole apparatus
was evacuated to a pressure of 12 t(i 25 mm. ®f merciury
by a 50 h.p. pump. This was necessfey to avoid fringe
tremor due to temperature' irregularities. The system
ABFEA served as a fiduciary to give the fringe dis-

E^rthRotadon

Fio. 4.9.—Michelson'B
Earth Rotation Ex
periment
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placement due to the effective area EFCD. The mean
or effective wavelength of the 20 ampere arc" source
was found by a subsidiary experiment, and the ob&erved
displacement of -230 *005 fringes agreed well with the
calculated value (on both theories) of •236 ± -002 fringes.
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'■ ^ CHAPTER V ••
SIMULIANEOUS DIVISION

.  OF "AJkLftLITUDE AND OF WAVEFRONT

WHEN the complex beam from an extended
source is divided by means of a half silvered

plate and brought together again to give interference
bands, there must be a point to point correspondence
between the two parts that, are brought together.
There can, for example, be no appreciable lateral dis
placement of one beam with refpect to the other, other
wise we should in reahty be obtaining interference

A B

T

s■w

j.j(j 5.1. Fizeau's Localized Fringe Interferometer

effects from light "from d^perent ■ sources—the light
from one part of the extended source to inl;prfere with
'that from another part,—which we h: ve seen is impos
sible in practice. '. _

If a point source A (Fig. 5.1) of monochromatic
63 . .
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radiation be placed at the focal plane of a -pfell-coiTected
object glass 0, the emerging wavefront'W is'p'lane,
and all parts have the same phase. This is divided
by reflection at the two surfaces of a wedge-shaped
plate P. If the dotted lines in the inset represent the
crests of successive waves from each surface of P,
points such as S .where they overlap will correspond to
a maximum intensity, while at points su^h as T we
get zero amplitude, since here the ccest of one wavefront
corresponds to the trough of the other. ■''Thus an eye
placed at B wiU see a maximum intensity in the direc-.

tion of S and a minimum or darh hand •
corresponding to T. The fringes appear

' locahzed at the plate P. The mehhod
was first given by Fizeau J- and the
fringes are known as Fizeau fringes.
Its practical form which has been de
veloped® by Laurent,^ Lummer,® and
others is shown diagrammaticaUy in
Fig. 5.2. The small aperture at S is

. shghtly displaced from the principal
axis of the objective so that the back
reflected beams are similarly displaced
on the opposite side. For conveni
ence, a right-angled prism is used,
so that the eye cjin be placed at E.

P I'a lo-i I. . levelhng table on which the plate
from nt ' blackened to eliminate reflection
encp means, localized interfer-
than wninTrf^^ ® obtained with far thicker plates
considPTPri • ® the small aperture methodpTre IIL. The ppsitiin and tilt of
optical wrn-^V^ njethod is widely used in
It is actunlK ^ parallelism of plates,
can be nlacZl ^ the ̂ ponstancy of 2/zi, and a scaleper unit length^j^^ number of fringes
a- surface pfr. ii obtained. The planeness oftest plate aa nn" tested by having a standardne surface which can be adjusted parallel

Pia. 5.2.—
Interferoscope
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to the .surface to be tested with the aid of levelling
screws. ' Since we now would have an air plate with
constant index-any fringes would be due to variations

■ in ' t' i.e. in flatness of the surface under test.
With an air plate one fringe per inch of green mercury

H^ht indicates a wedge angle of 2 sees., while with a
"glass plate it is approximately | sees.

It is of course immaterial whether the small aperture
is placed at S or at E, since the one stop is the image
of the other, ?or only rays which have passed through
S oan enter the aperture at E. ;
•  Fizeau's apparatus is strictly hmited to the testing
of parallel or very nearly parallel plates and plane
surfaces, while in optical work spherical surfaces and
prisms are most frequently needed Although special
methods such as the Hartman ^ test have been developed
tn tpcit lenses they are often so highly techmcal that ■
they necessitate considerable skiU in their aplication

The extension of Fizeau's principle to the general
case of two clearly separated beams (as_ di^angmshed
from the practicaUy superposed beams, m the Fizeauarrangement) by Twyman and Green marks a big
forward step in Interferometry and conseque^itly hasrSered possible remarkable advances m 'ohe perfection
of optical instruments.

TWY1SL4N ANd Green's Inteeeebometee
The basic idea is to divide a wavefron^ as

given from a point source at the fooal plane of a wcgiven iruiu N ^ silvered mu-ror. The

''ne'beam is reflected back from a plane mirror andthe S from a mirror M.; either bekm may havethe otner irum reuniting, thef us by a second obieCi™
"me: theWhen ^ew wil^ be of uniform

,  ̂ P^ifTLtLsity, the value depending on the extent
[/ ' Jo which the wavefronts reinforce each other. If one

r:
I,

•

V'

f
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they necessitate considerable skill in theu aphcation.
The extension of Fizeau's principle to the general

case of two clearly separated beams (as distinguishedS°he P-McaW^^^ SeTnV^.Ss^Mg
JoSrstep in Interferometry and consequently haspossible remarkable advances m 'che perfection
of optical instruments.

TWYSL'IN anA Geeen's Inteepeeometee

The basic idea is to divide a pZanI wavefront, as
.Jven from a point source at the fooal plane of a well-gjven from P ^ silvered mirror. The

me betm is Jefleete'd back ftoin a plane mirror M, and, Z S'ire- a p^prist%rre°;SX
Cfeamr™ bronsht to a tens by a second objeCive
'"when X'twf renSting arerflane theWhen *5® iviP be of uniform
appearance of the value depending on the extent
S wMch t?e wavefronts reinforce each other. If one
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of these vavefronts, such as the soUd cu^ve in Fig. 5.3,
is deformed from the plane formation, either hy its
passage through a non-uniform plate or.due to a"defec
tive mirror, the interference bands CD are seen in the
field of view. As Twyman® hag pointed out, these
may be regarded as contomr lines of -the deformpd^
wavefront, the fringes corresponding to dii^erent levels,
one wavelength apart, of the deformed wavefront. •
The interference pattern CD would appear exactly

the same if the sohd wavefront AB werS reversed, i.e.
the retardation at A to become a forward displacement

® ̂ BIULTANEOUS DIVISiON 67

•  • objectiye Oi. The plane mirror Mj is adjusted to reflect
•  ' the beam emerging from the prism P normally along

its own path, so that with a perfect prism, the retmriMg
'• ■ wavefront would be plane and paraUel to Wi. When

■ W and the wavefront back reflected from Mj are
•  incident on the objective 0, paraUel to each other, an

" ♦bye placed ^t E, the focal point of 0,, would observe

1: •• • .

1

llhi
l|i|ll|ltii|
Mlllwl'll

r./WV'

Pig. 5.3.—Distorted wavefront, and Interference pattern
obtained with it

of the wavefroiit. By gently pressing that corner of
the interferometernear the mirror reflecting the deformed
wavefront, the latter is then slightly retarded with respect
to- the successive plane waves from the other beam,
owdng to the increased path. A rnoves to the left with
respect to the dotted hnes and therefore the pattern

^ opens out. When the deformation is a hiU as
O  ' ' XJJ.V>U1J.UU. XO Cl;U.CtpUCU. UVprisms, apd the^iiset shows how a lens system can be

exarnined. The' wavefront, Wj is plane, since we have
a point sogrce S at the focal plane of the weU-corrected

W, % J= /P2z

Fig. 6 4._Twyman and Green's Method Sf testing prisms
and lenses f>

I
a field of uniform intensity, while any deformation^ w7 ,1 : the nrism P would show up gs fringes inof W, optician then taking a grease
the previous ? ^n one surface of P, and

mfrt'S method of' cohstroctiog » P™
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of these -wavefronts, such as the solid cmve in Fig."5.3,
is deformed from the plane formation, either by its
passage through a non-uniform plate or-due to a" defec
tive mirror, the interference bands CD are seen in the
field of view. As Twyman ® has pointed out, these
may be regarded as contour lines of -the deformed
wavefront, the fringes corresponding to different levels,'^
one wavelength apart, of the deformed waVefront. •
The interference pattern CD would appear exactly

the same if the sohd wavefront AB werS reversed, i.e.
the retardation at A to become a forward displacement

'ii

Pig. 6.3.—Distorted wavefront, and Interference pattern
obtained with it

By gently pressing that corner of
er erometer<near the mirror reflecting the deformed

wavefront, the latter is then slightly retarded with respect
the other beam,

resTiPot ^ niDves to the left with
at ̂  r.r.A + therefore the patternat C opens out. When the deformation is a hiU as

^  rings to close in.
nrism; '^^thod is adapted to test
LaSed* ThTwlttnT-W T/ 1™ "T 'e
a POW S ?£ Sorrow

® ̂ HdULTANEOUS DIVISION 67

•  objectiye Oj. . The plane mirror Mj is adjusted to reflect
the beam emerging from the prism P normally along
its own path, so that with a perfect prism, the returning

■' wavefront W2 would be plane and parallel to Wj. When
Wj and the wavefront back reflected from Mj are

■  incident on the objective Oj parallel to each other, an
*eye placed ̂ t E, the focal point of Oj, would observe

W. VVz jL

5 4. Twyman and Green's Method of testing prisms
and lenses r

a field of uniform intensity, while any deformation
of W, due to the pi^sm P would show up ̂ s fringes in
the previous figure. " The.optician then taking a grease
pencil can trace these fringes on one surface of P, and
Ifter determining Whether ^ey cotrespond to crests
or troughs in the wavefront, the prism can be removed
and the defects corrected for by l0ch.l pohshing mth

^^mthSto!^'the method of'constructing a large prism

mm ipr
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had been simply to get the refracting sprfacea of the \
prism plane, as tested by means of a proof plate." Even
when this has been done to a very high accuracy the ,
definition of spectral lines through such prisms is often
disappointingly poor, so that the advantage of increased
resolving power due to sharpness of line image giVp^^
by theory is lost. This interferometer h^ shown the
trouble to be due to the refractive index varying from
point to point even in the best optical glass. This
lack of homogeneity can be allowed for \^hen the prism
or plate is examined with the interferometer and then
' localized,' the small polisher reducing the metrical
path to compensate for the increased refractive index
in any part such as R of the prism.

In this way, the construction of large aperture prisms
for astronomical and other purposes, which was to a
great extent a matter of chance, has now become a
certainty even when the glass^ available has not the
same degree of homogeneity as* before.

On repf icing the plane mirror Mj by a convex mirror
as shown, in the inset, the method can be used to test
the defimtion of a lens L. The lens, if perfect, should
refract all rays to meet at its focus C; if this point is
also the centre of curvature of M,, the rays are reflected
back normally on their own paths and will emerge from
L a second time giving a plane w^vefront. It is com- ■•
pa,ratively easy to obtain a truly spherical reflecting
miCTor, so that ££hy defects showing in the interferometer
wiU be due to theolens L, and can be marked and cor
rected for as in the case of the prism.

, particular arrangement outlined only permitsthe urial o^j central beam to be ei^amined ; while this •
13 sufficient for telescope ojijectives, it is obviously
not enough for wide-angled camera lenses. A special
ype of camera lehs interferometer has been designed
0 accommodate l^ses up to 5i inches aperture and

about dO inches focal length. With this interferometer,
e ens under test can be rotated about its second

0 a point. As this would displace the focal plane

r SIMULTANEOUS DIVISION 69

« f C

(:■ '

of the lens from the centre of curvature of the convex
mirror 'a mechanical linlv arrangement moves the
.mirror,' so that Its centre of curvature is always in the
focal plane of the lens, independent of the latter's
y flDhe interpretation of the results obtained, while
very easy ivy the case of plates and prisms, becomes
more difficult in lens systems, for the aberrations have
hitherto been analysed and classified on the basis of
geometrical conceptions of rays. The general appear
ances of each of the five classes of Seidel« have been
given by Twyman;' Kingslake® has used the simple
lens Interferometer both for checlung the interfero-
grams expected under definite conditions of tilt, etc.,
Ld for comparison with the older method of testmg
due, to Hartmann. The possibilities of the Camera
Lens Interferometer have been mvestigated by^ T.
Smith,® and a Universal Lens Interfer^eter has been
developed by him in conjunction with Doweffi

A similar Interferometer, on a smaUer scale, has been
desiaried by Twyman " to test Mcroscope objectivesIn ibis cas J it is not practicable to construct an optica
mirror of sufficiently small radius of cmvaturs and ofS^reguisite accuracy, but a tiny drop of dean mercury
acts as a practicaUy perfect convex mirror, to reflect.£ hght back through the objective. O^ng to its
small size the gravitational forces are,negligible com-
Zved with those of Surface Tension so that over theessential part the globule is sphericai. A whole micro-sSnT can thus be tested, but it is more usual to test

i°oP+f^pq alone and to include a weak, negative lens
finite distance bt the image

!  fTrnbiective when the latter is used m the micro-The mercurv drop can be dispensed with if two®  iives thL r® a standard and the other a test
obiect ve, kre used in series. These, ^re turned towards

■  prothm and separated so as to have a common local'r^ane the cTnvex mirror for back reflection may fhen
have k radius of curvature of several mches.
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had been simply to get the refracting surfaces of the
prism plane, as tested by means of a proof plate; 'Even
when this has been done to a very high accuraby the
defimtion of spectral lines through such prisms is often
disappointingly poor, so that the advantage of increased
resolving power due to sharpness of line image giVpi^
by theory is lost. This interferometer h^ shown the
trouble to be due to the refractive index varying from
point to point even in the best optical glass. This
lack of homogeneity can be allowed for 'v^hen the prism
or plate is examined with the interferometer and then

localized,' the small polisher reducing the metrical
path to compensate for the increased refractive index
in any part such as R of the prism.

In this way, the construction of large aperture prisms
for astronomical and other purposes, which was to a
great extent a matter of chance, has now becorne a
certainty even when the glass available has not the
same degree of homogeneity as' before.

On repiicing the plane mirror Mj by a convex mirror
as shown, in the inset, the method can be used to test

e  efimtion of a lens L. The lens, if perfect, should
retract ail rays to meet at its focus C; if this point is
a 0 e centre of curvature of M,, the rays are reflected
DacJi norinaUy on their own paths and wfll emerge from

a second time giving a plane wq,vefront. It is com- ■
obtain a truly spherical reflectingmmor, so that £fny defects showing in the interferometer

rpni^oA f L, and can be marked and corrected for as in the case of the prism.
fv,. o • arrangement outlined only permits
is orjCffintral beam to be examined ; while this-
not f telescope ojijectives, it is obviously
tvuft nf ^ '^de-angled camera lenses. A special

' interferometer" has been designed
about '^P 5^ inches aperture and
the lena With this interferometer,
nodal noiut .'3an be rotated about its secondP h • As this would displace the focal plane

i

etc

I
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of the lens from the centre of curvature of the convex
mirror a mechanical linli arrangement moves the
.mirror," so that its centre of curvature is always in the
focal plane of the lens, independent of the latter's
obliquity.

' ^ -The interpretation of the results obtained, while
very easy i% the case of plates and prisms, becomes
more difficult in lens systems, for the aberrations have
hitherto been analysed and classified on the basis of
geometrical conceptions of rays. The general appear
ances of each of the five classes of Seidel® have been
given by Twyman;' Kingslake ® has used the simple
lens Interferometer both for checMng the interfero-
grams expected under defimte conditions of tilt, etc.,
and for comparison with the older method of testing
due^ to Hartmann. The possibilities of the Camera
Lens Interferometer have been investigated by- T.
Smith,® and a Universal Lens Interferometer has been
developed by him in conjunction with Dowelhi®

A similar Interferometer, on a smaller scale, has been
designed by Twyman " to test Mcroscope objectives.
In this case it is not practicable to construct an optical
mirror of sufficiently small radius of curyatui-B and of
the requisite accuracy, but a tiny drop of clean mercury
acts as a practically perfect convex mirror, to refiect '

• the light back through the objective. Owing to its
smaU size the gravitational forces are ̂ negligible com-
nared with those of Surface Tension, so that over the
Lsential part the globule is sphericaf. A whole micro
scope can thus be tested, but it is more usual to test
obiectives alone and to include a weak negative lens
to compensate for "^the finite distance of the linage ,
from the objective when the latter is used in the micro-
scone The mercury drop can be dispensed with if two
obiectives, the one" a standard and the other a test
ob ective, are used in series. Thesftore turned towards
each other and separated so as to have a common local
nlane • the convex mirror for back reflection may then
Lve a radius of curvature of several inches.
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These interferometer methods show objectively the
errors that previously could only be deduced by estima
tion by experienced lens testers. Their'greatest utility
however will probably be in the development of defimtely
aspherical surfaces to compensate for the aberrations
inherent in wide-angled spherical surfaeds,. _ " '}■

Other Interferometric methods of testing object
glasses have been developed by Waetzmann/® Michel-
son and Ronchi.^^ ®

]•

Adjustment of Michelson Interferometer

Provided the path lengths are approximately . the
same, a Michelson Interferometer is in adjustment
when the plane of the dividing mirror accurately bisects
the angle between the two fully silvered mirrors, cand
the normaE to the surfaces are coplanar. It is not
essential that one arm should be at 90° to the other,
in fact, if the angle of incidence on the dividing mirror
were reduced from 45° to, say, 20° and the positions
of the other mirrors altered accordingly, an appreciable
saving in the size of the dividing mirror could be
effected.o

Even when the circular (infinity) Michelson ftinges,
or the thin plate localized fringes are wanted, they can
be obtained very quickly by converting it into the
Twyman and (^reen arrangement with the addition of
two objectives and a screen with a small (-5 mm.)
aperture as in Ff^. 5.4. An opalescent lamp behind
the screen gives two back reflected images on the
screm, one from each mirror, similarly at the focus

^ other objective two imagSs are seen. Whene wo spots on the screen S coincide at the aperture
the overlapping of the two spots^

rn '^1 ®^^strument is Iq adjustment. This cart beoetained>nce a tilt of the dividing mirrot,
evA at E unequaUy. On placing thelamn in Interference bands are seen when theP  replaced by a monochromatic source. The^®

fringes can be. widened by a small tilt of either of the
fully silvered mirrors until the whole field is occupied
,by one or part "of one fringe. If the path difference is
not too small, the circular fringes are found by removing
the screen (so as to have an extended source) and adding
^n eyepiece at E.

The distinction between the localized fringes m the
two arrangements can be readily shown in.the following
way. The in|trument is adjusted for Twyman and
Green fringes as mentioned above, but with a path
difference of say 1 cm. The fringes are observed
through a small (-5 mm.) aperture at E. The first
screen and its objective Oi are consecutively removed
without any difference in the appearance of the fringes.
[Their presence is immaterial when the aperture E is
Uded since SOi can be regarded as images of EOj in the
dividing mirror.] On removing^O, the fringes disappear
although we are still left with the smaU aperture at B
which would give localized fringes with a much smaller
path difference. . vi, x • ^

There is an essential distinction between rhe fringes
obtained by Fizeau's method and that of Twyman
and Green, which is of very great importance m optical
work ■ A Fizeau fringe means the constancy of 2^<
along that line, so that a plate corrected to give a•unSm colour aU over, would be one in which the vana-
Zns in index are exactly compensated for by variations
in thickness The Interferometer, on the other hand,Ls thrconstancy of 2(^ - l)b afid the corrections
o??for the same variations in /x as before would befnnroSmately three times greater. In many instru
ments for exLple, -Jhe transmission echelon grating, it'  'o+annv of (u — b)< 4;hat IS required, so that an

plane wavefront emerges from the plate as aM nP tlvefront. By carefaUy plotting the Fizeau
^id the Twyman and Green interference ^tterns offthick plat^^about 2 cm.), the point to point variations
^  pfrnctive index can be determined absolutely toin refractive T,la.ee-.^tMn a few units in the sixth decimal place-.
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These interferometer methods show o.bjectively the
eiTors that previously could only be deduced by estima
tion by experienced lens testers. Their "greatest utility
however will probably be in the development of definitely
aspherical surfaces to compensate for the aberrations
inherent in wide-angled spherical siirfacds. • ^

Other Interferometric methods of te^iting object
glasses have been developed by Waetzmann,^^ Michel-
son and Ronchi.i^ ®

o  «

Adjustment of Michelson Interferometer

Provided the path lengths are approximately the
same, a Mchelson Interferometer is in adjustment
w en he plane of the dividing mirror accurately bisects
the angle between the two fully silvered mirrors, ,and
the normals to the surfaces are coplanar. It is not
essential that one arm should be at 90° to the other,

^ ^ incidence on the dividing mirror
of from 45° to, say, 20° and the positions
sivinrr thcr mirrors altered accordingly, an appreciable
effected™ dividing mirror could be
or^he^tliTj!^^'] (infinity) Michelson ftinges,
be obtainorl^ localized fringes are wanted, they canTwymlr!i by converting it into the "
tw 0bLt?i?®®? arrangement with the addition of
the screen m'Tr \ Opalescent lamp behind
screen one reflected images on the
of the other'oV Diirror, similarly at the focus
the two snot, -
simultaneously with\£'oT 1 aperture
at E the instrurnLf • of the two spots
rapidly ofetaineH ^ ™ adjustment. This cart be ■
affects th-e' ^ ^be dividing mirror,
®ye' at E fine Tnw^®® unequally. On placing the
lamp is rcnlaeeH u t®i'®nce" bands are seen when the
/  by a monochromatic source. The^e
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. fringes can be. widened by a smaU tilt of either of the
.  fuUy silvered mirrors until the whole field is occupied

■ ..by one or part "of one fringe. If the path difference is
. not too small, the circular fringes are found by removing
the screen (so as to have an extended source) and adding
^n eyepiece at E.'

The distinction between the localized fringes in the
two arrangements can be readily shown in.the foUowing
way. The in|trumenT is adjusted for Twyman and
Green fringes as mentioned above, but with a path
difference of say 1 cm. The fringes are observed
through a small (-5 mm.) aperture at E. The fiirst
screen and its objective 0^ are consecutively removed
without any difference in the appearance of the fringes.
[Their presence is immaterial when the aperture E is
addpd, since SOiCan be regarded as images of EOj in the
dividing mirror.] On removing^Oa the fringes disappear '
although we are still left ivith the small aperture at E
which would give localized fringes with a much smaller
path difference. ^
There is an essential distinction between The fringes

obtained by Fizeau's method and that of Twyman
and Green, which is of very great importance ia optical
work. ■ A Fizeau fringe means the constancy of 2yt
along that line, so that a plate corrected to give a '

• uniform colour all over, would be one in which the varia
tions in index are exactly compensated fqr by variations
in thickness. The Interferometer, on the other hand,
tests the constancy of 2(/ii — l)t, afld the corrections
of t for the same variations in y, as before would be
approximately three times greater. In many instru
ments, for example, The transmission echelon grating, it ,
is constancy of (y — <that is required, so that an
incident plane wavefront emerges from the plate as a
plane wavefront. By carefally plotting the Fizeau
and the T-svyman and Green interf-wence imtterns of
a thick plate (about 2 cm.), the point to point Variations
in refractive index can be determined absolutely" to
within a few units in the sixth decimal place-.
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Kostees' Method of Determining" ABSotifTB
Wavelengths

The Twyman and Green Interferometer was mainly
used to measure the small path differences that occur
m optical work. Kosters has .receiftly used th^
same method and arrangement to measu^. large path

erences, and so afford a means of obtaining wave-
standard red cadmium wave-

analysis of the method together witha ues o the wavelengths of the red and yellow Krjrpton

La one umt in the fourth decimal place in Angstromsnas been given by Weber,
The fixed mirror of the previously described Ihter-

Mirror unit and Field of "View. Kdsters' Method

ferometer is renlaoed l
in Fig. 5 K marU. ̂  ,"y composite mirror as shewn
placed in 'conteni"^ distance block or ' end gauge '
'he block ™rhLT'u ""LP'™ ® i
to the plane Cr> + surfaces flat, and AB parallel
the other Interfor^ ̂  ^sgree aof accuracy. When
appearance of the S J sHghtly tilted, the
part of Fig. 5 c 'to ° is as^hown in the second
dividing mirror mrn. ^J^age of this mirror in • the
i-e. at R,< i;he frirm^^^- between AB and CD,
Essentiallv the mo+L^i^- parts are equally clear,
the displacement bet° determine the fraction ofemeut between the two sets of fringes for

' A*"!

.cfl/A'yrwiiw

Ac lily:. IV,,,I
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three or more known wavelengths, the order of any
fringe being as yet unknown; then we have

Cropswires

■ ■ (Xi + /i) K = (Xo + /o) Ac = (X3 + U) = 2^<-
the fractions A, and U being determined by experi-

xi^ent. The Iieight of the block is obtained within
fairly closey^mits by a micrometer, so that since the

• beam to the farther mirror CD traverses the path
twice, the micrometer measurement gives hmits within
which the integral values of Xi must lie. Taking any
on6 of these values, we can work out the exact value
"of t to- correspond to it, and with this the umts and
fractions expected for I, and A3. When the calculated
fractions for I, and A3 agree, for a particular value of
X, with the observed values, the probabihty is that
the, chosen value of is the correct one. A further ^
check with a fourth wavelength would make it certain.
ICnmving' t' and the approximate wavelength of another
source so that the order of a fringe is knpTO -mth
certainty, a determination of the fractional part ena^s
the wavelength to be known more accurately. The
method is exactly the same as that used m wavelength
^terminations ^th the Fabry Perot Interferometer
^'Thf fffect^of phase change (page 85) is ehminated -

.  a ATI arid CD are of the same metal,

height of the biocK , p ̂  „ p; jg claimed
the more homogeneous Kryp ^g^gj^ined to within
that fringe ® x fringes, so that a relative•01 of the distance between two tri^ . ̂

,  accuracy of -0001 ®^^g^g'^°?KisMnterferometer
Fig 5.6 shows a cross se^iono lAosre

which is manufactiKe ^ ' g j^gj^ jn spectral lines
•, be used directly with a s ^ ^^^^^ggpg^ ̂  constant

without needing an a^xih^ 7 ̂P ^
i  deviation (Pelhn-Broc ) P • cross sHt 0 and the

ob-jective Oi- J-be uccu
6
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72 APPLICATIONS OF INTERFEROiffeTRY

Kostees' Method of Determining" ABSotifTB
Wavelengths

The Twyman and Green Interferometer was mainly
used to measure the small path differences that occur
m optical work. Kosters has .receiftly used th^
same method and arrangement to measu^. large path

erences, and so afford a means of obtaining wave-
standard red cadmium wave-

analysis of the method together witha ues o the wavelengths of the red and yellow Krjrpton

La one umt in the fourth decimal place in Angstromsnas been given by Weber,
The fixed mirror of the previously described Ihter-

Mirror unit and Field of "View. Kdsters' Method

ferometer is renlaoed l
in Fig. 5 K marU. ̂  ,"y composite mirror as shewn
placed in 'conteni"^ distance block or ' end gauge '
'he block ™rhLT'u ""LP'™ ® i
to the plane Cr> + surfaces flat, and AB parallel
the other Interfor^ ̂  ^sgree aof accuracy. When
appearance of the S J sHghtly tilted, the
part of Fig. 5 c 'to ° is as^hown in the second
dividing mirror mrn. ^J^age of this mirror in • the
i-e. at R,< i;he frirm^^^- between AB and CD,
Essentiallv the mo+L^i^- parts are equally clear,
the displacement bet° determine the fraction ofemeut between the two sets of fringes for

' A*"!

.cfl/A'yrwiiw
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three or more known wavelengths, the order of any
fringe being as yet unknown; then we have

Cropswires

■ ■ (Xi + /i) K = (Xo + /o) Ac = (X3 + U) = 2^<-
the fractions A, and U being determined by experi-

xi^ent. The Iieight of the block is obtained within
fairly closey^mits by a micrometer, so that since the

• beam to the farther mirror CD traverses the path
twice, the micrometer measurement gives hmits within
which the integral values of Xi must lie. Taking any
on6 of these values, we can work out the exact value
"of t to- correspond to it, and with this the umts and
fractions expected for I, and A3. When the calculated
fractions for I, and A3 agree, for a particular value of
X, with the observed values, the probabihty is that
the, chosen value of is the correct one. A further ^
check with a fourth wavelength would make it certain.
ICnmving' t' and the approximate wavelength of another
source so that the order of a fringe is knpTO -mth
certainty, a determination of the fractional part ena^s
the wavelength to be known more accurately. The
method is exactly the same as that used m wavelength
^terminations ^th the Fabry Perot Interferometer
^'Thf fffect^of phase change (page 85) is ehminated -

.  a ATI arid CD are of the same metal,

height of the biocK , p ̂  „ p; jg claimed
the more homogeneous Kryp ^g^gj^ined to within
that fringe ® x fringes, so that a relative•01 of the distance between two tri^ . ̂

,  accuracy of -0001 ®^^g^g'^°?KisMnterferometer
Fig 5.6 shows a cross se^iono lAosre

which is manufactiKe ^ ' g j^gj^ jn spectral lines
•, be used directly with a s ^ ^^^^^ggpg^ ̂  constant

without needing an a^xih^ 7 ̂P ^
i  deviation (Pelhn-Broc ) P • cross sHt 0 and the

ob-jective Oi- J-be uccu
6
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•• ^ ^74 ^PLICATIONS OF INTERFERClifETRY •
reflected to the fixed mirror Sj and the other part
transmitted to Sj and Q which form a unit similar to
that in the previous figure. The beams on reuniting
at the half silvered mirror are brought to a focus at
B (the focal plane of the second- objective O2), where
the eye is placed. Three foot-scre'ws J are used ̂ tc^
tut the table T so that the direction ai^ separation
of the fringes can be arranged as desired. '
With a given position of the pri5m, onljr a very narrow

SIMULTANEOUS DIVISltlN 75

Fig. 5.&.-K6sters' Interference Comparator

SSIhe'dRaf O at B
This would^mean that aeSeinVarrolThe'^^®f°mcoming from diffemnt T,a,.+ r xiZ P ™ spectrumbe sulertopoSrSV'n """'O
mine each fractional' n- >r+ ̂  necessary to deter-
prism torn from-one waveleSh trflf'

important application of +Vi • t
measure the length in licrbt "^ r instrument is to

J  ngmeers m precision work.

• The gauge is wrung ' or pressed against the lower
mirror until it adheres to it to form a unit.
Whether the fnethod will replace that of Fabry Perot

in the determination of the metre remains to be seen.
It does not seem to have been realized that unless the

^pjiectral line,Is symmetrical, the method introduces
systematic eorors that can be far greater than those
fof observation, in just the same way as Michelson's
Visibility method lea3s to spurious results when the
distribution is unsymmetrical.
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CHAPTER VI y

INTERFERENCE EFFECTS .WITH MORE THAN
TWO BEAMS

Hitherto we have only considered the inter
ference effects between two beams. When a

beam of light passes through a transparent plate, multiple
reflections occur in the plate. Strictly speaking, these
effects ought to have been considered in the case of
thin films, but in practice it is sufficient to consider
the first reflection at ̂ ch surface, since the successive
amplitudes die down so rapidly. ' '
When^the reflection coefficient is increased, either by

half silvering the plates (method of Fabry and Perot ̂),
TT y a large incidence angle (method ofHerschel ̂ and Lummer ̂), the multiple reflections have
a profdund .effect on the character of the fringes ; with
monochromatic light, the' comparatively broad cos^6
rmges of the Michelson Interferometer or Fresnel
iprism experiment are replaced by very narrow bright

trmges on a broad dark background. This action can
be understood from the following considerations.

i  plane and paraUelhalf silvered films with a separation ' t,' placed in front
0 whose, focal plane is FFh Assume

on thiTm.T wavelength A faU at aU angles'
o? £ht tT ^ are the fractions
Sm the ̂ i^^f/^ at each
roots of-thesp afe proportional to the square
W of uffit amS> a plane wavefront
and represented hv angle 0 with AL,
ampUtSe of the '^^l to W. Thethe part of W transmitted by the first

' i film (AB.) is P»,.andby the second film (BC) is P. Simi-
»  larly the' first reflection at B has an amplitude P'R',
. DE is P'R, so that EG is PR. In the same way the
amplitude of the wavefront represented by RU will

' be PR^. Each of these wavefronts are plane and
K. paraUel so that they will be collected by the objective
f^ at M. Th?re will be a phase difference 5 between

.each train due to the^path difference given"B'y:
/27C\„ . Q . . . (1)-(1)2^

If'tlien the real part of represents the incident
^  lC\ iF

Fio. g.l.—Formation of Multiple Reflection fringes

light, where ̂  is the frequency and T the time, the
instantaneous resultant amplitude wiU be, from Young sprindple,^theredgrt^rf . (2)
This is : Pe-^{1 + Re"'' + + • • •)

•  Here, both the amplitude term and 6'"^ are complex ;
if the former be (a + ib) where both, a and 6 are real,firresulUnt amplitude is^g^wen^ +f7sin;'

%\ gwT = ̂6'^"^+'''' where r + 2)^}'
ilnow rreil Juaility. EaSonaUring the above in thi.
way. we have:



iim

CHAPTER VI ^'''^'
INTERFERENCE EFFECTS .WITH MORE THAN ̂

TWO BEAMS

Hitherto we have only considered the inter
ference effects between two beams. When a

beam of light passes through a transparent plate, multiple
reflections occur in the plate. Strictly speaking, these
eSects ought to have been considered ini the case of
thin films, hut in practice it is sufficient to consider
the first reflection at ejfich surface, since the successive
amplitudes die down so rapidly. ' h.
When the reflection coefficient is increased, either by |

liaK silvering the plates (method of Fabry and Perot 1
or by using it jit a large incidence angle (method of
Herschel ̂ and Lummer ®), the multiple reflections have '
a profdand pffect on the character of the fringes ; with ,
monochromatic light, the comparatively broad cos^S f
fringes of the Michelson Interferometer or Fresnel 1
Biprism experiment are replaced by very narrow bright i
fringes on a broad dark background. This action caO
be understood from the following considerations. I
Let AL and BN (Fig. 6.1) be two plane and parallol |

half silvered films with a separation ' t,' placed in front
of an objective 0 whose focal plane is FFk Assume !
that plane'-wavefronts of wavelength A fall at all angles'
on the interferometer. If P -and R are the fractions 'J;
of hght mtensity transmitted and reflected at each
min, the amphtudes afe proportional to the square
TOO S O hese fractions. Consider a plane wavefront

anrl'^T-o^^ ampUtude making any angle 6 with AL," norial to W. Theamphtuoe ol the pert of W transmitted by the to'
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■ film (AB.) is P»,.and by the second film (BG) is P. Simi-
kriy the- first reflection at B has an amphtude P'R',
DE is P'R, so that EG is PR. In the same way ̂ e■amplitude of the wavefront represented by RU -mil■ t, PT12 Each of these wavefronts are plane and
^ TS '.nTh^tSy wiU be coUected by the objectiveTht S be a phase difierence S Between
sich tmin due to the path difierence given By:

.  e (5 = (y)2i«« cos 0 . . . (1)
If-then the real part of represents the incident

t'Vi'

Fia.
6.1.-Formation of Multiple Reflection frin-es

This is

li.ht.wheral' i. 'he ""
he. from Tonng".

pgi<uT(i -4- Re-'^ + R^e 2i5 4- . . .}

Here, both the
if the former be (a^ ^y {a^ + b^y> fo'
the resultant amph u j| ^ pog 4. = « and r sin <f>
since e- = cos where r + &'}'

JuentSty. Eetionelizing the above in thr,
way we have;

iiiV".'*-**''.''.

JSMiiSi

V'- .

Aftis ■ ,54.'.. "

I'- '" )

"  . . ^ p ,lv

: -h ■ 'ri-a,
W"K.*r-.v, ?.W

,A. "
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(1 — Re~'^)

Thus:

(1 — R cos (3) -p iR sin 6

_ P(1 — R cos b) — iR sin b
1 — 2R cos (5 + R^

a = — R cos (3)
and h

RP sin b

I — 2R cos d + R?l'^2Rcos(3 + Ra
The Intensity is therefore,

aa 62 _ ~ cos 6)a -f- sin2
[I — 2R cos (3 + Raja

—  pa
1

0  MULTIPLE BEAMS' 79

bX

'^0

(5«o'

I
 - 2R co3-(3 + Ra rr2R(l-cosd)-2R R''

(1 — R)a ̂  ~ . (3)
21 + sina d/2

Tl," • r

varies'wSrs?n'a''6Sn®f'°l®\°'^' intensity,sina b/2 -^^aries hpf/ ^ properties. As .
varies between its moT'^ l™its ofO and I, the intensityn Its maxunum value of pa/(i _ Rja and
the n4nimum pa/ji _ psa ̂  /I — R\a pa

V = tg-"- — t-nan. . QT?18 therefore V and is inde-
max.

■  so that the resolving power for a given Wo depends on
the smallest change of order that can be recognized.
In connection with the spectrum from a diffraction

^-grating Rayleigh's rule is that if the central maximum
of one spectral line coincides with the first minimnTn
' of another, the douljle nature of the composite fine

can just he sesn, and the lines are said to be ' resolved.'
This resolution is not absolute, it is shown merely as
a decrease in the intensity at the centre of an other
wise rather broad line. If the two lines have the same
intensity it is easy to show from the theory of a diffrac
tion grating that the intensity at the centre of the

saddle portion is of the maximum of a single

line, so that the intensity at the point of overlap for
4

each line is —or -405.
71'

•405

pendent of t'no -i + R"
a parabolic curve
from -8 to 1 as the t-aA +• only increasing
50 per cent, to 100 per power increases from» per

RkJLTOO Powm o, Pk&i ItoMYEOMYTB.
Ihe order n of ,a fringe is 0 '
we go, away feom the ^

wrif,-A„ '^^^tre, i.e. as 6 increases;-siting ̂ as th

Although with the development of registering micro-
photometers such as the
IV. jU,^ dips much smaller
than this can be accurately
measured, it is convenient
forthepurposeof comparison
with gratings and echelons to
keep to this standard. If A
in Fig. 6.2 represents the
intensity distribution with n
for a wavelength X, and B
for wavelength X -{■'^bX,

From Eqn. 3 " "
writing F for

Fio. 6.2.—Resolving Power
of Pabry Perot Interfero
meter "

4R

(1
(1-R)e order at th

we get bv ■'iT=========fe where =set by diffe_^^i;^j^ I + F sin

- R)'
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JT

(1 - Re-«) ~ (1 - R cos (3) + iR sin b

_ P(1 — R cos (3) — {R sin (S " ,
Tjjug. ^ ^

- P(1-Eco33) --RPsin(5 ''T^1 ̂  2R cos 8+ R^ ^ = r^cosd + m ,
ine Intensity is therefore, ' ''

aa -1- 52 _ PH(1 — R cos (5)2 + (Ra siii^ 8)}
[1 — 2R cos 8 + R2]a

pa

i • 2R cos-d + R2 1 + 2R(1
4

0  MULTIPLE BEAMS' 79

— cos 8) — 2R -j- R^

X  J: (3)(1 - R)2
1

4R

-
/if

 + sin 2 8/2
Th- ■ V (1-E)''

varied with intensity
sin2 ̂ /2-paries hpt/ filDi properties. As
varies between itq irmits ofO and 1, the intensitynes netween its maximum value of P2/(i _ R)a ̂ nd
the minimum P2/(i _ R)2 ̂  /I — R\2 pa
The ̂ sibihty or clearness of the ftingi:"

- therefore V ^nd is inde-

rptaboUc 'Wv
from -8 to I as the rpfl f- ^^®^t)ihty only increasing
50 per cent, to 100 -npi. power increases from

±\J{J P0J.

" - • •, A ̂  Wq
8?. 8n/

BO that the resolving power for a given depends on
the smallest change of order that can be recognized.
In connection with the spectrum from a diffraction

. Migrating Rayleigh's rule is that if the central maximum
of one spectral line coincides with the first rninimum
of another, the double nature of the composite line
can just .be sesn, and the lines are said to be ' resolved.'
This resolution is not absolute, it is shown merely as
a decrease in the intensity at the centre of an other
wise rather broad Kne. If the two fines have the same
intensity it is easy to show from the theory of a diffrac
tion grating that the intensity at the centre of the

sad.dle portion is of maximum of a single

fine, so that the inten.sity at the point of overlap for
4

each fine is —5 or -405. ,,
71'

Rescdlving Power oe Pabev t ' 1
rn. ~ ? f Interperometeb ...Tbe order n of ̂  fringe ig 0 ^ ^ ' ' t

as we ga awav t ^ and it_decEeaS£l ,1gq. away fyom the centre l '
fifing n' as .0 increases; u^as the order at ti, " ̂ *

-  '-"-o
n„

Although with the development of registering micro-
photometers such as the
MjU,^ dips much smaller
than this can be accurately
measured, it is convenient
forthepurposeof comparison
with gratings and echelons to
keep to this standard. If A
in Fig. 6-2 represents the
intensity distribution with n
for a wavelength X, and B
for wavelength A -\r"'8X,
From Eqn. 3 ^

f"'"- .(pr writing F for

Fig. 6.2.—Resolving Power
of Fabry Perot Interfero
meter

4R

1 = (1 - R)2

(1-R)=
sin'

1 = 1 + F sin2 8/2'

, ;A,rv..r
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80 APPLICATIONS OF INTERFER01J5STRY
Ij, = -405 Iq under the above conditions, so that:

1 _ .405 1-469'
sin- (5/2 -

MULTIPLE BEAMS •>

given by the bracketed term in Eg. 5.
•405 F F-'

giving 6=2 sin1-
<= o -

1 1-469 This 6 is the phase Reflecting Power ^
Effective N, o)-

•95
50-6'w -^—- —r- - - - , „J. , Effective JN. U'>q- ' , rx ;'  fj i 1. i. h >/ T/^nser approx. (Hansen) 08 5

change corresponding to CD in the diagram, so thp.tr:"r" i '
the phase change for CE mil be twice thii value. -A f , j: ., • j i;„(> is from some
^XXWXJ.^V UV V./J-' 111 UllW

the phase change for CE will be twice thi^ vaiue.

•925 -90
33^3
40

24^6
29

•85
15^9
18^5

•80
1P6
13^5

■75
8^9

10^5

change of 2 jr in phase is equivalegit to unit change of
order since the equation is periodic in this amount.

rni,„ _i r _ r. o j • -1 /1'21\The total phase change 2 6 = 4 sin"^ (^\7^)
1  ■ , , 2 sin"'^ (1-21/F')corresponds to an order change dn^ — '

and the Resolving Power
^  ̂ Ttg

6A ~ 6no o
n„7i (4)

2 sK' (1^)
When the i^eflecting power R is high, the value of F' is
sufnciently large that the angle can be taken for the
ome, and the resolving power becomes;

_  n^n Fi r yrRi H ,kx

pronnrtir,r,ai' + •NT ^resolving power is direcuy
root of F Tvii- u proportional to the square
Unesse Th caU^d% Fabry coefficient deThe manner in which thd- effective number

* The • wLLHyXi tnc ©ugcuIVd iiu.i-
spending resolving power as in the cqrreR-P- isl^eXu^^-r is to be neglected .sincebecause a positivn ov, quantity. It occurs here simplyof order 5n. Q-^ge of X corresponds to a negative chaiig

LJijth'v.'vw . . .'(•'•yi«"r^55f|lj||j||a&
-Vv'.u,' ■■'' '■ '■ ' ■

• .'T " ^

iifc-

Tlr.t r" •

of A ,Fig,6.2)tion, kindly rf themlS^l of A (Fig. 6.2)

-n-

— /N J. MJ. I ±*.^X^X -■-"J

As shown in Chapter II, page 27, the resolving
power of a reflection echelon grating is the product
°  ® order of the spectrum and the total number of< pertures, this beinor t.mA oii 4-cr^r.a frrfitinss.r  specirum and the total numoer ux^rue for aU tjrnes of gratings•
above ' term in square brackets in the
of Tio-R can then be called the Effective Nnmbeiflee ions N„ thus the j:esolving power is directly

N- nurl Ai-Pf 1

allowance for the mere ^ When
by the ad^tion of 11 P overlapping is
the reflecting powe y_ ^^^.g^^age change; a
greater and causes . adding a sixth to
close approximation IS o ^the values cakukted from proportional to Nc. .mohochromatic frmg interferometer with
It will be seen ^^at a y ^ echelon grating
B = -90 IS plate thickness as the
of 29 Pl^t/^.^^^Xterferometer. The plate thiclmoss
spacing of th ,. transmission echelon w^ hei the since the prder oapproximately four ^th f
the spectrum in this case is —^ A

IL the refleotmnin the reflection type. „ coefficients are only'  Unfortunately, kg ^ j^^tals and alloys5/obtainable ^^h the fitos wavelength region.
hitherto examined, ^ p ^g^d for the visible spec-
While sUver IS mo '

7 hitherto exa^^--, p ^ged tor tne vibiuxy.VWhile sUver is ^^^f^^Stely higher reflection coeffici-
'/i^' trum goffi films gi iuQi-ftn coefficients in the region
'  toCMId.'show.

5o°»th?£^!Ses^ n

tfylJ ,.

%'-W
iim

6500 A
■VVavelengffi
BI

hti

?f'- ■ ■ '. ,..4'' ..'}
W(.7 ' ■'» ■ .• so, . _ i

. T-.'.yAiiis,*.;
'■

r iW < "w* V,

(• 1'' ' '• I "•• >ti* ..,,, > ■• ^
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so that":
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Id = '405 Iq under the above conditions

,in> «/2 = ' - = li6?;
'  -405 P P •'

This d is

of reflections .(and consequently the resolving power)
depends- on R can be seen from the following table

giving 6 =2 sin-1 Tins d is the phase

change corresponding to CD in the diagram, so tha.tr
the phase change for CE -wiU be twice thi§ value. A
change of 2 te ■ in phase is equival^t to unit change of
order since the equation is periodic in this amount.
The total phase change 2 d = 4 sin'i therefore

corresponds to an order change drio = ̂
and the Resolving Power

■A . Wq
<5A (5?io o

7t

n„n
(4)

Befleoting Power .
Efiective N, (Pq. 5)- .sCHoser approx-. (Hansen)j

•95
50-6
58-5

■925 •90 •85 •80 •75

33-3 24^6 159 ino 8^9

40 29 18^5 13^5 10^5

^  ' V"WJ
Sowf power R is high, the value of F' is
Sinp a wif angle can be taken for thet'lne, and the resolving power becomes:

4' = ... r jjRi -I2 X 1-21 ^''[_I-2I(I — R ' ■

aperTurnh^ b ' th;%;tarnumber of
above equation no 4.1 ™ square brackets in the
of Reflections N thm^?4® Effective Number
proportionar to'V a cTcsolving power is directlyroot of p whiob b proportional to the square
ffnesse. t^q been eaUdd^y Fabry coefficient de

aegativ which thd' effective number.

The third line is trom some mrueruu uupu 014044^44 vc444,,44„-
tions kindly supplied by Dr. G. Hansen, who has madeallowance for the increase of thema^um of A (Fig. 6.2)
by the addition of the smaU part GH due to B. When
the reflecting power is very low this overlapping isereater and causes a larger percentage change, a

•  of fViR Interferometer. The plate thicknesscLttondtor^^ission ecMon ^ bei-' ̂ eeter -oe the ,„rd» |
the spectrum in this case is ^ as compared wit ^

),in the reflection t^e. . coefficients are only
^obtainable with the wavelength region,
hitherto examined, m the longer

./While definitely higher reflection coeffici-
trum, gold S'^-csj^ission coefficients m the region

4e Si^ng table due to Childs = showsabove 6/00 A. ^ standard silver film about
^e°7-^ai"ness 4ries with Biewavd^
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In the extreme violet the reflecting power, of the
usual silver film is very low with a corresponding
widening of the fringes. Nickel, silicon and platinum
films are often used; the writer finds that fair results
are obtained with silver when the latter is so thickly
eposited as to be almost opaque to" the 'Sye, the only

disadvantage being that an ultra violet standard mdsi'
en be used for comparison instead of the red cadmiurn
e. The low value of R for a silver film in the violet

an near ultraviolet is in a great measul-e dile to the
mcreased transparency in these regions. ■ •
o 1?^ the echelon, the spectral range over which-

^  Ferot can be used without overlapping of
WriV^ in-versely as the separation of the plates.
RiipJi 1 "Ffference between two wavelengthssuch that the n order of one coincides with the (w ± 1)
order of the other, we hrve since ̂  by putting
- 1 tbff. corresponding dX isthemnye, AA = - =

AA^ smallest resolvable wavelength difference
(1^7 as^in the case of an ordinary grating.

differenpp^+ff+ the maximum wavelength
dispersion av + • • ®^^°^tned without an auxiliary
complex group ^^en dealing with a
only a few fi ̂  I ^ single wide line. Whenomy a tew fine hnes are beim. u .ffenonlv foTTT T ^ ^ ouiyit) wiufc} line,

be possible ar>^ being examined it may oftenJ possible and even useful be™ or, rr^^or. L _ I)of wavdength^(|!f^Jf®^"^^° order (» -
(^ + 1) order t \ between the wth and the
"overlapping"can bJt^ reality of thebnes with a dJffo o^-sily verified" by examining the

^ a different separat!oh of the plates.
Wavelen(^th Measurement with the Fabby Pebot

INTEBEERGMETEB
oO

lengths'by^mealll^^f devised for comparing wave-
^ Pioans of the Fabry Perot Interferometer.

Thb. earlier method, which has been called the coin-
cidencei method, is briefly as follows. Let A, and A be
two wavelengths, the former the greater being accurately
known. For a certain separation of the interferometer
plates <1, a fringe of A, coincides with a frmge of the
uhkno-wn wavelength A. Then 2^1^ cos d =^X, = nX!^
^The sepaj-ation of the plates is now slowly increased
until coincidence is again obtained. In the second^o^^^

cgs d =j(m + p) A, = (w + p + 1) A^ '
■from which we obtain! A 'i P iP + l)'

p can tfe
determined either by actual counting, or by having the'
mirror separation controlledj3xa-fin.eJUCEonietfir hp,raw,
when cojncidence^of nmer_ring8 Js pbsgr^^^^

— i!i)^ pX, from which j^is_found_andJ}he
"w^elengtE-difference X. — A deterroined.

If the wavelengths al-e-wtecly different, coincidences
appear frequently and p becomes smaU; it is then
expedient to determine the positions of several coin
cidences. In addition to a micrometer screw, 'the
method necessitates the use of very carefuUy opticaUy
worked ' ways' or grooves since the mirrprs must
retain their parallelism as the separation is varied.
The most serious objection to the method is that it
involves individual measurements for each line so
that it becomes practically an impossibility -with a
rich or many lined spectrum such as the Iron arc.

Method oe Exact Fractions
This method, which is due to Benoit,® enables inter-comparison of wavelengths to be easify.and rapidly

m^ade and is very large.ly responsible for the importance
r>f the Interferometer in modern Spectroscopy.

Our standard wavelength,is that of red cadmium indry air at 15°C.,andpO mm. pressure, ? Eeing 98(h67
latitude 45°). This is taken to bii.. 6438-4696

i^Lstroms so that probably this unit differs but very^fightiy from the tenth metre (10" metre). H A. and
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In the extreme violet the reflecting power. of the •,
usual silver fi lm is very low with a corresponding
widening of the fringes. Nickel, silicon and platinum .
fi lms are often used; the writer finds that fair results
are obtained with silver when the latter is so thickly
deposited as to be almost opaque to the eye, the only 7?
disadvantage being that an ultra violet standard mfls'u
then he used for comparison instead of the red cadmium ,
line. The low value of R for a silver film in the violet
and near ultraviolet is in a great measure dhe to the
increased transparency in these regions.

As with the echelon, the spectral range over which
a Fabry Perot can be used without overlapping of
orders varies inversely as the separation of the plates.
Writing AA as the difference between two wavelengths
such that the n"' order of one coincides with the (w it; 1)

A  •order of the other, we hrve since by putting
r^A dn ''

Ai5ra = 1 the corresponding dX istheranpe, AA = — =
while the smallest resolvable wavelength difference
A1 ■ , .^s^m the case of an ordinary grating.

This range, which is the maximum wavelength
difference that can be examined without an auxiliary
dispersion system, is important when dealing with a
complex group ef fine lines or a single wide line. When
only a few fine liqes are being examined it may often
be possible and even useful to have an order {n —' 1)
of wavelength (A + dA) in between the nth. and the

, + 1) .or4.er« of wavelength A. J'he reality of theoverlapping can be easily verifiecf by examining the
es with a different separation of the plates.

The earher method, which has been called the coiw-cidenci method, is briefly as follows. Let A. and A be
two Wavelengths, the former the greater being accurately
known. For a certain separation of the interferometer

1 +oa / a frinae of A, coincides with a frmge of t^plates t,, a fringe 01 a. ^1  a fringe of A. coincides with a frmge of theShkno^ wavebngth A. Then 2/,t, cos 6 ^mX. =' S^nafation of the plates is now slowly ^crease^j^uri? coTnSnce is again'obtained. In the -ond^^^2,t,cgse^(m + P)l = (r^ + P + ^)^] .
,  , . 11 j\_ ——— , p can tfefrom which we obtam^A A,. ^ _p

.  . ". _j Uv flf.tiial counting, or by having them"£aralSj— " £ innpr rinffS is obsGrY®d~C-QS.-.£L--i*- ■

appear 'fj"'? .^^^e the positiom of sweral coin.
expedient to 3, micrometer screw, the
cidenees. In adch carefuUy opticaUy

ZTT'?' %ocZ .mJ to .mirrpr, mustworked ways 01 g separation is varied,
retain their » S th. is tot it
The measurements for each fine soinvolves indmdua impossibility with a

S' m-a^s-pSU such a. the Iron arc.
Method of Exact FeIctions _

4.U rl which is due to Benoit,« enables inter-This method, winch easily, and rapidly
comparison of responsible for the importance
made and ^ J ^^^^n Spectroscopy. .
nf the Interferometer ^ cadmium m

dry air at p.. •> jg taken to bt-. 6438 4696(at latitude 45 b differs but veryifhtly from th® tenth metre (10-"' metre). If A, andAVELEN(|TH MEASUREMENT WITH THE FaBBY PERO'^
Interferometer

f*®®^ devised for comparing wave-y means of the Fabry Perot Interferometer*
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^4 ■ APPLICATiONS OF mTERFERO]\JETRY
denote the wavelengths in vacuum and .in a rqediUm

of index of a radiation of frequency v, = C
where C is the velocity of light in vacuum, and'v/i„ "= V,
V being the velocity in the medium. Hence ~= -

= [i. The optical path difference 2fit cos 0=is an integer
number of wavelengths (measured in vacifio) so t&t'
2t cos d = w/l„. is the fundamental equation for rein
forcement in the medium. ®

T  2/In general, the order at the centre tIq = ib not an

exact integer, it will generally be an integer (which
js the order of the first bright ring) + a fractional part
Ci, so that the equation becomes w = TCq cos 0 = w cos c6/2.
0 18 now the angular diameter, and this is usually small,
SO that we can write

^71 = ^1 _ or® ̂
^  /t-O

For, the fflst bright ring, go that its

angular Jameter
W

■5P
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n
-• Vci + I»

o

sing, 712 = (Wo — 1 — Ci) and =
and similarly for the pth ring,

A + (p - 1).

nla^ diameters of the various rings at the focal
"n ^^.ofejective is given by^, multipljdng these

to thn<?e F A.T^ length. The fringes are similar
siverincrc^^ ewton s rings in that the diameters of succes-
but wilf ap^roxim|,tely as the roots of integers,
as the ^^at the order number decreases
case .with contrary being the

«ameter of the first ring varies inversely as Wp' so

o

that the size-of a ring with a plate separation of -25 cm.
is twice that for a gap of 1 cm.

Calctilaiion of wave-length.
!  The exact value of the separation is first determined

'  in the following manner. The interferometer is placed
" 'ia the paiillel beam of a spectrograph, or the inter

ference rings are focussed on the slit by an auxihary
objective. A photo^aph is then taken using a source
containing three or more accurately known wavelengths,
and the cfiameter of, say, the third ring for each wave
length is measured with a photomeasuring micrometer.
When the Fabry Perot is in the paraUel beam, the
focal length of the camera objective is required to
within about 1 per cent. and_the actual diameter of the
third ring da = 9^ J = \/j Ve + 2/. An approxi
mate value of 7i„ enabfes the fraction e to be determined.
The other fractions are determined in the same way.Although the diameter of the inner ring will gi^e e
more quickly it is not advisable to use-this as near the
centre the increases very rapifily. The

nrocedure can best be illustrated by ansubseque P separation 10-040 mm.
Sox.) gave the foUowing fractional parts with the
following accurately known lines :
■Wavelength6096-163 (Ne.) 5852-488.(Ne.) 6015-679 (He.)
Fractional Parts -20

The y.lu8-of «.,£or A6086 must therefore be m theneighbourhood of 32941^ actuaUy (7i„).i = 32941 20
whfre is an integer. For the second hne (7i„)x2 -
I  ■ \ V Thus for different values of *1 we can(^O/Al ^ 2 * / <• 1 J

1  lofA fhe order and the fractional part for andcalculate th ^
Stonal part for both A, and A, must then be a possible
one.
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L denote the wavelengths in vacuum and in a medium'
of index ^ of a radiation of frequencj; v, Si = C
where C is the velocity of hght in vacLm.and V,
V being the velocity in the medium. Hence -
= fz. The optical path difference 2fit cos 0 is an^ntet^^
2t Sos% - tf (measured in vacw) so that'^M cos d — nX IS the fundamental equation for rein
forcement in the medium.

In general, the order at the centre no = jia not an
exact integer it will generally be an integer tu fwhich '

£u_so that the equation becomes to = j^o cos 0 = w cos <f> /2

/o".r

Foii the fi5-st bright ring, to, = TOo - e, so that its
angular diameter . /~^ ̂ /— t

%  'V n second

«ng, TO2 = (Too - 1 _ gj) and =

. and similarly for the pth ring,
®  r

. /8
• Ve, -f (p _ 1).

T.f!S'' "■"«»«' tta
«ues by itS
tothoseinNewtn7i'o,.i„ -A.!.' f fringes are similarsive rings increase anVimY-^ m that the (Rameters of succes-but wth this difference tShJ "
as the ring diampto..® • order number decreases
case .with Newton's the contrary being the
the diameter of the , excess fraction ering varies inversely as Wp* ao
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that the size of a ring with a plate separation of -25 cm.
is twice that for a gap of 1 cm.

;  Calculation of wave-length.
I  The exact value of the separation is first determined

in the following manner. The interferometer is placed
" "in the paitillel beam of a spectrograph, or the inter

ference rings are focussed on the sHt by an auxiliary
objective. A photo^aph is then taken using a source
contaim'ng tliree or more accurately known wavelengths,
arid the cffameter of, say, the third ring for each wave
length is measured with a photomeasuring micrometer.
When the Fabry Perot is in the parallel beam, the
focal length of the camera objective is required to
within about 1 per cent, and the actual diameter of the
third ring dp == ^3/= A/ — Ve + 2 /. Anapproxi-

^ fja
mate value of To o enabfes the fraction e to be determined.
The other fractions are determined in the same way.
Although the diameter of the inner ring will give e
more quickly it is not advisable to use- this as near the
centre the dispersion ^ increases very rapidly. The
subsequent procedure' can best be illustrated by an
example. A Fabry Perot of separation 10-040 mm.
(approx.) gave the following fractional parts with the
following accurately known fines ;
■Wavelength 6096-163 (Ne.) 5852-488<Ne.) 5015-679 (He.)
Fractional Parts -20 '90

The valur of n^for X 6096 must therefore be in theneighbourhood of 32941^ actuaUy(m„)n = 32941-20
where x, is an integer. For the second hne (TOoIap —
/  ■ \ V —^ Thus for different values of x, we can(«oMi ^ X' ^
calculate tL order and the fractional part for X^ and

-  -inrl-ir for X. The value of x, that gives the correctStfonil part for both X, and ilp must then be a possible
one.

,)

:\
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Assumed order (ng) for

6096 A
32943-20

32944-20

32945-20

32946-26 •

Corresponding orders
calculated for

MULTIPLE BEAMS ° 87

5852 A
34314-82

34315-87

34316-91

34317-95

5015 A
40039-90
40041-11

40042-32

46(Xi3-54

It is thus clear that the appropriate order for 6096 A
is 32945-20, ̂ ving a value of < = 10-04197 mm. The
three lines give agreement of fractional parts again
when < = 10-049 mm., but it is assumed that this
separation is ruled out by the preliminary micrometer
determination of t. In any case all ambiguity is
removed by a check with a fourth accurately known
line.

The wavelength of a line to be measured must be
previously known with sufficient accuracy that the
order can be calculated to within one unit. In the
above example the order for A = 5000 A is approximately
40,000 so the wavelength must be known to well within

interferometer determination enables the
probable error to be reduced to about -002 A with sharp

es. With a 10 cm. plate separation the preliminary
jalue must be known to within -01 A, while only provided
the hne is sufficiently monochromatic so that the
Iringes still remain sharp, can the probable error be
further reduced to about -0002 A. In practice this is
rarely possible. < ^

j  separations, constancy of tempera-
„  iniportant, of atmospheric pressure
uresinrp increase of -2 mm. (Hg.) in atmospheric
m  ® interference in a 6-25
cTn hi f amount that
constant t^ ̂  ^ scted, so that long exposures, even in
settled weatS'llSbnr'' practicable in
each ̂ Int^nf focussed on the interferometereach point of the source contributes to form each part

. of the fringe system. The wavelengths thus found are
the mean wavelengths of the source; when the source
.and the fringes'are simultaneously focussed on the sHt,
• or the interferometer is placed in the parallel beam of
the spectrograph, this is not the case. Here any parti
cular part of the fringe pattern originates solely from a
"particular pirt of the source so that-any small local
variation of the wavelength will show up as a deforma
tion of the fri^e. It'should he possible by this method
to investigate the electric fields in arcs and particularly

. striations in Geissler tube discharges. In wavelength
ineasurcments, it is customary to focus the fight source
on the interferometer whose aperture must, as Buisson
and" Fahi-y have pointed out, he limited so that the
beam is smaller than the prism or grating of the auxiliary
dispersing spectograph. It would appear that more
accurate values might he obtained- mth the other
method if the relatively narrowest and least distmbed
portions of fringes he selected for measurement. ^
A small phase change occurs at metafile ̂ reflection

which in effect makes the separation of the plates
virtually greater. It can be determined by finding the
exact fractions for two different separations.- When
the same wavelengths are used the discrepancies in the
fractional parts give the variation of this phase change
with wavelength. Fortunately its variation mth wave
length is smaU, and its effect decreases ̂ th increasing
plate separation. It can be compensated for by subtract-
incr the following amounts from the observed orders :
6500 A 6000 1 6500 A 5000 A 4600 A 4000 A

.0 -002 o'OOS <- -011 -OJii , 940

The above values give tlio corrections for a cathodicaUy
,f+tfired silver reflector; they vary slightly with

diffSllt films; full details oif methods of evaluating
them are given by Meggers. _ +v>
One point needs to be emphasized If a wavelength
llJermined by using the secondary Iron Arc standardsin ̂t9 neighbourhood to calculate the separation, the
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Assumed order (rio) for

6096 A
32943-20
32944-20
32945-20
32946-20

Corresponding prders
calculated for
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5852 A
34314-82
34315-87
34316-91
34317-95

5015 A
40039-90
40041-11
40042-32
40M3-54
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It is thus clear that the appropriate order for 6096 A
is 32945-20, ^ving a value of < = 10-04197 mm. The
three lines give agreement of fractional parts again
when t = 10-049 mm., but it is assumed that this
separation is ruled out by the preliminary micrometer
determination of t. In any case all ambiguity is
removed by a check with a fourth accurately known
line.

The wavelength of a line to be measured must be
previously known with' sufficient accuracy that the
order can be calculated to within one unit. In the
above example the order for A = 5000 A is approximately
40,000 so the wa.velength must be known to weU within
•1 A, the interferometer determination enables the
probable orror to be reduced to about -002 A with sharp
lines. With a 10 cm. plate separation the preliminary
v^alue must be known to within -01 A, while only provided
the hue is sufficiently monochromatic so that the
fringes stiU remain sharp, can the probable error be
further reduced to about -0002 A. In practice this is
rarely possible. »

When using large separations, constancy of tempera
ture and, even more important, of atmospheric pressure
S.re essential. An increase of -2 mm. (Hg.) in atmospheric
pressure increases the order cf Interference in a 6-25
cm. mterferometer (A 6438 A) by -015, an amount that
can e easily detected, so that long exposures, even in
constant tomperature rooms, are only practicable in
settled weather conditions.

eajh source is focussed on the interferometereach point of the source contributes to form each part

of thte fringe system. The wavelengths thus found are
the mean wavelengths of the source; when the source

.and the fringes'are simultaneously focussed on the sHt,
• or the interferometer is placed in the parallel beam of
the spectrograph, this is not the case. Here any parti
cular part of the fringe pattern originates solely from a

"pairticular p'irt of the source so that-any small local
variation of the wavelength wiU show up as a_ deforma
tion of the fringe. It'should be possible by this method
to investigate the electric fields in arcs and particularly

. Btriations in Geissler tube discharges. In wavelength
ineasurements, it is customary to focus the hght source
on the interferometer whose aperture must, as Bmsson
and' Fahry have pointed out, be hmited so that the
beam is smaUer than the prism or grating of the auxihary
dispersing spectogi-aph. It would appear that more
accurate values might be obtained- mth the other
Shod if the relatively narrowest and least disturbed

nf frinffes be selected for measurement.
^°A small phase change occurs at metallic ^refiectionwhich "in effect makes the separation of the platesSSuy greater. It can be determmed by finding thevirtually g different separations.- When
S same wavelengths are used the discrepancies in the
wt^nal parts give the variation of this phase changeSh Svelength Fortunately its variation mth wave-mth waveie g decreases with increasing
length IS sm , compensated for by subtract-
grrSX- — from'the observed orders :

°„0A c»0A dbOoA ™oA «^A dOOoA
rv,. 1, -rvnlnps eive tbc corrections for a cathodicallyifcred Slver fefiector; they vary slightly withd^ff Sent fiSi; fuU details cof methods of evaluatmg
th^ are gi^ven by If a' Wavelength

One j^g the secondary Iron Arc standards
calculate tlre separaUoo. the
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90' APPLICAfTIONS OF INTERFERQitETRY
of exact fractions discussed on page 85. This establishes .
the order of interference and the telescope T is used to
determine the actual fraction at the time and under. •
the condition of the experiment. No attempt was .
made to get one substandard exactly twice the next,
the half sUvered air wedges F and G which- give locabz^
fringes were calibrated for red cadmium feght froip
reflected by mirrors 14 and 16, or 14 and 15, and used
to compensate for this diSerencef By a suitable choice
of mirrors any pair of successive Etaloris caii be com
pared in situ. Thus to compare 0 and D the mirrors ,

I

W

1

I s\C

i ! 1■  I I

I

R -)il ■
1  '

-^g

Fig. 6.3. Benoit Fabry and Perot Determination of the metre

1, 4, 6, 12, are moved out of the way so that the white -
light beam from W is reflected at 7, 8, and 9 to the
viewing lens L, focussed on the wedge F. The displace-
^nt (rf the central fringe in the wedge is a measure of
7  C, where C and D are the lengths of the correspond
ing Etalons.

Instead ef attempting to'set the teavelling microscopes
on the edgM of the plates of A„when comparing it with
the metre R, the ̂measurements w.ere made to rulings
on the edges of the plates (close to the surface) similar
cfl ,9^® distances from these rulings to the
thr°nnTf Surfaces were then found by mountiiig
2 cm Sa a 1 cm. Ind then a^cm. Ltalon.the exact optical thicknesses of which were

0— 0
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determined by the exact fraction method. A straight bar
having rulings A, B, C (Fig. 6.4) so that AB = BC = li
(very closely) is 'used for comparison by means of the
comparator, so that

Zj = AB + a.='BG + /9 and Zj = AC + y,
tb0 quantities, a, y, being of the order of a few microns
(10"'® mm.) only. If X is the sum of the distances
rmeasured in wavelengths) of each mark from the reflect-

. Eurface, k - (Mi + X) L = (M. +/) A where M,
and M, are the optical separations already determined ;
eliminating k k have

■ X = Ms — 2Mi + (a +/5 - y) .A-L
•  The principal advantage of this
over the earlier method of Michelson
is that all the material observations
for a complete determination can be
carried out in a few hours while Con
ditions of pressure and temperature
are constant. The number of wave
lengths in a 6-25 cm. Fabry Perot
FtMon can be determined with
Sitfer accuracy than the number
^  10 cm Michelson substandard,m a 10 cm. ivnc , , ̂  mtercomparisons

are requmed. air at 15° C. and 760

■"SY'elmrwL found to , be 1,553 so thatS"w&6«. ">» fTo". '°rtes.'*'T'hiSerroror±a005A, This
^th an estimated ^ Michelson's fletermina-
value is in close for the eflect of an
tion, when a coir account of it was.SSnThrett^rpetii.,. ^

-Pabby Peeot Intebfbbombtbks in SbeibsTwo Fabey r interferometers m seriesAlthough the theory^^^^ £899," it is
^as worked ouu u/

E J.-

FIG. 6.4.—Deter-
mination of End
Coirectibh
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of exact fractions discussed on page 85. This establishes .
th.e order of interference and the telescope T is used to
determine the actual fraction at the time and under,
the condition of the experiment. No attempt was .
made to get one substandard exactly twice the nex^
the half silvered air wedges F and G whicb give locabzw^
fringes were calibrated for red cadmium tight froip^
reflected by mirrors 14 and 16, or 14 and 15, and used
to compensate for this differencef By a suitable choice
of mirrors any pair of successive Etalons caii be com
pared in siki. Thus to compare C and D the mirTors
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Fio. 6.3.—Benbit Fabry and Perot Determination of the metre

1, 4, 6, 12, are moved out of the way so that the white
light beam from W is reflected at 7, 8, and 9 to the
vieiving lensL,'focussed on the wedge F. The displace
ment of the central fringe in the wedge is a measure of
2D — 0, where 0 and D are the lengths of the correspond
ing Etalons.

Instead of attempting to'set the travelling microscopes
on the edges of the plates of Aawhen comparing it with
the metre R, the_ measurements were made to ruhngs
on the edges of the plate? (close to the surface) similar
to those R. The distances from these rulings to the
efieotive rCxiecting surfaces were then found by mounting
the actual plates of A to form first a 1 cm. and then a
cm. Etalon.the exact optical thicknesses of which were
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deterrained by the exact fraction method. A straight bar
having rulings A, B, C (Fig. 6.4) so that AB = BO = ii
(very closely) is 'used for comparison hy means of the
comparator, so that

^ _ AB + a ='BG + P and Zj = AC + y,

.

and M are the optical separations already determined ;
eliminating k and k we haveemim _ x = M2-2Mi-l-(a-h_/3-y)Ar.

•  The principal advantage of this „
overthe earher method of Michelson•s tLt all the material observations ^ ̂
fo- a complete determination can be n...t^_..rn.  1 j In n. few hours while &n- LiJ L-l
St tfp Se M.d temperate. re ^ nditions oi F number of wave-
are constant inen^
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FiQ. 6.4.—Det0r-
mination of End
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only in the last few years that the method has been- . |
employedfor the fine structure analysis of spectral lines.

In the superposition fringes discussed above, the two '
iui uuc iinoaoiucTiure analysis oi specrrai

In the superposition fringes discussed above, the two
Etalons are slightly tilted -with respect to one another;
the fringes are straight lines, and cg-n be obtained with
white fight. In this method, the superppsition fringpf
disappear, being infinitely -wide when th'S Etalons are
exactlv parallel..a^uiy jjcirauei. .

When two identical Etalons or Fabjjy P^rot Inter-^^,
erometers are placed in series and are parallel, it can be f

shown that, the ;a<I
piacea in series and are parallel, it can oe .

snown that the resolving power of th

I

sfe "■■•V-•'afefc

■tin:! .i..«

Vl HIWl,' ^ 1,1/ ' I m (l'!^l^*^^Wlli^l' "iwi Am

e combination isl ̂
soine t)0 per cent, greater than that of either instrument
use a one. -This is when the distance between the •
two is such that no interference effects are obtained

anri^+t^ c ^ surface of the one interferometer
+V. T ^ surface of the other. On the other hand, ,
fi lL fiT to^ass through four half silvered '^8_the thicknesses of which ̂ have to be considerably

the same transparency as with a single
^^i^ses a reduction in the

imlr VO'^ev, 80 that the resolving power of each
be nefflWhf reduced. Thus the nett gain may
hitrVi vif ^ j: -D that in the red, where a very
single he^ u obtained, it is better to use a
where Ric.1^ silvered unit, while at the violet end
the coim,on^7- high transparency)should yield better results. ■
the two mt 7^" g® ® i'he method is obtained when '
Suppte 'e separation,tion of the fi rsf interferometers, the separa-secU From th 'f® i^hnes that of the ,
.,„ ™5 Z! =os e" •"" (

dA 2t independent of t, while the '
angular oistance between ,the orders ^ =, ^
inversely proportional to f If fl fl fl
angular diameters of the brigfit% • ' ^ ^-h®Tine bright fringes from the thicker

interferometer, only fight making these angles falls on

'rs ss s:i»g|y
,t.«cker mterjprometer. thicker interferometer,
slightly greater than ® ovelpping of orders
with the inci-ef®d rang The
due to the pr®^®"-, j^g^hod is that with a low value
S R tSenW in the gap between two maxima for
a single interfero- «
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meter is not zero,
so that the sup
pression of the
i n't er vening
maxima of the
thicker F a b r y
Perot is not com- „  0 5 _Fringe Intensity Curves for

double Interferometer
shown in
'frf B r^a".
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92 APPLICATIONS OF INTERFER0METRY ' ^
only in the last few years that the method has been- - )(
employed for the fine structure analysis of spectral lines.

In the superposition fringes discussed above, the two J,
Etalons are slightly tilted with respect to one another ,
the fringes are straight lines, and cgm be obtained with
white light. In this method, the superjlpsition fringps ,
disappear, being infinitely wide when th^ Etalons are ^exactly parallel. ^ ■;^, ,

When two identical Etalons or Fabpy Pqrot Inter--■.»/
ferometers are placed in series and are parallel, it can b® I
shown that the resolving power of the combination .i3\
some 60 per cent, greater than that of either instrumen •.
used alone. -This is when the distance between the
two is such that no interference effects are obtaine
between the second surface of the one interferometer

p  and the first surface of the other. On the other ban >
the light has now to^pass through four half
hlms.the thicknesses of which*have to be considerably
less to give the same transparency as with

6ri6rOLll6tGr. This in ■hnrn rvonooa o TArlilP.fiieter. This in turn causes a reducti
single

on m the
a  ,. 111 uurii UciustJa n ,reflectmg power, so that the resolving power of eacl

mayumt IS considerably reduced. Thus the nett gam
iu<yv!^^ plill- It appears that in the red, where a

'  qinrvi ^ ean be obtained, it is better to j
whStS®^^^ silvered unit, while at the violet eh
the Jnrh 7- wth fairly high transparency)e compounchmterferometer should yield better resuh^
the method is obtained
Sunnose J ^'^^^^rneters are of unequal separa ie have two such interferometers, the sep
tion of tv,^. n eacn interferometers, uuf ^

•> second F TISu" taillT ">« tadameital iquation for a M,7 2< COS 0 =' nl, we get for the disp®"^ ;sion l(S£!i)
dA
c ^

-, independent of t, while the
2tJgular \g8tance between .the orders
rs of the bright fringes from the th

d_(co3_^ ^ i is
" the

Wm^
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interferometer, only hght making these angles falls on
the second. If Gi also satisfies the fundamental equation
for the second. interferometer then we have a bright
fringe corresponding to this direction. The next bright
fringe of the second interferometer will be 04, roughly
three times the distance between the fringes of the
thicker interfjirometer. Thus we have a resolving power
slightly greater than that of the thicker interferometer,
with the increased range without overlapping of orders
due to the pre,5enre of the thinner interferometer. The
disadvantage of the method is that with a low value
of R, the intensity in the gap between two maxima for
a single interfero-

\ameter is not zero,
so that the sup
pression of the
i n't er vening
maxima of the
thicker F a b r y
Perot is not com
plete. This is
shown in the
intensity curvelIlbBIiBlUy BUJ.VC

.> '
d' ,

^<r.'
:n:

Z'>-

Fig. 6.5.—Fringe Intensity Curves for
double Interferometer

 , >

of Fig. 6.5. A and B correspond to the neal maxima
(for both interferometers) for 0i and 0^. C and D are <
weaker maxima that are maxima for the thicker
ferometer only. These spurious maxima may hide
weak satellites of the main line so that the true range
is not that given by AB. > , r

Houston at Pasadena has used the method tor
examining the fine structure of Hehum lines, with air
spaced interferometers. Gelircke and Lan at the
Reichanstalt employ t^yo half-silvered plane parallel
plates of glass of the same melting but of different
thickness. The loW reflecting coefficient^ of a silver-
glass film (as compared with" silvep-air) is^ tp a great
extent compensated for by the ease of adjustment.
This arrangement, owing to the dispersion of glass, can
only be used for fine structure work.
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