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" GENERAL PREFACE

commend itself to a wide field of readers.
 “The reader will find in these volumes an up-to-date
résumné of the developments in the subjects considered.
The references to the standard works and to recent:
papers will enable him to pursue further those subjects
which he- finds «of especial interest. The monographs
should therefore be of great service to physics students
who have examinations-$9 consider, to those who are
engaged in research in other branches of physics and
allied sciences, and to the large number of science
masters and others interested in the devélopment of
physical science who are no longer in close<contact with

recent work.
deration of the list of guthozs it is clear

From a consi
that the reader need have no doubt of the accuracy of

the general accounts found in these volumes.
0. W. RICHARDSON

"Kina’s COLLEGE 2
June, 1928

: THIS geries ofsmall mbﬁogfaphs is‘one which should



PREFACE

LTHOUGH ‘this work is 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
chapter will form a supplement. ]

Michelson’s Stellar Interferometer has been dualt
with at some length, not only on account of its import-
ance, but also because the exact action of the Inter-
ferometer (as distinguished from the earlier double slit
mo>thod) 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 Ltd.
for the loan of the blocks of Figs: 2.4 and 2.5, and
Messrs. Carl Zeiss for the blocks of Figs. 2.6 and 5.6

wW. E. W.
King’s CoLLEGE bt
StrATD, W.C.2 °
May, 1930
vi
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APPLICATIONS OF
INTERFEROMETRY

CHAPTER I
INTRODUCTORY

*\ A HE fundamental basis of the phenomenon of Light
\ ' Interference is the Principle of Superposition due
te Themas Young. Suppose that due to a single wave
traju we have a displacement X in a given direction
at A certain point and time and that anpther train
actyag by itself have a corresponding displacement- Y,
the ‘principle states that the instantaneots resultant
displacement of the two waves acting together is the
algebraic sum of the separate displacements.
3 R=X+Y.
which is only approximately
atter must hold exactly for
light vibrations since practically the whole of Optics
is based on its correctness. Although not understood
at the time, it is tacitly included in Huyghens’ method
of constructing the new position of a wavefront as the
envelope of secondary wavelets. In one sense the
term Interference is a misnomer, for, as Young himself
realized, this prinsiple of superpodition implies the
the individual components

absolute independence of vidual
of the resultant displacement. .. This is 1n accordance

with the experiments of Ebert which showed that one
light beam however intense 'had no effect on another

beam crossing its path.

This additive principle
valid for vibrations in m

1



2  APPLICATIONS OF INTERFEROMETR¥

The field of ‘ Interference' of Light is so wide jhat
it has become customary to divide it into two parts.
The study of the interference effects due to particnlar
shapes of wavefronts is termed Diffraction, and the

term Interference is limited to mean the effect of com- .

bining two or more separate beams that originally
must have come from the same source.

When two or more beams °interfere’ to form the
familiar fringe effect either we have“a redistribution of
the light, the bright parts collecting the energy from
the darker portions, or a complementary pattern is
formed elsewhere the bright parts of which correspond
to the dark portions of the observed pattern. Fresnel’s
Biprism, the Diffraction Grating and the Lummer Plate
are examples of cases giving an actual redistribution
of the light in the field of view, while in Newton’s
Rings and the Michelson and Fabry-Perot Interfero-
meters complementary patterns are formed.

Laws GOVERNING THE INTERFERENCE OF LIGHT

Interfererice effects are only obtained if the inter-
fering beams originate at a common source.

This law'is a practical consequence of the enormously
Ligh frequency (of the order of 105 per sec.) of visible
light and the lack of homogeneity of known sources.
Experiments indicate that the most nearly monochro-
matic light sources only radiate an unbroken train of
waves for about 1078 secs. After that interval another
train will be started bearing no definite phase relation-
ship with the first. If it were possible to photograph
with an exposure time of this order or less, in all prob-
ability fringes could be obtained from separate sources.
Again with a sufficiently short time of exposure we should
be able to obtain interference effects between beams of
different wavelengths or irequencies, as these effects
are obtained with the. Ionger electromagnetic or wireless
waves, which are inherently similar. Practically, in
consequence of the comparat'ively long period required
to register the effects, the interfering sources must be
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tdextical in all respeets and this is only possible when
the beams originate from a common. source.

~ """When 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 Arago)-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 ®merging from the doubly refracting

. o .
medium are mutually perpendicular.
CLASSIFICATION OF INTERFERENCE PHENOMENA
We can divide the methods of obtaining Interference

effécts into two broad classes.
[A] Methods which require a _point source, or if the
interference effects are only required in one direction a

7 line source (Division of Wavefront).
( [B] Methods in which the Beam is divided by partial
“Yreflection into two or more beams (Division of émplitude).
In the first class, provided the point or line source is
sufficiently fine, it is possible to have -wavefronts with
similar phases emerging in slightly different directions
from the source. These can be: further separated by
mirrors, prisms and lenses and eventually brought
together again to produce interference bands. The
greater the area over which the wavefront must be of
ust be the

the same phase, or coherent, the sngaller m
btends at the wavefront. Examples

angle the source su the : ’
of this class are the Fresnel Biprism and Mirrors, Lloyd’s
mirror, Billet split lens, and Rayleigh _Interferorpete_r.
When the slit is too wide the fringes disappear. This
disappearance of the fringes was actually u§ed by
Michelson in his method of measuxmgﬂ}é_a angular dlamet?r
of stars and by Gerkardt dula his :da,pnz;tlolré of Michelson’s

i the diamieters of ultra-microscopic
method to obtain.t e S

arti Chap. II, page ==).
g;;::;lg? ifls('?l?l 2 also belong to this class.

ding echelons, ;
In the secon T : the beam is divided by

d class, where : i
partial reflection at a half silvered mirror, there is a
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4  APPLICATIONS OF INTERFEROMETR¥

point to point correspondence between the wavefrpnts
of the transmitted and reflected beams. Any peculi-
arities in the one are also present in the other,, Iv
therefore follows 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 class are the interference effects of thin films
and the interferometer systems of Jamin, Mach,
Michelson, Fabry 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 additiénal
qualities and behaves in an entirely different way. A
notable example of this is the modification by Twyman
and Green of the Michelson interferometer.

Michelson in his book Light Waves and their Uses,
restricted the term Interferometer to denote any arrange’
ment which separates a beam of light into two parts
and allows ¢them to reunite under conditions to produce
interference. Common usage has however extended
this definition to include all methods that divide the
beam into any number of parts that are subsequently
‘brought together to cause interference. For 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 Fabry Perot
and Lummer Gehrcke Interferometers of Class B are
examples of the multiple beam type.

The applicatior_lsl of= interference methods are o

numerous that it would be impossible to include .all

a book of this compass, Representative examples
chosen fom interest and ;
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nsidered first and its technical
The simpler and better known
y be very briefly discussed
or the more complicated

an @rtangement will Be co
applications afterwards.

in order to leave more space f

-.and lesser-known arrangements.

GENERAL REFERENCES ON IN:I‘ERFERENCE

Houstottl ; Treatise on Light, Chapter 9 (Longmans).
f Light (5th Edition), Chapter I, Sect. III,

Preston : Theory o

Chapter IT (Macmillan).
Schuster : Theory of Optics, Chapters I-IV (Arnold).
Wood : Physical Optics, Chapter VI (Macmillan).
Bouasse and Carriére : Interférences (Delagrave, Paris).
Tabry : Applications des Interférences Lumineuses (Paris).
Micholson : Light Waves and their Uses (out of print).
Michelson : -Studies in Optics (Univ. of Chicago Press).
Gehrcke : Die Anwendung der Interferenzen (out of print).

Q



CHAPTER II

INTERFEROMETER ARRANGEMENTS’ INVOLV-
ING POINT OR LINE SOURCES (DIVISION
OF WAVEFRONT) .

f I ‘HE first type of Interferometer, namely that by

means of which Young verified the principle of
the interference of light, was of this class. A primary
slit limits the light to a cylindrical wavefront, and two,
parts of this wavefrontcare selected by two further)
slits. These in turn are equivalent to two secondary”
sources acgording to Huyghens’ theory, and because
they have corresponding phases (having come originally
from the single narrow primary slit) wherever the
beams from the second slits overlap, interference fringes
are obtained. Young’s fringes can be observed either
in the neighbourhood of the double slit or with a tele-
scope focussed for infinity if a sufficiently strong source

is available. : .
Instead of forming the two secondary sources by means

of slits, two sources, either images of a common source,

or a real source and its image, may be used. This can
be effected in various ways such as the Fresnel Inclined

Mirrors or Biprism, the Sing.le Mirgor of Lloyd or the

split lens method of Billet. -

It is of interest 4o see in a gengral way why such
narrow sources are essential. A and B (Fig. 2.1) dre
the source and image or two images ‘of the same source
produced by any cof the above arrangements and S 18
a screen (or the focal plane of a low power microscope),
distant D from 0 the midpoint of AB. Whether there
is a bright or a dark fringe at any point P distant Z

6
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fromN (ON 2T to S) depends on whether AP — BP
- is_equal to an even or odd number of half wavelengths
- (assuming A’ and B are in phase with each other).

" Writing 24 for the distance AB, AP — BP — 2%

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

; 2x,d .
fringe so tl;at -%‘—e: mA, where A isthe wavelength

X mAD
.and m an integer: ;= oS
1f the two Al
sources A and A"\ iy S AB- 2d
s 18 (i, i o"L____\\
phase) are dis- 4 R = Sl d INBIRHON D
placed! W down-Rn SIS R, >~Jp P, T
wards a dis- B: o P
tance z (le.
{ F1a. 2.1.—Interference betwsen two
AA, = BB, = point sources 4

z) the value AW
of z as measured from the old origin N for the same

AD 4 A
bright fringe will be ”f)};l + z 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

v D .
successive fringes, i.e. = 5 then all traces of interference

bands would be obliterated if the sources at A and B
AD : i

had a width equal to S To obtain ?Ieavr diStinct
fri the slit sour€e shoild not be wider than about
arlgﬁﬁiter of this value. This constitutes a real disad-
vantage in this type of interferometer ; if it is to be
used with monochromatic light, only a few sources can
be obtained of sufficient ingen?lt‘y; dAfcoam' %’as-oxylgen

laving on a hard glass rod furniskes a clean
blow {piur el e f sufﬁcieﬁt intensity for extended

and steady source O I 1
/ measuremgnts for the sodium lines. A quartz mercury
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lamp is also suitable if the fringes are observed with
a Wratten filter, but the path difference between the
beams can never be very high.

THE RAYLEIGH INTERFEROMETER

This instrument was devised by Rayleigch ! to deter-
mine the refractive indices of the newly discovered gases
Argonand Helium. Subsequently it has been consider-
ably developed by Haber, Lowe, Zeiss, Hilger and others.
Essentially it is a diffraction grating with two slits,
although, as in the case of the usual diffraction grating,
it isnot the diffraction effects at each slit or ruling that
give it its important properties, but the interference
effects of the beams diffracted at the several apertures.

w

|

F1g. 2.2.—Interference between two sections of a plane wavefront

If a plane wavefront W (Fig. 2.2) emerging from a
collimator falls nermally on a diaphragm with two slits
of width “a’, separated by a distance ‘b’, any one
aperture such as AB may be considered as a plane
wavefront source. If A isthe total amplitude due to a
singleslitin t%e normal direction AN, the amplitudeina
direction 0 is given by-A sin (”“ s;n 0) / (”“ 3‘“ 0).
When a is large comparedswith ) as.in this case, we are
only conczrned with, small values of 0 and the angle
can be substituted for its sine.

1 we have two trains of waves represented by y, =7
sin wt and y, = r sin (wt 4 A), where A is the phase

R




"‘ H ) ® \ °
! ® DIVISION OF WAVEFRONT 9
difference between them, the resultant displacement is
- by Young’s principle of superposition y = ¥, 4+ y,.
““[his gives'
.y =r {sin wt + sin (wt 4 A)} = 2r cos A—2 sin (wt 4+ &)

X - gin A )
¥  where tan § = Ter coad: The amplitude of the result-

, 2
Applying it to the case under consideration, the path

. difference between corresponding parts of (i) and (ii)
is BH = (@ + b) 0 so that the phase difference a is

e 0. g A q 3
ant train is 2r cos;—= and the intensity 472 cos? %.

consequently %ﬂ (a + b) 0.
The expression for the resultant intensity in any
girection 0 is therefore :— *
sin? zdf
( ;u )
4A°2 _Ztig 2
7)
If ‘a’ is considerably smaller than ‘b’ the cosine

term varies more rapidly with 0 than ‘the sine term.
o term has maximum values of unity when

22
o .22 __ etc., the angle between the
0=0, 2775 @+ 5

. cos?

(n (a ;— b) .9). Q)

t . .
+ The cosin

bright fringes being (;?l_—b—); the other fac.tor which can

be regarded as the envelope of the cosine term has
432 A

maxima when 0 = Q, e and minima when 6 = o

24 , etc. These are shown in Fié; 2.5-where the dotted
' O b qal 2 )
curve A refers to sin? (%—) / () 7 ) and. the solid

. (ma+b)6
curve B shows the effect of the cos® (—T)_) term. -

2



10 APPLICATIONS OF INTERFEROMETRY

Thus the solid curve of Fig. 2.3 represents the inte:sity
at the focal plane SK of the telescope OE in Fig. 2.2,
the point s of this figure corresponding to 0 in Fig. 2.3.
It is important to note that the intensity curve of any
particular fringe is practically a cos? a curve.

When the light source is heterogeneous only the
central fringe will be clearly defined. If white light is
used, for example, the central fringe is white, while the
fringes on either side are coloured, this effect becoming
more and more pronounced away from the centre until,
after five or six fringes on either side, no more can be seen.
The 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.

O =200
F1e. 2.3.—Intensity curve for double slit arrangement

If now a thin plate of refractive index x and thickness
t is placed in front of one aperture, e.g. AB in Fig. 2.2,
a path difference (4 — 1) ¢ is introduced, and the fringe
system is displaced. If (u — 1) ¢ is small, say three
or forar wavelengths, the central white band is displaced
to the position previously occupied by the third or
fourth coloured fringe. The practi¢al method of employ-
ing this principle .is shown in the modern forms of
ga%le‘igh’s instrument as made by A. Hilger and

. Zeiss. .

_ The plah of the upfer half is shown in Fig. 2.4 ; the
ligh; from. a narrow vertical slit A is collimated by an
achromatic objective B, in front of which are two

vertical slit apertures about 4 mms. wide and 12 mms.

T




DIVISION OF WAVEFRONT 11

apat: The two parallel beams after passing through
the gas chambers D and E pass through two thin glass
plates inclined 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 slits 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 light is
efiected by using as the eyepiece a cylinder of glass 1-2
mms. diameter, with its axis parallel to‘che slits A and C.

0 K

g 0
|
i M e
ViESSS——==T a
L ( C B
5L c o
O [DN N 4 = A
; i i)
" Ve !
QK :
Fics. 2.4 and 2.5.—Plan and Side Elevation of Rayleigh
Refractometer

The side viewis 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 separa.ting line is .obta,med
between the upper and lower set of fringes which forms

siary system. A

3 ff%‘%goiz;};alﬁe plate L is tontrolled by an 8-inch arm
which has a hardened polishec: st_qe;} end. A spring
plunger keeps this end in contact with a micrometer
screw carrying a divided dram'; 't.he thlckq?ss of the
plate L is chosen so that one division on the' drum re-
presents a shift of less than g% of the distancc between

ds. \
theTkll)gnRinelgh Interferometer can be used either to
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determine the refractive index of a gas or a liquid or
to determine the percentage of impurity in a mixture.
The drum is first calibrated using a monochromatic
light source at different points along its range. This
means finding the mean drum rotation for a displace-
ment of one fringe. Substituting white light the posi-
tion of the drum is found where the white light fringes
in 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 light fringes are brought into coincidence again.
The new drum reading gives the optical path difference
(ta — pp) 1 as a total number n wavelengths plus a
fraction. The wavelength will be approximately a
mean value for white light, about 55 to -57 W

It sometimes happens that when a comparatively
large tilt of the plate has to be made, and the dispersive
power of the substance under examination is very
different from that of the tilted plate, difficulty is
exverienced in deciding which band of the upper set
of fringes ‘most closely resembles the white central
fringe in the lower half. Under these circumstances a
preliminarly measurement must be made. With gases,
readings may be obtained at intermediate pressures, Or
at intermediate concentrations with liquids, or alter-
natively shorter chambers can be used.

For work of highest accuracy it is necessary to use
monochromatic sources. This is so even when no
doubt exists as to which is the central fringe, since the
energy distribution in the upper fringe is slightly different
from that in_the lower half, due to the difference in
dispersion of the glass plateé_and the substance. It is
equivalent to a change in the effective wavelength of
the white light source. The error is, eliminated by
using a white light sourceé’to locaté the correct fringe
and substituting a mionochromatic source to obtain
the fractional part accurately. (It will be realized
that when & monochromatic source is used it is impossible
to dlﬁercni}ra,_te between one fringe and another.)
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The problem of calibration of i .
meter has been discussed by deavalr{gg ;elz%r})ldetfiraCtO;
who have also considered the errors due to dis {ups,

Messrs. Carl Zeiss also manufacture a pormblielswn'
which is based on the auto-collimating princi (le ¥ tiyp_e
shown dmgyammatically in Fig. 2.6 which Pi. o
plan 'and 51de- elevation. The light source g(zes e
electric lamp) is focussed by a lens on a short slitsn::zg

beam being twice re-
flected by a suitable
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
glit diaphragm. The
light returns almost
but not exactly on
its own path, and the
fringes are observed
with the cylindrical

Jass rod Ok.

This form has the
advantage that Fia 2.6—Zei :
chambers of only half Refiiﬁﬁiﬁgie SRR

the length of those
andard form are needed to obtain the

used in the st

same sensitiveness, since the light traverses the gas or
liquid columns twice. This is of importance since, with
the reduced bulk, temperature.control becomes easier
t of an accidental displacement of e

In the event Of,
mirror, this form 1& somewhet difficult to readjust.
The Rayleigh Refractometer 4s by farsthe most

accurate and convenient means available of measuring
small changes of refractive index. It surpasses VRS
interferential methods such as the Jamin because the
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fiduciary system is a similar set of fringes and nut a
cross wire. This feature was introduced by Haber and
Léwe.t It will be obvious that readings with this
arrangement will not be affected by a distortion of the
framework or a displacement of the double slit, since
both sets of bands are displaced equally. The chief
advantage is, that with a similar set of fringes in the
upper and lower half of the ficld separated by a very
fine dividing 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
finder 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 dealing with two
virtual sources, the fringes are cos? 0 type, the intensity
curves have a somewhal flat top (as compared with
Fabry Perot fringes) decreasing slowly to zero on either
side, and therefore a, setting of a cross wire to within a
tenth of the distance between the bands would be good.
On the other hand, with the coincidence method a con-
sistency of about 4; is obtained after a little practice.
- If 1 is the Iength of chamber and O the smallest
change of index discernible,
6,“ U= 1y X A

With 100 em. gas chambers and A = 5461 x 10" cm.,
0p =1 x 108, which represents the order of the
minimum change that can be observed. With 1 cm.
chambers it is one unit in the sixth decimal place and
80 on in proportion. The total range of path difference
that can be compensated for by “tilting the plate is
small. In the laboratory model of Zeiss it is about
‘005 cm. or roughly’100 wavelengtks and in the Hilger
moglel 30 wavelengths. Tus the maximum difference
of index Ay that can be measured multiplied by the
length of . chambers must not exceed -005 cm., but

5;# is approximately 5000,
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Theoretically, by employin :
the smallest change ofping;xgcillll{%éeﬁﬂg opeloomns
Practically, however, this is limited b( evm.eas.urabl‘e.
index’ due to temperature which canyonlanai)tlons 5
_uniform between limits. TFor example wﬁ’ PHAce
chambers are used in a portabl - e 20 G
A p e type (optical path
920 cm.) the fringes are not sufficiently stead b
accurate setting until nearly an hour has ela sedy ffor
placing the liquids in the chambers, in spite I<))f i
officient shielding system. Thus while 100 cm. ch : \{)ery
can be used for gases, -1 to 5 cm. is the gre'a/m:sitl-,n o
venient length for liquids. When the index diﬁerencm'l-
large, the chamber length must be proportionatel sx;e 111s

The Rayleigh Refractometer is widely usedy in 2'
ever increasing number of varied applications Itn
is so high, that even with the perm;men:
fractive indices of which are comparativel
close, a displacement of #% of a fringe with 100 cmy
chambers will occur when -01 per cent. of Hydrogen o
present as an impurity in air. A similar displacement
would be given by -006 per cent. of Heliun, -0045 per
cent. of Sulphuretted Hydrogen, ‘03 per cent. Ca.r‘t?on
monoxide and ‘0095 per cent. Carbon dioxide.

Technical applications of the above facts have beer
made in using the instrument for testing the permeability
of balloon fabrics  to hydrogen® and the quantitative
analysis of flue gases® (CO, CO,, SQ, etc.).

The same type of interferometer hsing shorter cells
for liquids can be used for estimating the salinity of
geawater’ and the concentration of salt solutions ;
although the difference in refractive index of solution
of sodium and potassium, chloride of similar concentra-
tion is very small, it is possible to use this instrument
to determine the percentage in a mixture to a higher

than can be attained by careful

accuracy
gases, the re

degree of accuracy U :
and laborious chemical analysis. It i3 sufficiently
sensitive t0 bo used to check the stability of N/10

d N/100 solutions. : '
anThe /jnstrument is widely used in Biochemical work
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mainly because of the quantitative method of irter-
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 ;
in testing the’ blood sera of children ‘when only small
quantities of liquid are available a special 1 mm.
chamber has been employed. Even then the accuracy
obtained is three or four times gieater than with a
total reflection refractometer. i

The above list of applications would not be complete
without reference to'the Fire-damp tester of Beyling,
Haber and Léwe.” 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 lime. The zero position is
fqund on the surface after tilling both chambers with pure
air. Thestandard chamber is then plugged with cotton-
wool.  To ‘test the air in the mine, the polluted air is
drawn into one vessel by means of a small rubber pressure
ball, the cotton-wool being momentarily removed from
the other side (to equalize pressure). The displacement
of the white light fringes is compensated for by turning
the drum which is graduated directly in percentage of
lmethane and an accuracy of -1 per cent. is obtained.

HMETHOD OF MEASURING STELLAR
D1sMETERS 10

MICHELSON’S

At the beginning of the chapter it was shown in a
general way Why narrow line or point sources are
necessary for inte

S8 rference effects obtuined by the method
of division of wavefront, Y

: : Another way of regarding it
;s tll)mt’ for this méthod, the Wa,vcfrg’nt or glight %lis'
I;lr z,rll)ce emerging from ohe aperture AB in Fig. 2.2
v be substantially the same (in phase and amplitude)
other aperture CD. This
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Let-A (Fig.2.7) be a point source sufficiently distant
from the telescope objective E that its image is formed
_ at O in the fdcal plane F. If two parallel slits C and D

(separation a) are placed in front of the telescope we
_get a fringe system at the focal plane, with O as the
central bright band of zero path difference. The next
bright fringe will occur at O’ where CO’ — DO’ = 2,and
the angle ONO’ (x) between consecutive fringes is

(é) Witk two virtual sources C and D, the intensity

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

: Intensn.y
Fie. 2.7.—Fringes from two point sources with a double slit

tribution along F due to this point scarce. Another
separate point source B will have a s'umllar set of fringes
with its centre (zero order) fringe P dJspla::ed through
an angle O relative to that of A when _6 is the angle
ANB. If the dotted line curve on the right represents
the intensity distribution due to B,’th_e fringes disappear
when P is midway between O and O’, sincein this position
//the two sets of fringes are complementary and give

" uniform intensity over F. Then
= o = 5=
6=>13 on

i : inge. ill vanish when
ithilarly the resultant fringe effect wi ]
Elllxtjani!:il;lges of B are displaced 1-A and 2-5 fringes from

that
those of A, so QZ'
0 — é_a or 2(1'
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Consider AB now to be a line object of uniform bréght-
ness: each point source on the line would have its own
set of interference fringes and the eye obsérves the sum .
of their intensities. If the solid curve A’C (Fig."2.8) is
the Intensity distribution for the point A of Fig. 2.7,
and the broken curves up to B’ the corresponding

B fringes for
PR s points along

i \\ /Resiltane  AB (Fig. 2.7),
e SN the resultant

’\B e s, intensity
NN A curve will be
SN\ DE. It wil

0 L2

FOCAL PLANE oF TEEScope DO, Clear tlsz

Fic. 2.8.—Fringes from an extended Eriosge Bl

s (i extends to C

o ) e there will be

variations in the resultant intensity curve that the eye

will interpret as faint interference bands. When A'B'=

A’C the fringe separation, or a multiple of it, the field

18 uniformiy illuminated. That is, the fringes disappear
for a uniform line source when

6= a, 2a ete. = &, 2—)'

a a
If AB in Fig.2.7 represents a
portions will contribute more light than the outer ed es
The first disappearance of the fringes now occurs w{l;)en.

=122 g,
the 1-22 factor being der; i ;
the expression for £.5ertved i, the Same way as in

[ the resolyi
of circular aperture, . |

Ng power of g telescope
The method was or

ol %)gesﬁed by Fizeau 11 ang
telescope ‘apertures Qvail bail Pk ol With e
fringes could not, e oataier;egles(ii;sc{;plt)ﬁamnce olythe
subtend fal: too small apn a'ngle’ W e
succeeded ‘in applying the me;th o

fixed stars
chelson 10 however
to the moons of

uniform disc its centre
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Jupster which subtend an angle of about one second of
arc. Hamy!? repeating the work used wider slits so
_ that the fringes had greater intensity.
This method, in which the separation of the slits is
. adjusted until the fringes disappear, has only twice the
sensitiveness' of the open telescope. The fixed stars
probably subtend angles of the order of -01” or less, so
that impossibly large telescopes of 2040 feet aperture
would be required. - Inaddition, the fringes would then
be so fine and close together that an enormous magnifi-
_cation would be needed to render them visible.

MICHELSON’S STELLAR INTERFEROMETER
These factors led Michelson4 to think of the idea of
having as his effective apertures two mirrors M, and
M, (Fig. 2.9) mounted on a long girder in front of the

-

FROM STAR

o \. oL ABCD’

g oL |
i | S
Fia. 2.9.—Michelson’s Stellar Interferometer -~

These rcfect the light to the inner mirrors

tl)\zlel\s{[covl‘:ﬁ.ich pass the beams into the telescope 0. When
thze ;njrrors are adjusted (M, || to L, etc.) so that the

at the focak plane F the diffractional
E:;rmcfisg V{g‘i&g S (much enla:rged Lecause of the reduced
aperture of the telescope) is crossed by a number of
fine fringes "B'C'D’. Thq outer mirrors M1M4. are
then moved symmetrically in or out until the fringes

e it B A Y el
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disappear. If b is the smallesteseparation of M, M,
that makes the fringes disappear, then

At
6 (angle subtended by the star) = 1-22 % radians.

For a disc of uniform brightness the fringes again
disappear when the separation is 2b, 3b, etc. The
effective wavelength 1 should be determined by the
same observer since it depends not only on the energy
distribution of the star, but also on the Visual Acuity
curve of the observer. [This can be obtained by
measuring the angular fringe width of fringes from" &
close double slit (so that the star is effectively a point

) source), if the angular

B*>~. k fringe width is p for

gt a slit separation s,
A : A= ps.]

The action of this

type of interfero-

r meter can be under-

e stood from Fig.2.10.

Let the light frora

O the end point A of

a distant line source

—Magnification Tffeet b 1all Normally on

by Michelson’s Method t,hlf interferometer

Whose outer mirrors

are Cand F. If.R is the zero order interference fringe

due to A and O tiie first ordep fringe, DO — EOQ = 2,

and the angle o between the frin

where o is the se

Fie. 2.10.
obtained

ges is as before -'},
paration DR,

a
‘ ! I When O is th
g;deor fringe Olf tlgl;hhght from B, },]Xen BF éiceegszgg
ne wavelength., This ig ¢, iti i
appearance of l‘ghe fringe eﬂecteti%r;gflgrzn g d'ls.
8 7 °
@t =

' e ="y While o remaing — &
Thus the wterferometer 4, €]

a
: | fect magnifies the angular
diameter of the star in the ratio 2

9 a'
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Tlis arrangement,.which is probably the most impor-
tant astronomical development of this century, has a

. twofold advantage. In the first place,it has a resolving
power only limited by the purely physical limita,tionz
0 .of the length of girder that can be constructed without

" imdue flexure and vibration. Secondly, even when

atmospheric conditions are such that star images with
large aperture telescopes are badly defined and present
a ‘boiling’ appeararice, the interference fringes may be
quite distinct. This is because the apertures in the

_interferometer 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 this
motion is not too rapid the distinctness of the bands
remains unaltered, while under the same conditions the
star.image from a full aperture telescope would be
considerably impaired.

The first observations were made with a 20-foot
interferometer mounted on the 100-inch Hooker reflector
at Mount Wilson. This large telescope was selected
merely for its mechanical strength and not because of
any optical requirements. The inner mirrors M, M; had
a constant separation of about 45 inches; giving a
fixed fringe spacing of about -02 mm., easily visible
with a magnification of 1600. M, and M, are symmet-

*rically adjusted co-that the two pencils overlap in the

focal plane of the telescope. In general, interference
bands cross the star image, which is elongated because
of the restricted aperture.

Michelson and Pease '® found that the fringes from
the red star Betelgeuse (a QOrionis) disappeared when
the outer mirrors had a separation of 121 inches, although
they reappezm:ed when the telescope was turned on
another star, which® showed that tne instrument was in
adjustment. Assuming anv effective wavelength 4 =

Fo 3
2 DR Y
99 < gives the anonlar dia-
Jangipur College Library

5750 A the formula & = 1

meter of this star to

.be 047 s
11 tho actual star dise (208 8 ([ ALN AL

18 1 2 1S can vasis

o
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with a telescope) does not radiate uniformly the factor
1-22 is no longer valid. Assuming an intensity distri-
bution I, =1, (R* — x?)", I, being the intensity at a
distance = from the centre of a star of radius R, the
index » being a measure of the darkening towards the
limb, when #»°= 0 the coefficient is 1-22, but for n = 5
(approximate value for the sun) its value is increased
by about 17 per cent.

It can be shown that if b, and b, are the first and
second mirror separations at which the fringes vanish

413 5:5b; — 3b,®
o bz T bl -

A 50-foot interferometer is now under construction.
With this it will be possible not only to obtain the
angular diameters of still smaller magnitudes, but also
by estimating the visibility of the fringes at various
separations, to deduce the actual intensity distribution
over the star disc, which paradoxically we shall never see.

[The ligat from each point of a star disc contributes
equally to form every part of the diffraction disc image

through a telescope objective. In this sense the pattern
we obtainis not a true image of the star.]

ANGULAR DiaMETER oF ULTRA MICROSCOPIC PARTICLES

Although Gehreke 18 suggested it in 1906, the double
slit method was not used

Let AB (Eig.'2.11) represent a short line source in’
he microscope obhj

front of ¢ jecti i
{ 1ves with C and D ag
- The central by 1
Aol ha right fringe

that 0G — DG = 7 poee (dueto A) is at G. So

* See reference 15.
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Th>.fringes vanish jvhen BD — BC = 1. Dropping
perpendiculars from A-and B on BD and AC respectively
_(see inset): -

-~ BD — BC = (BD — AD) — (BC — AC) = BN + AM
(taking A to be symmetrical with respect to the slits
s S0 that AC = AD).

If the refractive index of the medium surrounding
AB is u, the optical path difference is u(BN ++ AM) =
2u AB sin u = 14; o :

i (]

wpd e A
Joe ~ 2usinw 2 (Numerical Aperture)’
This Numerical Aperture is not necessarily the full
value for the microscope objective, but-its actual value

Fig. 2.11.—Gerhardt’s Microscope Interferomneter

as determined from the positions of the slits. Presum-

ably these can be placed at some other more ¢onvenient

. position C’D’ 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 mercnry and mastic

particles illuminated in the dark field“of a Zeiss cardioid
or paraboloid condenser.*

DivisioN oF WAVEFRONT INTO MORE THAN Two PARTS

- “The most important example of this classisthe Diffrac-
tion Grating, and this willi be briefly considered so as
to afford comparison with the Interferometer methods
discussed in Chapter VI. o

Suppose for simplicity that we have a planeswavefront
of wavelength A incident normally “on a grating of

* Tn Gerhardt’s experimentskthe particle was only illuminated
at its edges, therefore a factor 4 instead of 2 in the above

formula has to be applied. k
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Spacing s, the reflecting or trangmitting . (as the_‘.v“case
may be) grooves of which have a width 5. If a is the
amplitude of the light from a single groove along the
normal to the grating, the amplitude in a direction”

making an angle 6 with the normal is

. /7th sin O\ ¥ ¥ N C
sm(——T ) kst j
A sin !
1 = O e R i where X = = bsinf.
7h sin 6 X o A
T Vo e

When 6 = 0 all the beams arrive at the focal plane.
of the observing telescope in phase and the resultant
amplitude will be aN where N is the total number of
slits. When we wish to obtain the resultant amplitude [
n any other direction 0, it will be realized that the
Wwaves do not arrive in phase. The path difference
between corresponding parts of successive beams wi

be s sin 0 and the phase difference § — g}f—l(s sin 0).
o
We then have to sum:

STl in (wt + 8) + ay sin (wt + 20) o « o
: g% sin (wt + N —T)5. _

;- This can b{ Summed trigonometrically, but if it 18
s realized that we are deahng_
with vector quantities, &

simple geometrical method 1B
available. vy
If the lengths and direc
tions of the successive lines
AC, CD, DE, etc., in Flgi

2,12, represent the terms fn -
tht above expression :
amplitude and phase, the

B will seprésent the res o, <
Rig, 2.12.‘ ve ant amplitude. In our €2 :

¢ AC = CD = DE, ete. JOll?e

Pointg A OEntre O of the circumscribing circle 0 tlal‘

;‘ ;¥ U, ete., and dropping a perpendjcu :

°
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‘" from’Q on AB at Py if 7 is the radius of this circle,
"~ we have h

N, Z4x= /ACO= /0OCD and 2z — 180° — §.

B £40P =X 41q AB = 97 .gin N2,

In the A AOC, ° sin 0 _ sin 2 _ cos 5/2.

Ay AC r r

9

Resultant = 24¢ 228 /2 ad Né

sin 0 D)
. No*

sin

_ "2 ay cos §/2 il e 2

. 2 8in /2 cos 9/2 BoRENE N SN0k
_ Thus the full expression for the Resultant Amplitude
is:

sin X sin Ny o
X ' siny

A, =A. .
where Y = /2 is half the phase difference between the
waves from corresponding points of consecutive slits.

. The last term varies much more rapidly with § (or °
with ) 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 o

sin y
integer multiple of z. The minimum values are given

has its maximum value N when y = 0 or any

by vi— 1% m when Keis an integer not exactly divisible -

* In the special instances where & can bé made infinitely small
(with corresponding increase of N) we have :

b R »singi\ ®
SHINS/2 I 2l B el | sinia
Resultant = ae m =0y 5/7 9 '——125 =5
5 )

where a is now } the extreme phase diﬁoerence.

3
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by N, and the first minimum values on ‘either jsféle of |} :

e principal maximum Y = maz, are Y; = <'m, + %T) 7 and/ k

= (m — %T)n

G

For a principal maximum Y = mmw = 7—;3 sin 6 . “'
or that 3 s sin°0 = mh k
Hence 4 ——™ _ is the dispersion of t\he rating

d). s cos 0 P g' W

It 6, and 0, are the directions of the first minima j
on either side of the principal maximum 0, . :

JEAE 1 7T 5 1 I

~ 88in 0, = =\ L oA ALY Al ol

7 1 (m —f—N)_rc, 7 s sin 0, = (m N) 7 |

AR s : 2 ' ,
giving - {sit? 0, — sin 0} =N lf

«OT CG sin( 0 '2— 92) %y A ;

) Ns cos G ;

| In an ordinary grating Ns is very large compared with !

Q T 00 . 4
%, 8o that sin T = 00 the angle between the centre |

of ; .
& maximum and its first minimum and

N b0
Neos 1-‘}; 2 = cos 0.

The late Lord Rayleigh has shown that it is possible

to “resolve ’ )
maximumveép two spectral lines when the principa
the other one corresponds to ghe first minimum O

Therefore if we ‘make the o0 in the expres:

sion for the dispersion equal to®d0 = —JIG’ 5
corresporalj itlbe ¢] B el i '
observpable.}'ng 02, will'be the smallest wavelength change

A

T'his g]v'es
44 Nm’
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Thrsriel
Th? ratio < 3
‘equals Nom. The order of interference  means, that the
" path difference between the beams to and from succes-
.give grooves ig m wavelengths. This leads to another
®and probably more convenient way of regarding the

Resolving Power of a grating. It ¢s the path difjerence
_ between the beams incident at the ends of the grating
measured in ;avelengths.

Asan 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:

RP. — 21 cos 0
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 are
superposed and practically grazing the grating surface.

) is termed the Resolving Power and

EcHELON GRATINGS = ©
 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
rooves cannot be made with sufiicient accuracy.
This led Michelson!® to devise an entirely new way of
obtaining high resolving power. His method wag to
pass a parallel beam of light from a collimator through
a pile of plates arrenged 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
: : o = 1) ¢ @ .
very high order of mterf«_arence R where t is
the thickness of each plate and pu its refractive index
for the wavelength A. Full details of the transmission
0
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instrument are given in standard textbooks suth as %
Wood’s Optics or Preston-Porter’s T'heory of ng/l%t.l !
Recently a method ! has been found of thaking Mic 1.:;]
son’s original idea of using it as a reflection 1nstrumle..lr :
a practical possibility. This has the advantage that
its use is ot limited by the 1)

Ip g transmissivity of glass, anq it |
Cp==="——F also has between three and b

A D ¢ four time8 the regolving power
A;%:H of the corresponding trans- l
el mission instrument. )
, This will now be"’ bleeﬂy {
Fig. 2.13—Path ﬁd‘if.er' considered. The path differ-
Behelon "% ence GAH — ECF (Fig.'2.13)
for light incident normal}y on
the plates CB and AK (AB — CD — ¢, AK = BC = ) |

when the light is diffracted at a small angle 0 is =
Mur(2t — 80) and for reinforcement
: 4 M (26 — 80) = mA. .
oNeglecting the dispersion of the air, the dispersion
of the grating: is: ‘
‘ b _m_ 2
¢ dAENE N 1 )
< Putting m successively = m and m - 1 correspond-
Ing to 6, and 0, directions (and writing pa. == 1), the

angle between fuccessive orders 0; — 0, =— '

NAs in an ordiriary grating, the resolving power is

faattyuiloN may only be 25 — 35, the order ‘m’
for ‘a Plate thi

© thickness of 7 mm, is 34,000 (1 4000 A).
If the hgnﬁ diffracted from eachoslit had been sprea
over & Wide angls we shohld have several hundred
orders of Spectra, fut owing to the large width & of
each step, Practically thegwhole of: the diffracted llgiﬁ
3 20, {8 . ~;
is c:)ntall}fau I amarrow angle. The expression ﬂ;"
__ 78 sin 0 A8 N
(X W A ) by which M{ must be multlphed
' 8ln Y
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has a maximum value when 6 = 0, and zero values when

o, 0:; E %,or multiples of this. If 2ut =mA, the prin-

sin Ny

_cipal maximum of e e when 6 = 0 and the

next orders occur at 0 = + % Here the factor

U —.0, s 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

.00 =a§'— apart, which may lie anywhere in the region

xbetwe{en 0, e g and 6, = + %

In a transmission instrumend the variation of path
difference needed to change the position from single
to double order can be obtained by slightly #ilting 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

Q

Sge/c/ﬁ'qg/'ap/)
] . ollimator
S2
Fia. 2.14.—Combination of a Refisction Echelon and a
» Spectrograph °
1 Q
uéing a Reflection Echelon in >Conjunctiod with a
spectrograph. The' light to be analysed is focugsed
on a primary slit S; which may either be vertical or
horizontal. It is reflected by the small quartz prism

0
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Q to the objective O and througk.the quartz or fluorite
window W on the Echelon. The reflected beam s
focussed by O on to the slit S, of the’spectrograph.
The latter makes a coarse analysis of the spectrum
and separates the lines of widely different wavelengths
so that these do not overlap as they do-at the slit S,.
When §, is vertical the edges of the Echelon plates
must also be vertical as in the figure, while the slit'S,
must be sufficiently wide to actommodute 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 line. In the
one position of the Echelon, its dispersion assists that
of the spectrograph, while in the other, it'opposes it.
With a very rich spectrum such as that of the iron
are, the slit S, and the Echelon plate edges are arranged
horizontally so that its’ dispersion is along the slit S,
which can now be narrowed down as desired. In order
tq. change a line from single to double order position
as requiréd, the air pressure in the chamber C is ‘varied
y connecting it to a suitable pump, and provided
there is 1o leakage of air to or from the chamber during
an exposure, the pattern remains steady in spite of
variations of temperature. This is because the density
and consequently the refractive index of the gas in
the chamber remains constant, while the expansion

of the silica Echélon plates with ordinary temperature
changes is negligibly small.
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* CHAPTER III

INTERFEROMETER, ARRANGEMENTS
INVOLVING A DIVISION OF AMPLITUDE

‘ ‘ JE have seen that, in order to obtain interference
phenomena with different parts of the same
wavefront, the wavefront must be such that its pro-
perties in its different parts are similar, to a degree
dependent on the finenegs or closeness_of thg frmg(lals-_
In the Young double-slit experiment or its variants, the
Rayleigh or the MichelSon star interferometer, if the
two secondary slits are very close (producing widely
spaced bdads) the Primary source can be relatively
wide. S,
Another method of obta

ining the necessary two or
more beans for interference

i8 to divide the whole beam
by partial refiéetion. ~ After division by this method the
wavefronts of each part are similar, any peculiarity in

the original incident wavefront being shared equally by

the two or more resulting beams. A simple illustration
of this method

15%given in the colour effects of thin
films—the interf

erence colour effects of soap bubbles or
of oil films on g wet road.,

When the film ig thin, the light can both be complex

(in wave-length) ang incidert on the film at all angles,
while the recordi

ng instrumerit may have a fairly wide

aperture, & 0

Let t (Fig. 3.1) be the thickness of

refractive ¢ndex K. "4 AR represents the normal tt

any wavefront §, Incident on the plate, S, and S, are
the wavefronts

s reflected from, the upper and lower sur-
faces respectively. Thg path difference, or the retarda

a parallel plate of

32
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* tion of.S, compared with S,, is 2ut cos  — 3A[the phase
changé effect due to reflection at a denser medium].
Ly V\U(heh ¢ is small, the lateral displacement of the S; wave-
" fYont from S, is small, GF = 2¢ tan 0 cos 7, and from
_any one small region BF of the plate, only the light
» which falls on it at an angle 7 can be reflected at the
same angle into the eye or camera. If ‘¢’ varies along
the plate then the total retardation between S, and S,
from differgnt points will vary. Since the intensity

2

of the light with two interfering beams is 4a® cos® é,

where A = gg(Zut cos 0 — %) a being the amplitude of

each beam, the intensity of the light from different
points will' vary, and the
interference effects seem
to be situatedin the film. :
With a thin parallel film,
the possible variation in 0
(or ¢) may not be suffici-
eat to produce an appre-

ciable change in 2ut cos 57
¢

1

)

B\

0, so that the film will i&\/" ?
appedr of practically uni- c 3

form intensity through- g 31 Tnterference of thin
- out. ! Alms
As ‘¢’ increases, the < ‘
localized fringes tend to disappear,é but by using 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 fraclion of a millimetre, alsq n}akes it
easier to observe the fringes duc.to the variation of 0
that can be seen in a parallel plate when { has a suffici-
‘ertly high value. S . SR
‘ These bands, when viewed by* transmissi®n m.s‘_cead
of reflection, are usually known as Haidinger’s* fririges.
He observed them in mica plates and termed’ them
¢ lamellar * fringes as distinct from the ¢ contact * rings

\




Il .
° H

&7 4|
34 APPLICATIONS OF INTERFEROMETR/;{@

of Newton. They have been studied by l\Ia,§ca,rt,“
Michelson 3 and Lummer.4 : Lo
With a parallel plate, a given fringe corresponds {o
a constant value of cos 6 or 0, hence the name of fringes
of constant 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 Tings are a$ inﬁmty;;_and can be
seen with the naked eye without the screen, 'if the eyeis
focussed on a distant object,and not on the near-l?y plate.
The fringes caused by variations of ¢ in a thin plate,

we have seen originate at these variations ; these
Lummer termed localized’ §

ringes, corresponding to

Haidinger’s ¢ contact rings ’. G A
A simple application af the localized fringes is given
us in Newton’s Rings, so called because Newton was
the first to examine thém in detail, although they had
been described by Hook 1 his  Micrographia. The
fringes aré formed by bringing in contact two spherical
surfaces of different curvatures, or a spherical and_a
at surface. When the difference in curvatures is
small, the fringes are easily seen with the naked eye,
< otherwise a low-powered microscope focussed on the

point of contact ig essential.

ith clean surfaces, ensuring true contact, the centre
8pot as seen by reflected light is black, showing (as here
there is no path difference between the beams reflected
at the two surfaces) there must he g change of phase
of 2 at reflection in one or other surface. [Lloyd’s
ment shows this change of phase
a a denser medium.]
: Sauares Of the radii of successive
dark rings are Proportional to the natural numbers,

depends on the geometry of the ciréle. * It is importarit
to realizeot@at the 'f?inges are so close to the pole of
contact, that, the i'eﬂecting surfaces are sensibly parallel
in thig region. JIf z is the perpendicular distance from a
tangent to-g point o

D a circle of radius R, then if o8

(]
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half the length of achord drawn parallel to the tangent,
% (2R —a) =% So if x is very small compared
with 2R, x = p2/2R. The path difference between
the rays for practically normal incidence is 2ux, where

.. I8 the refractive index of the interspace ; thus in

» consequenceof the changeof phase, when up?/R = mi,
we get darkness. This holds for ‘successive integer
values of m, S0 that p,2: 0,%:05%::1:2:3, oy, 0, being
the radii ¢f, the successive 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. % 4
... 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 applied to a variety of uses. Thermal

expansion and magneto-striction, for_example, can be

measured by this means. s
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 the Waxf_elength measured in
the same unit. et N

If AB and AC (Fig. 3.2) are the two surfaces o;f‘ the

wedge, at A the path difference is zero, at B or C the

path difference between the rays is 2BC. i

v



L 6 " € ‘/(f
36 APPLICATIONS OF INTERFEROMETRJ& /[

Then 2BC = n4, if B coincides- with the nth dark
fringe counting from A. Thus since BC = al where

l=AB, n= 27&; when the wedge has an index p, the

optical path difference becomes 21 BC, and for the same.
wedge angle "the  number of

i fringes per unit length increase

N % to p times its former value.
£ ° Taking an average ve{ue,of 5000
FIG.13.%.-Wtedfge A for the wavelength, 1 fringe
o LT e el el VA il wadgo Thoans
S o gn angle of 5 seconds{g while if
1t be a glass wedge it corresponds to an angle of 3}
seconds (u = 1-5)
Fizeau ® used this method for studying the thermal
expansion of crystals. The unit of measurement 18
s0 small that only a shogt length of crystal and a small
rise of temperature are required to give measurable
results. A ‘plate of quartz 5 mm. thick will give a
dlsplacemeant of 9 complete fringes on being heated
from 10° ¢ to 50° (. Tutton ® has devised an improved
form of Fizeau’s apparatus. The main difficulty is
to prevent any, alteration in the position of the reference
plane due to temperature. If the crystal rests on a
base plate and the reference plate on points of metal

pillars attached to the base, the pillars will expand
on rise of tempsrature and the fringe shift ohserved
will be due to th

evdifferential expansion of the crystal

%nd the metal, the expansion coefficient of which must

e dstermined 1ndependently. A correction was.made
for the variation

; of the refractive index of the air film
with temperature, : 7

It will be readi] £ i or ds
o e films ory w‘gé%dn that these interference ban

ges can be fsed in a variety of

way 2 Al §
maéc’:ritol U}P%SUI‘G, an‘F\te:ample, the elastic constants’ of
r iuc:uié, 3 he extefisions and deformations required
. te measurement, ere is
to the elagt; D180 small, @hat o 1
minagi e 3te limit,  An ingenious example
fnation of Poisson’s ratig by hending 8

i8 the deter
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_*_flat lath of the material; it is shown in textbooks on

he Properties of Matter 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

‘s @ lens and LM the circular section of the bent blade,

let R be the radius of curvature of' AOB, g; that of

LOM in the plane of paper, and p, in the plane perpen-

dicular to/st, The path difference between a ray that

is reflecfed” approximately normally from C and E =

2(€D + DE).
CD = (I'C)2/2R. DE = (FC)%/2¢,.
Let 7, be the radius FC of a ring in the plane of the

R 0 2 o
LA M
L /‘

Fia. 3.3.—FElastic constants by interference fringes

" paper and r, its radius perpendicular to this. In the

: o e 41
plane of the paper, the path differencé = 'rlz{ﬁ — a} ;

for the same ring in the other plane the path difference
1 S

722 ‘L—R— o —l—} must';) be the: same. s
b 1
T ,,.12: (ﬁ/ 8 a) (1 i é—z)
L LI e R = e
* Vil e

Knowing R. and various corresponding values of n
and 7, the value of Poisson’s Ratio g,/gz, can be calcu-



. g/f" /f .‘ ¢
38 APPLICATIONS OF INTERFEROMETR& 7

lated for each fringe. The innermost fringes cannot 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 polished lath with
very small loads, since when the deformation curvature. k.
in one azimuth becomes identical with R, the elliptical ‘¢
fringes become straight lines. ¢ g
These fringes are widely used in precision gngineering
for comparing gauges, which are hsuallyjl‘ the form
of rectangular cubes. The standard G and the com-
parison T gauges (Fig. 3.4) are wrung in contact withe |
a plate of known flatness. [In
this process both the plate and
the under side of the gauges
are carefully cleaned an
freed from motes. With- the,
help of a little clean paraffin
Yind pressure, the surfaces can
be made to adhere.] The
gauges are placed some definite
distance L apart. The top sur~"
faces are cleaned and another
clean optically flat plate 18
allowed to rest on top. Fringes
will in general be seen be- |
tween the -tops of the gauges
5 v and the lower surface of the
‘---L___"\  upper plate. If the upper
Fio. 3.4 —Gauge tosting Surface of T is parallel with
by ipterference method.  that of &, the number of
; ¢ A fringes per unit length OVerL
zzi}égvigh?fhth}? Same. If [ i$ the witlth of the standalf)‘i
estimated) t}S OWS 7 fyinges (fhe fraction, if any, can |
16 anglé“d that the pl?te makes with {faf} ]

. (M -
e Qﬁ) / so.tl’&t it L is the separation between:

G artd T a8 sho
standard @,

W1, the block' T is 75;—% longer than the

0 using. thig arrangement, care must be taken that
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. the measurement L is made between the bearing points.
1f the upper surface of T is not flat but inclines towards
“ @, the value of L that must be chosen will be the out-
side separation of G and T. Whether the difference
. between the two is a positive or negative one can be
" quickly determined 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 greater thin 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 unevenly
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, thé difference
.ip size is 40 X 2 x -000,01 = -000,8 inches. ® Thus the
method follows very conveniently on the limit of a
micrometer screw measurement. °

N

As- an illustration of the accuracy obtainable with -
this method in testing the flatness of a surface, Rayleigh,8

* who tested the flatness of a test plate by immersing
it on levelling screws just under the surface of water
in a trough, points out that a margiry of about 1} inches
is desirable to avoid the curvature effect due to capil-
larity at the edges. g

~ Before leaving the interference effects of thin films,
_ two important properties must be mentioned. In the
- first place, the patterns observed by reflected and trans-
mitted light are always complementary, the maxima
" ofone system correspondingo the minima of the other.
This was verified by Arago,’ who ,showeéd that the
fringes in a Newton’s Ring experiment vanished when
light sources of equal brightness were placed 1nmfronb
and behind the apparatus. Indeed Lummer !® has

)
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o B on this
e e
inciple, e vanishing :
gﬁﬁ) fringes indicates an equ.nhty of .mtenzlti}sf ;xf
illumination at the thin film, which in this cas e
air film formed between the hypote:nuse faces Y
90° prisms. The sensitiveness is of course. no i
At the beginning of the chapter, it was qsiu]-]flererice
simplicity that we were only concerned w1th.\—g‘n er i
effects between two wave trains® of eq_lg,lrl amp i
reflected at each surface in the film. J.‘hl&f Oti%;nf
be strictly so, for if the first surface reflects a fl_izlc lt o
the second surface has a lower amplitude inci erll A
it, so that its reflected wave will have a still p‘;’na
value. Actually, we have multiple reﬂec'tlon occlll_l;r e
in the film and wavefronts of decreasing- i}mpll uut;
are transmitted and reflected. This.was pom’ﬂ-eb. ({)le
by Poisson ; 11 the practical effect is an &PPIE.C;?I 5
sharpening of the fringds. The actual distribu IPerot
discussed later in connection with the Fabry Is 12
Interferorfieter. Tt is shoyw, most clearly in Herscll}e sS i
fringes obtained by placing a, prism on a flat g a?tical
metal plate. In ‘the neighbourhood of the cne o
angle, tho reflecting power of the hypotenuse fac i
high, thus aiding multiple reflection and the fringes o
sharp, while ag the angle of incidence becomes m _

normal, the hands become more ditfuse; s
b is Interesting 4 notice that with Herschel fringes,
. & comparative]y"

¥ lprge separation of the surfaces only

: f
gives a low order of interference, since the angle-geg.
the Tay in the fijm approaches 90°, and the path di
énce is 2u¢ cog 4.,

BrEwsrrgg FRINGES aND Fanmns INTERF EROMETE}:
onsider light, inciﬁent on two pajallel plates of equa-

f.hiclfness magking avsmall *angle pa rwith peach other ﬁz

n Big.3.5% Somya light will be reflected at each of : 0

four: Surfates, () he remainder, g part will underg

Interny] reflectioh a4 one plate A ;Lnd be reflected froH;

the outside’ Surface of B (Beam 1 in B ig.) Another pat

'
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Will undergo the internal reflection in B only. The path
difference introduced by a single internal reflection is
. 2ut cos r, where 7 is the angle of refraction (and reflection
in the glass). The path difference between 1 and 2

Fra: 3.5.—Arrangement for Brewster’s Fringes
. (Refraction in the Plates omitted (for simplicity).

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

= ut {cos r, — cos g} ps
o
a (s T e — T
= 4ut sin (—B—_.i;—“—). sin (Bo————‘)

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

o O . ?
: on each is 3 and /7, = /T8 SO that there is no path

difference for this incidence. As the angle of inpidence
Increases, {cosr, — €OS rpy also increases app_roxnnately
" uniformly so that we get a series of fringes running parqllel
to the edge of the air prism formed by the plates. Since
the path difference for a given set of plates at a fixed
angle depends only &n the ahgle of incidence and not th,e
relative position of the bedm, the fringes, like Haidinger s
rings, are at infinityp. 3 et
" Beams that ‘have undergene tWo and three interna
reflections will have twice and tareg time‘i‘the abov?
path difference, and as in the case of thin filris, the-dark
space between the bands is appreciably wider tha,n the
bright fringe. ?
) 4 ;
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These fringes were first observed by Brewster!? and
suggested to Jamin14 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 differenqes ‘
of refractive index. X i i

Jamin Interferometer

The instrument essentially comsists of \’\"WQ plane
parallel slabs of glass of exactly the sime Ehlckn.ess.
[A pair is usually cut from a single plane parallel piece
from 2 to 5 em. 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 P;-uniformly.

F1a. 3.6.—Jamfh Interferometer and Field of View

Asbeam of light OA divides at A, a part is refracted
and then reflected a the s

ilver film B to emerge from

ol t}{e other part AD a’ fraction enters the

second plate P,, i {‘eﬂested at E and emerges at F. The

ravelling along Fy enter the telescope T

Saop aﬂé dlﬂerence‘(petwé’en the two beamsis as before :

At & Zut {cos T — cos 1y}

;)Vlalt(gl ilss i_eiro when the plates are parallel. If now one

ilted along o horizonta] axis parallel to its
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- surface so that the normals to the plates, while parallel

in the, horizontgl plane, make a small angle ¢ in the

vertical plane, a beam from O, making an angle 2 with

2

the horizontal plane, will have the same incidence angles
®n'both plates, so that 7, = »,. This will be true what-
ever angle OA makes in the plane of the paper, since
in this plane the sectjons of the surfaces are parallel.
Another beameO,A; parallel to the first, but displaced,
will 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 inclination between
the normals, the closer the fringes.

The plates P, and P, are masle thick, so that there
should be a liberal separation between the beams AD
and CF. If a pair of similar tubes with optigally 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 ‘1’ is the length of the chamber_and Ay

. the change in refractive index, .

l. Ay = n}, 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 swe have already
meét in the Rayleigh instrument. Here both plates
are adjustable according to the sensitiveness required.
[At perpendicular incidence, a larger rotation is required
to produce a given path difference.] Instead of a lever

. and screw motion, a circular scale. is attached to the

moving plate. The Jamin is adjusted in the following
way.” The plates P, and P,“are fisst roughly set in
position, and the source, say a sodium burnér with a
small diaphragm in front, is placed about % metres
behind the instrument. The central images are arranged
to overlap and the source brought (without diaphragm)

v
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within about 10 cm. from L: Generally speaking,

inclined fringes are seen in the field. The plate P,

can then be adjusted until these spread out, and the .

Id is of uniform colour; P, is th(;n tilted on a
K(i‘?iilﬁil axis DF, when horizontal frmg_es ap‘peixrc.
With a white light source the usual white light fm'lgl.,lt?-i
can be seen in this position, but if the mirrors be para ]O
in the vertical plane and make a small cangle in ttllfj
horizontal, white light, fringes catinot be obtained wi
the now vertical fringes. . )

An essential difference between these fringes "an
those of Brewster is, that the sizes of the platés are so
chosen, that only a single internal reﬂect':mn can, occur
at each plate, so that we are dealing strictly with tVlVO
beams which give a cos2g intensity distribution, the
bright and dark bands being equally Wlfle; There is no
need to introduce any diaphragms to limit the beams,
as the ends of the gas chambers themselves act as
efficient stops. 4
o As a Bensivive Refractometer, the Jamin is not as
accurate’as the Rayleigh, since cross wire settings hal‘;"
to be made. A movement of a plate will displace the
bands *without displacing the fiduciary mark. In
addition, since it needs a more or less extended source,

m rger separation of the
beams, Mach 15 and Zehnder
Plates, the oneg

the Jamin plate
heayily silvered,

Sirks 17 gng Pringsheim®s have’developed a form of

amin’s instrumenthwith thé plates wedge shaped. AS
will be seen from” the

discussign on wedge-sh‘flped
ummer Gehreke vlates {page 101), the fringes are ng
longer ainfinity, hat are localized at a point dependen
on’the Wedge angle of the, plates. They are observe
o Teans of o nicroscope, hence the name Interference-
ticroscope tha 38 been given to the combination-

2

corresponding to the inner surfaces Of
S being half silvered and the others

'S have used four separate -
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. Its especial advantage is that with localized fringes,
clear fringes can be 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. .
g A
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CHAPTER IV

THE MICHELSON INTERFE OMETER AND ITS
APPLICATIONS o N

N its better-known form, this instrument is an exan_lple
of division of amplitude considered in the previous
chapter. It has however been of such primary import-
ance in both pure and applied Physics, that this chapter
will be devoted entirely to it. ; =
The essential idea in the Michelson Interferometer j$
to divide a beam into two portions at a half silvered
plate and to recombiné them at the same plate instead
of effecting the recombination at a second half silvel‘f?d
Plate as i% the Zehnder and Mach variants of the Jamin
Interferometer, :
he basic principle was first, given in the now famous
i experiment of Michel-
son! on the relative
motion of the Earth
and the Aetherin 1881.
Fig. 4.1 shows a sim-
plified diagram of the .
interferometer. The
light from the source
S (which ordinarily is
#n extended source) 18
divided at the lower
surface of the plate 0, .
which' is half silve!‘?d-
into two beams whieh

; 46
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Since the light from S that is reflected to B, passes
through the plate O three times as compared with the
_singlé passage- of that going to A, a compensating
plate C of the same thickness and material is placed
in the OA beam parallel to O. [For convenience the
;éompensating.'plate is sometimes placed at C’ to save
space and to ensure the necessary parallelism of the
plates. When the half silver film is on the upper
surface of O, 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 O is at 45°
to either.. If OA is slightly less than OB, the image of
A in O is at plane surface D parallel to B. In the
telescope then, we shall observe the interference effects
-of a parallel plate. These will be a series of rings
corresponding to directions when 2u,, ¢ cos 0 = mi,
¢ being the perpendicular distance BD and 6 the angle
of incidence (and reflection) corresponding to one
particular ring and m an integer. As apreviously
explained (page 33), when ¢ the thickness of vhe
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

.,, 4Azcos'~’% , where A is the amplitude of either beam and

Ais the phase difference caused by the difference of path.
[Itis assumed that the thickness of silver has been chosen
for greater efficiency, so that the tWo beams entering
T have the same intensity. Within fairly wide limits
of silvering, this will hold, as there is one reflection and
one transmission throughe the silver film for each
beam.] a :
This ring system at infinity, which disappears for
very small and zero values of ¢, hgs an important dis-
* tinction from the Haidinger fringe= which it superficially
resembles. These fringes are true cos* frizges, so-that
the dark and bright rings are of exactly equal width ;
this follows since we have only fwo interfering beams.
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When ¢ is large and the surfaces of B and D are not
parallel, all traces of interference fringes vanish. Tf,
however, ¢ is very small, a set of fringes may be'scen
localized at BD, when the surfaces are not exactly
parallel. The exact shapes of these fringes have been
investigated by Michelson 2 and Feussner ® and more
recently by Krause.! It is sufficient for our purpose
to realize that they approximate to straighg lines, the
fringes becoming clearer as ¢ is decreased, or with a
given fairly small value of t, as the diaphragm or
aperture (in front of the eye or telescope) is decreased..

WaIrE LicaT FRINGES

When the surfaces B and D intersect, localized fringes
can be obtained with a white light source, the central , -
bright fringe coinciding with the line of intersection of’
the plates. The colours, of the fringes on either side
become impure until they vanish (after 3 or 4 fringes)

g:ving 30 overlap. For a bright fringe the value of
208

7 should.be an integer; the inclination 6 varies -

but slgw(llg from one band to the other, so that the
effect is due to the Increasing ‘¢’. Tt thus follows that
~ @& coloured fringe is vio
central fringe and red on the side remote. :
& very thin parallel plate of “thickness ‘d’ and
refractive index % be placed in the beam near either
A or B and covering half the field of view, the fringes, °
through. the plate are displaced. Neglecting the effect

of the dispersion of the material of the plate, the retarda-
fion produced dy it js 24 (ARl ghg air’having been
replaced by_the material. Since a displacement of one
PORBLLS fringe i equivalent to a retardation of one
(mean) wavelength, Jthe thickness fér a .retardation ,of

o
e

let on the side nearer to the

¥ fI‘lI‘Iges ls:gd T lT)’ the thickness being given in*
the same unit as,

is moasured. that in whith the main wavelength 4

.

o -
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* . Johonnot 5.using a Michelson Interferometer in this

way measured the retardation produced when light is

| ... passed through the ¢dark spot’ of a soap film. He

)

A
/

found it necessary to have fifty such films in series to
obtain a displacement of half a fringe, showing that
sthe retardation for a single transmission through one
film d (x — 1) is one two-hundredth part of a wavelength.

VisiBiLiTy "CURVES ,AND THE FINE STRUCTURE oF
- o 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 practically disappeared,
while they regained their original clearness when the
order increased to 1000. [The high order was obtained
hy separating the lens and plate.] This means that
the source was double, and that the 1000th ring of
the longer wavelength then cofncided with the 1001th

of the shorter, so that the wavelength difference was
(il

1/1000 of either wavelength. .
Michelson’s 7 first application of the new Inter-

ferometer was an extension of this principle, by means
of which he made a systematic analysis of ¢he more
important spectral lines. Instead of merely observing

i the path differences at which the fringes vanished, he

‘made visual estimates of the clearness or Visibil‘ity_of
the bands for various path diﬁ"erences.ﬂ The visibility

Jmnx N Jmn
of a {fringe was defined as V =r~mn

Jmax 18 the brightness of the centre of a bright fringe
and J,;, that of the centre of the dark fp_nge on either
side ; thus the fringes have greatest clarity when V = 1
and disappear as V apprdaches zero. : !
The observed Visihility curve is the resultant intensity
curve for a number of homogeneous “ources of diﬂ“e.rent
intensities and frequencies. The VEsibility-peth differ-
ence curve for a truly monochromatic source-would be
a straight line parallel to the axis and the actual
Intensity curve a cos*(. Hence whatin effect is needed,

, Where
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is a method of analysing the observed curve into its
Fourier components. ™ As Rayleigh 8 has pointed out, a
unique correct result can only be obtained if the original
line or group of lines be symmetrical. This analysis
Michelson effected by means of his ¢ Harmonic Analyser’,
a mechanical 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 1892
that the Red Balmer (Hydrogeng line was a doublet
Wwith a separation of -144 ; “the value given'by Houston
for the separation of the principal components is -1358A.
In this way Michelson found that Cadmium Red was a

Yisibulriey of Fringes

0 50 100 150 200 250
Fath difference in mms

Fia. 4.2.—Visibility curve of Red Cadmium

power is unlimited.

We have seen fhat ths circulap fringes at infinit
El;l S: oS ;}sed- Withthis method, ‘anq co%sequently fo}l.Z
o agt itpiit dlﬁ‘grenceS, the Xings become very fine, so
T more difficult to esfimate the visibility. If the

B endiGreen modification of this instrument
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8. °

. (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.

Thus photographs could be taken at regular intervals
and the visibility measured with high precision by an
instrument? 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.

Licar Waves aAs Units or LENGTH
Michelson’s 1° next application of his Interferometer

* was, in collaboration with Benoit, to determine the

number of light waves in the standard metre, kept at
the International Bureau of Weights and Measures at
Sévres 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 first 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 errcr 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 making large counts,
Michelson constructed a number of Intermediate sub-
‘standards with mirzors separated by 10, 5,:2:5, 1:25 om.,,
etc., the smallest one being -39 mm. These consisted
of plane glass mirrors M; M, (Fig.4.3) silvered on the
front and were held in an L shapéd bronze holder, by
means of bearing pins, and eentral speings. The

: parallelism of the mirrors could be effected by means

f w S, which, acting on the spring C, moved the
gp;e:(’:tf:aring pin of M, slightly 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. 4
The determination of the number of light waves in
the metre involves three separate experiments. y
(A) The determination of the number of light wavés
in the smallest etalon.
(B) Comparison of the intermediate substandards.
(C) Comparison of the largest (20 cm.) substandard
with the metre, o

]

¢

i}

Fic. 4.3,

_'l"h'e. form of the interferometer of Fig.4.1 used in the
visibility experimefitg was slightly modified to that of
Fig. 4.4, thus gaining in compactness and greater ease
of temperature control. The fixed mirror of the pre-
VIous arrangsment ig replaced by ©one or two of the
iubstandard etalons. The compensating plate C could

© rotated ahout g vertical axis $o introduce small
path differences whep required. il .
(th’lt;h’zrpu?b C!lffelclepees involved were always small
locah‘lmgefsr' eing Wlth the sr;nallest etalon), so that the
AT ;l;ges &f thin filmg could be used throughous,

€. vﬁcope T focussed on the small mirrors of



| §

4
/’ o
LY

5 5 ] £
: i MICHELSON INTERFEROMETER 53

o

s the etalons, :the appearance of the field of view being
as in Tig. 4.5.

.- The shortest etalon was evaluated in the following

way : AD was made equal to ABM,, this is obtained

. when white light fringes are central in M,. Changing

= over to red.cadmium light which passes from a spectro-

scope through theslit S (Fig. 4.4) into the interferometer,

both M, arid M, are now covered with fringes, since the

light is monpchromatic. The mirror D is now moved

back slowly and the number of fringes crossing any

7

i
e mzoan

M3 b MII.

Fig. 4.4.—Michelson’s Arrangement for determination of the
metre

point on M, carefully counted. Since, D is to stop at
a position D!, where the white light fringes are central
in M,, the white light source is périodically switched
on towards the end of the counting to see that this
position is not overreached. The fractional part is
determined by tilting the ¢ompensator plste C through
a small measurable angle, the angle of tilt rec_{uired
for a whole fringe displacement having been previously
determined. Though not &s hombgeneous, the green
_and blue cadmium radiations ware, also determined;
these served as checks that no whole number errors
had been made. The number of rel cadmium light
waves in the double path of the shortest etalon was

-
\‘.



1
o \

54 APPLICATIONS OF INTERFEROME&‘RY

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:

M, and M, are made coplanar, so that with D in its
proper position, white light fringes Tun ‘continuously
across M; M, as in Fig.4.5. D is then moved back until
the same fringes are central in M,. The sméller etalon
is then displaced until M; occupie§ the previous plane
of M,, which is shown by the reappearance of white

light fringes in the lower

D mirror M,. D is’ then
- moved still further until
M, M, white light fringes ap-

pear in M, ‘(the new
position of M,). Red cad-
s mium fringes are then
used to count the bands
between M, and M,
(assuming M, M, is
slightly  greater than
twice M, M,), D is moved

—y back still further and
F1e. 4.5.—Appearance of Field the red fringes counted,
of View until, on checking with

ol white® light, the achro-
matic fringes are central in M,.
It is important tp realize that the fractional part of
the] number of waves in the first etalon is only used to
;—?fl = sure of the whole number value of the red cadmium
inmgf Ofril ‘proﬁce,edm'g fr(?m M’; to M, so that any error
S fh rﬁst determination is not nfultiplied up, other-
accurace nal result would only have the same relative
R s yTELS :the firgt determination for the smallest
N °f21 Zoublec}/ pathf the smaller etalon should
in the ( : 3% == 242474, 50 that the next fringe
© measurement of M’, M, should be 2425, and the

ﬁ . . v,
tl?: 1 él‘actl‘),n In ‘the second etalon is determined with
compensator C as in the first case,

.
L]

:». | ¢
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&, This procedure is continued until the 10 cm. etalon
has been evaluated. 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-
standard, 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 ig then roved up until the fringes appear
in the lower mirror, which will now be coplanar with
the upper mirror in the previous position. The reference
tnirror is then moved out until the white light fringes
are again seen in the upper mirror. This stepping out
procéss 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 from this last position
t6 that where the mirror and metre mark are coplanar,
as shown by a travelling microscope at the other
end. . ?
It will be realized that, although the error in the
10 cm. etalon is multiplied in the stepping outsprocess,
the total error introduced this way will 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 desjgn to the sub-
standard, i.e. two parallel mirrors, instead of somewhat
coarse rulings on a straight bar, the probable accuracy
would be about ten times greater, for it must be box:n_e
in mind that the original prototype metre, which is
not handled, has alsorto be compared with the \]':VOI‘kI.I:Jg
'standard by means of travelling microscopes. In spite
if this, Micielson estimated that his value of 15531635
- cadmium red waves in the metre at 15°C. and 760 mm.

pressure, is correct to about one part in tw® million.

r;

For other work on the evhluation of°the metre, ‘see
Chapter VI, page 89. - k
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VEerLocity or LicaT v Moving MEDIA -

Interferometry has played an all-important part in A
the advance of our knowledge of this subject, and one
experiment, which gave birth to the class of inter-
ferometer considered in this chapter, has also led fo ‘
entirely new conceptions of the relations between the
fundamental units of space and time. ’

Fresnel’s 11" calculations of 1818 based on the elastic
solid theory of light showed that the ethiér, of frame of
reference for light waves, in a moving medium travelled
more slowly than the medium itself, the ratio being

1 .
( 1— “—2) where 4 is the refractive index of the medium.

This was experimentally verified by Fizeau 12 by means
of an interferometer somewhat similar to the Rayleigh
type described on page 8, with the difference that
one of the two interfering light beams always followed,
and the other always opposed, the motion of the water
In the tubes. With the existenco of this Fizeau drift,
We can easily explain Airy’s observation that the Bradley
aberration angle was the same whether the telescope
tube be filled with water or air. Fizeau’s result was
verified by Michelson and Morley and more receritly by
Harress 1% and Zeeman.ld The latter’s results verified
& correction of Fresnel’s ratio, firat given by Lorentz,
for the generalgcase where the moving medium has the
property of dispersion.

Babinet and Hoek attempted to find whether there

earth due to,the latter’s lay i

eart] 0, arge velocity throuch space.

Their experiment was repeated by Masg;rt and J anFin,15

il}llld the arfangement is shown in Fig.4.6. Ticht from
¢ source S, limited by a diaphragm D, is reflocted by

a half silvered mirror M oy to the pl
2N ¢ plate Pl of dified
Janlnn literferometer. The OthIc)zr Platg Tlfslo ‘;)oen
;,ZI;I?: o % r%ght'ang,led Prism Pr so that the optical
are coincident, with the difference that, AR

beam (1), reflected at the first surface of PI, 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 line AB is perpendicular to the direc-
_tion of the earth’s motion, the addition of a tube of
swater W will” have no influence on the fringes, since
both beams pass through the tube. On rotating the
whole through 90° so that W now lies in the direction
of the earth’y motich 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

i WWW’W’"’JL] | L
f
P A e e >

i A 2R B

| M

’

| ST’
Fig. 4.6.—Mascart and D

Jamin’s BEther Drift T

Experiment \ .

" the opposite. No evidence of such 2 displacement was -

*found. : oLy
The same problem was investigate.d‘.by.Mlchelsoni‘;
and later, on a larger scale in conjunction W.'lth Morley,
with a modification of the arrangenient in Fig. 4.1.

Tt is shown in text-books on Relativity and Optics
(cf. Preston’s Light, 5th Edition, page 566) that it"D
i$ the distance from the dividing: mirror so either of
the fixed mirrors of this interferometer, and if one a1l~11,n
of the interferometey is in the direction of the egrt s
- ‘motion, that pdth will be lopger thin the other by an
dmount equal to P ?—Z wavelengths, ivbgrev 18 %he earth’s

A |
; b o of libht, and A the
relative velocity, ¢ the velocity (})1 A ‘fhdemppamﬁus

wavelength. For a rotation of t
J . ;



L) 1%
1
° \

L 0
58 :APPLICATIONS OF INTERFEROMETRY
through 90° in the horizontal plane, the positions ars
2

! 2Dv
reversed, so a double displacement of-

Ac?

expected.

Although it is only a second order effget in terms: of

g which is already small, D can be sufﬁciép,tly great to

show its existence even if the effect be less than a
twentieth of the expected value. The arge*path was
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 -use
at each corner instead of
two as shown in_ the
diagram.) The compen-
sator plate C is placed
in the appropriate arm
either at C or C; accord-
ing to which side of M is
half silvered, as discussed
on page 47.

Thewholewas moun?ed .

on a rigid base floating |

F1e. 4.7—Michelson and on mercury,.an\l arrange _~
Morley Exgerimenf, to rotate uniformly, red

; ings of the position ©
the central fringe being taken every sixteenth of .2
revolution. With a fixed ether, a shift of -4 of &
fringe would be expected; careful observations 0Ver
3y extend.ed period failedsto shoy the existence © i
real (as distinct from a temporary effect due 0 loca
temperature variations, etc.) displacement of less than
a tenth of this amount AP
L This neg i
orentz that thephysical paths actuall contracted bY
an samount just sufficient %,)0 Compensat?; for the calcd”

lated diffe : : > ] or
of Relativgf;l,ci;fi’;g with this starting point the theory

is’ to be .

ative result &.;uggested to FitzGerald and

has had such a profound inﬁueﬂc"<'




y

MICHELSON INTERFEROMETER | 69

. on ;noclern physical concepts, was built up—mainly by

Lorentz, Minkowski and Einstein.
A repetition 'of the experiment by Miller 1® seemed to

" indicate a small but real displacement, but the recent

work of Kennedy ! and Illingworth 2 justifies the

- gconclusion of ‘Michelson and Morley that no observable

displacement occurs. ;

‘A very interesting refinement has been introduced by
Kennedy whigh will probably find many uses in future
Interferometry. One of the mirrors has a thicker film
of silver over one half of it than over the other. The

)
I
|
|
|
!
[
t
|
I
|
I

g |
Fig. 4.8—Kennedy’s Half Shadow Method of detecting small y
. . 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 equivalent of a tentlr of a wave-
length. If AF in Fig. «4.8 . represents the dividing
edge on the face of the mirror represented by the
base CD, the curve KLEM =ould represent the cos?A
" intensity curve of a wide fringe pa:{al\lel to the line AF
if the two parts were coplana}‘. 'Smc? the other ~11a!f
is displaced, there is a discontinuity av E and for this
half the intensity distribution is AN. The appearance
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of the field of view in the immediate neighbourhood of
the separating line is shown diagrammaticauy 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, tlie hng,can b.e made
to vanish due to equal brightness on either side. A
very small displacement of the main fringe system will
cause one part to brighten up dnd the ,other half to
darken. In the diagram the bands aré drawn fairly
close together, while in practice, by. adjusting ‘the
parallelism of the two emerging beams more ‘closely,
they can be spread out so that the whole of thehfjeld
of view is covered by a very small part of a frn_lge,
when the illumination over any one half will be sensibly
constant. The method is really equivalent to. the
half shadow method introduced by Jellet in Polarimetry.
Mlingworth found that by this method a displacement
of between ryls and 534 of a fringe could be definitely

detected,” the exact value depending on t;he.ViSual
acuity of°the ol server.

MICDELS%N’S *1 EARTH RoTATION EXPERIMENT

The null results of all other terrestrial experiments

~ made to test the Relativity theory make this experiment,
which should give g positive result, of considerable

interest: It wes first, suggested by Michelson in 1904,
but owing to the, very high cost was not carried out
until 1925, 3

Lonsider the Paths of the two beams divided at A
(Fig. 4.9) and, following the square paths ABCDA and
ADCBA, irf & mean time T,. If due to rotation O
the‘earth about the pole, thé mirrors are rotating with
¢ hnez%r velocity & the path difference between the
clockmse(and counter-cldtkwise beams is

' (=
e D= e ST T,) = 2v Ta. d
18 the tinfe f, 0 i BA, an
: ;:) i g or the clockwise beam ADC
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’ GLaoh ’ 41 ,
Fanci gt {(c—v+ ci[—v}:czi(iz

.- where ¢ is the velocity of light, which being large
compared with v gives us

hely . : 47 . :
& 0 = ¥ with sufficient accuracy, so

that the pa’:h difference in wavelengths is
o e 20T, 8uvl
: AP 7
If w bethe angular velocity of the earth, we can write

approximately v =£w, so that if we write A for the

2
area 12, the path difference is Q—H%M wavelengths.

If the experiment be carried eut at a place of mean
4 area X w X sin 0

latitude 0, the band displacement is =
The same result is predicted on =~ o £ é
the general as well as the
special relativity theory. In AT
the general theory it is a test of 2
what is known as the Equival- Pole
. ence hypothesis, and for this
reason the experiment was s
tried. =
_The mirrors were mounted in  Eqt--- G d TN
boxes at the ends of 12-inch s-x¢ .

water pipes forming a rectangle M
2010 feet by 1113 feet, the pipe - = " o o e
at one end was duplicafed to = @, 1 Rotation Ex-
accommodate the beam EF in  periment

~ the figure. The whole apparafus !

" was evacuated to a pressure of 12 tQ 25 mm. of mercury
by a 50 h.p. pump. This was necessayy to avoid fringe
tremor due to temperaturé irregularitiss. The system
ABFEA served as a fiduciary to give the fringe dis-

)
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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 observed
displacement of 230 4 -005 fringes agreed well with the
calculated value (on both theories) of -236 - -002 frlngtzs: _
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-B

SIMULTANEOUS DIVISION
OF “AMPLITUDE 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 reSpect to the other, other-
wise we should in reality be obtaining interference
(2]

Fia. 5.1.——Fizeat¥s Loc;alized Fringe Interferometer

effects from light° from different “sources—the light
" from one part of the extended sougce to intgrfere with
that from another part,—which we h.ve seen is impos-

sible in practice. 0 _ .
If a point source A (Fig.5.1) of monochromatio

63
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ted
radiation be placed at the focal plane of a ng-?g-r;)'el?fe,
object glass O, the emerging Wa,vefronth. Senpiane
and all parts have the same phase. This

: 1
by reflection at the two surfaces of a wedge-shapec

. - 1
plate P. If the dotted lines in the inset represent the

i h surface of P, the
ts of successive waves from eac 3 i
;roeiilts such as S awhere they overlap will correspon

: . -
a maximum intensity, while at points SUChWE}LSV erlf-‘rc:‘rvlt
get zero amplitude, since here the crest of %I'_ll‘? u; heijps
corresponds to the trough of the other. 1 lthe el
placed at B will see a maximum intensity in

tion of S and a minimum or dark band-

corresponding toT. The fringes appear
i localizle):d at %he plate P. The mdeﬂ:}i)]i
was first given by Fizeau ! and o
fringes are known as Fizeau frlque:
Its practical form which has be?}n o
veloped® by Laurent,? Lumm(?r,u i
others is shown diagrammatica. }é 5
Fig. 5.2. The small aperture z‘z.t oA
slightly displaced from the pnni fck
"axis of the objective so that tl_lel o
reflected beams are similarly disp agni-
on the opposite side. For 5301.11‘17Sled
ence, a right-angled prism is : E,
80 that the eye can be placed alate
The levelling table on which the Pt;ion
P is laid, has ity top blackened to eliminate r(;ﬂec 100
from its metal top> By this means, localized mtelr 1
ehce fringes can be obtained with far thicker B
than would be possible with the small aperture mf}lt g
considered in Chapter III.. The position and ti e
aIe not critical and the method is widely use

optical workshops to test, the parallelism of plates-
It is actually a tegtr

can be plaged on the plate so that the number of fringes
Per unit length :

o
i7readil obtained. The planeness
& Surface can £lgo g {est.ed by having a standar
best plate as one

Fia. 5.2.—
Interferoscope

1
surface which can be adjusted paralle

of the gonstancy of 2ut, and a sca
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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

Lo

“in ‘¢, i.e. in flatness of the surface under test.

With an air plate one fringe per inch of green mercury

' Jight indicates a wedge angle of 2 secs., while with a

class plate jb is approximately & secs.

1t is of course immaterial whether the small aperture
is placed at S or ab E, since the one stop is the image
of the other, for only rays which have passed through
S ocan enter the aperture ab 13

Fizeauw’s apparatus is strictly limited 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 4 test have been developed
4o test lenses, they are often so highly technical that -
they necessitate considerable skill in their application.

The extension of Fizeau’s principle to the general
case of two clearly separated beams (as diguinguished
from the practically superposed beams, in the Fizeau
arrangement) by Twyman and Green ® marks a big
forward step in Interferometry and consequently has
rendered possible remarkable advances in the perfection

of optical instruments.
TWYMAN AND GREEN'S INTERFEROMETER

The basic idea is to divide a plane wavefront, as
given from 2 point source at the focal plane of a well-
corrected objective, by a half silvered mirror. The
one beam is reflected back from a plane mirror M, and
the other from a mirror Mg ; either behm may have
passed through a plate or prism. On reuniting, the
two beams are brought to a focus by a second objective
and the eye s placed at 1ls focal plane.

When the two reuniting wavefronts are oplane the
appearance of the field of view wi be of uniform
colour or intensity, the value depending on the extent
to which the wavefronts reinforce each other. If one

\
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of these wavefronts, such as the solid curve 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 solid wavefront AB weré reversed, i.e.
the retardation at A to become a forward displacement

i ey

© ;

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

of the wavefront. By gently pressing that corner of
the interferometer near the mirror reflecting the deformed
wavefront, the latteris then slightly retarded with respect
to- the successive plane waves from the other beam,
owing to the increased path. A moves to the left with
respect to the dotted lines and therefore the pattern
at C opens out. When the deformation is a hill as
at 3, t}-}e same préssure will cause the rings to close in-

Flg. :).4.shows“h/c_>w the method is adapted to test
prisms, and the/:uset shows how a lens system can be
examined. The¢ wavefront "W, is plane, since we have

8 p?{int source S at the focal plane of the well-corrected
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..~ objéctiye 0. . The plane mirror M, is adjusted to reflect

the beam emerging from the pri
t prism P normally al
its own path, so that with a perfect prism, the re}tzurn(zﬁg

" wavefront W, would be plane and parallel to W;. When

W, and the wavefront back reflected from M, are

* incident on the objective O, parallel to each other, an

0

" or troughs in the wavefront

Seye placed at E, the focal point of O,, would observe

Ld

ﬁﬁ__?_

Fi1g. 5.4—Twyman and Green's Method ©f testing prisms
and lenses o

a field of uniform intensity, while any deformation
of W, due to the prism P would show up as fringes in
the previous figure. The optician then taking a grease |
pencil can trace these fringes on one surface of P, and

after determining tWhether they correspond to crests
, the prism can be removed
and the defects corrected for by foval polishing with
encil polishers. . ‘ "

Hitherto, the method of constructing a large prism
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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 accuraty 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 given,

by theory is lost. This interferometer hds 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 when 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 sich 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 replicing the plane mirror M, by a convex mirror
as' shown in the inset, the method can be used 4o test
the definition 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 wavefront. It is com- -

paratively easy to obtain a truly spherical reflecting
mirror, so that

] @ny defects showing in the interferometer
will be due to the;lens I, and can be marked and cor-
rected for as in the case of the prism.

The particular arrangement outlined only permits

the axial or, central beam ¢o be ezamined ; while this-

1s sufficient for telescope objectives, it is obviously
not enough for wide-angled camera lenses. A special

T

of

type of camera lehs integferometei? has been designed -

to accommodate leps 1i nd
Ao 30%1 ‘enses up to 5% inches aperture &

th iDCheS,ﬁf’C&l length., With this interferometer,
%Iens under ‘test can be rotated about its second
nodal point. As this would displace the focal plane
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"=. of the lens from the centre of curvature of the convex
N mirror, 'a mechanical link 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 im the case of plates and prisms, becomes
more difficult in lens systems, for the aberrations have
»  hitherto been Oa,nalyséd 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 checking the interfero-
granis expected under definite 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 Dowell.1°
A similar Interferometer, on a smaller scalé, has been
designéd by Twyman ' to test Microscope objectives.
In this case it is not practicable to construct an optical
mirror of sufficiently small radius of curyaturs and of
the requisite accuracy, but a tiny drop of clean mercury
acts as a practically perfect convex mirror, to reflect
- the light back through the objective. Owing to its
small size the gravitational forces are negligible com-
ared with those of Surface Tension, so that over the
essential part the globule is spherical. A whole micro-
scope can thus be tested, but it is more usual to test
objectives alone and to include a Wea.kq negative lens
to compensate for ¢the finite distance of the image
from the objective when the latter is used in the micro-
The mercury drop can be dispensed with if two
objectives, the one a standard and the other a test
objective, are used in series. Thesesare turned towards
each other and separated so as to have a cofimon iocal
the convex mirror for back reflection may then
of curvature of several inches.

el

scope.

plane ; \
have a radius



”

70 APPLICATIONS OF INTERFEROM%}TRSE

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 definitely
aspherical surfaces to compensate for the aberrations
inherent in wide-angled spherical surfaces. Y%

Other Interferometric methods of tegting object

glasses have been developed by Waetzmann,'? Michel-
°

son 13 and Ronchi.14 -

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, and
the normals to the surfaces are coplanar. It is not
essential that one arm should be at 90° to the other,
in fact, if !Phe angle of incidence on the dividing mirror
were reduced from 45° to, say, 20° and the positions
of the other mirrors altered accordingly, an appréciable
saving in the size of the dividing mirror could be
effectedo

Even when the circular (infinity) Michelson fringes,
or the thin plate localized fringes are wanted, they can
be obtained very quickly by converting it into the’
Twyman and Green arrangement with the addition of
two objectives and a screen with a small (-5 mm.)
allaexture as in Fig. 54. An opalescent lamp behind

© screen gives two back reflected images on the
Sf%'rele» one fgom each mirror, similarly at the focus
of the other “objective two images are seen. When

the two spots on the screen 8 coincide at the apertur®

simulianeously with the o :
i verl spots
at E the instrument is &n agPpmg of the two spots

: : justment. is cad be -
zafbi}:éltly obtained ince a tilt ]of th%ntdiwtléll}ng mirror
o ast %w ﬁrslxpotf images unequally. On placing the
B e Interference bands are seen when the

LP 18 rePl.aced by a monochromatic source. These
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-. fringes ean 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
an eyepiece at H. -

The distinstion between the localized fringes in the
two arrangements can be readily shown in.the following
way. The ingtrument is adjusted for Twyman and
Green fringes as mentioned above, but with a path
difféerence of say 1 cm. The fringes are observed
through- a small (-5 mm.) aperture at E. The first
screen and its objective O, are consecutively removed
without any difference in the appearance of the fringes.
[Their presénce is immaterial when the aperture E is
added, since SO, can be regarded as images of EQ, in the
dividing mirror.] On removing O, the fringes disappear
although we are still left with the small aperture at E
which would give localized fringes with a much smaller
path difference. L C

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 2ut
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 for by variations
in thickness. The Interferometer, on the other hand,
tests the constancy of 2(u — 1)¢, afid the corrections
of ¢ for the same variations in u as before would be
approximately three times greater. In many instru-
ments, for example, the transmission echelon grating, it .
is constancy of (u — 1j¢ that is required, so that an
incident plane wavefront emerges from the plate as a
lae wavefront. By carefelly plotting the Fizeau
and the Twyman and Green interfurencga patte_rng 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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KOsTERS’ METHOD OF DETERMINING ABSOLUTE
WAVELENGTHS ! ¢

The Twyman and Green Interferometer was mainly
used to measure the small path differences that occur
in optical work. Kosters 15 has .recerttly used the:
same method and arrangement to measurp, large path
differences, and so afford a means of obtaining wave-
lengths in terms of the standard red cgdmium wave-
length. An analysis of the method together with
values of the wavelengths of the red and yellow Krypton
lines to one unit in the fourth decimal place in Angstroms
has been given by Weber.16

The fixed mirror of the previously described Inter-

F1e. 5.5—Mirror unit and Field of Vjew. Kosters’ Method

. 0
ferometer is replaced by a composite mirror as shown

“} Fl%l- 5.5, made Up of a distance block or ¢ end gauge’
Ehaci I contact with the plane CD of the mirror;
€ block must haye 1ts surfaces flat, and AB parallel

t - :
‘ tﬁet};ih%?nﬁl(&) to a highe degree aof accuracy. When

terferometer migror is slichtly tilted, the
aﬁff arfa ’ii’.e of the field of viey i; as§ho%vn i?l the second
gividi(;l Y1g. 5.5, thefeimage of thi§ mirror in-the .
ie. at ngil}I;r o ‘.?{?wmes.half-way between AB and CD,
Ess LT e fringes In both parts are equally clear:
1ally the method jg ¢ determine the fraction of

the displacemeng, between the two sets of fringes for
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. three or more known wavelengths, the order of any
fringe_ being as yet unknown ; then we have

(X + /1) }\1 = (X3 fa) A= (X3 + 1) A= 2t

. the fractions f;, f, and fs being determined by experi-
voment. The ‘height of the block is obtained within
fairly closealimits by a micrometer, SO that since the
. beam to the farther mirror CD traverses the path
twice, the migrometel measurement gives limits within
which the integral values of X, must lie. Taking any
oné of these values, we can work oub the exact value
‘of ¢ to- correspond to it, and with this the units and
fractions expected for 4, and A;. When the calculated
fractions for A, and A, agree, for a particular value of
X, with the observed values, the probability is that
the, chosen value of X, is the correct one. A further
check with a fourth wavelength would make it certain.
Knowing ‘ ¢’ and the approximate wavelength of another
source so that the order of a fringe is known with
certainty, a determination of the fractional part enables
the wavelength to be known more accurately. e
method is exactly the same as that used in wavelength
determinations with the Fabry Perot Interferometer
(see page 85). ’ A
The effect of phase change (page 85) 1s eliminated -
+ when the reflectors AB and CD are of the same metal,
and with the reference plane R midway between, the
height of the block may be as much as 20 cm. with
the more homogeneous Krypton lirfes. It is claimed
that fringe displacements can be determined to within
.01 of the distance between two fringes, so that a relative
accuracy of -0001 X can be obtained. _° )
Fig 5.6 shows a cross section of Kosters Interferometer
which is manufactured by Carl Z(?ISS.' So that it can
- be used djrectiy with a souvxrce rich in spectral lines
without needing an auxiliary spect™0sCOpe, & cor;ts;oaﬁt
“doviation (Pellin-Broca) prism Pr with a druén i d%t?h(;
ment D immediately follows b_he cross slit z;nbein
objective Oy The beam divides at Pb,' par g

6

<

- 2EN
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8 T o]
reflected to the fixed mirror S; and the ot'}.)ex.: part .-
transmitted to S, 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 O,), where N
the eye is placed. Three foot-screws J are used o [
tilt the table T so that the direction and separation
of the fringes can be arranged as desired. ‘
With a given position of the pridm, only a very narrow ®

O o -

Ty A
P L O

S

F1e. 5.6.—Kosters’ Interference Comparator

O

spectral region can pass through the aperture at B
unless the slit at O is opened i i

This would’mean that the differentparts of the spectrum
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: .Tl_le gauge 1is-‘wrung’ or pressed against the lower
mirror until it adheres to it to form a unit.
. Whether the method 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
A ﬂ)ectral line ‘s symmetrical, the method introduces
‘systematic esrors that can be far greater than those
rof. observation, in just the same way as Michelson’s
@ Visibility method leads to spurious results when the
distribution is unsymmetrical.

€
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CHAPTER VI 5 jif

INTERFERENCE EFFECTS WITH MORE THAN {

o

TWO BEAMS R

ITHERTO we have only considered the inter-
H ference effects between two beams. When 12
beam of light passes through a transparent plate, multip i
reflections occur in the plate. Strictly speaking, thes ;
effects ought to have been considered in the case O

thin films, but in practice it is sufficient to consider

the first reflection at each surface, since the successive
amplitudes die down so rapidly. i

When the reflection coefficient is increased, either Ey
half silyering the plates (method of Fabry and Perot )%
or by using it at a large incidence angle (method O
Herschel 2 and Lummer ®), the multiple reflections have
a profdand effect on the character of the fringes ; Wltﬂh
monochromatic light, the' comparatively broad cos®
fringes of the Michelson Interferometer or Fre:s,nel
Biprism experiment are replaced by very narrow bright
fringes on a hroad dark background. This action can
be understood from the following considerations.

Let AL and BN (Fig. 6.1) be two plane and parallel
half silvered films with g separation ‘¢, placed in front
of an objective O whose focal plane is FF1. Assume
that plane’ wavefronts of wavelength 2 fall at all angles’
on the interferometer.
of light intensity transmitted and reflected at each
film, the amplitudes afe proportional to the square

roots of“-‘“!:hese fractions. Consider a plane wavefront'
of unit amplitude making any angle § with AL
and represented by SA w

bk hich is normal to W. The
amplitude of the Part of W transmitteq by the first
76

If 2 and R are the fractions -
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_film (AB) is P},and by the second film (BC) is P. Simi-
» ‘larly the first reflection at B has an amplitude PR},
.DE is PR, so0 that EG is PR. In the same way the
~amplitude of the wavefront represented by RU will

be PR2. Each of these wavefronts are plane and
. parallel so that they will be collected by the objective
%P at M. There will be a phase difference § between
oach train due to the path difference given by:

® 127
2 el e s (—;)2‘ut c08.0) RS D)
If’ then the real part of €“T represents the incident
; F
1

L e-——t--a N

Fia. 6.1.—Formation of Multiple Reflection fringes

) light, Wilere—gl is the frequency and T the time, the
T
instantaneous resultant amplitude will be, from Young’s

principle, the real part of the sum, - “
Pein + PRei(wT——ﬁ) + PR261(M:{.‘—-28) + X (2)
This i8¢ PeoT{l 4+ Re ® + R2 20 4+ . . .}

= (1 —RM)GM' 2V

Here, both the amplitude term and eiT are complex ;

“ if the former be (a + ib) where both.a and b are real,

_the resultant amplitude is given by {a®+ b2}l,. for
gince €i* = COS & ¢ sin a, if 7 cOS & =q and r sin é
— b, then (@ + ib) et = reiT+9) where r = o b2}
js now & real quantity. Rationalizing the above 1n this

way We have:
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P P
ﬁ=1—Rcosé)+iRsin5 gy ) s
(= IR=5) — ({ Bl = 13 cod ) — oD i 5-,

i " 1—2R cos 6 + R2

Thus: ; : cifee
— RPsin 6
P(1 — R cosd) — d 3
PW R oy
ity is therefore, . 4o
= In:ensmz’ lsP2{(Ii — R cos 9)2 + (K2 sin® o)
S OE— [1 — 2R cos § + RZJ?

P2 P2 ,,
=f:ﬁﬂﬁﬂﬁﬁ=l+2m1_mmm_2R+R~
P2 1 3)
T (1=mpe X i (
i 1+7réﬁﬁmmam

varies between itg maximum valye Ofl%)zz/ (1— R)Pzz&nd
. . 1 i
the mpmum - P2/(1 — R)2 (1 I R) (IFR)E
he fringes:
2R
I+ Re

The visibih't:y or clearness of t

= —max. 7™ Lpy, ., —
V= Tiwer o 08 therefore V .
pendent of the transparency of the films, It 18
& parabolic curve, with the visibility only increasing
from -8 ¢o ] as the

reflecting power increases from
50 per cent, 4o 100 per cent,

and is inde-

) 0 L g
REsonving Powzr op FaBrY Prroqp INTERFEROMETER
VITHE Loy

The order 5 of fringe ig 2""#;9:&9 and it decreases .

111 as the ordep at
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so that the resolving power for a given 7, depends on

* the smallest change of order that can be recognized

In connection with the spectrum from a diffraction

»4°grating Rayleigh’s rule is that if the central maximum

of -one spectral line coincides with the first minim

of a_nother, the double nature of the cori:posite ﬂlnn;
can just be sesn, and the lines are said to be  resolved.’
Thi_s resolution is not absolute, it is shown merel a.s
a decrease in the intensity at the centre of an ot)l?ler-
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

eS8 :
saddle portion 18 (;2) of the maximum of a single
line, so that the intensity at the point of overlap for

each line is —% or -405.
n e}

_ Although with the development of registering micro-
photometers such as the
Moll,4 dips much smaller
than this can be accurately
measured, it is convenient

with gratings and echelons to
keep to this standard. If A
in Fig. 6.2 represents the
intensity distribution with 7 AR eI Yt

. 6.2.—Resolving Power
for a wavelength A, and B@ S b e Tt

for wavelength A 4204, moter
From Eqn. 3 ° ¢
Inmx. ¢ o & 4:R
,or writing F fo? T—R)

AR
J| 4L T—R) sin? /2 o e
i

L 2
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I, = -405 I, under the above conditions, so ﬂmt X
e 1— 405  1-469
sin? §/2 = T i

1. ¥ 5 1-469 : : hase
vi — 9 gin~1 VY This 6 is the p
giving 6 =2 s - is

change corresponding to OD in the diagram, so thﬁﬂirw“'&-
the phase change for CE will be twice thi§ value. :

change of 2 7"in phase is equivalent to unit change of
order since the equation is periodic in tlh;sl amount.

The total phase change 2 § = 4 sin? (Vf:) therefore.

2 sin’? (1:21/F§)

corresponds to an order change dn, =

7

and the Resolving Power
2o S R N L “)
oA 01y g

Tt
When the reflecting power R is high, the value of F!is
sufiiciently large that the angle can be taken for the

2 g (1——2—1)

Sine, and the resolving power becomes:
e LA ERRATITNR Y )
G TS T "°[1-21(1 —R]°

As shown in Chapter II, page 27, the resolving
power of a reflection echelon grating is the producﬁ
of the order of #he spectrum and the total number of
apertures, this being true for all types of gratings:
On this analogy, the term in square brackets in the_
fhone €quation can then be called the Effective Number
of Reﬂegtton§ N,, thus the Zesolving power is directly
Foot ot onal t0 N, ‘and proportiohal to the square

00t of F which hg o ront de
s been calléd *hy Fabry coefficien
finesse. The man y y ool

* The negative si ) ) re-

; b gn for the resolving power as in the COF

Eg.%fdil:ge Prllsém formuZa, of Rayleigh {gs pto e noglected'suwe
because :spe;i?ny & positive quantity. It occurs here Slmlfjel
of order 6n, 1ve change of \ corresponds to a negative char &

mer in which the effective number -

]

[
|

—

e
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(0
of reflections (and consequently the resolving power)

depends’ on R can be seen from the following table
. given by the bracketed term in Eq. 5.

Reflecting Power . ..| 95 -0251 .90 -85 -80[ 75
Effoctive N, (Eq. 5)- - 506 [33:3 [24:6 |15-9 |11:6 | 89
I:Closer approx. (Hansen); 58-5 |40 29 |18-5 [13:5 [10-5

The third line is from some hitherto unpublished calcula-
tions kindly sapplied by Dr. G. Hansen, who has made
allowance for the increase of the maximum of A (Fig. 6.2)
by the addition of the small part GH due to B. When
the reflecting power is very low this overlapping is
greater and causes a larger percentage change; a
close approximation is obtained by adding a sixth to

the values calculated from 4. The width of a bright
monochromatic fringe is inversely proportional to Ne. .
Tt will be seen that a ]En‘abry Porot Interferometer with
R — -90 is equivalent to a reflection echelon grating
of 29 plates having the same plate thickness as the
spacing of the Interferometer. The plate thickness
of the corresponding transmission echelon will be

‘ approxima.tely four times greater since the order of
(p 20 . 2

7 as compared with T

£ )

the spectrum in this case is

in the reflection type. \ .
Unfortunately, high reflection coefficients are only

)/ obtainable with the films of pure meévals and alloys

! pitherto examined, in the longer waveleng’ol} region.

/AVhile silver is most generally used for the V:lSIble spec-
¢rum, gold films give definitely higher reﬂeqtlon coefﬁ_m-
ents for the same trensmission coefficients m.the region
above 6700A. The follpwing table due to Childs ® shows
how the reflecting power of a standard silver film about
40 pu thickness varies with the wavelength.

N | 6500 & | 6000 & | 5500 A | 5003 A

4500 &
Eguvelongﬂ_l = |90 |88 -84 .75 -63
/‘,_;“....’—'
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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 rgsults
are obtained with silver when the latter is so thickly
deposited as to be almost opaque to the eye, the on;lyl.f,ﬁ ;
disadvantage being that an ultra violet stgndard muist
then be used for comparison instead of the red cadm}um Q%
line. The low value of R for a sflver film in the violet
and near ultraviolet is in a great measute die to the
increased transparency in these regions. i

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 AJ as the difference between two wavelengths
such that the n* order of one coincides with tho (n+ 1)

order of the other, we heve since 5% = — (% , by putting
AR S
0n = 1 the corresponding ¢4 is the range, A) — i O

while the smallest resolvable wavelength difference

0l = ) as in the case of an ordinary grating.
_This range, which is the maximum wavelength
difference that, can be examined without an auxiliary
Spersion system, g important when dealing with &
complex group of fine lines or a single wide line. When
only g few fine lines are being examined it may often
© possible and eyen useful to have an order (n — 1)
of Wavelength (1 4 02) in between the mth and the
"(n 1 1) order: of wavelength ). The reality of the
qverlappmg can be easily verified by examining the
€8 with a differeng separation of the plates.

WAVELEN%TH MEASUREM]ENT WITH THE FABRY PEROT
: 06 NTERFEROMETER

lenT?}?s methods haye been devised for comparing wave-
8125 by ‘means of the Fabry Perot Interferometer-
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The, earlier method, which has been called the coin-
cidence method, is briefly as follows. Let A, and 4 be
two wavelengths, the former the greater being accurately

., known. Tor a certain separation of the interferometer

; plates &, a fringe of A, coincides with a fringe of the
unknown wavelenigth 4. Then 2ut, cos 6 =/§;zl, = 2lJT

4= _The sepafation of the plates is now slowly increased 8 A
until coincidence is again obtained. In the second ,793’ v"‘ﬂ
2uty cgs 0 Ql('m +p) A=@m+p+1) 12; s s \
\ ), }' - T\/ w v X
from which we obtain{A — N==-=—"=.
T

-
-

determined either by actual lcounting, or by having the
mirrorv}s,eg&r@tignﬂggﬁntzglleibym&ﬁnwmnomcteLscrgm,
ern_géinQ.idgngefo.;pge(,rg.ringa_is_ohsgrzed._cos.gow;_l.
and 2 (b, — h) = ph,, from which p is found and the
ngéléﬁgﬂiiaiﬁvéfénﬁé_ 2, — A_determined. ’
“"1f the wavelengths & ¢ly different, coincidences
appear frequently and p becomes small; 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 carefully optically
> or grooves since the mirrprs must

i llelism 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 OF EXACT FRACTIONS

This method, which is due to Benoit,® enables inter-
comparison of wavelengths to be easily.and rapidly
¢  made and is very largely: responsible for the importance

of the Interferometer in modern Spectroscopy-

Qur standard wavelength s that of red cadmium in

dry air ab 15°C., and 760 mmn. pressure, ‘g’ Leing 980-67
(ab latitude 45°)- This is taken to be. 6438-4696
ngstroms, S0 that probably this unit differs but very
sljghtly from the tenth metre (10~ 10 metre). If 4, and
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A. denote the wavelengths in vacuum and in a med,iUm.
of index u, of a radiation of frequency v, vi, = C
where C is the velocity of light in vacuum, and »1,, *— v,

P Bite)

V being the velocity in the medium. Hence i

= . The optical path difference 2ut cos s an integ'e'r’_ﬁ?‘”
number of wavelengths (measured in vacio) so thst”?

2t cos 0 = n}, is the fundamental equation for rein-. .

forcement in the medium. b

a

w 2 E
In general, the order at the centre Ny = 715 is not an

exact integer, it will generally be an integer n, {which '
is the order of the first bright ring) - a fractional part
&, 50 that the equation becomes# = n, cos = 7 cos b/2.
¢ is now the angular diameter, and this is usually small,

so that we can write
L ]

' ¢ 0 ' ﬂ/ 8
n=mn, (1 — L. = Sy, T
\ ¢ ( 8) e 7o Vi, —n.
For, the fftst bright ring, n, — no — & so that its
angular diameter ¢, — «\ﬁ Ve, for the second
Mo

sing, My = (ny — 1 — ¢) and by = ,\/n—8— VR BT,
0

. and similarly for the pth ring,

by = ‘\/%-\/81—}—(10——1).

The linear diameters of the various rings at the focal
Plane of an objective is given by, multiplying these
values by its focal length. The fringes are similar
to those in Newton’s rings in that the diameters of succes-
Slveringsincrease approxim tely as the roots of integers, *
but with this difference thaf the order number decreases
as the.rlng.iliametermincreases, the contrary being the
gﬁze é\;ﬂth Newton’s Rings. For any excess fraction &
ameter of the first, ring varies inversely as n,! 80
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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.

The exact value of the separation is first determined
in the following manner. The interferometer is placed

“in the pamllel beam of a spectrograph, or the inter-

ference rings are focussed on the slit by an auxiliary
objective. A photograph is then taken using a source
containing three or more accurately known wavelengths,
arid the diameter 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 ds = ¢sf = \/787 Ve+ 2 f. Anapproxi-

2
mate value of 7, enabies the fraction & 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
g 0 . )
centre the dispersion 7 increases very rapidly. The
subséquent 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 lines :

Wavelength 6096-163 (Ne.) 5852-§%8<Ne.) 5015-(;759 (He.)

Fractional Parts -20
The valu® of n,for 4 6096 must therefore be in the
actually (7,)y = 32941-20 £ 5,

eichbourhood of 32941, ;
:rligre x, is an ir}teger. For the §econd line (%o =

Thus for different values of x, we can

(mo)ar X = ;
%12 der and the fractional part, for 4, and
he order ok A,
oalouise The value of x, that gives the ccrrect

imilarly for Zs. :
?zl'f'?cltl?;l};l partsfor both A, and A; must then be a possible

" one.
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Assumed order (n,) for Corresponding orders .
calculated for i

6096 A 5852 A 5015 A -
32943-20 34314-82 40039-90
32944-20 34315-87 40041-11
32945-20 3431691 4004232
32946-20 - 34317-95 4004354 ¢

It is thus clear that the appropriate order for 6096 A
is 32945-20, giving a value of ¢ = 10-041Y7 mm. The
three lines give agreement of fractional parts again
when ¢ = 10049 mm., but it is assumed that this
separation is ruled out by the preliminary micrometer
determination of ¢. 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 exariiple the orderfor 2 = 5000 A is approximately
40,000 so the wavelength must be known to well 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
value must be known to within -01 A, while only provided
the line is sufficiently monochromatic so that the
fringes still 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,_m’en‘more important, of atmospheric pressure
are essential. Anincrease of -2 mm. (Hg.) in atmospheric
Pressure increases the order of interference in a 6-25
cm. interferometer (1 6438 A) by 015, an amount that
can be easily detected, so shat, long exposures, even in
constant tamperatuze rooms, are only practicable in
settled Wweather conditions,
eaI}fl th"j light source is focussed on the interferometer

1 point of the source contributes to form each part

N
f .

o
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. 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 slit,
" 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
¥ p’anticular pirt of the source so that -any small local
variation of the wavelength will show up as a deforma-
tion of the fringe. Tt should be possible by this method
" to investigate the electric fields in arcs and particularly
. strintions in Geissler tube discharges. In wavelength
ineasurements, it is customary to focus the light source
on the interferometer whose aperture must, as Buisson
and Fabry bave pointed out, be limited so that the
beam is smaller than the prism or grating of the auxiliary
dispersing spectograph. It Woul_d appear that more
accurate values might be obpmnedv with the other
method if the relatively narrowest and least disturbed
portions of fringes be selected for measurement.
A small phase change occurs at metallic’ reflection
which ‘in effect makes the separai_zion of the. plates
yirtually greater. It can be determined by finding the
exact fractions for two different sqpara}nons}: When
the same wavelengths are used the discrepancies in the
fractional parts give the variation of this phase change
. with wavelength. Fortunately its variation with wave-
length is small, and its effect decreases with increasing
Jate separation. Itcan be compensated for by subtract-
ing the following amounts from the chserved orders :

6000 A 5500 A 5000 A 4500 A 4000 A
65931& .002 5005 - -Oll 023 045

bove values give the corrections for a 9athodica.lly
Elftzaer silver reflector; they wvary slightly with
dIi)ﬁerent films ; full details of methods of evaluating

; iven by Meggers.” : S
th%nrllea;% iiltvnee dg to be emphasized. If a ‘wavelength

¢ mined by using the secondary Iron Arc standards
LS] diii;elne;ghbou};h(md to calculate the separation, the
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phase change is automatically compensated. .In/addlif
tion, if the determinations are not made at the _normah:
conditions (15°C. 760 mm. pressure) ‘the wavelengt

obtained will be its wavelength at 15°C. and 760 mm:
This also applies to prism and grating measurements
since the standard wavelengths are altered-by practlcavll‘y
the same amount. s .

. If a line in. the violet is to be compared directly with
the red cadmium, then both thé phase correction and
actual temperature and pressure condition3 become
important. The Bureau of Standards® has published
data of the refractive index of air for wavelengths
from 2,200A .to 9,000A at various temperatures and
pressures, obtained by determining the change of order
on evacuating an interferometer in a constant tempera-
ture bath. Correction tables have been calculated, for

° use when observations are not made under the normal
conditions and for obtaining ths wavelength in vacuum
as required for theoretical ‘series’ calculations.

Two FaBry PrroT INTERFEROMETERS 1IN SERIES
(Brewster Fringes)

When' the separation of one interferometer is the
Same as or is an exact multiple of that of the other
the Brewster fringes (see Chapter III, page 41) are
obtained: when the interferometers are slightly inclined,
Since the intensities of successive reflections decrease in

» the visibility or the clearness of

t : as the ratio of the separation
mcreases. With a 1:4 separation ratio, for example,
the fringes seen are due to interference between one
> reflection £t the thicker interferometer and four at
the other, or hetween two taultiple reflections at the
first and eight at the second ; as.the ratio increases

their amplitude differenc become - and
i d S mo t an
the interforence fri I apparen

1ages less distinet;

The comstancy of Pitch of a micrometer screw can
be tested by this method. A fixeq separation inter-
ferometer (Etalon) i8 placed in series with a variable
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;ecgilltazl?ln interferometer whos
ﬁcre\vaﬁeng controlled and measured by means of the
S thqetr tfesb. The separation is adjusted until it
Jight frincé (o) ‘the Etalon, when the Brewster white
e g..sl will appear if the two systems are nob
2 ly parallel. The reading is taken, and the variable
zap, increasedl to twice three times, etc., the Etalon

jseparation when the white light fringes will again appear.
10 or 12 before the

IThe ratio can be increfised to about

‘g:t;lgles bfcomc? too indistiﬂct for measurement. Alter-
B c}; ’d the lsef&ratlon of the interferometer can be
g ,-tO 1, 1, etc., of that of the fixed Etalon. The
mo‘v }e’s or grooves along which the movable mirror
o fS ‘must be made with such accuracy that the
T erometer plates always remain parallel o within
*"_b%ut 1 second of arc.
F bhese superpgsnion fringes, in contradistinetion t0 the
‘abry Perot fringes, are compd atively broad, and are
similar to the Michelson and Jamin interferometer fringes.
]
N OF THE

JROT’S DETERMINATIO
METRE °

ormed with Fabryy Perot
first described

e separation can be

Bexnorr, FABRY AND PI

These Brewster fringes f
eparation were

interferometers of unequal s¢
10 jn 1899. Fourteen years later, *

by Perot and Fabry
.in conjunction with Benoit the method was- used to

determine the number of waves of red cadmium in the

standard metre. Five Etalons were cdnstructed with
nvar steel amd arranged in line

U:shaped separators of i

as shown in Hig. 6.3, their lengths being 100, 50, 25, 125
and 625 cm. As in the Michelson ex.periment the
procedure involves three distinct experiment;s.

(I) The determination «of the num
waves in the shortest Etalon,B.

*(IT) The intercomparison & the successive

standards. >
of the 100 cm. Etalon wi

(III) Comparison
R of the Prototype metre.
or all by the method

The first is effected once and f
7 ,

sub-

0.0
the the copy

. :
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ber of cadmium

0
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5 i ablishes .
of exact fractions discussed on page 85. This e:ﬁs‘gablézhgo
the order of interference and the telescope T is us

determine the actual fraction at the time and under. - :

the condition of the experiment. No attempt was .

: ct
made to get one substandard exactly twice the next,
the half si%vered air wedges F and G iv}.uch_%_lve 1ocahz%g‘
fringes were calibrated for red cadmium ®ight fI‘Omed
reflected by mirrors 14 and 16, or 14 and 15, and us

to compensate for this difference® By a suitable choice ¢

5 ® < =
of mirrors any pair of successive Etalons carl be com

pared ¢n sitw. Thus to compare C and D the mirror_s X

|
7zl ®
WS e or T e S
ALY L L
e e M\ e N e N Y N e
,Ln::uj B C, = [D) I’E iy
e 3 R 8~ — oA ——Fu -
; —F G
=L 14

Fia. 6.3.LBer{bit 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 lensL,focussed on the wedge F. The displace-
ment of the central fringe in the wedge is a measure of
2D — C,where C and D

are the lengths of the correspond-
ing Etalons.

Instead ef dttem
on the edges of the plates of A
the metre R, the measuremen

on the edges of the plates (close to the surface) similar

to those ogn R. The distances from these rulings to the
effective rellecting surfaces

»When comparing it with
ts were made to rulings

were then found by mounting
the actual plates of A to £

orm first a 1 em. and then a
2cm. Etalon, the exact; optical thicknesses of which were

pting to'set the travelling microscopes |
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detertained by the exact fraction method i
- e 7 5 2 X A

?avmg 11.'1111111{_);55.1&, B,dCf(Fig. 6.4) so that AB Sgalligcl)l t_‘tzai
very closely) is ‘used for com i S o
e s parison by means of the

l,=AB + a.—=BC 4 Bandl, = AC + v,

thg quantitieg‘a, f, 7, being of the order of a few microns

’

s
_ — ot e e

i

“ carried out in &

. taken in the

(10-% mm.) only. If X is the sum of the di
(measured in wavelengths) of each mark from the Srglr:(zi

ing surface, & = (M + X) 4, I, = (M, + X) A where M,

and M, are the optical separations already determined ;

eliminating 4, and I, we have
X — M, — 2, + (@ + B — ) A%

The principal advantage of this
over the earlier method of Michelson B--L'-B

is that all the material observations

for 4 complete determination can be
few hours while fon- m‘ —-l--- m

ditions of pressure and temperature l
are constant. The number of wave- & —

lengths in 2 6-25 cm. Fabry Perot :
Etalon can be determined with Flfr;in%;%{;lg;tg;eré
greater accuracy than the number  Correction o

in a 10 cm. Michelson substandard,

and in this newer method only four intercomparisons
aTe required. The number of wavelengths of red cad-
a metre of dry air at 15°C. and 760

mium radiation in '
s found to be 1,553,164:13, so that

mm. pressure wa
the Wavelength of the cadmium line “is
438-4696 A or 107 metres
with an estimated probable error of - .0005A. This
Sment with Michelson’s determina-

orrection 8 made for the effect of an
(no account of it was
earlier experimen’a). g

Two FABRY PEROT INTEBFEROMETERS IN ‘SERIES

Jthough the theory of two interferometers in_series
W£ workged out by Perot and Fabry 1 1899,11 it is
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only in the last few years that the method h‘a&{ l?gé:
employed for the fine structure analysis of specth:l o L
In the superposition fringes discussed above, 1thcr g |
Etalons are slightly tilted with respect to one_ang W’it};
the fringes are straight lines, and can be Ob_tfl‘lnef o=
white light. In this method, the superposition irnges

disappear, being infinitely wide when thé Etalons are
exactly parallel. 5

When two identic
ferometers are place

4 e is(
shown that the resolving power of the combination 18\
some 60 per cent. g

reater than that of either instl‘um:ﬂg ‘ )
used alone. -This is when the distance between A
two is such that no interference effects are obtalﬂte :
between the second surface of the one interferome ?1

and the first surface of the other. On the other han &
the light has now to pass through four half -mlveiﬁ

films the thicknesses of whichhave to be considera 15;
less to give the same transparency as with a .Slngh &
interferometer. This in turn causes a reduction in t I
reflecting power, so that the resolving power Qf eac

univ is considerably reduced. Thus the nett gain may
be negligible. It appears that in the red, where a very
high value of R can be obtained, it is better to use;"l
single heavily silvered unit, while at the violet en

where R-is low (coupled with fairly high transparency)
the compound interferometer should yield better results. |

he main advantage of the method is obtained W}len

the two interfefometers are of unequal separation.
Suppose we have two such interferometers, the separa-
tion of the first being exactly three times that of the
second. Xrom the fundamental a’équaut;ion for a maxi-,

mum bright fringe 2¢ cog ) —° 7], we get for the disper-
L) d(cosf) n  cosf %

AN s R e independent of ¢, while the °
angular distance between the orders M % _Z i
inversely_ proportional to .

=)

o L & b
al Btalons or Fabry Pc;rqt Inte};e, {
d inseries and are parallel, it can be 4

4.

B P
) b7 (65 (B (85 etc., are the
angular diameters of the bright fringes from the thicker
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interferometer, only light making these angles falls on
the second. If 0, 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 0,, roughly
three times the distance between the fringes of the
taicker interfsrometer. 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 presence 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
asingle interfero-

meter is not zero, A B
so that the sup-
pression of the
intervening
maxima of the 4 3¢ D
thicker Fabry YA SAAN
05

Perot isnot com- 6, o,

plete. T his 1s F1c. 6.5.—Fringe Intensity Curves for
shown in the double Interferometer

intensity curve

of Fig. 6.5. A and B correspond to the Teal maxima
(for both interferometers) for 0, and 0,. C and D are .
weaker maxima that are maxima for the thicker inter-
ferometer only. These spurious maxima may hide
weak satellites of the main line so that°the true range
is not that given by AB. :

Houston 12 at Pasadena has used the method for
examining the fine structure of Helium lines, with air
spaced interferometers. Gehrcke and Lan 1% at the
Reichanstalt employ twe 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 silver-air) is to 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. .

2N
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-

LuMMER PLATE

A high reflection coefficient can be obtained with an
unsilvered plate when the light is reflected in the material
at nearly the critical angle. This is the basis of the
method devised by Lummer 14 and. developed by him
afterwards in conjunction with Gehrclke. %5 LK

There are two ways of using a plane parallel plate

to obtain high order interferenge fringes. A concen-

trated beam of monochromatic light incident,obliquely -

on such a plate will give a series of nearly straight
fringes at the focal plane of an objective following the
plate. These fringes are almost exactly similar to
those from a. tilted Fabry-Perot Interferometer, - the
only difference being that with the latter the dispersion
of air is negligible, The patterns on either side of the

F1e. 6.8.—Msothods of passing light into a Lummer Plate

plate are complementar i q Ri the
. : Y as with Newton’s Rings,

gne brl'ghﬁ fringes on a” dark background observed by

ransmission arg fine gk bands on a light background

by reflection Thi ()
: 118 m d i ig for tw
€asons ; not, o] ethod is unsatisfactory

Is the amount of light, that enters the
Svlatefsmall, but also the areas of the SguCCeSSiVe emerger
avefronts decrease due o the lateral displacgmg,l:;
; 18 equivalent t, ing. the reflec”
coeffilment and hence the resf?lvriflsgm;)lg‘%er is lowered,
T }folvlslelthodrqdopted 18 to pass the light into the'platg
DT TIE: 6.61 B o i1 cident light enters © a
minihlqu)xIl)“‘( Aimately norma] AB, so that there 'lsh
R 88 of light. The greater part of the lig
3 C, but a sma] amount emerges along (*/*

b
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Further reflections occur at D and E. For the sake
- of clearness the incident beam has been limited to fg,
~whereas in practice it would fill the aperture AB. With
this method the beams (1) and (2) etc. are deviated ;
the addition of a totally reflecting prism T makes the
plate into a [ direct vision ’ instrument when the value
» Of a is suidably chosen. If the successive emergent
beams (1), (2) etc., which are parallel, are brought to
a common focus by an objective O (Fig.6.7) the beams
will reinforce énd produce a bright fringe. The patterns
PQR come from the upper side of the plate, and P'Q'R’

QAN TN 7=—R

WG oo A Y

AB o

SN e EtaLlt
G “eJ -P

Fi1g. 6.7.—Formation of Lummer _Fringés

from the lower. The two sets are now identical, and
not complementary as with the Fabry Perot.
If “¢° is the thickness of the plate of refractive index
w for a wavelength 1, the fundamental condition for
reinforcement is :
2ut 1008\ = mAREESRES RS S (1)
Since sin ¢ = u sin 7, this can be written:
2% Vp:—sin2i=24 . . . (lA)
If As is the angle between successive orders, we get
by squaring and differentidting (1A),

nA2 An = — 2t2 sin 2¢. Az
aly ni2
ELIDER A% = — ovogin %

Putting An = 1, we get the angle betweat; successive
fringes. : ;
g nA? AV p? — sin? ¢
A== o@sngi~ ~  tsn2

(2)
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This shows that the separation, while independent of i

the length of the plate, increases with wavelength and

approaching grazing emergence, and varies inversely

as the thickness of the plate. ;
The Dispersion is obtained by. differentiating (1A)

with respect to 2, remembering that the refractive index
iIs now variable. . L n

on ; . 0t
20 oo U B 4
il =2t (~M 57— S 2 8).)'
op
- 4 — nPA I
L T AR
oA 2t% sin 21
This may be written,

5 2 g"}t — 2(u? — sin%)
3 ) J A sin 21

showing that the dispersion is fadependent of the size

and sha:pegof the plate, depending only on the optical

properties“of the plate, the wavelength, and the angle

of emergence. -

If we make the Ai obtained from (3A) equal to the
Ai of equation (2), the resulting A2 will then be the
range of the plate without overlap, or more strictly,
Al is then the difference of wavelength which a com-
ponent line in any order must have so that it coincides

with ‘oh_e .main fringe of the next order.
Rewriting (3A)

Ai — (4‘2# g% — n%)
Tt e —————

ni?
o " 22 gin 2; p 2t% sin 21
Ay 032 R ()
n2) — 442 z?li
oA

This now" famous ;
¢ d ous expression, due to von Bayel
ha:)]igs énto 1fxccount; the effect of Dispersion, and would
qually well for a Fabry-Perot Interferometer

16

(3B) .
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consisting of a plane parallel glass plate half silvered
on both surfaces.

Referring to-Fig. 6.7, the width of the beam or wave-
front BC entering the telescope is AB cos ¢ = [ cos 1,
! being the length of the plate. The angle di between
the central ,maximum and the first minimum of a

. ) ®
beam of this width is (

A
l cos 7

to Rayleigh’sscriterion the smallest angle resolvable.
Rearranging Eq. (3B):

1 ( {47 S ou
A sin 7 cos il”z —sin® ¢ —An ﬁ}(m

) : this is also according

0t = —

. SR S 3
Making 61 = TooRia the corresponding dA will be the

smallest wavelength change resolvable.
Resolving power 4 ®
AW 50 L > SR ou
oA A sin i{" DT 2’_‘ 62} 25

This value is only strictly correct at grazing emergence

4 . only when the amplitude is uniform
l cos 2

over the wavefront BC. We get a sufficiently close’
' approximation to the limit of resolving power by

since 01 =

writing sin ¢ = 1 and gi ﬁli (u® — 1), so that roughly
the R.P. is between 1-4 times and twice the metrical length
of the plate measured in wavelengths (the dispersion

2
. on { k
factor term involving 5_% only makes a Correction of-
B ]

the order of 5 to .10 per cent.). :

In practice this grazing gmergence is not possible
and an exact calculation of the resolving power is
complicated by the fact that the decreasing series to
be summed is not an infinite one as with the Fabry-

Perot Interferometer. If the resolving power given in
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(5) is divided by (%—tl_anr>’ the possible number of

2t ou e
reflected beams, the dividend (n — m) is the

equivalent order of interference. The latter quantltx
multiplied by the effective number of beams Ne WOI}L- .
then be the actual resolving power. Hansen Has
calculated this value for different plates in terms of
the reflection coefficients obtained at different emerg-
ence angles. From the Fresnel reflection forxpulae We
have the reflection coefficient when the magnetic vector

G .
is in the plane of incidence R — Elgly - 1) while for

sin? (7 4 7)
the perpendicularly polarized beam the tangent formula
holds. Since the Sine form

“for a given 4, this should
work by using a Nicol Prism.
plate following a collimator,
will enabls

ula gives the higher coefficient

With a quartz Lummer
a suitable length of slit
the two patterns (for the ordinary and
extraordinary rays) to be separated without any polariz-
ing device.

Hansen’s values are given graphically in TFig. 6.8.
With a platé of index 1-5 the calculated reflection
“coefficients (R) for emergence angles for each degree
from 89° to 85° are -946, -885, 829, -778 and -731
respectivel

y. With an index of 1.6 the values are
slightly higher,’ thus for 88° the coefficient is <894
If our plate is 130 x 4

*0 mms. the maximum number
of reflected beams is about 15, so that curve B in the
graph is the appropriate one. When R — 75 (corr%-
.8ponding toran emergence ‘angle bétween 85° and $6°)
the effective number of reflections (Ne) = 10. Curve
A corresponds either to an infinitely long Lummer
plate, or to the central fringes of a Fabry Perot. We .
see that mwith R = .75 the resolving power is inde-
pendent of“the length of the plate provided it is suffici-
ently long to have g Possible N = 15. As the tilt i8
altered to vary R, N increases slowly to its possible

always be chosen in practical - -
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maximum 15 when the intensity becomes vanishingly
small. * A longer plate (N = 30) can be used with R = -86
giving an effective Ne = 20 without any appreciable
loss of light at the end of the plate, since up to this
point it coincides with the curve A.

"We can therefore make the following generalization.

+ ¥or each plate there is a definite value of emergence

IS o
60 Ne > N=cc

» A/
N=50

: e

< 4
Al // C y
2 // — N=20
N=18
e =15
_—=— Lg—N
10 e
.70 75 80 ‘85 -90 ‘95 1100

Retlecting Power R

F1a. 6.8.—Effective Number of Reflections (Ne), and Reflecting
Power for Fabry Pgrot (A) end Lummer Plates B, C, etc.

angle (corresponding td"a definite R) at which sensibly
all the incident light emerges to form the fringe system.
The effective number of re(ections (Ne) at this angle
is approximately two-thirds of the'maximaiy possible ;
hence the resolving power is two-thirds of the value

21
calculated in Eq. (5), or very closely - g (u® —1).

‘



e 0

of

100 “APPLICATIONS OF INTERFEROMETRY . °

As a rough estimate the Resolving Power .under
practical working conditions is from -9 to 1-3 times the
metrical length of the plate measured in- wavelengths.

It is interesting to compare it with other high resolving
power methods. The transmission echelon has a
resolving power of (u — 1) X length of ghe pile of.
plates, or practically half the length of the pild measured” *
in wavelengths. The Reflection instrument has a
power of twice the length similarfy measured. o

When the plate thickness of the transmiSsion_tchelon
is the same, and of the same material as the Lummer.
plate, the range A1 without overlap of the echelon is
four times greater while the ‘ order’ of the spectrum
i3 correspondingly four times smaller.

To obtain the full resolving power from a well-con-
structed Lummer plate, the surfaces must be clean,
and especially free from grease. (Great care must be” “- .
exercised in cleaning as®any appreciable pressure in

- fubbing may seriously impair the definition of a plate.
Afte(l“ handling, it requires from 1 to 4 hours (depending
on 1is size) to attain temperature equilibrium before
use. When a large plate is used horizontally, the air
in contact with the plate may occasionally tend to form
statlongry layers of slightly different temperature -(and
refractive index). A gentle draught from a distant fan
is sufficient to eliminate this cause of poor definition.

L the material of a plate is not homogeneous, it is
mmpossible to correct fully for the variations in index
by local polishing, asthe b

y loc eams traverse the plate in twe:
directions, so that only a compromise can be effected.
Quartz pla:tes are superior not only on account of greater
homogel_le}ty*bﬁt also becatse qua?tz has a thermal
conductivity approximately twenty times greater than
glass, and temperature equilibrium. is much more
rapidly attained. '

~

M

Crossed Lutftiner Plates.

The high order, and conse

uent ] late
makes overlapping of orde quent low range of a pla

TS very common with this

4

}
]
|

A — e ——
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instrument. If a very thin plate be used so that the
‘range’ is resolvable by the auxiliary prism or grating
spectroscope,” two difficulties arise. It is extremely
difficult to manufacfure a long thin plate of the required
precision owing to flexure ; if such a plate were possible,

. conly a small amount of light could enter because of its

“small aperfture. In consequence the solution is to place
the plates in series, with their dispersions crossed. A
point sourcg is obtained with a double (cross) slit and
the thiwner and generally narrower plate placed first.
-With this arrangement, not only are false lines (ghosts)
due to any plate imperfections easily recognized, but it
is possible to decide whether a satellite lies on the
longer or shorter wavelength side of a main line. The
resultant resolving power is slightly higher, and with
a proper selection of plate thickness overlapping of
“orders is eliminated. A detailed account of the method
will be found in Section B Of the (1929) Catalogue of

Adam Hilger Ltd. <

L]
©

Wedge-shaped Lummer Plates.t?

If instead of being strictly parallel, the plate has a
wedge angle of a few seconds of arc, the fringes instead
of being at infinity become localized near the plate
and can be observed with an eyepiece alone instead of
a telescope. Unfortunately, only a few of the successive
beams meet approximately at a point and the fringes in
consequence are rather broad, and of no particular use.

MISCELLANEOUS APPLICATIONS OF MULTIPLE
RErLEcTION FRINGES

Channelled Spectris. ¥ ° |
When a very thin {farallel air plate formed between
two half-silvered-plates is placed in the path of a white
light beam entering a spcctroscope, the spectrum is
found to be crossed by a large number oftdark bands.
These fringes, first observed by Fizeau and Foucault, 8
were used by Esselbach1® and later by Edser and
Butler 2 (by which latter name the bands are generally

\



162 APPLICATiONS OF INTEhFEROMﬁTRY

known in England) to calibrate a spectroscope, and
thus to measure wavelengths. ,

If D is the path difference between a ray that passes
through directly and the ray that suffers one reflection,
then, when D = 74, we have bright fringes. Let Aos Ay, Aoy DO

the wavelengths of successive bright fringes (Ag,> 2, > )i

if n, is the order of interference for A, that for'4, must be
ny + 1.

D=mng=mo+ 1) h=(no+ 2 4..

0
e, e R = constant
L T 1D R T, e

This means that the fringes are those of constant fre-

quency difference and can be used to calibrate a spectro--

scope, for if we have say < fringes, between two known

~wavelengths 1,, 4,; then b 1_7 ol % from which D
e a’*d
can e found for the particular plate used. With a
thin plate, its position is immaterial; it functions
equally well when placed between the eye and the
eyepiece as in its more orthodox position near the slit.
-When the dispersion and resolving power of the
spectroscops are high, and the plate separation for
fine channelled fringes becomes large, the appearance
becomes more complicated. The successive rings of
the Fabry Perot now come into action when the plate
is in the.parallel beam or when the rings are focussed
on the slit. The effects have been studied by Gehrcke
and Reichenhein * and by Burng2? For a given

separation, there is an optimum slit width for best
visibility of fringes.

ASTROPEYSICAL APPLICATIONS OF MULTIPLE
REFLECTION FRINGES

In 1914 Buisson, Fabry and Bourget 23 . X
3 on, get 23 used a Fabr
Perot to investigate the nature of the emitter of th)f;
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3727 and 5006 ‘ Nebulium ’ lines which are given by
the great nebula in Orion but have not been terrestrially

~ observed. The interferometer was mounted after the

eyepiece of an 80 cm. diameter reflecting telescope.
Another object glass following the plates focussed both
the image of the nebula and the fringe system on a
Photograplfic plate. The other few lines of its spectrum
were absorbed by filters. By determining the limiting
path difference over®which fringes could be seen for
these lires as’compared with the value for the hydrogen
lines present in the Nebula they concluded that the
mass of the emitter was 3 (Hydrogen = 1). The
circular ring system was deformed in parts showing
local Doppler effect due to a relative motion (in the
line of sight) of different parts of the Nebula.

A somewhat similar experiment has recently been
tried by the writer 24 of combining a Fabry Perot inter-
ferometer with a spectfoheliogfaph. This latter instru-
ment is essentially a spectroscope with an additional
slit at the focal plane of the telescope lens. - The photo-
graphic plate immediately following .the second slit

.and the solar image are fixed, while the remainder of

the apparatus can move laterally. Thjs mption will
give a picture of the sun in one wavelength. If now a
Fabry Perot be placed in the parallel beam in front of
the prism, the image at the second slit becomes a series of
fringes, very short arcs of the ring systeq. The pattern
therefore from a strictly constant wavelength source
would be straight line fringes. Local variations due to
Doppler and other effects show up as local deformations
of the straight line fringes, which are not true inter-
ference bands but dre a synthetic building @p of Fabry:
Perot ring sections due<to the motion of the Spectro-
heliograph. It is,probable that the method could also
be used to investigate the glectric fields in arecs and
Geissler tube discharges. e a%

- o
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