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Summary.—The paper is intended to give a complete optical theory of the Mach-Zehnder interferometer, without
using difficult mathematical methods or complicated three-dimensional diagrams.

The topics covered include the effect of the spectral distribution of the source, with and without dispersion. The
effect on the fringe contrast of the size and shape of the source are considered. These effects are related to the fringe
pattern which is produced near the usual source position if a source is placed in what is normally the emergent beam.
This fringe pattern is related to the displacement of the two images of a co-ordinate system in the emergent beam,
as seen through the four-mirror system. The effects of all such displacements are discussed and illustrated. Thé
effect of mirror movements on these displacements is analysed, to show the number of fine adjustments required, and
the effect of each. ,

A section on the imperfections of the optical elements includes discussions of the effects of differences of thickness,
incidence and refractive index, wedge angles, surface flatness and refractive index variation. Except for the permissible
wedge angles, the limits found necessary are less strict than those usually given. Aberration of the collimating lens
has practically no effect.

A review of methods of adjustment of the interferometer includes descriptions of some of the well-known methods
and of two which do not appear to have been described previously. Of these, one is a method for obtaining a parallelo-
gram arrangement, which was used by K. J. Habell and the other is an accurate method for final adjustment based
on the source-plane fringe pattern.

1. Introduction—The problem of evolving a general treatment of the optics of the Mach-
Zehnder interferometer, so as to show the effects on the spacing, position and contrast of the
fringes of all possible ad]ustments of the four mirrors, of the size, shape and spectral distribution
of the source, and of imperfections of the optical elements seems a prior: to be one of extreme
complexity. The result has been that until comparatwely recently no such treatment was
attempted. Much has been written, mainly in German, on various aspects of the optics, but
the results are unduly restricted and not always accurate, and not all of the papers on the subject
can be interpreted, even in translation, by anyone not havmg considerable practical expenence

of the interferometer.

Hansen' and Schardin® show that the effect of using an extended source is to localize the fringes
at a certain plane, and give expressions for the position of this plane in terms of mirror rotations,
for simple cases. Hansen discusses the effect of difference of incidence of the two semi-reflecting
plates, and rightly points out that the linear term may be compensated. Schardin shows
qualitatively the effect of spectral band width of the source on the number of clear fringes.

Zobel® describes a method of adjustment which uses a pentaprism, and by which all the mirrors
may be made parallel. When fringes are obtained they are focussed by rotating the mirrors
~and observing with a telescope ; no account of the necessary rotations or their effects is given.

Lamla* goes more deeply into ‘the optics of the 45-deg interferometer. He gives a condition for
obtaining sharp fringes which is, however, rather difficult to visualize in practical terms.  He
investigates the fringe contrast obtained with a rectangular source, apparently for states of

. Published with permission of the Director, National Phy51ca1 Laboratory.
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adjustment giving what is described in the present report as a linear source-plane path variation.
He shows that with horizontal fringes there is a limit to the permissible source size even with the
best adjustment. His paper, and that of Schardin, suggest wrongly that only the semi-reflecting
plates should be used for adjustment while the plane mirrors should be kept fixed. This renders
his conclusion that for each fringe spacing and location there is an optimum position of the mirrors

‘incorrect, unless two are kept fixed. The conclusion that, at this position, the source size is
immaterial, is also usually incorrect. :

Hottenroth® points out that an exactly rectangular arrangement of the plates is not essential,
and then describes the near and far cross-hair method of adjustment. He also points out that
normally any two mirrors may be used for the adjustment. He appears to have noticed the
distinction made in the present paper between ‘ emergent beam ’ and ‘ source-plane ’ fringes.
He uses an extended source for accurate focussing, and notices that for ease of adjustment it is
convenient to have mirror 3 and the model equidistant from mirror 4%. This appears, however,
to have been noticed and patented earlier by Kinder.

Kinder® gives diagrams similar to Figs. 21 and 22 of the present report, showing the effect of
mirror rotations on the focal position of the fringes, but for certain special conditions only.
He uses a method similar to that of Hansen in discussing the effect of source size.

Winkler” attempted for the first time to give a fairly complete account of the subject, and
discusses the effect of mirror positions and of most of the possible imperfections of the optics,
on the fringe contrast. The paper is unfortunately difficult to interpret, and a few of the results
‘appear incorrect. Thus he wrongly states that the linear terms of the source-plane path distri-
bution for difference of incidence of the plates or windows cannot be compensated (despite
Hansen' and Kinder’s® correct statements on this point) and he thus gives a strict limit on this
difference which, as experiment shows, is quite unnecessary.

For wedge angles Winkler gives curves of ‘ equal w path difference ’, which correspond to the
source-plane fringe pattern of the present paper. These are calculated for the mid-point of the
mirrors only, and Winkler wrongly states that they are the same for other points in a plane

parallel to the mirrors. He thus fails to notice the important linear term, which in this case
cannot be compensated. ‘

Bennett®, in a paper using vector notation, repeats Winkler’s work on the ideal inferferometer
and goes into more detail as regards the source-plane fringe patterns. In a further paper® he
calculates the contrast-fringe number variation due to a Gaussian spectral intensity distribution,
and also discusses the effect of source size for a rather unusual source-plane fringe pattern,
namely a parabolic variation of equal amount in both directions, giving circular fringes.

Price® gives a useful alternative to the near and far cross-hair method of adjustment, and an
account of his method is given in the present paper (section 6.3(b)).

Hannes" shows that for zero image displacements the necessary and sufficient condition is that
the planes of the four mirrors should all intersect in the same line. Hence, for the special case
of a parallelogram interferometer, with sides of ratio 2 : 1, he deduced the equations governing

the possible angular and linear displacements of the mirrors which preserve the zero image
displacements. :

The present paper collects many of the resuits previously obtained, and presents these in a way
which, it is hoped, may be easy to understand. It also shows which are generally applicable to

all two-beam interferometers and which are restricted, for example, to the parallel-plate Mach-
Zehnder instrument.

The first section on the general optics of two-beam interferometers shows how the contrast of
fringes in the emergent beam is related to the fringe pattern in the source plane which is obtained
when a source is placed at the point in question in the emergent heam. This fringe pattern in the
source plane determines the size and shape of source which may be used.

* The condition is wrongly stated in the English translation. -
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_Following this there is a discussion of the effects of the spectral distribution of the source, and
of.the effects of dispersion. ' ‘ ‘

- The next section is on the ideal four-mirror interferometer, that is, one whose mirrors are
perfectly plane and whose semi-reflecting plates have no thickness. The discussion shows that
the source-plane fringe distribution depends on the separation of the two images of the screen,
as seen through the four-mirror system. This leads to a great simplification of the problem,
since the two images of any co-ordinate system in the emergent beam may be treated as rigid
bodies, and the effects of all possible displacements of one relative to the other may be investigated .
independently of any discussion of the effect of the mirror movements on these displacements.

Various other considerations which are independent of the exact mirror arrangement are
discussed, including the effects of aberrations of the collimating lens and their relation to the
use of the instrument as a wave-shearing interferometer, and the relation between the two
emergent beams.

The effects of the mirror adjustments are then discussed, for the plane, but not parallelogram,
interferometer. This shows the number of fine adjustments which are necessary and sufficient
to determine the image displacements completely.” When the interferometer is a parallelogram
there are two of these which cannot be adjusted independently of each other, and so one less
fine adjustment is required.

A section of the effects of imperfections of the optical elements follows. The source-plane
fringe distributions due to differences in thickness, incidence and refractive index of the plates
and windows are calculated. Since these are independent of the position of the point in the
emergent beam, the linear terms may all be compensated by mirror translations, and the quadratic
terms give rise only to very loose restrictions on the imperfections. TFor wedge angles, on the
other hand, the linear terms are proportional to the change of thickness and thus vary linearly
with the co-ordinates in the emergent beam, and cannot be compensated.

A discussion of the effect of the disturbance under investigation (a two-dimensional wind
tunnel is taken as an example) leads to practical values for source size, and this is used to
determine suitable limits for the imperfections of the optical elements.

Finally, a review and discussion of methods of adjustment is given, including a more complete
discussion of the source-size and fringe-contrast method than has previously appeared, a method
‘based on direct observation of the source-plane fringes, and a method for initial adjustment based
on one which was used by K. J. Habell, but has not previously been described.

2. General Optical Properties of Two-Beam I nterferometers.—2.1. Conditions for the appearance
of Inierference Fringes.—Interference fringes may be produced when monochromatic light.
originating at one point travels round two or more distinct paths and then arrives, in the same
plane of polarisation if it is polarised, at a second point. The present paper will consider only
two-beam interferometers, in which there are two light paths only.

The optical path length round each path is determined by Fermat’s principle of stationary
path. The length of one path may, however, differ from that of the other. If the path lengths
differ by an integral number of wave-lengths the waves arrive in phase and reinforce, while if
the difference is an odd number of half wavelengths they arrive out of phase and cancel. If the
wavelength is 2 and the path difference N1, the phase difference is 2zN. If the amplitude
arriving via each path is 4, the amplitude of the sum is 2z cos zN and the intensity 4a? cos® [N
or 41, cos®* =N; where 1, is the intensity which results when either beam is removed.

The phase difference 2=V between the two paths at the point in question usually varies with
- the wavelength of the light and with the position of the source. Arising from this there are
certain limitations on the configuration of the source and its spectral intensity distribution which.
are necessary for the production of clear fringes. '

3

(71633) . A2



2.2. Relation between Fringe Pattern and Path-Difference Variation—Consider light from a
source whose co-ordinates are x', y', z’, travelling along two paths and arriving at a point whose
co-ordinates are x, v, 2. The two optical paths will differ by an amount / which will in general
depend on all these co-ordinates. If the Intensity arriving at «x, y, 2z from a source of unit volume
at x’, ¥, 2’ via each path is 7, and if the two beams are s1m11arly polarised, then the total intensity
is:

Iwys) = [HeosTaraya . .. .. . @)

Now consider a small source ; that is, one of dimensions éx’, 8y’, 62" such that (8/ox")dx" < <<'4,
etc. Then if its total intensity at %, y, z via each path separately is I, I(x, ¥, 2) = 41, cos® (=l/2).

The contours of constant path difference are thus surfaces on which the intensity is a constant
fraction of what it would be if one beam were removed. The intensity is a maximum on surfaces
(the bright fringes) on which the path difference is an integral number of wavelengths, and a
minimum on the dark fringes when the difference is an odd number of half waves. Between two
consecutive fringes the path difference changes by one wavelength and the fringe number
N = 1/i changes by unity.

Since the fringes are surfaces of constant path difference, the gradient of / is normal to the
fringes. If this gradient is approximately constant, the spacing b between two fringes is given
by b grad 7 = 4.

2.3. Relation between Fringe Pattern and Inclination of Rays or Wave Fronts—In general at
any point x, ¥, 2, one light ray arrives from x’, y’, 2’ via each of two paths. Suppose these meet
at an angle « (Fig. 1), and take co-ordinates ¢ along the bisector to the angle and & normal to
this, in the plane of the two rays, and # normal to this plane. Then if the path lengths are /,
and £,

ol, ol
Tt i
ol, ol r
3t §E—MCOSL2
ol a_lz_ Lo
Hence, since { = [, — 1, ,
ol ol
_g;%:éz:o,‘w‘;. .. .. . .. .. (22
ol .
55:gradl=2u51ng. . .. . o (2.3)

Equation (2.2) shows that the fringe passing through x, v, z lies in a plane perpendicular to
that of the two rays and that the rays are incident on the fringe at equal angles on opposite
sides of it. Equation (2.3) shows that the fringe spacing is given approximately by
2ub sin («/2) = 2, or, since « is usually small, b = A/(u«).

Fig. 2 is a diagram which shows this relation for plane wave-fronts, for x = 1. In practice
we are usually concerned with the fringe spacing in air in the emergent beam, and so throughout
the rest of the paper the usual expression b = 4/« will be used for the fringe spacing. Note that
if the light is then incident approximately normally on a plane surface of another medium, the
angle between the rays and the Wavelength are both reduced by the factor 1 /,u, and so the frmge
spacing is unchanged. ,

4




2.4. Fringes in Two Dimensions.—The wavelength of visible light is from about 1+6 to
2:8 X 107 in,, and the useful range of fringe spacing is from about 1002 upwards. The
inclination « with which we are normally concerned is thus less than one degree. Thus the fringes
lie roughly parallel to the light rays.

We normally observe the intensity on a screen, which may be a photographic plate or the
retina of the eye, placed roughly perpendicular to the rays. On this screen the fringes are lines
given by I = 41, cos® (wl[3) for constant values of the path difference /.

2.5. Reciprocal Relation between Source and Screen—Effects of Source Position and Size.~—
Consider the two points 4 and B (Fig. 3) such that light from 4 arrives via the two paths at B
with path difference /5. Now if AB is a possible light path, so is the reverse path B4, and the
path difference is the same, /,; = I5,. Thus the fringe number at B due to source 4 is the same
as that at 4 due to a source at B..

Now consider point C such that I, =1,, + Ni. Then the difference in fringe numbers
between C and A due to a source at B is N. : :

Consider the fringes produced near the point B by a source at C. The fringe number at B due
to C differs by NN from that due to A. The relative intensity of the fringes due to 4 and C will
be the same, and its gradient will have the same sign, if N is an integer, so that the path differences
differ by zero or by an integral number of wavelengths. If, on the other hand, J.; — I,z is an
odd number of half waves, the fringes due to 4 and C will cancel at B.

Thus the effect at B of adding a second source, or of moving the source, may be determined
by considering the fringes produced by placing a source at B. For example if 4 lies on a bright
fringe, C will reinforce 4 at B if C lies on the same, or any other, bright fringe. If 4 moves
across N fringes, N fringes will move across B. If A4 moves along a fringe, the fringe at B will
not move.

2.6. Relation between Source Size and Ray Inclination at the Source Position.—VUsually it is not
practicable to use two or more separate sources. If, therefore, a source placed at the point B
(Fig. 3) produces a fringe spacing 6" at 4, then for good contrast the dimension of the source at
A normal to these fringes must.be limited to a fraction of ’. Appendix I gives the variation
of fringe contrast with this fraction for a rectangular source, and shows that practical values
are from § to §, depending on the contrast required. :

In practice the fringe spacing and direction at A due to B may depend both on the position
of B and on the changes of path in the wind tunnel or optical system under observation. This
may limit the size of the source in three dimensions, since its dimension in any direction must
not exceed a fraction, from } to £, of the least fringe spacing in this direction.

It the fringe spacing at A4 is b, then section 2.3 shows that the inclination of the rays producing
the fringes is « = 1/(x0’). This is therefore also the inclination of rays from A which meet at B
and interfere there. Now the permissible source size 4 is given by d’ = kb’ where % is a constant.
Thus 4’ and « are related by d’ = %4/(ux). This shows that, to allow the use of a large source,
and hence to obtain bright fringes, the interferometer must be so designed that the rays which
meet on the screen emerge from the source in very nearly the same direction.

- 2.7. Effect of the Spectral Distribution of the Source—Section 2.2 showed that, with mono-
chromatic light and a small source, the intensity ratio to that with one beam removed is
4 cos® =l[1. This ratio is the same at the same position on successive fringes, and so the fringe
contrast is independent of the fringe number /1. '

If the source is not monochromatic, equation (2.1) becomes
I{x,y,2) = ~[41,' coszyz—ldx’ ay’ dz’ da,
5



where both 7 and / will in general be functions of 1 as well as of the six co-ordinates. For a small
source

I(x, y, 2) = f4[0(l) 0052% ax .

Fringes due to wavelengths near 1 will reinforce if the fringe number I/4 has a stationary value.
That is, the path difference / is given by ‘ '

o (1
(7 =0

I o
PV

or

0.

When dispersion is present, 87/04 will usually vary with 1. If, therefore, the source spectrum

covers a large range of wavelengths, the fringe number /4 at which the condition [[A = o[04 is
satisfied will itself depend on the wavelength.

28. Effect of Source Spectrum with no Dispersion.—If there is no dispersion, or an equal
dispersion in the two beams, then 8//04 = 0, and the fringes due to all wavelengths reinforce
where the path difference / is zero. At other positions, fringes due to wavelengths 1, and 2, will
reinforce if the fringe number difference 7/, — //4, is an integer, and cancel if 2(1/2, — 1/25) is an
odd integer. They therefore alternately reinforce and cancel as / increases, and so, if (A — A9 [4,
is small, beats appear, the path difference interval between groups of clear fringes being
A12s/(2; — 25), and the number of fringes in each beat dof(A1 — A3) or A./(A, — 2,) according as
the intensity at 2, is greater or less than that at ,. Fig. 4 shows beats obtained with the two

blue mercury lines, 4, = 4358 A.U. and 2, — 4046 A.U. The number of fringes per beat is
theoretically 4046/(4358 — 4046) = 12-9*. :

If the spectral distribution covers a range of wavelengths, the fringe pattern obtained is a
group of fringes, whose contrast decreases as / increases. For a given shape of spectral distribu-
tion, if the band width is small, the number of fringes of acceptable contrast is proportional to,
and of the same order as, the ratio of the mean wavelength to the band width. Appendix II
gives the relation between fringe number and contrast for a rectangular intensity distribution,
and compares this with the result for a Gaussian distribution given by Bennett®.

. Figs. 4b to 4d show the fringe patterns obtained with unfiltered white light and with three
filters of different band widths.

Fig. 4f shows the effect of superimposing a narrow band and a nearly continuous spectrum.
It the two band widths are 2, and 1,, and their maximum intensities ¢, and ¢,, then, except near
the zero fringe, the large band width 1, will contribute a uniform intensity which reduces the
contrast of the fringes due to the peak of width 4,. The ratio of minimum to maximum intensities
will be approximately : '

Aol PR
g (12

A reasonable minimum contrast is about 2, giving g, = 24,2, 4, = 2(A;/A,)7;. This places a

severe restriction on the intensity of continuous spectrum which is tolerable, since in a practical
case 4[4, may be of the order of 1/50. '

2.9. Effect of Band-Width on Accuracy of Measurement of Fringe Shift.—A spectral band width
Ay at'wavelength 4 gives a number of clear fringes of the order 4/A,. If the interferometer is used

* In fact there appear to be about 11-7 fringes per beat. The reason for the discrepancy is not clear, but it miy be
due to dispersion or to the finite width of the lines at high pressure.
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to measure the effective wavelength, this may be done by measuring the fringe spacing. The
accuracy with which the position of the centre of the fringe may be determined will be a fraction,
say e, of the fringe spacing. The accuracy of the measurement is thus limited to s(1,/4).

In practice, however, this limit is of little importance. The fringe shift to be measured must
be less than the number of available Iringes 1/4,. The error of measurement of the fringe shift N
is e/N which is greater than e4,/4. The accuracy thus depends mainly on the fringe shift to be
measured, while this fringe shift limits the permissible band width 4,. The error ¢/N is in any

case usually negligible, since if ¢ = 1/10 the error exceeds 1 per cent only if the fringe shift is
less than 10 fringes.

If the fringe shift to be measured involves dispersion, the question is more complicated. If
clear fringes are obtained, however, the error will again not exceed ¢/N, where ¢ may be increased
by the dispersion but will remain less than unity.

2.10. Ejfect of Dispersion.—(a) Refracting plate—Suppose that one beam passes at zero
incidence through a plate of uniform thickness D and refractive index x, while the other suffers
no dispersion. Suppose the beams are then incident approximately normally on a plane screen,
where they are inclined to each other at angle «. The path difference /Zis then/ = (u — 1)D + ax,
and the relative intensity for wavelength 4 is cos® (z/2){(x — 1)D -+ «x).

This has a stationary value for variations of 4 when

(# — 1)D + ax dp
' A “Daﬁ

-0,

z.¢., when .
du
a¥ =—D{{p—1)— 2 g
The change in path difference due to the plate is (¢« — 1)D and so the plate produces a fringe
shift (# — 1)D/A. Fringes due to wavelengths near 1, however, reinforce each other not at the
zero fringe I = (¢ — 1) D + ax = 0, but at the fringe number I/A = D(du/d?). The group index
(# — 1) — A(dw/d2) is a function of wavelength, and so the position x at which fringes reinforce
changes with wavelength. Thus at any position x there will be one band of wavelengths producing
clear fringes. The result with white light if D/4 is large is that many fringes appear, the contrast
is everywhere rather low and varies only slowly, while the colour and spacing of the fringes also
change gradually as x increases.” Fig. 5 shows the result obtained with a glass plate 0-067 in.
thick. The figure also shows that a gelatin filter produces no increase in the number of fringes
(it may even reduce the number) but does increase the contrast of the group due to light of the
waveband passed by the filter. '

To determine the effect of a filter on the number of fringes, consider the variation with 1 of

the position for fringe reinforcement. We have ¥ = — (D/u){(x — 1) — A(dp/d1)} and hence
Cdxldi = (D]e)A(d®[d2%). If the band width is 4,, the range of x is
dx . D, d%u
ﬂ.l—d—i = /11; T

Since the fringe spacing is 2/«, the number of fringes due to dispersion is of the order 1, D(d%[d4?).
But from section 2.8 and Appendix II, the number of fringes obtained with no dispersion is of
~ the order A/4;. Thus the total number is (1/4,) + 2,D(d%/d2?), which has a minimum with
respect to 2, when A/A; = A, D(d*u[d2?). .

The contrast of the central fringes begins to decrease when the number of fringes due to
dispersion, 1,D(d’/d4*), becomes comparable with the number which would be obtained in the
absence of dispersion, A/4;. There is thus a limit to the permissible dispersion, and a reasonable
criterion for this is (1/4;) = 1,D(d*/d2?), or, denoting the number of fringes, 4/4,, obtained in
the absence of dispersion by M, DA(d’%[d2?) = M®.
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For a typical glass at 1 = 4,500 A.U., (d%/d2?) = 1-375 x 10° per cm?®.
Hence 1(d%:/d4%) = 6,200 per cm, and the limit on difference of thickness is given by:

2

D:mcm
or
M2
D: mlﬂ.

The Limit is most critical when white light is used, for which the number of fringes is about
5 to 8. A small amount of dispersion then noticeably increases the number of fringes and makes
it difficult to identify a unique central fringe. For M =5, the limit is D = 25/15,700 =
1-6 x107?in. Thus if the ability to identify a zero fringe when using white light is required,
the difference in thickness of glass in the beams should be limited to about 1 or 2 x 10~° in.

For M = 50, on the other hand, the limit bécomes 0-16 in. Thus if identification of a zero
fringe with white light is not required, the necessary limits are very wide.

(0) Refracting prism.—Suppose in the absence of dispersion the beams are incident approxi-
mately normally on a plane screen, where they are inclined to each other at angle «. Introduce
into one beam a wedge of small angle, which increases the inclination of the rays at the screen
by ¢(# — 1). Then the total inclination is « + ¢(x — 1).

The fringe spacing for wavelength A s

R
o+ plp—1) 7 7
Hence .
B_ 1 g e
i {a+ ¢(u — 1)} A¢+¢(M Zd’l)g
ab . d
ﬂzolfa—gwrfp(ﬂ—za—%‘):o,
or
d
a+¢(ﬂ—1):¢1£
so that

du\~*
b= (+3)

Thus for a given prism there is one fringe spacing and direction for which the fringe spacing
has a stationary value with respect to wavelength at the wavelength in question. In practice a
large number of fringes may be obtained with white light if the interferometer is adjusted to give
the correct spacing and direction*. Fig. 6 shows fringes obtained with white light and a 21-deg
prism, for comparison with Fig. 4 for no dispersion. If the thicknesses of glass in the two beams
are equal, there is a zero fringe position at which fringes due to all wavelengths reinforce, and the
contrast is then high. Under these conditions the fringe number N is zero for all wavelengths at
the zero fringe position ¥ = 0, and 2*N/94 0x = 0. The refracting plate, which gives less con-
trasty and less achromatic fringes, has only 0N/o4 = 0. It is, however, difficult in practice to
obtain high and uniform fringe contrast with a prism under these conditions.

* The possibility of obtaining achromatic fringes by such methods is well known (see, for example, Preston, Theory
of Light, section 97). TIts application to the Mach-Zehnder interferometer has been noted by Th. Fromme, ¢ Ein
Achromatisches Interferometer ’, Actes du 2 Congres International de Photographie et Cinematographie Ultra-
Rapides, 1954,
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(c) Effect of additional fringe shifts on * white-light’ fringes.—White-light fringes produced by
dispersion, by.a prism or diffraction grating, result when the fringe number //2 is independent
of 4 over an area of the screen, 7.e., when 9°N/8i9x = 0. Taking the origin of ¥ where [ = 0,
this means that for the range of ¥ and 2 in question, / = fix where f is a constant.

Now introduce an additional path difference /, independent of 4. Then / = [, + Bix, and the
fringe number N = g« + /;/A. TFor a constant fringe number, x = (N/8) — (/,/81). Thus the
position of the fringe is no longer independent of wavelength and the fringes are no longer
achromatic.

This means that the use of * white-light * fringes is usually of little or no practical advantage,
since the optical system on which measurements are to be made is most unlikely to produce a
dispersion which would allow the fringes to remain achromatic.

3. Optics of the Ideal Four-Mivvor Interferometer.—3.1. The Mach-Zehnder Interferometer —The
Mach-Zehnder interferometer, arranged as in Fig. 7 and described for example in Refs. 7, 12,
has become the standard type for use in aerodynamic research. The optical properties of the
interferometer which account for this are as follows: .

(@) The spacing of the beams, and the distance between the mirrors, may be adjusted to any

’ desired value, subject to the necessity of retaining sufficient rigidity in the frame.
The beams are uniform and parallel and pass once only through the working-section
and compensating chamber. :

(6) With no disturbance present, the path difference may be easily adjusted to zero. Thus
the number of fringes required is the least possible, and the permissible band width,
and hence intensity, a maximum. :

{c) With no disturbance, the instrument may be adjusted so that rays meeting and interfering
on the screen emerge from the source almost coincident, so that a large source may be
used, which gives enough light to permit the use of very short exposure times.

(@) Little light is absorbed, and two beams emerge, so that nearly half of the incident light;
of the waveband transmitted by the monochromator, reaches the screen.

(¢) The five adjustments are simply related to the direction and spacing of the fringes
obtained, with no disturbance, in the source and screen planes, and to the fringe number
at a fixed point of the screen.

3.2. The Ideal Four-Miyvor Interferometer—The spacing and direction of the fringes, and the
fringe contrast, obtained with a real interferometer, depend largely on the positions of the four
mirrors, and these are normally used for adjustment. The effect of the mirror positions may be
investigated by considering an ideal interferometer whose optical elements are four perfectly
plane mirrors of zero thickness, two of which are semi-reflecting, and a collimating lens free from
aberration. : S

Fig. 8 is a diagram of such an interferometer. Two rays leave the source 4, which is in the
focal plane of the collimating lens, pass round the two paths through the interferometer and
intersect at point B. The conditions for interference are that the wavelengths are the same, the
rays emerge from the same point A and are therefore parallel after passing the lens, and the rays

“meet and are similarly polarised at the point B. If the co-ordinates of 4 and B are respectively
%', y', and %, y, z, then for a given point 4 the fringe number, direction and spacing at B depend
on [, d8lfox, 9l/dy, 9l/oz, while the fringe contrast depends on the source configuration and the
variation of / with x".and y’. Since the position of 4 determines the direction of the rays after
passing the lens, and since the path length is the same in either direction, we have to consider
the path difference between pairs of rays which start from B, go round the two paths and emerge
parallel. The variation with inclination determines the fringe pattern in the source plane, and
hence the effect of source size, The variation with position of B for a given direction determines
the fringe configuration in the emergent beam for a given source position. S

9.



3.3. Effect of Reflection at a Plane Mirror.—This is determined by the laws of reflection,
namely that the incident ray, the normal and the reflected ray lie in the same plane, and the
angles of incidence and reflection are equal. The relevant consequences are as follows:

(@) Light coming from a point after reflection appears to proceed from an image point lying
on the same normal to the mirror plane at an equal distance on the opposite side of
this plane. ‘

(b) The position of this image is independent of the direction of the reflected ray but depends
on the mirror position. .

(c) Rotation of the mirror about any axis in its plane rotates the image about the same axis
through twice the angle.

(@) Rotation of the mirror about any-axis normal to its plane has no effect on the image.

(¢) Traversing the mirror in the direction of the normal traverses the image through twice
the distance in the same direction.

3.4. Path Difference at One Point—From the preceding sections it appears that the path
difference /5 is the same as that between rays emerging parallel to each other from the images
- B’, B” of B in mirrors 4, 3 and 2, 1, respectively (Fig. 8). From Fig. 9, if the distance B'B”"
is e, the path difference is ¢ cos , where v is the angle between the rays and the line joining
the images.

Now the image in the source plane of points B, B’, B”, lies on the line parallel to the rays
through the centre of the lens (Fig. 10). Thus the fringes in the source plane (lines of constant
¢ cos ) are the intersections of this plane with cones, whose apex is the lens centre, whose axis
lies parallel to the line joining the images, and whose semi-angles are given by & cos ¢ = NA.

Usually the source size is small, less than 0-1f, and so we are concerned only with rays making
small angles with the lens axis. Take co-ordinates z along this axis, with z increasing in the
direction of the light path, x and y perpendicular to the axis, using the axis system and sign .
* conventions shown in Fig. 11*. Then if the differences between the co-ordinates of B’ and B”
are e, ¢, ¢, the path difference is approximately: :
| w,” 4 o}

)

£,0, — &,0, -+ &, — &, (
where , and w, are the angles in the yz and zx planes between the rays and the lens axis. Since
w,and w, are less than 0-1, the last term is less than 1 per cent of &, and is usually negligible.

If the co-ordinates of the image of B in the source plane are x', y’, then o, = — x'[f,
w, = -+ ¥'[f, and the path difference is:

&y

3.5. General Expression for Path Difference—Suppose the origin of the co-ordinate system
%, ¥, % is the image of point C in the emergent beam, and suppose the co-ordinates of the other
image of C are s,, &,, ¢,. Then since the distance between corresponding points in the two
Images are the same, and since the angles are small, we can express ¢,, ¢,, ¢, as:.

&y = Ep — Y, —]—-ZOCy
&, == &, — 2o, | Ko, b, .. .. .. .. .. (3.2)

g, = &, — Xot, + Yo,

¥

* The sign conventions and axis system given here differ from those of the original paper®? (A.R.C. 18,733). The

axis system given here is a right-handed system, and the signs of the »’s have been made consistent with those of
the o’s.
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where «,, «,, «, are small rotations about the #, y and z axes. Fig. 11 givesa geometrical diagram
of these displacements.

Substituting (3.2) in (3.1), and neglecting the term in x4 %, we obtain:
I = g,y — xax, + yo,

—x7, (2,0 — Yo, + 2,

4

g ) (38

3.6. Fringes in the Emergent Beam—I1f the source is a point on the lens axis, 5" = y' =0,
and I = ¢, — %, + ya,. The path difference thus varies linearly with x and y, and the fringes
are thus planes, uniformly spaced. The spacing in the x and y directions is 2 Je, and Afx,
respectively, and the spacing perpendicular to the fringe plane 1/+/(x.* + «,7).

More directly, the fact that the fringes are uniformly spaced planes is clear from the fact that
both wave fronts are plane. The relation between spacing and inclination is that given in
section 2.3 and demonstrated in Fig. 2. ,

The fringes appear to be parallel to the z-axis (2//9z = 0), owing to the neglect of terms in
«.? and «, in equation (3.2). In fact the fringes are inclined to the z-axis at angles «,[2, «,[2 as
shown in section 2.3. ' ,

If the source is a point off the lens axis,' we obtain :

l:‘?z _x<a _‘_21052)_]_ (ch—‘——}ilxz)
0 y 7 Y% 7
xl { xl ’
| —|—Z<——]Tocy—|—%ocx)-—7 axo—‘%sw.
The fringes are now planes roughly parallel to the line joining the source to the lens centre.
Their spacing is the same as for the source on the axis if «, = 0. For any value of «,, the spacings
in the x and y directions are Af{e, + (v'[f)a,} and 2[{x, 4 (x'[f)«.} Tespectively.

3.7. Fringes in the Source Plane—So far as the effect of change of source position is concerned,
only the variations in the path difference over the source plane are important. We thus have to
consider [ — e,, since e, is the path difference for a source-at the origin x" = " = 0.

Now [ — &, = — (x'[f)e, — (¥'[f) e, — (2,/27%)(x'* 4+ »"*), and the first two terms give a set
of straight fringes whose spacing in the » and y directions is 2f/e, and Af/z,. The last term gives
circular fringes of radii 7' given by #"® = 2f*(AN/e,). The radius of the first is 7'[f = 4/(21/e,),
which is greater than 0- 1 unless e, > 2004. In aerodynamic interferometry this value is unlikely
to be reached in practice and so the last term is usually negligible.

Neglecting this term, we have

Z—%=—§%—le”. P € X

Thus if ¢, = &, = 0, that is, if the two images everywhere coincide, or if they are displaced only
along the axis of the lens, there are no fringes in the source plane and the permissible source
size is practically unlimited. :

Substituting in (3.4) from (3.2) we obtain

l}— g, = -—9—;.:(8,,0 — Yo, + éay)
| _%m-%+m¢“ . 35)
@ a,=0—Tfa,=0,7— &, = — (&'[f) (e + 22) — (¥'[f) (&40 — 22).
11



This is independent of x and y. Thus if we have a screen normal to the rays, the effect of
changing the source position is the same for all points on the screen. Thus with any source
configuration the fringe contrast is the same at all points on the screen.

The fringes in the source plane are linear and inclined to the x-axis at an angle g’ given by:

(ea + 20,) .

tan f = — £, — 20t
X

(3.6)
90 .
Their spacing is (f2)/4/{(., + 22,)* + (&,y — 22,)%} = b’. The permissible source configuration is
thus a set of bands of width &’/4 to 35’/4 (section 2.6 and Appendix I) spaced at distance b’ apart
and aligned parallel to the fringes. '

(0) @, = 0, &, = &, = 0.—In this case the displacement of the images consists of a rotation
about an axis perpendicular to the lens axis. From equation (3.6), tan ' = -+ (/o). From
section 3.6, the fringes in the emergent beam are at an angle g given by tan § = + («,/a,).
Thus f = #’, and the permissible source consists of bands parallel to the fringes in the emergent
beam. The spacing of the fringes in the source plane is 8’ = (f/2){A/+/(2,* + «,%)}, which is f/z
times the spacing of the fringes in the emergent beam. '

1f the source consists of narrow bands spaced at distance d’, the fringes will be clear when
4’ = Nb' where N is any integer. In terms of the fringe spacing in the emergent beam :

= Ny =2
z
or
2= Nfb
d -

Thus the fringes are in focus at intervals along the z-axis of (f/d’)b. Fig. 12 shows the result
obtained by placing the screen at 45 deg to the z-axis with f/d = 20. In Fig. 12a the 45-deg
rotation was about an axis parallel to the fringes, while in Fig. 12b the axis was perpendicular
to the fringes. Thus in Fig. 12a the number of fringes per ‘ beat ’ is 20, while in Fig. 12b the
distance between ‘ beats ’ along the screen is 204/2 times the fringe spacing. '

- If'the ‘source consists of a single band of width d' = kb, the fringe contrast will depend on %
as shown in Appendix I. Taking a reasonable criterion as k# = %, the depth of focus of the fringe

is given by :
, b fb
V" =5=9
fb
S

() @, =0, e, = e,y =0, z = 0.—This case is the same as the last but with the screen i_n the
plane z = 0. The displacement of the images consists of a rotation about an axis perpendicular
to the lens axis and in. the same plane as the screen.

With this type of displacement, from (3.5), / — &, is everywhere zero, and so there is no practical
limit to the source size. Since «, and «, are not necessarily zero, any fringe spacing and direction
in the emergent beam is theoretically possible. We shall show below, section 4.2, that with the
usual arrangement of the mirrors in the form of a parallelogram it is, however, impossible to

obtain «, = 0 with «, # 0, so that only one fringe direction is possible with the unlimited source
size.

(@) o, # 0, e, =2, =0, 2= 0.—This gives I — ¢, = («,/f) (x'y — y'x).
The spacing of the fringes in the source plane is (4/f)/{x,4/(¥* + %)} and their direction g is

given by tan f = y/x. Thus the spacing is inversely proportional to the distance of the point
%, y on the screen from the lens axis, and the direction parallel to the line joining this point to the

axis. Effects of different source configurations are as follows:
12



(i) Circular source of radius »' —This gives contrasty fringes at the point x, v, if 2" < (Rif)/(e.?)
~ where £ is from 1 to 2 (Appendix I) and » = 4/(x* + ¥%).- Thus the region of contrasty fringes is

circular, centred on the z-axis, and of radius » < (kAf)/(2ec.7").

Fig. 13a shows the result, with #'[f = 0-05. In this figure, «, = — «,, and so the fringe spacing
b = AJa,. Substituting, we obtain » < 10kb, and so the number of fringes visible should be 204.
In fact about 20 fringes are visible, confirming that the contrast becomes very low at about
k=1 o

(ii) Linear source of width d' and divection B’.—Fringes will be clear at %, y, if y/x = tan g’
and if : '
a' < W

oy

z

hif
4

Thus clear fringes are obtained along a line in the same direction as the slit source, and the
length of the line is inversely proportional to the width of thé source. In practice a band of
fringes appears, and the width of the band is inversely proportional to the effective length of
the source.

Figs. 18b and 13c show the results with «, = — a, and with the slit of length 0-1f and width
0-013f, aligned along and perpendicular to the fringes. : ,

(iii) Series of circular sources.—The fringes due to point #, y in the emergent beam are spaced
at &' = (1f)/(e,7). The spacings in the x and y directions are thus b, = (1f)/(«x) and
b, = (Af)[(x,). If, therefore, the source consists of a series of circles or squares of width 4.’
and spacing 4, along the x-axis, then clear fringes will appear if d.," = Nb," = (Nif)/(«.%)
where N is any integer, d,’ < kb, or d,’ < (kif)[(«,y). Thus fringes appear at points
y < (kif)(x,d,’) along lines parallel to the y-axis at values of-x given by x = (Nf4)/(«.4.").

or
’
v <

3.8. Fringes in Planes Other than the Focal Plane of the Lens—Let the two images of point
%, v be at B’, B”, Fig. 14, and let the source plane be distant ¢ from the focal plane. Then the
interfering rays will appear to come from the image x”, y” of the source ', y’. This image is in a
plane distant f2/g from the other focal plane of the lens. When z is measured from this focal
plane, the distance from B’ to the image along the z-axis is (f*/g) — z. ‘Since x”, y” is the image
of %/, y’, the path difference from B’, B” to x”, ¥" is the same as to x', y’. If the angle subtended
by B'B” at x”, y" is small, the path difference is, as in section 3.4, : ‘
(0 + @)

2

= ¢0,— g0, + ¢, — ¢, ,

and the last term is usuallj} 4n_eg1igib1e.
The angles o, and o, between the rays and the lens axis are approximately: .

Yo K% = =W —Y)
g — & oSle) — 2

Since the magnification is — flg,

”

” f ’ " f r
X = — % , = — = o
o 7 Y » qy
Substituting,
, _ (At )
@y = fz — gz )
_ LWt
T e
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The dgrivative with respect to g is:
- USRS
+ 7 (e o 20)
+ Fa (e — ).

In terms of the derivatives with respect to x” and y"at ¢ = 0,

() B )

3 ox 2] oy
If x" = 9’ = 0, we can express this in polar co-ordinates as:
- i yr , |
a—q—j)"rj—ccos(ﬁ —0),

where &’ is the fringe spacing in the %', y" plane. g’ the fringe direction, » = 4/(x* 4 »*) and
6 = tan~* (y/x). Thus the permissible source depth is

7S ,
§l/—aq—kb ;SeC(ﬂ — 6)
The ratio of the depth to the permissible width is thus (f/#) sec (8’ — 8), whose minimum value
is twice the reciprocal of the lens aperture. ' -

The terms in #” and y’ are negligible in practice, since if we use a single source of width x" = d’,
then we must have 4'(8]/dx’) < kA, and so the %’ term in 8//dq is less than kiz/f*. Since z/f is
of order unity, the change in ¢ for (3//2¢)6g = kA is of the same order as f, and so represents no
restriction in practice.

3.9. Effect of Aberrations of the Collimating Lens.—Place a point source in the focal plane of a
lens without aberrations, and consider the path lengths of the emergent rays at a plane near the
lens and normal to its axis. The path length of a ray passing through this plane at %,, y,, differs
from that of the ray passing through at x =y =0 by I = (x'[f)% + (¥'[f) ¥s. If the lens has
~ aberrations, we may express this path difference as = (%'[)% + (V'[f) Yo + L (%0, Yo, 2", 3", 4).

The inclination to the axis of the ray passing through %,, ¥, is now:

o _a__x oL
A e B
° / s (3.7)
ol _y' [ oL

C()x = L = -
Yo / T Yo
From section 3.4, the change in the path difference is:
_ oL oL
b 0%, Y09,
where, if we take the origin of z at the surface near the lens at which x,, y,, are measured
Xy = % — Zw,, Yo = ¥ -+ zw,. The path difference for a given lens depends only on the displace-
ments ¢, and ¢, and becomes zero when these are zero. Thus, with the ideal interferometer, it is

always possible to obtain straight fringes of any required direction and spacing, however bad
the lens may be.
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From equation (8.7) it appears that the aberration is equivalent to a change of source position
of foL[ox, and foL/3y. Thus the effect of aberration is related to that of source size. If the
adjustment is such that a movement éx’ of the source in the %’ direction produces a fringe shift
of one fringe then the permissible length of the source is k6x’. If the aberration is oL [0x,, this
produces unit fringe shift when faL/ox, = éx’. The effects of aberration will thus be important
in practice only if the circle of confusion in the focal plane which arises when a parallel beam
is incident on the lens is larger than the size of source which is to be used.

Sirice the source is normally small and placed on the lens axis, three.aberrations, astigmatism,
spherical and chromatic aberration, are important in practice. _
(@) Astigmatism.—For astigmatism, L = (%,%/2f(z. — z,) + (y02/2 (2, — z,), where z, 2z

and z, are the values of z of the source and of the foci in the zx and zy planes respectively’.c
Hence 0L[0x, = (xo/f*)(z, — z,) and 8L/ay, = (y,/f? (2, — 2,) and so the fringe number due to
the aberration is:

&%, e,
— —[f—g(zs — z,) — j—?g(zs —z).
The fringes are thus straight lines whose spacing in either direction is mversely proportional

to the distance from the source to the corresponding focal point, and to the image displacement
in that direction. ‘ ~ 4

(0) Spherical aberration.—For spherical aberratién, L = Ar*, where 7 is the radius 4/ (xozr—l— Vo?).
Hence 0L [0x, = 44v*%y and 0Ldy, = 44+, The change in path difference is — 447%(x,¢, + Yoty),
and the circle of confusion in the axial focal plane has radius 4 A7,

Figs. 15a and 15b show results, with &, = 0, ¢, = 0-027 in,, 2 = 5,460 A.U. The spherical
aberration was measured by using a parallel incident beam, small apertures at radii 1 in., 1-51in.,
2. and 2-5 in., and placing a photographic plate at the axial focus. Fig. 15c shows the result,
and measurement of this gives 4 = 1-10 x 10~*1in.~*. Hence the iringe shift due to the aberra-
tion is approximately (447%ye,)/, neglecting ¥ — &, and y — ¥, Which equals 0-5527%. Fig. 16
shows this value, for x = 0, plotted against y, and, for comparison, experimental values from
Fig. 15b.

(¢) Chromatic aberration.—This gives L = 72B(1). Hence 9L 0xy = 2x,8B(4) and 9L /3y, = 2y,B(1).
8 Y Y

The change in path difference is — 2B(1)(x,z, + Yogy).  The fringe spacing in the x and y
directions is thus:

b — A
e, - 2B(A)s,
b A

' «, — 2B(A)e,
The derivative of b, with respect to 1 is

0b, b2 aBb

a}‘ ——1—2 ocy—f—ZSZ(B—ﬂm);,
which becomes zero when

o, = —ZEX(B — }.fz—f)
or when

b — 1
N T 2¢,(dBJdA) "
Similarly

— 1

b= 5 @B
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For a simple thin lens, 1/f is proportional to ¢ — 1, and so (x — 1)f is independent of 4. If
L = 0 when p = u,, this gives 0L/ox, = %,[(u — po)[{(w — 1)f}]. Hence

2(dBJdA) = [1/{(n — 1)f}(du/dn),
and the fringe spacings for achromatic fringes are

Y,
- o ()
b o— (/" — l)f

" e {dudd)

Thus ¢ white-light ’ fringes may be obtained, with any desired spacing and inclination, by
using a simple lens with chromatic aberration. For the reasons given in section 2.10 (c), however,
this is of little advantage in practice.

3.10. The Four-mirvor Instrument as a Wave-Shearing Inteyferometer—Section 3.9 may be
regarded as a discussion of the use of the interferometer as a wave-shearing instrument to measure
the aberrations of the lens. More generally, if any disturbance is placed in the parallel beam
emerging from the lens, and if it increases the optical path by L(x,, ,), then the resulting increase
in the path difference at the point x, v is — e, {0L/0x,) — ¢,(2L[3y,). If the screen is focussed on
the disturbance, (x, y) is the image of (x,, ¥o), 2 = 0, and the increase is — &,4(3L[/0x,) — &,0(2L[3Vy).
Thus the interferometer measures the change of optical path in a distance equal to the displace-
ment of the images. Fig. 17b shows a photograph of a candle flame taken in this way with

e, =0, e, = 0-04 in. Fig. 17a shows a normal Mach-Zehnder interferogram for comparison.

Owing to the necessity of using displaced images, the permissible source size becomes rather
small when the interferometer is used in this way. From section 3.7 (a), putting z = 0 since the
disturbance should be focussed on the screen, the fringe spacing in the source plane is
0" = (fA)]v/(ex® + 7). The maximum source width for clear fringes is 20’ (Appendix I). Thus
for example if 2 = 2 x 107% in., and 1/(e,® -+ &,°) = 0-01 in., and taking 2 = %, the maximum
source size is given by b'/f = £{(2 x 107%)/10~%* = 1/1000.

3.11. Effect of Lenses and Diaphragms in the Ewmergent Beam.—(a) Effect of lenses—The
foregoing discussions, and the figures, show clearly that the fringes are real variations of light
intensity at definite positions in space in the emergent beam. Now suppose we place a lens without
aberrations in the emergent beam, and consider the fringes at the point x”, y” which is an image
of the point x, y. The optical path from x, ¥ to x”, y” is independent of the direction of the ray
passing through x, y. It is therefore the same for both beams and for all source positions. Thus
if all rays passing through x, v also pass through the lens, the variations of intensity at the image
position will be the same as at the object position, apart from the magnification factors. The
fringe pattern will thus be an exact image of that at the corresponding position in the emergent
beam. '

Virtual objects—The point %, v, of which x”, " is the image, will often be a virtual object.
Fig. 18 shows two arrangements in which the object is real and virtual, and makes clear that this
depends only on the relative positions of the screen, lens and interferometer mirrors. If the
object is virtual, as it normally will be in practice, the path difference at the image x”, ¥” between
rays arriving via the two paths is the path difference between one ray and the image of the other
at the virtual object position. Since the images B’, B” of Figs. 8, 9, 10, and sections 3.4 to 3.8
are now the images of this virtual object, this is the path difference which has been discussed in
these sections. Thus the fringes on the screen are the image of those at the point x, y, z; the
fringes at x, y, z are real or virtual according as this point is one one side or the other of the
mirror 4, but this is immaterial so far as the real fringes on the screen are concerned. ‘

(b) Effect of diaphragms—Consider a diaphragm either in front of or at the lens position, and
at distance x,, ¥, from the z-axis, at a position distant z;, from the object plane in focus on the

17

(71633) B



screen. Then, since the rays of the two beams are inclined to the z-axis at angles o,, », and
o, + «, o, + «, respectively, the outer edge of the field of view for the two beams are given by

X — w8y = %p, and ¥ — (o, + «,)2, = %, respectively, with corresponding equations for the
v direction. :

First suppose o, = w, = 0, that is, a point source. Then the maximum values of x for the two
beams differ by «,z,. Thus the image has an edge strip of width a,z, which receives light from
one beam only and thus shows no fringes. If the fringe spacing is 4, and the width of the strip
Nb,, then Nb, = (1/b,)z, or N = (12,)/b,2. In practice 2 is about 2 x 10-° in., and z,, usually less
than 50 in. This gives N = 1 when b, = 1/32 in. Thus the effect is usually negligible.

The effect is qualitatively similar for any diaphragm position except when the diaphragm is
near the focus of the source. In this position, if one beam is removed, the result is a schlieren
photograph of the disturbance in the other beam. With both beams, the fringes appear only in
regions where both schlieren images are bright. Diaphragms in this position should be avoided.

Now suppose w, is large compared with «,. The result is that at the edges of the image, light
from both beams arrives from only part of the area of the source. The intensity will be reduced,
and the contrast may be increased, depending on the fringe pattern in the source plane.

The effect is again similar for all diaphragm positions, except that for a diaphragm at the
position of the image of the source the effective source size is the same everywhere in the field.
For the reason given above, however, this is of no use in practice.

Winkler’, discussing the effect of diaphragms, concludes that a diaphragm at this position does
_ not affect the fringe contrast. His argument assumes, however, that « is large compared with .

In practice, both are usually of the same order ; the diaphragm will usually increase the contrast
over some parts of the field, but this is of no practical advantage.

3.12. Relation between the Two Ewmergent Beams—Effect of Reflection Ratio—Two beams, (1)
and (2), emerge from the interferometer, as shown in Fig. 8. Corresponding to any point B in
(1) there is a point B, in beam (2) having the same images B’, B”. Since there is ideally no
absorption, all the light from 4 which appears to go through B’ and B” actually goes either

through B or through B,. The sum of the intensities at B and B, thus equals the intensity in
the incident beam.

So the fringe patterns in the two beams are complementary. If there is a light fringe at B
there is a dark fringe at the corresponding point B,. If there 1s a coloured fringe at B there is a
fringe of the complementary colour at B,.

In beam (1), light via each path has been transmitted through one plate and reflected by one.’
If the interferometer is a parallelogram, so that the angles of incidence are equal, and if the
reflection ratios of the two plates are equal, light via each path suffers exactly the same operations
though in a different order. The intensity via each path is the same and the light is similarly

polarised. Hence when the waves are exactly out of phase and cancel, the resulting intensity
is zero.

In beam {2), on the other hand, light via one path is transmitted by both plates while light via
- the other path is reflected by both. Thus unless the reflection ratio of each plate is equal to its

transmission ratio, for the two directions of polarization in and normal to the plane of incidence
separately, the intensity arriving via each path will not be the same. This equality will not
normally be achieved, and so the fringe contrast in beam (2) will be poorer than that in beam (1).
If the reflection and transmission ratios are not very unequal, however, the contrast may be good
enough for the beam to be useful. If plane polarized light is used, full contrast may be obtained
if the reflection ratio equals the transmission ratio in the plane of polarization®.

* The discussion of the effect of reflection ratio on contrast given in Ref. 12 is incorrect owing to neglect of the fact
that the reflection ratios for the two planes of polarization are unlikely to be equal.
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If the reflection ratios of the two plates are unequal, or if the interferometer is not a parallelo-
gram, the intensities in beam (1) due to each path separately, or the extent to which they are
polarised, may not be the same, and so the contrast may be reduced even in this beam.

4. Mirror Adjustments of the Mach-Zehnder Interferometer—4.1. The Plane Four-Murror
Interferometer—Relation between Mirror Adjustments and Image Displacements—Consider an
interferometer, Fig. 19, adjusted so that rays CD, CE, DF, EF all lie in one plane, the path
lengths are equal, i.e., CD + DF = CE + EF* and rays resulting from division of a single
ray at mirror 1 meet and coincide after leaving mirror 4. Then / = 0 and all the image displace-
ments &,, &, &, %z %, %, AT€ ZETO. -

Now consider the effect of displacements of mirror 1 as follows:
A translation along the mirror normal, in such direction as to increase the path
length of the reflected ray '

A rotation about an axis in the mirror plane and in plane CDEF, anti-clockwise
when viewed in the direction of the positive x-axis

A rotation about an axis in the mirror plane and normal to plane CDEF,
anti-clockwise when viewed in the direction of the positive y-axis.

bo| M 19l P hoy o

Then from the laws of reflection, section 3.3, we have
a, = X, COS %,
@, = Y,
w, = — X, sinz, .
Forx =9y =0, 2z =2,
g, = & SIN %,
g, =0
g, = &, COS %y .
Substituting in (3.2), we obtain
0 = & SN 1 — 2 Y,
£y = 2,X, COS 7,
€,0 = &1 COS %;
e, = gy sint; + yXysing, + (2 — 2) Y,
&, = — (2 — #) X, cos 2, — xX; sin ¢,
g, = €, COS % — XY, : + yX; cos iy .

Now to obtain the total image displacements we must add the effects of all the mirrors. Denote
the displacements of mirrors 2 to 4 by the corresponding suffixes, and adopt a sign convention
such that a mirror rotation or translation is positive .if its effect on the image displacements is
in the same direction as that of the corresponding positive displacement of mirror 1. The positive
directions are shown in Fig. 19. Denoting summation for £ = 1 to 4 by 2, we obtain:

£,0 =X &, COS %, ‘

810 — Z 8k SiIl ik — Z ZkYk

o, = zY,
g0 = T 2,X,, COS 1 '

f' R 73

(XZZE _stinik

* Dr. I. Hall has pointed out that the geometrical condition for this is that the intersections D, E of the rays with
mirrors 2 and 3 must lie on an ellipse whose foci are points C and F, where the rays intersect mirrors 1 and 4.
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It follows from inspection that of the twelve possible adjustments e, X,, Y,, only six are
necessary to obtain any desired values of the six displacements.

The last three displacements depend on X, only. Hence, three of the adjustments X, are
necessary (three of the four mirrors must have fine adjustments about their horizontal® axes)
and for «, and «, to be independent, two of these must be associated with different values of the
incidence 7,. Thus for independence of all the displacements it is necessary and sufficient that
the angles of incidence should not all be equal, 7.¢., that the intérferometer is not a parallelogram.

From the first three equations, the other three adjustments may be either one translation

¢, and two rotations Y, associated with different values of z,, or one rotation Y, and two transla-
tions ¢, associated with different incidences i,. '

Thus we must either have two mirrors with fine adjustments in rotation about their vertical*
axes and one with a fine traverse, or two fine traverses and one vertical axis rotation.

4.2. The Four-Mirvor Parallelogram Interferometer—Miyvor Adjustments.—1f the interferometer

mirrors are set parallel and arranged in the form of a parallelogram, the incidences ¢, all become
equal to 7. Substituting in (4.1), we obtain,

g0 = COS% X ¢,
e =>5In¢ 2% g — T 2Y,
a, = XY,

= €087 X 2,X,

o, = cost % X,
o, = —sinz % X, .
It follows that:
()., and o, are not independent, but are related by «, = —«, tan ¢

(6) as a result of (a), only five adjustments are necessary to determine the five independent
displacements

() since the equations for &, and «, contain X, only, two of the adjustments must be rota-
tions about the horizontal axes. These may be of any two of the mirrors, with the

restriction that if the parallelogram is a rhombus z, and z, become equal, so that
rotations of these two mirrors may not then be used

() from the first three equations, the other adjustments must be one translation and two
rotations about vertical axes. The translation may be of any of the mirrors, the
rotations of any two, with the same restriction as in (c) for the horizontal axes.

4.3. Geometrical Representation of the State of Adjustment.—Since «, is proportional to a,, the
image displacements of any point are determined by the image displacements of points on the

z-axis. Putting X" = X, cos ¢, ¢ = X ¢,, these are
e, = ¢esint + I(z — z,)Y,
83/ == —_— Z(Z i Zk)Xk,

&, = £COS?T.

These may be represented as in Fig. 20, which may be regarded as a diagram of the deviations of
the axial rays from the paths which they travel when the mirror displacements are zero. Since
a deviation of one ray is exactly equivalent in effect to an equal and opposite deviation of the

*  Horizontal * and * vertical * mean in and perpendicular to plane CDEF respectively.
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other ray occurring at the same value of z, the diagram may be drawn as if one ray were undeviated
while the other is affected by all four mirrors. In Fig. 21a, showing the yz plane, the ray is first
rotated by X" at mirror 1, then after distances Z,, L, and L, + L, it suffers further rotations
X', X', X, at mirrors 2, 3 and 4. Note that if L, << L, the order of the positions 2, 3 would
be reversed.

The fringe spacing is b, = A/«, and is thus determined by the sum of the angles, «, = X X/,
while the focal position at which fringes appear when a vertical slit source is used is at the apparent
mtersection of the two rays, where ¢, = 0. '

Fig. 20b, showing the horizontal xz-plane, is similar except for the initial displacement e sin <.
The intersection of the rays gives the position at which fringes appear when a horizontal slit is
used.

In practice only the five necessary fine adjustments will normally be used ; the adjustments
in rotation will be on the same two mirrors. Denote the two mirrors by suffixes #, m; and let
the distance between them be L. Then the simplified dlagrams are as shown in Flg 21. We
obtain :

“x = ‘XWL + Xﬂ’

w,=Y,+ Y,
g, =0r—2)Y,+(z—2+L)Y, —l— e sin ¢
g, = (2 —2,)X, + (z—z,+ L)X, .

The focal positions are given by:

— (LY, + ssind)

Z— 2, = Y. TV, for a horizontal slit
and
— LX, . .
2 — 2, = XX for a vertical slit.

These are the same if:
+ (efL)sine __ «,

X 7 OCx = tan g,
where f is the angle of the fringes to the x-axis. If ¢ = 0, this becomes:
Y?ﬂ 7” _'_ Yﬂ Y

X?Ha’ = Xm _I— 'XH, - T - tan ﬁ !
Thus for clear fringes at the centre of the field, with a large source, and with the zero fringe at
the centre of the field, the four rotations must be in inverse propor‘uon to the distance from the
mirror to the screen, that is,

Xn.l _ (Z — 2, —I— L) _ Yn

Xml o Z— 2z, — Ym ’
The derivative of the focal distance with respect to one of the rotations is the distance between
the focal position and the mirror rotated, divided by the i image displacement angle o, or «,. Thus
the mirrer which has the most effect on the focal position is the one most distant from it. If
the focal position coincides with a mirror, rotation of that mirror affects the fringe spacing
without changing the focal position.

4.4. Sugmificance of the Relation a, = — «, tan ¢.—If we place a screen normal to the emergent
beam, take the origin of z at the screen and make £,0 = &, = 0, then we have

g, = — Yo, = -+ yor, tan ¢
g, = X, = — xer, tan z.
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This was discussed in section 3.7 (d) where it was shown that a circular source of radius 7’ gives
clear fringes in the emergent beam at points less than 7 from the z-axis, where 7 is given by

_ Rif

T 2ay’

_ RS

T 2uy tan’

Now A/, is the fringe spacing b, in the v dlrectlon Thus 2¢/b, = (f]r')k cot 2. Thus we obtain a
circular patch of fringes of radius proportional to the fringe spacing in the y direction. The
angle «,, and hence fringe spacing in the x direction, is independent of «, and so does not affect
the result, so long as the vertical fringes are in focus, i.e., ¢,, = 0.

Fig. 13 shows the result for «, = 0, flr' = 20, ¢ = 45 deg. This gives 2r/b = ZOk and in fact
the patch contains about twenty frlnges

4.5. Inclined Screenms.—From equation (3.2) and o, = — «,tan ¢, we obtain:
g, = &, — (v tans + 2) .

Hence if ¢,, = 0, &, = 0 when x = — x tan 7. Thus by inclining the screen at an angle 7 so that |
it lies pamllel to the mirrors we can make ¢, = 0, and so obtain clear fringes covering the whole
screen by using a vertical slit source. Fig. 99a shows the result, Wlth a slit 2-8 in. long.

The displacement e, is
e, = + vy, tan¢ — xe, tan 7, if ¢, = 0.

This is zero if y/x = «,joa, = tan . Thus with a large area source, the fringes are clear
along a line parallel to the fringes. In polar co-ordinates ¢, = 7 sin (6 — B) «tans, where
« = /(e + %) and tan 6 = y/x Thus if the horizontal width of the source is a,, clear fringes

are obtained for 7 sin (0 — ) < (Af)/(kd.'= tans). The width of the band of clear fringes in
terms of the fringe width 6 = 2 /oc is thus

vsin (0 — )  fcots
b A

Fig. 22b shows the result with a circular source of radius £/20, and ¢ = 45 deg, with horizontal
fringes.

5. Departures from the Ideal—The Optical Elements and the Disturbance under Investigation.—
5.1. Effect of Glass Plates and Wedges.—The important practical difference between the ideal
interferometer of sections 3 and 4 and the real instrument lies in the fact that the semi-reflecting
mitrors are thick glass plates, which may not be exactly parallel or of exactly the same thickness

or refractive index. In addition, both beams usually pass through two windows, which may be
similarly imperfect.

Thus we have to consider the effect on the perm1551ble source size of differences of thickness,
refractive index and wedge angle of such plates. For a parallelogram interferometer there are
two important cases, namely plates (tunnel windows or compensating plates) at nearly zero
incidence and the mirror plates, which are at the mirror incidence.

5.2. Glass Plates—Consider a plate of refractive index g, with uniform thickness D and at
incidence « (Fig. 23). The increase in path length of the ray due to the plate is

pAB — AC = D{+/(u* — sin® «) — cos «}
= DF(o, ) .
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The lateral displacemént of thie ray, BC, is

Fsin «
BC = D\/(/ﬂ—sinzcx)
o F
=D

Suppose the plate is parallel to the mirrors, so that the axial ray is incident at angle 7, and the
plane of incidence is the horizontal xz-plane (CDEF, Fig. 19), perpendicular to the y-axis. Then
from Fig. 24 ' ~

= o’y cos i+ 5)
cos o« = coSs™ cos |t -+ ). .. .. . . .. .. (5.1
7 +7 (5.1)
Let « =1+ x7 + » where y is small.
Then COS & = COS (i + x?) — y sin ¢ approximately.
.ox y'? . .
But from (5.1), COS & = COS (z -+ 7) — 1 = cos 7 approximately.
. p
Hence y = %? cot 2

4 ’2
oc:i—l—x7 —%j}—zcoti. |
The increase in path length is DF(a, ). Including second-order terms, the change in this due
tox’, y' 1s
D{F(«,p) — F(t,p)} = D

The derivatives are

(f—l—zfzcoti)al—l—g—f?a—zz

oF Fsint
01~ 4/(u® — sin®7)
2F oF .  (u*—1)sin*s
= OV T E e
Hence the path length is
' x' Fsinzt
FD +% | |
X L% Fcost X (u* — 1) sin® ¢
ol by s e R e TR

syl R

2f2 \/(/1,2—511127/')
From sections 3.4 and 3.5, the path difference due to the image displacements in the absence of
the plate is : :

I = e, — xa, + ya,

(£,0 — Yo, + 2ex,)

(8,0 — 2, + x2t,)

[ R

’2 79 .
— 1 (5o + %) (e — ey, )
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To show the effect of the plate we may put a, = «, = «, = 0. Fringes due to wavelength 1 will

reinforce if e,y = — D{F — 4(3F/32)}. Hence the total path difference due to #’ and y’ is

%’ "DFsini |

T Vst

Y
5

’9 19\ ¢ S

L (% Y L, 0F F cosi

() |- e

L %% (p® — 1) sin® ¢
2

The linear terms vanish if we make e, zero and ¢, equal to (DF sin ¢)/4/(x® — sin®4), which
is the lateral displacement BC, Fig. 23. This in fact follows directly from section 2.6, since the
inclination of the rays at the source is 1/f times the actual displacement.

The iringes in the source plane are then ellipses, whose semi-major and semi-minor axes are
given by :

y_’z_2Nl
7 =aD
x_’Z_ ION i
/£ 4+ B)D’
where ‘
d—F_ oF Fcosi

b T — )
B = (u* — 1) sin®¢
Section 5.7 below shows that a reasonable spacing for the first fringe (N = 1) is b,/f = 0-0172.
The corresponding restriction on D is therefore given by

22 A%
=2 (L)

@+ B\, |
With g = 1-5, 2 = 4,500 A.U., du/di = — 2-3 x 1075, ¢ = 45 deg, the constants are 4 = 106,
B = 0-27, and these values give D = 0-095 in.

Thus the restriction is not severe. In practice a closer limit on difference of thickness is
desirable in order to avoid excessive dispersion, as section 2.10 () shows.

5.3. Effect of Difference of Incidence of the Plates—If the incidence is not the same at the
two plates, the factors 4, B, will differ, and there will be an elliptical fringe pattern in the source
plane whose path difference is

+ % (9}*/;‘1‘2/‘:) D% (Ze — )
+1% D5 ).
With the same constants as before, the derivatives are approximately
aa—f = 0-0051 per deg,
%—? = (-0135 per deg.
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With the value of 8,’/f obtained in section 5.17, the restriction on the incidence difference, for
D =1in,is

L 1\
: 1_0-0186><(0~0172)
= 6-4 deg.

This restriction is thus of little practical significance since for other reasons the interferometer
is usually adjusted to the parallelogram arrangement with an accuracy better than one degree.

The fringes in the source plane due to difference of thickness and of incidence may to some
extent be arranged to .compensate one another. They will not compensate exactly since
{1/(4 4+ B)}{(24/o:) + (8B/21)} will not equal (1/4) (64/27). This compensation would not "
normally be used since it would involve a departure from the parallelogram arrangement, and a
special adjustment technique designed to reduce second-order terms in the source-plane fringe
pattern.

5.4 Effect of Difference of Refractive Index of the Plates—As with difference of incidence, this
will produce a difference between the value of 4 and B for the two plates. The corresponding
path difference is .

x"? 04 '
+ % (}7‘[—3)—2) Déﬁ—(%‘l — )

x'* oB
+ %f—zD W(M‘l_‘ul) .
With the same constants as before, and assuming that du/di is the same for both plates, the
derivatives are approximately

04

e 1-43 |
95 _ _ 0-04 .
op
For D = 11in., and b,"/f = 0-0172 (section 5.17), the restriction is:
o 24
Fa ™ M= 139 % (0-0172)°
=0-086.

A much more severe restriction in practice would again be that necessary to avoid excessive
" dispersion (see section 2.10 (a)).

Similar remarks to those of the previous section apply to the possibility of compensation
between fringes in the source plane due to difference of incidence and of refractive index.

5.5. Plates at Zero Incidence.—At zero incidence, A and B become:

2__
1 ld,u

_H g
4= 7 ar

B=0.

The derivatives with incidence, 24 /97 and 25/9¢, are both zero, and, again on the assumption
that du/d4 is the same for both plates, the derivative with refractive index is

o4 _ p’+
ou @
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With the usual constants'the values are

A =094, %=1-44.
Op

Thus there is now no restriction, so far as the linear or second-order terms are concerned, on the
difference between the angles of incidence at the plates. '

The restriction on difference in thickness between the plates is slightly less severe than for
the 45-deg incidence. For b,'f = 0-0172 (section 5.17), the thickness difference is 0-13 in.

The restriction on difference of refractive index is slightly more severe than at 45-deg incidence.
For b,'[f = 0-0172, the difference is 0-083.

5.6. Effects of Wedge Angles of Glass Plates—Effect of Second-order Terms in e.—Since the
wedges may produce considerable deflections which are compensated by rotating the mirrors,

it is best to include second-order terms in the equations for e,, ¢,, ¢,. These become:

X
&, = 8,0 — Yor, + o, — 5 () + @) - yo,or,

&y = 8,0 — R0, + Xc, —%(ocz2 + o) + 2oy,

o2
&, == &, — Xot, |+ Yo, — 5 (o + o,f) + xo,e, .

The extra term in the path difference [ is

- %(‘xxé -+ ‘xyz) + X, ,
since the product terms in o

X 2 YV s

R B A
» FT
are negligible.

5.7. Path Difference Introduced by a Wedge.—Fig. 25 shows fhe path of a ray incident at the
same point on a screen before and after introducing a wedge. The path difference between the
rays at the line 4B is DF(«, u), where D is the thickness of the wedge at the actual point of

incidence of the ray. The path difference at point C is therefore DF(«, x) - L(6%/2), where
¢ is the deviation produced by the wedge.

Since 6 is the rate of change of path length perpendicular to the incident ray, the deviation is

F(«, #) multiplied by the rate of change of wedge thickness in the direction normal to the incident
ray and to the apex of the wedge. ‘

5.8. Wedge with 1ts Apex Parallel to the y-axis—Fig. 26 shows the geometry. The wedge
thickness at the point of incidence of the ray from point x’, 9" of the source is ¢x, sec 7, and %,

is given by
x 31+<6—x—l)tani —x—(@ —g)z
’ f f
or, including second-order terms
! I\ 2
%o =% — (¥ 4+ x tan 7) 3(0 _x7) — (6 —3}—) tanig.

The deviation 0 is:

2 oD . :
0 = P (DF)=F i F¢ sec ¢ approximately.
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Hence, retaining second-order terms in x'/f,
¥ % . .
— == "ztan¢ + F secz).
T + ¢
Terms in 62 and 0(x'/f) may be neglected since in practice § will not exceed 1/50, and their
inclusion merely alters very slightly the derivatives with #'/f and x"*/f* in the final expression
for the path variation. Unless the source aperture is unusually large the terms in x'2/f* are also
negligible, as is shown below. They are, however, retained at this stage so as to show the relative
magnitude of quadratic and linear terms, and because in one case, section 5.9 below, the linear
" term is zero. Hence, using the expression for the path length in a plate given in section 5.2,
the path increase due to the wedge is

Ko = % — (z—{—xtani)(

/2

f2

é sec z

¥ — (2 ++ x tan 7) A tani + F¢é sect
. 7

.

><3F+x7

Fsini 11 x’z_[_y’z F cost _l_lai’f(uz—l)sinzz'
\/(Mz — sin? 7,) 2 (f—z —2) \/(Hz — sin® ’L) 2 f2 (1“2 — sin? z‘)s/z‘
(F2¢* sec® 1)

- '2 ’
while the rotation of the mirrors to compensate the deviation F¢ sec ¢ subtracts terms

Bty
%+ 7 Z 27
Hence the sum is as follows:

I3

-+ Q;Tngb secz

+ (z + x tan ¢)

Fé sect

x—%Fgﬁ sec ¢

sin 4

Vi g+

’2

+%¢s§ci[+F(z+xtani) W%é?z—)_l_tanzg
LA Fcosi (u* — 1) sin® ¢
‘I“Z' F_I—\/(MZ—Sinzi) + (#2_511127;)3/2]

Y rirs Fcosi
+ 295560@255“!‘\/(#2_511127;) .

(@) The linear teym.—Consider first the linear term. This is:
x' ‘ sin ¢ s in N % (* — 1) sins
7 o sy (YW st s =T ey cost
This cannot now be compensated since it is not constant over the field but is proportional to x.
For ¢ = 45 deg, u = 1-5, its value is 1-34(x'x/f)4.

The restriction is more easily expressed in terms of the variation in thickness of the plate.

The change of thickness from the centre to the edge is § = x¢ sec 7, and in terms of this the path
difference is: »

4

aa(uz-l)tgni %'
f (g —sin®i) f
~ For b,'|f = 0-148 (section 5.17), the restriction on & is
. A

0-95 x 0-148

Thus the total variation in thickness of the plate should not exceed 14-2 wavelengths or
2-6 x 10~*in. '

=095 6forv =45deg,u = 1-5.

0

—=7-12 =13 x 10 in.
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(6) The quadratic term.—The quadratic term is:

%" (W* — 1) tan+¢ ,
7 $ sec z Ve = sint3) (z + x tanz) +

2 #p* — 1)

(u* — sin®7)/?
” (#*—1)

el

R DOl R

For ¢+ = 45 deg, p = 1-5, this becomes

12

% $ sec i (0-95z 4 1-56x)

2
fzgésecz X 0-47x .

In terms of the thickness variation 8, the term is

(O 9%z | 4. 56)+y 5 % 0-47 .

f2 f2
Hence for 8,’/f = 0-0172 (section 5.17), the permissible value of 8 is given by

0-95z 22 .
6 (2 + 1-56) = 0o = 0'12in.
Thus the restriction arising from this term would be comparable with that from the linear term

only if z/x were of the order of 1,000. In practice it is unlikely to exceed about 20.

5.9. Wedge Angles of Windows and Compensating Plates—At zero incidence the linear term,
(a) above, vanishes, and the quadratic term becomes

(f2+y2>x¢(u — ) _ =1,

Iz 2u i
Hence for b,'[f = 0:0172 (section 5.17) the permissible value of 4 is given by
5 — 2u 22

u* — 1(0-0172)

For u =1-5, 2 = 4,500 A.U., 6 = 0-29 in. and so there is practically no restriction on the
permissible wedge angles of plates at zero incidence, if the apex of the wedge is parallel to the
y-axis.

5.10. Wedge with its Apex Normal to the y-Axis and Parallel to the Mivyor Plane.—Fig. 27 shows
the geometry. The wedge thickness at the point of incidence of the ray from point %', y' is
b, and v, 1s given by

’

y_{_(T—G)(z+xtani)(l+§tani),

where the deviation 6§ = F¢. Hence, using the expression for the path length in a plate given
in section 5.2, the path increase due to the wedge is

¢3y—l—(JimF¢)(z+x.tani)(1+?tani)g

Fsini F cos 2% (u? — 1) sin® i;

%’ Y

f A/ (u® — sin? z)+2(f2+ 2):7(; ~ sin? z)+ f—( — sin® 7)?
+§F2¢2-
28
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The rotation of the mirrors to compensate the deviation F¢ subtracts terms

ngbal —-(—x_l—zz—%ﬂ —%’quStani—l—y%FqS(z—xtani)
— %F%Z — xF**tan 7 .

The sum is therefore :

+ xf_y}?¢ tan 7 -+ \/(ﬂzsf zs.in2 i)g
X'y’ sin ¢ | e
+ f_27¢F§m -+ tanz§ + 7 x$ F tan® 1
e F cost (w* — 1) sin® ZZ
F R0 P+ S T (s
I F cosi

(@) The linear term.—This is:

x'y  F¢tani R g W, Xyé(pt—1)tane
T Vi — sy VU S 008 BT T g

This is similar to the linear term for the wedge with its apex parallel to the y-axis, with y replacing
x and ¢ replacing ¢ secs. In terms of the variation in thickness of the plate 8 = y¢, the path
difference is the same, namely

2" 6(u? — 1) tan s

F V= st
The necessary restriction on ¢ is the same and, since the two wedge directions both produce
vertical fringes (i.e., both terms are proportional to #), the restriction is in fact on the total
" variation in thickness of the plate, in whatever direction this may be. This variation should
not exceed 14-2 wave-lengths or 2:6 X 107" in. L

B The ouadratic tevm.—The only quadratic term of importance is the term in x’y’, namely :
g Yy q P y y
(u* — 1) tanz

x/yl
T T — i)
For ¢ = 45 deg, u = 15, this is:

-+ xfz x¢ F tan® ¢ .

26% $(0-952 + 0-61%) .

If the source is circular and of radius #’, the maximum path variation is

;’—fzglv(O'QSZ 1 0-61x) .

In terms of the thickness variation 8 = ¢y this is

7' z %
i~ (0-95§+ 0-615}) :
With &, [f = 0-0172 (section 5.17), 2 = 4,500 A.U., the restriction on & is given by
z X 24 .
5 (0-95§+ 0-615/) ~ Gope = 012

Thus the term becomes comparable with the linear term only when é/y is of the order of 1,000.
In practice z/y is unlikely to exceed about 20, and so this term is negligible.
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5.11. Wedge with its Apex Parallel to the x-Axis.—This is the case of a window or compensating
plate at zero incidence, with the apex of its wedge parallel to the x-axis. The result may not be
deduced directly from section 5.10 above by letting + = 0, since in this section the wedge was
assumed parallel to the mirrors. The incidence becomes zero only in the expression for the path
increase due to the wedge itself, and not in the compensating terms due to the mirror rotations.

The path increase due to the wedge becomes:

¢

!

v+ (5= —14)z

x® N —1 % -
p—1 —}—%(f—z—f—y—z)MT‘ +Q(M—1)¢ .
The compensating terms become

ym—n¢1—@%%ﬂ%—%ﬂu~mww¢+%W—nﬂwwmwa

_éﬂ_nw~ww—quma

Neglecting the term independent of " and y’, the sum is:

+ ?W(/«L — 1) tans

’

Y

— Lo xp(s — 1) tand

Pt r2 2 _ |
+ % (f—z‘i"y—z)y‘ﬁ(*[uﬂ—l-
The linear terms give a source plane fringe distribution like that obtained by making «, = 0,
section 3.7 (4). The necessary restriction on ¢ arises from the term in x’, which may combine

with the effect of wedge angles of the semi-reflecting plates. In terms of the thickness variation
6 = y¢, this term is

x’ ' .
—- — 1) tanc.
7ol —1)
For y = 1+5, 1 = 45 deg, and b,"/f = 0- 148 (section 5.16), the restriction on ¢ is

22
0-148

= 13-5 wavelengths or 2-4 x 10~*in.

0 =

The total variation in thickness across the window in this direction must therefore not exceed
27-0 wavelengths or 4-8 X 10~* in. It should be noted that in this case the source-plane path
variation is entirely due to the rotations of the mirrors required to compensate the deviation
produced by the wedge. If we have a second wedge of equal and opposite angle, distant Z from
the first, the sum of the terms due to the two wedges is -
! x'? N —1 VA
¢z gj‘lr— (# —piw — 1+ %<? —[—y_z)‘li‘lu—i + §(M — 1)%*

and the linear term (y/f)Z¢(n — 1) is compensated by making 6;,0 = —Zé(u — 1) .

If one of the compensating plates is arranged to rotate, and if its wedge angle is sufficiently
large, it may always be arranged so as to compensate the deviations produced by the other
plates and windows in the e, direction. If this is done, the restrictions on the wedge angles will
depend on the quadratic terms only, and will be, at worst, of the same order as that given in
section 5.9 for a wedge with its apex parallel to the y-axis.
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5.12. Effects of the Disturbance under Imvestigation—The preceding sections show that clear
fringes may be obtained even with very imperfect adjustment and imperfect optical elements,
if the source aperture and band width are very small. But if these are small, the intensity of
light transmitted is very small, and so a long exposure is required to obtain a photograph. The
photograph will then not show clear fringes unless the conditions are very steady. If the
interferometer is used for aerodynamic density measurements with a wind tunnel or shock tube
the conditions will not be very steady, and to obtain clear fringes the exposure time must be short,
often of the order of one microsecond. So to get enough light we must increase the source aperture
and band width as far as possible.

Sections 5.2 to 5.11 show that the necessary restrictions on wedge angles, differences of
incidence, thickness and refractive index are not particularly severe, and it is not difficult to
obtain mirrors and plates which will meet these limits even for very large source apertures..
We must therefore study the effects of increasing source aperture and band width on the
interferogram in the presence of the disturbance under investigation. This will give a criterion
- for a suitable source aperture. We may then use this value, with the results of the previous
sections, to determine reasonable limits for the imperfections of the optical elements, and to
determine the accuracy of adjustment necessary.

5.13. Two-Dimensional Disturbance—Consider a two-dimensional object such as a two-
dimensional model in a wind tunnel (Fig. 28). The rays which arrive at point 4 on the screen
are those which appear to come from the image point B, assumed to be approximately in the
centre of the tunnel. Owing to the refractive index gradient in the tunnel, the rays actually
take curved paths such as DE, FG. The path change due to the tunnel is [udz along the actual
path, but this is usually interpreted as being equal to uzL, where up is the refractive index at
the image point B. The differerice will depend on the path of the rays, which depends on the
exact density distribution, but the order of magnitude may be expressed in terms of the deviation
of the ray /%, and the fringe spacing. :

~ If the total angular deviation of the rays in passing through the tunnel is «, the fringe spacing
is b = i/«, and the maximum linear deviation % is of the order of «L/2. Thus the deviation
becomes equal to the fringe spacing if oL = Afx or « = 4/(24/L). If the deviation is smaller
"than this its effect on the accuracy should be of comparatively little importance, while if it is
larger it will be difficult to relate the fringe to a definite position in the field. Thus there is an
upper limit to the refractive index gradient which can be measured, and this is given approxi-
mately by « = 4/(24/L).

If the source has radius #’ and if the screen is focussed on the centre-line of the tunnel, the
cone of light entering the tunnel which arrives at any one point on the screen will have a base of
width #’L|f. The effect of this on the variation of path length between rays in the cone again
depends on the exact refractive index distribution. If, however, the base width is less than the
fringe spacing, this variation should be small, whereas it may become large if the base width is
considerably larger than the fringe spacing. Thus for a fringe spacing b = 4/, the source size
should have little effect on the contrast if 'L /f does not exceed 1/a.

Now the maximum value of « is given above as « = 4/(24/L), and hence the permissible source

radius is given by
7'L L
7 z\/2_/1

- i

_ Although there is no definite restriction, the usual range of tunnel widths suitable for
interferometry is from about 1 to 20 inches. Thus for 2 = 4,500 A.U., the range of source
aperture is from 27'/f = 1-3 X 107® to 6-0 x 1073, '
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5.14. Effect of Focussing.—Suppose the screen is not focussed on the centre of the disturbance
but at some plane distant Z from it. The distance, in a plane parallel to the screen, between
the mean height at which the ray passes through the tunnel and the focal position becomes
«(Z + L[4). The fringe position is thus altered by an amount proportional to the refractive index

gradient, and there is thus an apparent distortion, as in a shadowgraph of the disturbance taken
with the screen at the same position.

1f there are rapid variations in the refractive index gradient, this may result in light from two
different points in the object arriving at the same point on the screen, with loss of fringe definition
and contrast. In addition, even with a constant refractive index gradient there will be a linear
term in the source plane path variation, equal to (y'/f)xz, where y’ is the source co-ordinate in

the direction of the deviation «. This will result in loss of fringe contrast even in parts of the
field where the shadowgraph effect is negligible.

Thus, for good fringe contrast the disturbance must be focussed on the screen and, if the
refractive index variations are sufficiently rapid, a suitable method of focussing is to adjust the

lens or screen positions so as to minimise the intensity variations when the compensating beam
is cut off.

5.15. Ejfect of an Out-of-Focus Disturbance.—1It is sometimes necessary or convenient to place
the compensating chamber in an out-of-focus part of the beam. In particular, with a wind tunnel,
both beams may pass through the tunnel, and if so the compensating section is out of focus by
a distance equal to the distance between mirrors 1 and 2 along the light path. The flow in this
section may not be uniform, although there should be no sudden refractive index changes such
as those in shock waves or boundary layers in the working-section.

Suppose the maximum refractive-index gradient in the compensating section is such as to
give a Iringe spacing b,. It will not usually be practicable to compensate this by mirror rotations,
since it is usually necessary to take a photograph in the same condition with no flow through
the tunnel. Thus if the source dimension along the gradient is d’, the fringe contrast will be
reduced if @'Z/f > kb, and so the criterion for the maximum refractive index gradient is
b= (Z[k)(@d'[f). For d'|f =6-0 x 10~® and % = } this gives 8/Z = 0-024. The restriction is
thus fairly severe, since if Z is 10 in. the minimum fringe spacing is 0- 24 in.

5.18. Ejfect of Ray Deflections on the Path through the Window and Semi-veflecting Plate.—
Consider a ray passing at nearly normal incidence through a parallel glass plate, Fig. 29. If the
ray 1s slightly deflected at 4, the emergent ray appears to come from B, and the distance 4B is
D(0*F[04%), which at zero incidence equals {(x — 1)/u}D. Thus if the point B is focussed on the
screen in the absence of the plate, then when the plate is present there is no path difference due
to incidence variation for rays slightly deflected at A.

So, for example, if the interferometer is used with a wind tunnel whose centre-line is at 4,
and which has thick glass windows, the camera must be focussed on the centre-line with the
window in position. In the absence of the window, point B, and not A, should be in focus.

Now consider a ray passing through a plate, for example, the semi-reflecting plate 4, which is
not at nearly normal incidence. Rays deflected at point 4 in the plane of incidence again appear
to come from point B, and the distance 4’'B along the light path is again D(2*F/3:%). Rays
deflected in the plane normal to the plane of incidence, on the other hand, appear to come from
point C, where A'C = D(8F[27) cot 2. This may be deduced from the observation that a small
deflection normal to the plane of incidence is equivalent to a rotation about the normal, AC.

Thus, with the glass plate present, it is impossible to focus the object exactly on the screen for
both planes of deviation at once. The distance between the two focal planes is D{(2*F[#:%) —
(0 F[oe) cot ¢}, which equals D[{(u* — 1) sin®7}/(x® — sin®2)*/?] (section 5.2). For ¢ = 45 deg and
w =15, thisis 0-27D. So if the camera is focussed midway between the two planes, each will
be out out of focus by a distance 0-135D.
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The effect of this out-of-focus distance is similar to that discussed in section 5.15 for the
. compensating chamber. If the source dimension is d’ and the fringe spacing due to the deviation
is & then the contrast will be reduced if 4’2 [f > kb, where z is the out-of-focus distance. For
kR=%272=0-135D, D = 1in. and a'[f =6-0 x 1072 this gives b < 4 x 6-0 x 10~® x 0-135in.
or b < 3-2 x 1072 in, 4

- This fringe spacing is approximately equal to the limiting value which would be obtained
from the considerations of section 5.18, and is rather smaller than the minimum which is normally
useful in practical wind-tunnel work. If, however, this aberration does cause difficulty it may
be eliminated by two alternative methods. Howes and Buchele®® use the interferometer with
the working-section between mirrors 3 and 4, so that the light deflected in the tunnel is reflected
at plate 4, and this aberration does not arise. The resulting arrangement would not always be
convenient, and another possibility is to use the normal arrangement and place in the emergent
beam an extra glass plate of the same thickness as the semi-reflecting plate 4 and at the same
- incidence, but with its plane of incidence normal to that of the mirrors. ~

5.17. Spectfications for Interferometer Optical Elements.—Loss of fringe contrast arises from
three causes, namely :

(1) Stray light, particularly from reflections from the windows and the back surfaces of the
‘ plates . ’ '

(2) Inequality of intensity of the light via the two paths, which may arise from different
reflection ratio or incidence of the plates, or different absorption in the two beams
. (3) Effects depending on the size and spectral range of the source.

The amount of stray light may be reduced by using suitable diaphragms and by coating the
surfaces to reduce reflection. Inequality of intensity may be practically eliminated by using
the same semi-reflecting coating for the two plates, arranging the instrument as a parallelogram
and using the same thickness and quality of glass for the windows in the two beams.

Appendices I and II show how the fringe contrast depends on the source size in relation to
the source-plane fringe pattern, and on the source band width and number of fringes required.
- The source-plane path variation depends on three factors :
(a) The state of adjustment
(6) The disturbance under investigation
(¢) The imperfections of the optical elements. : ,
With a well-designed interferometer the adjustment should be easy to use and should not
limit the contrast. The disturbance under investigation sets a limit to the source size which
may be used if the definition is to be the best possible. - It is therefore reasonable to design the

optical elements so that, when this size of source is used, their imperfections will give rise to only
a small loss of fringe contrast. .

For a simple interferometer with two windows in each beam, sections 5.1 to 5.11 show that,
if the surfaces of the elements are flat and if they have uniform refractive index, the relevant .
imperfections are as follows: A

(@) Those giving rise to linear terms in the source plane path variation, namely :

(i) Wedge angles of the two semi-reflecting plates, with the wedge apices in any
direction

(ii) Wedge angles of the four windows, with the wedge apices horizontal.
() Those giving rise to quadratic terms in the source-plane path variation, namely :
(i) Difference in thickness L ‘
(ii) Difference in incidence } of the two semi-reflecting plates.
(iii) Difference in refractive index
(iv) Difference in thickness
(v) Difference in refractive index

between the pairs of windows in the two beams.
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(A) The linear terms—Wedge angles—These give rise to by far the most severe restrictions,
and it therefore seems reasonable to allow them to have an appreciable, though not large, effect -
on the contrast. Suppose we take the larger of the two source sizes given in section 5.13, namely
2'|f = 6-0 X 10%, and with this source let the wedge angles give a ratio of minimum to maximum
intensity of 0-05. From Appendix I, the corresponding ratio 4’/8" is 0-243, and hence
b'lf = (6-0 X 107%)/0-243 = 0-0247.

For the vertical fringe direction (path variation proportional to x), sections 5.6 to 5.11 show
that there are six terms, namely the four windows and two plates, and so if each gives the same
fringe spacing b,’, b,"[f = 6 X 0-0247 = 0-148.

This value is used above in sections 5.8 to 5.11. The resulting restriction is that the variation
in thickness across each semi-reflecting plate must not exceed 14-2 wavelengths or 2:6 x 107*in.
(at 4 = 4,500 A.U.). For the windows the corresponding figures are 27-0 wavelengths or
4-8 x 10~* m. , .

If one of the windows is adjustable, as suggested in section 5.11, only the wedge angles-of the

plates need be considered, and so the restrictions become three times as great, namely 42-6
wavelengths or 7-8 x 107* in. ‘ : :

(B) The quadratic terms—Differences in thickness, incidence and refractive index.—The quadratic
terms are very small, and so it seems reasonable to keep their effects very small. Suppose we
allow a ratio of minimum to maximum intensity, from this source, of 0-02. From Appendix I,
the corresponding ratio 4/’ is 0-78, and hence d'[f = (6:0 X 107%)/0-78 = 7-7 X 107°

As shown above there are five terms to consider. If each produces a source-plane path
variation of A(x"2/b,"%), the totalis A(x'%/6'%) = 54(x'%/b,"%). Henceb,” = 4/(5)0’, and b,’[f = 0-0172.
This value is used above in sections 5.2 to 5.5, and the resulting restrictions are as follows:
(i) The thicknesses of the semi-reflecting plates should not differ by more than 0-09 in.
ii) The angles of incidence of the plates should not differ by more than 6 deg ‘
(iii) The refractive indices of the plates should not differ by more than 0-09
)

(iv) The sum of the thicknesses of the windows in one beam should not differ from that in
the other by more than 0- 13 in.

(v) The refractive indices of the windows in the two beams should not differ by more than
0-08.

The criteria obtained have been calculated using the foliowing particular values:

Incidence of plates - .. . 45 deg

Refractive index of plates and windows .. . .. 1:5

Thickness of plates and windows .. . .. .. 1-01in.

Source size .. .. .. .. .. .. .. d'[f=26-0x107°
Wavelength .. .. . .. . .. .. 4500 AU.

They should therefore be taken only as examples suggesting suitable methods of calculation and
showing the order of magnitude of the results. In particular, the limitations on wedge angles
become less critical as the angle of incidence is decreased; at an incidence of 30 deg they are
1-86 times as great as those given for 45 deg. In addition, a closer limit on the difference in

optical thickness of the glass in the two beams is usually set by the necessity of avoiding excessive
dispersion, see section 2.10 (a).

(C) Limits on flatness and vefractive index variation.—A limit on flatness of a fraction of a
wavelength (from 1/10 to }) is usually specified, in order to obtain reasonably straight fringes.
This may sometimes be an advantage but is often not strictly necessary. The limitation arising
- from loss of fringe contrast results from the fact that variations in thickness or refractive index,

or deviations from flatness of the reflecting surfaces, constitute uncompensated and out-of-focus
" wedge angles. The type of limitation necessary is thus that considered in section 5.15.

34



Since the effects of lack of flatness, variations in thickness and refractive index of all the
optical elements may combine, the effect of each should be kept very small, and a reasonable
value of % is perhaps 0-02. With a source size of 6:0 x 10~%/, this gives, for the permissible
fringe spacing, 8/Z = (6-0 x 107%)/0-02 = 0-3. ,

Thus if the out-of-focus distance Z is 10 in., the fringe spacing is 3 in., and the permissible
‘variation from flatness, or from uniform optical thickness, is 1/3 of a wavelength per inch.

This is of the same order as, though rather less strict than, the criteria usually applied. ~The
dependence on Z shows that the limits become more severe as the distances between the mirrors
increase.

8. Methods of Adjustment for the Mach-Zehnder Interferometer—6.1. Methods of Adjustment.—
The objects of the adjustments to the interferometer are:

(@) to produce a desired spacing of the beams, to align fhem with respect to the model or
windows, and to obtain the maximum possible field size

(0) to produce fringes on the screen with the desired spacing and direction

(c) to bring the desired fringe number to the centre of the field of view. Usually this will -
‘be the zero fringe, or, if there is dispersion, the fringe having most contrast for the
wavelength to be used

(@) to make the fringe contrast as great as possible for these conditions of fringe spacing
and source size. :

Adjustments '(b), (c) and (d) are related to the image displacements as follows:
(b) is equivalent to obtaining desired values of «, and «,

() is equivalent to obtaining the desired value of e, which will usually be zero if there is
no dispersion ‘ :

{¢) is equivalent to obtaining desired values of ¢, and e, These will be the values which
make the source-plane path variation as small as possible*.

Many possible methods of adjustment have been described. Of these there are a few which
-require little or no apparatus additional to that normally used on the interferometer, which are

simple and easily adapted to any interferometer arrangement, and only these methods will be
described here.

- Usually there are at least two separate stages in the adjustment, since the methods suitable
for the final adjustments do not work if the image displacements are too large. In practice,
the time:taken depends largely on choosing methods of adjustment whose ranges overlap
considerably. That is, the initial adjustment should reduce the image displacements to values
well below the maximum values which the final adjustment methods will accept. Since the
accuracy required of the initial adjustments thus depends on the methods to be used for final
adjustment, it is convenient to consider the latter stages first.

6.2. Fine Adjustments by Interference Optics—(a) To obtain the desived fringe mumber (e,,).—
This involves traversing a mirror to reduce the path difference to zero, or, if there is dispersion,
to the value giving most contrast. The traverse motion affects both ¢, and e, (section 4.2).
Since the object is to set e,, to the value at which the contrast is maximum with respect to e,
with e, kept constant, it follows that either e, must be kept nearly constant, or its effect on
fringe contrast must be made negligible. The former may in theory be done by rotating the
mirrors to alter X z,Y, (section 4.2). In practice, this usually means that three adjustments

* In the ideal interferometer of sections 2 and 3, the linear terms of the source-plane path variation at the centre
of the field vanish when ¢, and e, are zero. When glass plates are present they vanish when the actual displacements,
the sum of ¢, or ¢, and the displacements due to the glass, are zero. The adjustments reduce the actual displacements
to zero, as is required. For brevity, however, the methods will be described as if for an ideal interferometer, and the
displacements referred to as ¢, and ¢, Similarly the adjustments reduce the actual angles between corresponding

rays in the emergent beam, but for brevity these will be referred to as «,, «
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must be altered continuously or in successive small steps, and this is difficult unless the displace-
ments are very small. Also it is desirable to obtain the correct value of ¢,, before doing the ﬁn’d
adjustments to ¢,, and e, This can only be done by using a very small source.

Thus the care necessary in reducing e,, and e, before traversing, and the length of the path
difference which can be accepted at this stage, depend on how small a source it is practicable to use.
Trial shows that with a 28-in. focal-length lens, high-pressure mercury lamp, condenser lens and
square aperture, sufficient illumination is obtained on a white card screen with an aperture
about 0-02 in. square. If a lens of aperture f/8 is placed in the emergent beam and if the eye is
placed near its focus, the aperture required is about 0-0015 in. square. The corresponding source
apertures are 4'/f = 1/1,400 and 1/18,000 respectively.

There will be an appreciable loss of contrast for values of & greater than about i (Fig. 32a).
The limits to ¢,, and ¢,, are therefore about 700 wavelengths or 0-015 in. using a screen or about
9,000 wavelengths or 0-19 in. using the eye at the focus of a lens. Since with a 45-deg interfero-
~ meter a change of ¢,, gives an equal change of ¢, the path difference which can be accepted is

" also approximately 0-015 in. and 0-19 in. for the two arrangements.

It is very easy by mechanical measurement or geometric optics to reduce all the displacements
well below the larger limit, but comparatively difficult, particularly if dispersion is present, to
reduce ¢, below the lower limit by these methods. Thus the most practical first step after the
- initial adjustments is to reduce «, and «, (see below), place a lens in the emergent beam, reduce
the source size to give a source aperture of the order of 1/18,000, place the eye near the focus
of the lens and traverse the mirror until the fringe of highest contrast comes into view.

If a rapid traverse motion is available it is not necessary to know which way to traverse, since
the possible range of 01 or 0-2 in. can be scanned in a very short time. One means of knowing
the correct direction by interference optics is to use a source which gives just enough fringes to
cover the error in e, so that the correct direction is that in which the fringe contrast increases.
The method becomes difficult to use if the increase of contrast is slow hovvever and a rapid
traverse motion is a considerable advantage.

(b) To reduce the displacements e, e,;—Source size and fringe contrast method —If we take the
origin of z at the screen or the plane on which the eye is focussed, the source-plane fringe spacing
is Affe, and Affe,,. Hence the contrast of the observed fringes will fall to zero if the source size
is increased until it equals these values, ie., d," = Af[e,, or 4," = Af/s,, (Appendix I, Fig. 32a).
Thus unless the displacements are zero, contrast falls as source Size is increased up to these values.
If we set the source size to a value, say, 4" = }(4f/¢), at which the contrast is varying rapidly,
and then rotate a mirror so as to change e, we can see whether the direction of the rotation is
correct by its effect on the contrast.

From sections 4.2 and 4.3 it appears that rotation of either mirror has the same effect on the
fringe spacing, whereas the effect on the displacement is proportional to the distance of the
mirror from the focal plane.

Hence the techniqué is as follows:

(i) Increase the source size in one direction only (the direction parallel to the displacement

' which is to be reduced) until the fringe contrast becomes poor, but not so far that the
fringes become invisible.

(ii) Rotate the mirror furthest from the focal plane about the axis perpendicular to the
displacement and to the slit-shaped source, in such a direction as to increase the fringe
contrast.

(iii) Rotate the mirror nearest the focal plane about an axis parallel to that of (ii) so as to
increase the fringe spacing, which will usually have been reduced by process (ii).

(iv) Repeat (ii) and (iii) in succession once or twice.

(v) Increase the source size in the other direction and repeat processes (ii), (iii), (iv), this
time rotating the mirrors about their other axes.
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Thus, to reduce &, the horizontal width of the source must be increased and the mirrors
rotated about their vertical axes. Then to reduce e,, the vertical height of the source is increased
and the mirrors rotated about horizontal axes.

After this stage the displacements will usually be small enough to allow a source size sufficient
‘to illuminate a screen. The successive rotations may then continue, with progressive increase
of source size until a reasonable fringe contrast is obtained even with a source consisting of an
illuminated ground glass with an aperture of about f/20 or f/10.

(c) Source-plane fringe method.—An alternative method when the displacements are fairly small
is to observe the source-plane fringes directly and rotate the mirrors so as to increase their spacing.
They may be observed by placing a ground glass screen in front of the collimating lens and looking
into the emergent beam, using a pinhole in front of the eye if necessary. The contrast of the
source-plane fringes depends on the ratio of the diameter of the pupil or pinhole to the spacing
of the fringes in the emergent beam.

The sequence of mirror rotations necessary to increase the spacing of fringes in the source
plane and in the emergent beam is of course the same as that described in the previous section
for the source-size and fringe-contrast method.

“This method is probably the one which is most suitable and most precise for the final stage of
the adjustment, when the source-plane fringe spacing exceeds say + in. It is not difficult to
find ways of observing both sets of fringes at once, for example a ground glass screen in front

of the collimating lens covering half the aperture, with another in the emergent beam covering
the other half. : :

6.3. Intermediate Adjustments by Geometric Optics.—The methods described above may be
used to reduce the displacements from values of say 0-1 to 0-2 in., which may be obtained easily
- by the initial adjustment method given later. So far as the displacements ¢, and &, are concerned,
however, there are methods of intermediate range and accuracy which can make the adjustment
more rapid.

(@) The near and far cross-hair method.—Several slightly varying versions of this method have
been described®t. The most convenient in practice seems to be to use the source itself, virtually
at infinity, as one ‘ cross-hair * and to have a real pair of cross-hairs in front of the collimating
lens, or as near as possible to mirror 1 (Fig. 30a).

If the eye is placed in the emergent beam before adjustment, two images of the source and
two images of the cross-hairs will appear. The apparent separations of the images are the values
of the image displacements ¢, and ¢, for the co-ordinates of the source and cross-hairs respectively.
Since the source is at infinity, its images are separated by angles «, and «,. If we take the origin
of z at the cross-hair position, the cross-hair images, on the z-axis, are separated by ¢,, and e,,.
Hence to reduce «, and «, to zero we must make the source images coincide, while to reduce
e, and e, to zero we make the cross-hair images coincide.

The sequence of mirror rotations necessary is the same as that described for the source-size
and fringe-contrast method. The mirror nearest the cross-hairs is used to reduce «, and «, by
making the source images coincide, then the mirror further from the cross-hairs is used to reduce
&, and g, by making the cross-hair images coincide.

Since for accuracy in reducing «, and «, the source must be small, the cross-wires should be

illuminated by a lamp placed beside and in front of the collimating lens and shining across its
beam. o

Alternatively a lens may be placed in the emergent beam, and the real images of the source
and cross-hairs on screens may be used. Another method is to use the shadows of the cross-hairs
cast on a screen in the emergent beam, with no lens. In this case, to reduce the separation of the
shadows, the mirror furthest from the screen, not that furthest from the cross-hairs themselves,
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must be rotated. An advantage of the methods using screens-is that as soon as sufficiently clear

fringes appear the method may be combined with and continued by the source-size fringe-contrast
method. -

(8) Price’s method".—This method has roughly the same scope and accuracy as the preceding
one. A point source is placed near mirror 4 (Fig. 80b) so that light from it is transmitted to
mirror 3 and reflected to mirror 2. A plane mirror is placed just beyond mirror 1 in either of the
two positions shown. Then if the eye is placed near mirror 4 so as to receive light transmitted
from mirror 2, four images of the source appear, since there are four possible light-paths, namely,

4—-8—-1—-1—38—14
4—-8—-1—1—2—4
4—-2-1—-1—-2—4
4—-2—-1-—1—-83—4

By sequences of mirror rotations similar to those described for the other methods, it is possible

to bring the four images into coincidence, and this is the condition in which the displacements
are zero.

The method in practice appears rather less satisfactory than the near and far cross-hair method,
owing to the difficulty of distinguishing between four exactly similar images when these are close

together, and also the fact that it is necessary to set up a source and mirror in positions where
these are not normally used.

When the displacements are sufficiently small, if the point source is replaced by an illuminated
ground glass screen, two sets of fringes appear. One set appears to be in focus in the plane of
the source, the other nearer to the eye. These are affected by the mirror rotations in ways
analogous ‘to the source-plane and emiergent-beam fringes in the normal arrangement. The

interferometer may thus be adjusted accurately by increasing the spacing of the two sets of |
fringes.

6.4. Methods for Imtial Adjustment.—From the previous sections it appears that, so far as the
problem of reducing the image displacements is concerned, the only requirement for the initial
adjustment is that it must reduce &,, below an upper limit of about 0-1 to'0-2 in. In fact,
however, there are other requirements which depend to some extent on the particular design and
application of the instrument. It is usually desirable to adjust the interferometer so that the
light paths form a parallelogram and so that the field size is as large as possible, and it may be
necessary to adjust the beam spacing to a particular value. If, in addition, the methods used

give values of the displacements considerably lower than those strictly necessary, this will save
time in the later stages of adjustment.

The initial adjustments may be done entirely by mechanical measurement, by methods which
will depend on the design. Methods for obtaining maximum field size will also vary, and are
fairly obvious. A convenient method is to direct the incident light beam so that light from
mirror 1 exactly fills mirror 8. Then rotate 1 until the light reflected by it exactly fills 2. Then
adjust the interferometer to a parallelogram arrangement with zero image displacements (section
6.4 (a) below), without rotating mirror 1 or traversing any except 4. Lastly, traverse mirror 4
in its own plane so that the beams via 2 and 3 fill it exactly.

If there are suitable slides for the mirrors in directions parallel to the beams 1-2 and 34, the
beam spacing may be easily changed without disturbing the adjustment to maximum field size.

(@) To obtain a parallelogram arrangement.—One less fine adjustment is required if the interfero-
meter is a parallelogram (section 4.2). If it were not, the semi-reflecting plates would need to be
of different thickness (section 3.3) and a compensating plate would be required. Where both
beams pass through a wind tunnel both should be normal to the tunnel windows., Also if the
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interferometer is accurately adjusted to a parallelogram arrangement, and if there is no dispersion,
the path difference is thereby reduced to zero. This is the most difficult adjustment to make
by any other method, so if the mirrors can be made accurately parallel the adjustment time is
shortened considerably.

The simplest method* for a small interferometer, where this is practicable, is to place a plane
mirror (an unsilvered glass plate gives sufficient reflection) across the two beams 1-3 and 2-4
(position 1, Fig. 31). - Two return images of the source appear, close to the source itself, by the
light paths A-B-C and A-1-2-D-2-1-E. If the mirrors 1 and 2, and hence beams 1-3 and 24,
are made parallel, the two images coincide.

Similarly if the mirror is placed across beams 1-2 and 3-4 (position 2, Fig. 81), these beams
may be made parallel by making the two return images coincide. This is done by rotating
mirror 3, since mirror 1 must be left parallel to 2.

Mirror 4 is then made parallel to the others by placing the eye in the emergent beam and
rotating the mirror until the two images of the source coincide. At this stage, and within the
accuracy of the method, «,, «, and e, are zero, &, and e, are not zero but are proportional to
one another since the Y, are zero (section 4.2). Thus the last step is to traverse mirror 4 until
‘the images of the near cross-hairs (section 6.3 (a)) coincide.

If the auxiliary mirror or glass plate is sufficiently flat, this method has an accuracy comparable
with that of the intermediate-stage adjustments of section 6.3. In this case, unless there s a
large difference in the thicknesses of glass in the two beams, a source large enough to illuminate
a screen should be used and the adjustment continued by rapid traversing to find the fringe with
highest contrast, and then by improving the contrast by the source-size and fringe-contrast
method.

If a sufficiently large optically flat plate is not available, a normal piece of plate glass will
give a less accurate result, and the more complete adjustment methods given above may be
necessary.

For a large interferometer, or if the ldy—out makes it impossible to place a single piece of glass
" across the beams, two small mirrors fixed parallel to one another and at the appropriate spacing
on a metal beam may be used.

7. Conclusions.—The paper shows that it is possible to give a complete theory of the Mach-
Zehnder interferometer, showing the effects on fringe contrast of the mirror positions, source
configuration and optical imperfections. The following is a summary of the detailed conclusions:

The discussion of the source spectrum shows, by comparing rectangular and Gaussian
distributions, that the number of clear fringes obtained with the usual type of distribution should
be between half and one times the ratio of the mean wavelength to the half-width. It is possible
by means of a small-angle prism to obtain fringes whose spacing is independent of wavelength
and so use white light, but this is of no practical value.

Discussion of the effects of source size is based on the observation that this depends on the
fringe pattern produced in the source plane by placing a source at the point in the emergent beam.
This makes the effects easy to visualize and also suggests a useful method for final adjustment.

The fringe distribution in the source plane depends only on the separation of the two images
of the point of the screen. With the ideal instrument the images of the co-ordinate system in
the emergent beam may be treated as rigid bodies. The effects of all possible displacements
of one relative to the other have been discussed.

Study of the effects of mirror movements shows that all the image displacements may be
altered independently unless the interferometer is a parallelogram. Arranging the interferometer
as a parallelogram thus reduces the number of adjustments from six to five, at the expense of a

* This is a slight modification of a method developed by K. J. Habell.
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slight loss of contrast at the edges of the field with a large source and  horizontal * fringes parallel

to the plane of the parallelogram. The parallelogram has other practical advantages including
ease of adjustment. : '

The section on the relation between the two emergent beams shows that the reflection ratio
of the semi-reflecting mirrors has a critical effect on the fringe contrast in the beam which is

not normally used. This beam may be used if the reflection ratio is sufficiently near 50 per cent
in both planes of polarisation. '

The sections on the effects of imperfect optical elements show that the allowable tolerances
are very wide, except for those on wedge angles and on surface flatness and refractive index

variation. Fairly close limits on differences.of thickness may be desirable, to avoid excessive
dispersion.

Aberrations of the collimating lens have a negligible effect on the fringes if the interferometer
is properly adjusted.

With methods of adjustment now available a well—desfgned instrument may be set up in a
short time even under difficult conditions such as occur with different glass thicknesses in the

two beams. The final adjustment methods are accurate enough to ensure that no loss of fringe
contrast need arise from imperfect adjustment.

Acknowledgememf.—Acknowledgemeht is due to H. K. Zienkiewicz of the Mechanics of Fluids
Laboratory, University of Manchester, for very helpful criticism and corrections.

NOTATION
(A) English symbols in alphabetical order »
a Amplitude of wave arriving via each path separately
oF oS ¢
4 = Foig +F e sy

o (section 5.2)
(u* — 1) sin®* ¢

G T
b Fringe spacing normal to the fringes
b, Fringe spacing in the direction of the x-axis in the emergent beam
b, Fringe spacing in the direction of the y-axis
b’ Fringe spacing normal to the fringes ,
b, Fringe spacing in the direction of the x-axis | in the source plane
b,’ Fringe spacing in the direction of the y-axis
D Thickness, or difference in thickness, of glass plates or windows
a’ Source width, or distance between elements of the source
a,,d,’ Width or spacing of elements of the source in the x and y directions, réspectively
F(i,p) = +/(u*— sin*s) — coss |
f Focal length of the collimating lens
h Linear displacement of a ray passing through a wind tunnel

40



Xp: Yo

NOTATION—continued

(i) Intensity arriving via each path separately due to unit volume or unit area
- of the source

(ii) Angle of incidence of the axial ray at the mirrors of a parallelogram
interferometer :

| ‘Angles of incidence of the axial ray at the mirrors

Total inténsity from the whole source via each path separately
Total intensity due to the whole source and both paths

a'[b’ _

Refers to any of 1 to 4: X denotes summation over £ = 1 to k2 = 4

(i) Change in optical path due to lens aberration or to the disturbance to be
measured in a wave-shearing interferometer (sections 3.9, 3.10)

(i) Distance between two mirrors (section 4.3)

(iii) Distance from a wedge (section 5.7)

(iv) Wind tunnel width (section 5.13)

Distance between mirrors 1 and 2 or 3 and 4

Distance between mirrors 1 and 3 or 2 and 4

Path difference. (} = NA)

Suffixes to X, Y, z referring to the two adjustable mirrors
Fringe number

Fringe number at ' = 3’ = 0 (Appendix I)

Distance along the lens axis, between the source plane and the focal plane of
the lens

Vi + )
Vi + )

Rotations of the mirrors about ‘ horizontal ’ axes ,7.¢., axes in the mirror plane
and in plane CDEF (Fig. 20).

Rotations of the mirrors about ¢ vertical ’ axes, ¢.e., axes in the mirror plane
and normal to plane CDEF (Fig. 20)

X, cos1

Co-ordinates of a point in the real or virtual emergent beam

Co-ordinates of a point in the region of the source

Co-ordinates x and y of the image‘,of a source point %, v’ produced by the lens

(i) Co-ordinates x and y of the intersection of a ray with a reference plane
near the lens (section 3.9)
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NOTATION—continued

- (ii) Co-ordinates ¥, v, and 2 of the intersection of a ray with a wedge (section

5.6)
Co-ordinates x, v and z of a point on the edge.of a dlaphragm
(i) Distance between two Wedges (section 5.11)
(i) Out-of-focus distance of a compensating chamber (section 5.15) -

z co-ordinates of the intersection of the axial ray with the mirrors

(B) Greek symbols in alphabetical ovder

€

% Sy

z0s 831

&y

— 1o

2

0

a

4

€20

&y
2

7

Ay

&, ¢

w

E24

k4

(7]

¥

(i) Angle between interfering rays from the two paths o

(i) Angle of incidence of any ray at a mirfor

 Angles between the two i 1mages of the co-ordinate system in the emergent beam,

about the x, y and z axes of one image
Inclination to the x-axis of frmges in the emergent beam
Inclination to the #'-axis of fringes in the source'piane,' or of a slit source
Variation in thickness of a plate from centre to ecige due to wedge angle

(i) Distance between the two 1mages of a pomt in the emergent beam (section
3.4) : , , .

(ii) e, the sum of the mirror translations (section 4.3)

Differences between the co-ordinates of the two images of any point in the
emergent beam

Differences between the co-ordinates of the two 1mages of the origin of co-
ordmates in the emergent beam

Translations of mirrors 1 to 4 along the normals

(i) tan='(y/x) (sections 3, 4)

(ii) Deviation produced by a wedge (section 5)
Wavelength .

Spectral band width of the source

" Refractive index

Co-ordinates relative to the light rays (section 2.3)‘
Prism angle or wedge angle of glass plates or windows
Angle between the rays and the line joining the images -

Angles, about the x and y axes, respectively, between rays and the lens axes
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APPENDIX I

Relation between Fringe Contrast, Size of Source and Fringe Spacing in the Source Plane

(a) Linear terms.—Suppose the fringes in the source plane corresponding to a point B in the
emergent beam are approximately linear, with spacing b'. - Take axes x' perpendicular and y’
parallel to the fringes, and let the fringe number at the origin be N,.- Then the fringe number at
x',y"is N, + «'[b’. If, with one beam removed, unit area of source at x’, y’ contributes intensity

i at B, then with both beams it will contribute intensity 4¢ cos® (N, -+ x//b"). Thus the total
intensity is ‘ '

r !
I— f 4 cos®x (N[, +;fg_,) dx' dy’ .
: 77)
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Now the fringe contrast at B is the ratio of the maximum and minimum values of this integral

with respect to N,. If the source is symmetrical about x = 0, the minimum and maximum values
are at ¥, = { and N, = 0 and the ratio is

fi sin® n% ax' dy’
fz' cos? n%, dx' dy’ -
If the source is rectangular and uniform, of width 4, this becomes

& /2 %' ,
f 1 — cos 2n = dx
_a) b

) X
J 1 4 cos 2 = dx’

—a/2 b’
2k — sin wk '
= F T sinaf VReTe k=14

The ratio of minimum to maximum intensity, shown in Fig. 32a, thus increases from zero when
the source is small to unity when the source width equals the fringe spacing. The fringes in the
emergent beam then vanish, but reappear with low contrast and a shift of half the spacing as
the source size is further increased. The fringes vanish at integral values of %, and are very faint
~for all values of % greater than unity. - :

By using photographic materials of high contrast, and a suitable exposure, it is possible to get
a good print with a light intensity contrast of 2, and a usable print with a contrast of 1-5. Thus
from Fig. 32a it appears that even under ideal conditions, the contrast will be insufficient if
k exceeds about 0-8. In practice the contrast will be reduced by scattered light, by light reflected
at lens surfaces and at the back surfaces of the plates, and by lack of monochromatism of the
light and filter combination. It may be desirable to reduce the exposure below that giving the
best contrast, so as to reduce the source duration. Thus even with a point source the contrast
may be little more then enough to produce a good print, and so any further reduction due to
increase of source size must be quite small. So far as imperfections of the optical elements are
concerned, section 5 shows that wedge angles of the windows and plates, which produce linear
terms in the sourcé-plane path variation, are by far the most serious. The criterion used in
sections 5.6 to 5.11 is that the combined effect of these imperfections should be such as to produce
a ratio of minimum to maximum intensity of not more than 0-05, corresponding to £ = 0-243.

(0) Quadratic terms.—Suppose the source-plane path variation is proportional to x'%, that is,
the fringes are still linear and parallel to the y’ axis but the path variation with %’ is parabolic.
‘The path difference may be expressed as /= A{N, -+ (¥'%/b’?)}, where &’ is the value of x’ at

which the path differs by one wavelength from its value at " = 0. The fringe number is thus
Ny + %36 ' '

For a uniform rectangular source of width 4’, and intensity 4 'per unit width vza each beam
separately, the resulting intensity is: ‘

/e P
I:4zf coszn(No—}——,é)dx’.
—da/2 ‘ b
The derivative of this with respect to N, is

al @' /2 5’2

) . , @ P
AN, = dim [sm 2nN0f—d’/2 cos 2z 7 dx' -+ cos ZWNOJ‘.~¢'/2 sin 2z 77 ax }
. ay . : a’
= — 4dunbd [A (F) sin ZyzNO -+ B (57) cos ZnND:]
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where -

an e a o, ay [ ow o,
A(Z—,-)—fo COS—Qv dv , B(ET)——J‘O sin 5 v .
Hence the intensity has a stationary value when tan 22N, = — B/4. The intensity is
) A ! b’ o .
I =4 [7 -+ QA cos 2alN, — 5 B sin 2nN0j| .

If tan 2xN, = — B/[A, this becomes

j:%’[%i\/wwz)]

The ratio of minimum to maximum intensity is thus:
(@'[p)) — V(4 + BY)
(@'[0") + /(4" + B

A and B are Fresnel’s integrals and are tabulated in Ref. 15. Fig. 32b shows the ratio plotted
against d'/b’. The ratio rises much more slowly than for the linear path variation, does not pass
through unity but tends to unity as 4'/b" tends to infinity. S

Various imperfections of the optical elements, namely differences in thickness, incidence and
refractive index between the windows and plates in the two beams, give rise to quadratic terms
in the source-plane path variation. Since these in any case do not involve severe restrictions
on the imperfections, they may be kept very small. The criterion used in sections 5.2 to 5.5 1s
that the combined effect of these imperfections should result in a ratio of minimum to maximum
intensity of not more than 0-02. This corresponds to &'[/b’ = 0-78.

APPENDIX II

Relation between Fringe Contrast and the Spectral Band Width of the Source,
with no Dispersion '

Consider a point at which the path difference is /, which, since there is no dispersion, is
independent of the wavelength 4. If the intensity per unit wavelength arriving via each path
separately is 4(1), the total intensity is : o :

4 f ) coszil ai .
o A
Suppose that ¢ differs from. zero only over a narrow range of wavelengths near 1 = 1,. Then
we may put 1 = 4, + ¢, and neglect ¢*/4,* and higher powers.

The intensity becomes:

af” o™ (&
I_4f_wz cos 20(1 /lo> de

=2 z‘[1+cosziz—l(1—§ﬂda._
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If the intensity distribution is symmetrical about 2,, i.e., if i(s) = ¢(— &), this becomes.

2
0 2’0

I:2fw ids—}—2cos2;£fw i cos 2 B de

(a) Rectangular intensity distribution.—TFirst consider an intensity-wavelength distribution

having constant intensity ¢ over the range 2 = 1, 4= 34,, 4.e., a rectangular distribution of width
;. The intensity is '

o . wl [ A2 . @l
I = 21/11 -+ 2’1//11 cos 2 —ﬂ,_o I:?E_U.—; s W:I .

The ratio of minimum to maximum intensity with respect to / is, putting /2,/4,* = &,
1 — (sin wkjnk) @k — sin =k ‘
1 -+ (sin wk/nk) — nk + sinak’

This is the same relation as that of Appendix I for the variation of contrast with source size
for g linear source-plane path variation. The contrast falls to zero when % = 1, and the fringe
number is then /{4, = 4,/4;. Thus the number of fringes visible each side of the zero fringe is
a fraction, less than unity, of the ratio 4,/4,. For photography the minimum contrast which
will give a good print is about 2. There will be a loss of contrast due to other causes however,
and so the acceptable ratio of minimum to maximum intensity due to the spectral width is

probably not more than about . This gives 2 = 0-53 and a total number of clear fringes of
106 2y/4,. : ‘

(b) Gaussian intensity distribution® —The intensity-wavelength distribution of a spectral line or
interference filter is better represented by a Gaussian curve’. If the distribution is
1 = I,exp — (&/ey)? the intensity becomes:

TI——_— 2fw exp — (&fs,)® de -+ 2 cos ?ﬂlif exp — (&]eo)® cos 2x Z—S—de
0 — o 1]

— ’102
= 2y/(m) ey + 29/ ()20 cOS 2 1-exp — (wleofic)
0
The ratio of minimum to maximum intensity is thus, putting Ze,/1,* = &,

7Ry

5 -

1 — exp — a%k?
1 + exp — =®k*

= tanh

For small values of %, this is approximately (n%k%), while the corresponding ratio for the
rectangular distribution is 7;(n%?%. The two are thus equal if £ = 4/(6)%; and 4, = 4/(6)z,. -

The half-width 1, of the exponential distribution is given by
exp — (4,/2¢y)? = ‘ ‘

Thus the two distributions give the same loss of contrast, when the contrast is high, if
2-1 —_ 1'4711’. '

Fig. 33 shows, for comparison, graphs of minimum to maximum intensity ratio for the Gaussian
distribution and for the rectangular distribution of width 1-47 times the half-width of the Gaussian
curve. For the Gaussian distribution the intensity ratio reaches 1 when N(4,’/4,) = 0-379.
Thus, using this criterion, this distribution gives a total number of clear fringes of 0-76(%e/4,")
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APPENDIX III
The Twyman-Green Interferometey

Fig. 33 shows that, so far as the optics of the ideal interferometers are concerned, the
Twyman-Green arrangement may be considered a special case of the Mach-Zehnder in which
the two semi-reflecting plates coalesce and in which the incidence at the plane mirrors becomes
Z€ero.

Using the notafion of section 4, we have, for the Twyman-Green arrangement :

@fs‘:iz»z O:,'
o 7/4:_‘7'1,
X, =X,
Y, =Y.,
€47 81,
23:2'22_21'4‘[4-.
2=z + 2L .

Hence equations (4.1) become: '
EE 8:;0 :82 —-|— g3 - 2¢, COS 7y, e

ep=—35Y,= — (& + L)2Y: + Y. 4+ Y5)
w,=2Y,+ Y.+ Y;
gy = (2 + L)(2X, cos 4y + X, + Xs)
w, = 2X,cos i, + X, + X;
a, = 0. -

Rearranging these, and expressing e and e, in terms of «, and «,, we obtain:
oy = 2X1,COS 0+ Xo+ X
w,=2Y,  +Y,+ Y,
o, =0 . '
€0 = — (2 -+ L)
ey = (% + L)
£,0 = 28, COS %y + &5 1 &3.

It follows that only three of the displacements can be adjusted independently, and only three
of the nine possible adjustments are necessary. These three must be one translation, one vertical
axis rotation and one horizontal axis rotation. Any of the three mirrors may be used for each
of these necessary adjustments: - "~ 7 T

Substituting the above equations in equa,fioiis (3.2) we obtain,
&, = &, + 20, = {2 — (2, + L)},

g, = g, — 200, = — {7z — (2 + L)}.

Thus at 2 = 2, + L(= 2, = 2,), ¢, and ¢, are zero. The source-plane fringe distribution is there-
fore that discussed in section 3.7 (b), with the origin of z at mirror 2. If the plane of mirrors 2
and 3 is focussed on the screen the permissible source size (for theideal interferometer) is practically
unlimited. : ~ ‘

and
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interfering rays.
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Fic. 2, Relation between fringe spacing
and inclination of wave fronts,

Emergent beam -

© Fic. 3. Reciprocal relation between source and

screen.,

48



(e£912)

6¥

(a)
Mercury vapour lamp.
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about 700A. —b — =65
A !
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Band width 35A. Ay A0
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with a peak at 448l1A. ’\:b 1

FiGs. 4a to 4f. Effect of the spectral distribution of the source,
with no dispersion.

(@ FE A

Glass thickness O-O67in. Tungsten light, no filter, blue-sensitive plate resulting
in high dispersion and many fringes

(®) [,

As above but ortho-chromatic plate, less dispersion and fewer fringes

o U

As (b) but with a green gelatin filter. Fewer fringes but higher maximum
centrast.

© T R
No dispersion, no filter

Fics. 5a to 5¢c.  Effect of a refracting plate.

(a) No dispersion, Tungsten light, no filter

(b) As above but with a 2'k° prism

FiGs. 6a and 6b.  Effect of a refrac-
ting prism.
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Fic 7. General arrangement of the interferometer.
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Fic' 8. The ideal 4-mirror interferometer. Note that
.the rays 1-2-4, 1-3-4 need not necessarily lie even
approximately in one plane.
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F1Gs. 12a and 12b. Fringes produced by a source consisting Fics. 13a to 13c.  Effects of the image

of two vertical slits, with screens inclined at 45 deg. rotation «, about the z-axis.
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ITSELF IN (b) OWING TO THE SMALL SOURCE SIZE)

F1Gs. 17a and 17b. Normal and wave-shearing inter-
ferograms of a candle flame.
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Fic. 18. Arrangements of interferometer and
camera producing real images of real and
virtual object fringe patterns.



Focal position for
horizontal slit source

y - | ay =LY

Focal position for 1
' vertical slit source ‘

| |

r———-Ll——v‘» _[<—~L[——-}
L

| - |

| .

F1c. 20. Geometrical representation of the effects of mirror displacements with a parallelogram
interferometer. ' -
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Fic. 21.  Effects of five mirror displacements, with a parallelo- .
gram interferometer.
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VERTICAL SLIT SOURCE

CIRCULAR SOURCE, DIAMETER O-If
az=-ay = 575 x 1064

SOURCE SCREEN

R
R AN
Fi16.22. Effects of the image rotation «, about
the z-axis, with the screen inclined and parallel
to the mirrors.
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F16. 23. Optical path in a parallel
plate.

F1c. 24. Effect of source co-ordinates on angle of
incidence.



8¢

c

Fig. 25. Optical path through
a wedge.
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Fic. 26. Wedge with apex parallel
to the y-axis.
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Fic. 27. Wedge with its apex perpendicular to the y-axis.
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Fic. 28. Displacement of rays passing through a wind tunnel.
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F1c. 29. Effect of ray deflections on the
path through the plates.
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Source

1 »

Near * @\ Lamp o illuminate
cross-hairs Ehe cross-hairs.

(&) Nearand far cross- hair method.

Source

l

\/4 EEE
2/ b

!

| 4
Alternative <>/
mirror positions

(b)  Price's method

FiGs. 30a and 30b. Intermediate methods of
adjustment using geometric optics.




19

O¥r m

Aux”iarg mirror
Position 2

Auxiliary mirror
Position | .

Frc. 81.  Method for making the mirrors parallel.

Ratio of minimum to maximum intensity
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(a) Linear path variation
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(b) Quadratic path vartakion

F1cs. 32a and 32b.
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Variation of contrast with fringe number for Gaussian and
rectangula.r spectral distributions

Fic. 33.

2
™~
l Normal Mach - Zehnder
arrangement ( parallelogram)
™~
4
3
2

_/‘

Mach - Zehnder with 1, and
1, small and ¢, hegaktive

- Twyman- Green, for which

1,2‘=1,3 =0 and t_,4=-i,!

3

Fic. 34. The relation between the Mach-Zehnder
and Twyman-Green interferometers.
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