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Summary
Expressions are derived for the stray light in a birefringent filter caused by polarizers
producing incomplete polarization and by inexact half-wave plates. It is shown that,
with suitable orientation of retardation plates, less stray light is obtained with incom-
plete than with complete polarizers. The asymmetry of the field and the stray light
arising from incorrect orientation of the crystal axes are also discussed.

I. INTRODUCTION
Birefringent filters were first developed by Lyot (1933, 1944) and Ohman
(1938), the theory being extended later by Billings (1947) and Evans (1949),
while Billings, Sage, and Draisin (1951) and Dunn (1951) discussed some of the
practical aspects of their construction.

A simple element of such a filter consists of a plane parallel birefringent
plate cut with an axis in the surface and mounted between polarizers whose
axes bisect those of the crystal. If the plate is of thickness ¢ and birefringence
¢—w, ¢ and o being the refractive indices, the phase retardation x introduced
between the ordinary and extraordinary rays of wavelength A is given by
~x=(e—w)e/, and the transmittance of the element by t=cos?mx or sin’mx
respectively- for parallel or crossed polarizers. Since x is a function of 2, the
element has a sequence of transmission bands throughout the spectrum.

A simple birefringent filter consists of a series of such elements, each having
twice the retardation of the preceding, so that the filter transmits narrow, widely
spaced bands (the ¢ principal maxima ). The field, which is limited by the
variation in the wavelengths of the principal maxima away from the axis, can
be extended in various alternative ways suggested by Lyot. In the one most
frequently used (known as Lyot type 1), the retardation plate is split into halves
which are separated, with their axes crossed, by an appropriately oriented
half-wave plate.

Imperfect components introduce various defects into filter performance.
Polarizers which do not produce complete polarization change the fraction of
residual light outside the principal maxima, that is, the ¢ stray light . Faulty
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half-wave plates in Liyot type 1 elements increase the stray light. Retardation
plates of incorrect thickness or imperfect optical quality result in changes of
wavelength of the principal maxima. Incorrect orientation of the coemponents
with respect to the polarizers increases the stray light, while, if the crystal axes
of the retardation plates do not lie in their surfaces, the field is modified. We
discuss these matters in some detail. '

IT. INCOMPLETE POLARIZERS
(a) General

Although calcite prism polarizers have high transmission and produce
perfect polarization, at least over a field of several degrees, their disadvantages
of high cost, bulk, and scarcity have meant that most birefringent filters have
been constructed with ¢ Polaroid ”” polarizers. These latter, however, all
transmit a small amount of light vibrating in a direction at right angles to that
of the main polarized beam, and so affect the performance of a filter in which
they are incorporated. In this section we shall investigate the effects resulting
from this incomplete polarization of ¢ Polaroid .

We shall first digress to describe an experiment whose result is of significance
in the discussion.

(b) An Experiment on Retardation in * Polaroid *

The behaviour of incomplete polarizers in birefringent filters depends in
part on any retardation introduced by the polarizer. Let a beam of polarized
light be incident on a polarizer, then the beam may be resolved into two com-
ponents respectively parallel and perpendicular to the polarizer axis and trans-
mitted with unequal absorptions. If there is no phase difference on transmission,
the two beams will recombine to give plane polarized light while, if there is a
phase difference, elliptically polarized light will result. This effect has been tested
on a variety of “ Polaroid ”’ films by viewing a sodium lamp through a Thomson
prism, a following ¢ Polaroid »’ sheet being nearly but not quite crossed with it ;
the yellow sodium glow may then be seen. . On rotating a second Thomson
prism to examine the light leaving the “ Polaroid ", extinection occurs at an
appropriate orientation, showing that there is no significant phase difference
between the transmitted rays. Through some of the older types of ¢ Polaroid ”’
the red filament of the lamp may also be seen, and this disappears at a different
orientation of the second Thomson prism, confirming that with such ¢ Polaroids *’
the ratio of the transmissions respectively parallel and perpendicular to the
polarizer axis varies with wavelength.

(¢) Transmission through a Birefringent Filter
Let unpolarized light be incident on a birefringent element the first polarizer
of which has its axis in direction r (Fig. 1) bisecting the axes # and y of the
retardation plate. Neglecting losses by reflection at the various surfaces, the
vibrations leaving the polarizer may, in virtue of the above, be represented by
r=T,*asin ¢, s=T,%a sin §, where ¢ is the phase, a is the amplitude of the
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incident vibration, and 7; and T, the transmittances of the polarizer for light
vibrating respectively along the r and s directions. Considering firstly only the »
component incident on the retardation plate, we find that it results in light
emerging from the plate with » and s components given by

r=T,%a.cos mx sin ( —mx), }
s=-T,%a sin 7tz cos (¢ —mx),

the sign of s depending on the plane of vibration of the ordinary and extra-
ordinary rays in the plate. Similarly, the s component from the first polarizer
gives rise to vibrations leaving the retardation plate

r=-+Tyka sin wx cos (Y —mx),

s=T,ta cos mx sin (Y —7wx).

On passing through the following polarizer, the r and s amplitudes are multiplied
by T,* and T,? respectively if the polarizers are parallel.

Fig. 1

The beam (2.1) is now incident on a second plate of retardation 2x, thickness
%2¢. The incident » beam behaves as before, its amplitude on striking the
retardation plate being T,a cos wx. The incident s ray, given by (2.1), results
in a pair of transmitted components leaving the retardation plate

r==FT,}T,%a sin 7wx sin 27x sin ($ —7xF 27x), } (2.2)
s§=T,*T,ta sin 7wx cos 27tx €08 (Y —mxF 27n), B

the signs depending on whether the optic axis of the second plate is parallel or at
right angles to that of the first plate.

The vibration transmitted through a complete filter is the resultant of the
component vibrations which traverse the filter in all possible ways. However,
as T,>T,, terms involving high powers of 7', may be neglected ; these correspond
to rays which have passed through several polarizers in the s direction.

Suppose first that all retardation plates are arranged with their optic axes
parallel, all polarizers also being parallel. Omitting the phase, the ray passing
through all polarizers in the r direction contributes

aT, ™ +D/2cos % cos 2mx . . . cos 28 ~1mx
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to the emergent vibration, N being the number of elements in the filter. Those
making only one transition r—>s—r contribute
N2

—aT¥2T} 3 (cos mx . . . cos 2—1mx sin 2! 7w sin 20+1my
120 .

cos 202y . . L cos 2V -1lmx).  L........... (2.3)

Those incident and transmitted in the r direction, but traversing two polarizers
in the s direction, turn out to be negligible and are omitted. The sum of the
above two contributions is denoted as A,.

The r contribution due to the incident s component, of random phase with
respect to A, is

Ay,=aT 2T} gin tx co8 2mx . . . cos 2V —1xy,

The s disturbance due to the ray which has passed through only one polarizer
(the last) in the s direction, is

Ag=aT N2T,} cos wx cos 2mtx . . . cos 2V —2my gin 2N —1yyx,
The transmitted flux is then given by
Ppo=A2AZ+A2. .. (2.4)

(d) The Integrated Flux
For an incident equi-energy spectrum, the transmitted flux is assessed by
integrating between two successive principal maxima, with the result

T N+1g2

=" [1-{—%(1\7 +1)], ............ (2.5)

powers of T, higher than the first being neglected.

(e) The Flux in a Principal Maximum Band and the Stray Light
With an ideal filter the transmittance falls from unity at the principal
maxima, x=n, an integer, to zero where x=n-42-¥, between which lies a
principal maximum band. The flux in a principal maximum band, F,,, is found
by integrating from x=n—2-¥ to x=n-42-¥. This integral may be evaluated
approximately by putting cos #=1—a?/2, sin #=u, except for the final term of
argument 2¥ -1y,
Neglecting powers of » higher than the second, the term in 7T, which
will be found of special interest, becomes
a®T N +iT,3

—0B1TSL T

The terms in T, integrate to a value of the order of 2 ~¥a2T,NT,, while the term
in T, ¥+1 integrates to 0-89 x2-Ng2T ¥+1, provided N >3. Hence

TN +1q? T\ T
Pyt [0'89—0-61(—2) —2].
Y , T,) 7T,
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The fraction of the flux which lies outside the principal maximum band, namely,

T,

FT_—FM
01140 61(1,1) —|—NT, .......... (2.7)

T

fs:

we term stray light. With complete polarization, fs 0-11, a result given
previously by Evans (1949).

The lightest available ¢ Polaroid ” films have crossed densities of the order
of 3, that is, T,/T;~10-3. With these, the stray light in a seven-‘“ Polaroid ”
filter is 0-137. With a crossed density of four, the stray light is reduced to
0-117, but, as the transmitted flux varies as T,N+1, there is a considerable
reduction in transmission if the stray light is to be held to this value.

(f) The Reduction of Stray Light Using Incomplete Polarization

With a suitable alignment of retardation plates, an important result can be
obtained, namely, a reduction of stray light below that obtained with perfect
polarizers.

From (2.2), it can be seen that a ray passing in the r—s—r direction through
two retardation plates with parallel optic axes finishes with a negative amplitude.
But if the optic axes of the plates are at right angles (i.e. if the retardation of
one is of opposite sign to that of the other), the amplitude is positive. Suppose
all polarizers are parallel, but that the optic axis of each plate is perpendicular
to that of its immediate predecessor, then 4, is modified so that the sign of
expression (2.6) is reversed, and the stray light is given by

H
f,~0-11 —0-61(%) +N%. ............ (2.8)
1

If the element of highest reﬁa,rdation alone is at right angles to the rest, then it
can be shown that the stray light is given by

f,~0-11—0- 39(T) —|—NT
1

The optimum reduction in strdy light is obtained when

T, 0-093

P aais- RISIERTRIITERPRRIELERRRE (2.9)
when the stray light is reduced to
Fime0-11—0-09/N. e (2.10)

Thus even with as many as 10 polarizers, the use of the lightest grade of
“ Polaroid ”’ not only provides for high transmission but also yields a sensible
improvement in stray light over that given by calcite polarizers.
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(9) The Reduction of Stray Light with Lyot Type 1 Elements

By tracing the changes in the sign of the vibration on passing through
Lyot type 1 elements, it is easy to verify that for a reduction in stray light

(1) consecutive Lyot type 1 elements should be arranged with the optic
axes of their first components parallel, and

(2) the first component of a Liyot type 1 element should have its optic axis
at right angles to that of a preceding or parallel to that of a following simple
element.

ITI. INExACT HALF-WAVE PLATES

(@) General
For a Lyot type 1 element using parallel polarizers Evans (1949) has given
the transmittance in a form reducing to

T=008% 1tx; +-c082 Tx,, (8in? 7tx; —sin® wy;),
where %, is the retardation of the nominal half-wave plate, and
=R+ %y
3 =%y —%,

%, and %, being the retardations of the two split plates, which we suppose to
have equal thicknesses.

As shown by Evans, the effective retardation of a single plate is

2 2 in2
x=xﬁ[1+<2p_w((}o_s_6_sm e)], for ey 0, ...... (3.1)

€ (O]

%o being the retardation for axial passage and ¢ and 6 respectively the angles
of incidence and the azimuth of the plane of incidence measured from the fast
axis. Since the axes of the two plates are crossed, a ray at ¢, 0 to the first slab
will enter the second at ¢, 0+4m/2.

Then

and

o 40 1) (142 ]

The variation in x; with ¢ normally sets a limit to the field, involving a
variation in A,, the wavelength of the principal maximum. If AX, is not to
exceed 0-1 of the half-width of the principal tbaJan,

Ax;<2-V/10,
which when combined with (3.1) yields the maximum value of ¢.
An inexact half-wave plate introduces stray light, which we now discuss.
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(b) The Integrated Flux
The flux transmitted by a birefringent filter of N elements, the first J of
which are unsplit and the remainder Lyot type 1 elements, is

F=a2f0082 T Co82 27tx . . . 082 27 1 . G(2Tn )G (27 timx) . . L G2V ~1wx)dx,
where
G(2% te) =cos? 2%7x +y(sin? 29tk —sin? 2%B7x),
Y =008% %,
and, to a good approximation,

2(1 1
B=;P_m(;.+$) cos 20.

Provided v is small and varies negligibly over the range of integration, we
find, as in Section IT, that the flux between two successive principal maxima,
F,, may be written, for 2¥-13< 1/4,

¥ cos 2%Bmx, sin 27— 1{37:]
I
AR r=J+1 20— 187
Similarly, with the same approximations, we find the flux in a prineipal maximum
band to be given by

0 4J-N+1 N .
Fy=55]0- 89—|—Y( ——)— 2 y,sin? 29-1037y, |,
2 9 z=J +1
where
4:4: —N
ST, e,
yN=1-45.

The stray light fraction on the axis is thus

9 41-M
1+My ’
where M =N —J is the number of wide-field elements.
As an example consider a six-element filter designed to operate at the
coronal red and green lines. If provided with mica half-wave plates adjusted

for the sodium D line, then at the coronal line wavelengths y~0-03. The stray
light fraction is given in Table 1.

fs:

To investigate off-axis effects, suppose the last two elements split. At
angles such that sin 22-13w~22—-1fx, the stray light is

e 0-114+v(0-57+40-51 cos 25B7x»,+0-28 cos 2%1:;4(,)
o 1-+y(cos 25Bmxy+-cos 28B7x,)

This varies around the field through its dependence on  and hence on 6, but
diminishes away from the axis and so imposes no limit to the field.
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IV. INCORRECT ORIENTATION OF COMPONENTS ABOUT A Normar
TO THE SURFACE
In an otherwise perfect simple element, let the angle between the first
polarizer axis » and the fast axis x of the crystal plate be &, the final polarizer
being at an angle { to #. The first polarizer transmits a vibration 7 =a sin {,
the vibration transmitted through the whole element being plane polarized and
represented by ’

acos £ cos {.sin §+a sin £ gin £ . sin (Y —27x).
The transmittance of the element is thus
T=A4 cos?ntx +B sin’ny,

where A =cos? (£—) and B=cos? (£+9).

TABLE 1

STRAY LIGHT AT A5303 WITH MICA HALF-WAVE
PLATES ADJUSTED AT A5890

Number of Split Stray Light
Elements Fraction

0-110
0-119
0-142
0-165
0-188
0-208
0-229

SR W=D

The transmittance of a simple birefringent filter is the product of a set of
such terms )
T=(4, cos’mx +B, sin%mx)(4, c0s22mx +B,s8in227x) . . .
(Ay cos22V 17ty + By 8in228 ~1xy).
In practice, the 4’s will be almost unity and the B’s small, so that terms involving
higher powers than B may be neglected. As before, the flux in the whole
transmission band is obtained by integrating from x =n to n+1, yielding
o XB,)
freav 2y
where 1I,=4,4,. . . A,.

The flux in a pi‘ineipal maximum band is given by

[ 1%51B, 5B
FMzﬁlO-SQ—{—ng:lz—xelx N+§Z§]'

If the ratio B/A is constant and equal to [

I II 2
FT=9‘1:;(1 +Np); FM=§§(0-89+39) for N >3.
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These results show that if £ +{=m/2, that is, B=0, the effect is simply to reduce
the flux uniformly over the whole spectrum ; there is no change in the proportion
of scattered light.

With B/A constant, the stray light fraction is

0-11+(N—§)p
fs=—m?—a

which, for readily achievable orientations and normal numbers of elements,
approximates to

2
fi=0-114+Np~0-11 +N(g_g_c) .

1f the errors in orientation £ and ¢ are all equal to « (radians) and are of the same

sign,
fi=0-114+4Na? ...oooonennnnennn (4.1)

V. MISALIGNMENT OF THE AXES WITH RESPECT TO THE SURFACE
OF A PLATE

(a) General Equations

Here the field size of a simple element is unchanged, as shall be shown, but
may be displaced with respect to the normal to the surface of the element.

Following Evans’s (1949) method, consider a plane parallel uniaxial crystal
of thickness e, whose axes form a coordinate system, the x axis of which is parallel
to the crystal optic axis. Choose units of time and distance which make the
velocity of light in vacuo unity. Suppose the crystal surfaces do not lie in a
plane containing two of the axes, the equations of the surfaces being

wr+Ry+yr =0, ...l (5.1)

ar+By+ye—e=0, ...l (5.2)

where o, B, and y are the direction cosines of the normals to the surfaces. An
incident ray has a wave front :

ax+by+ecz—t=0, ...l (5.3)

where a, b, and ¢ are the direction cosines of the ray.

At the origin, on the first surface, a secondary wavelet spreads into the
crystal, its equation being that of the ellipsoid

Ca? 2y +vRE—12=0, ....... ...l (5.4)

where ¢, 7, and v are the reciprocals of the velocities in the «, y, and z directions,
that is, the refractive indices. '

A tangent plane to the ellipsoid at @y, y;, 2, 18

2, Yy Py +2vie—t=0. ... ...l (5.5)
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The condition for this to be a wave front is that the three planes (5.1), (5.3),
and (5.5) meet along a common line, that is,

« Y 0 ‘ =0= B Y 0
a ¢ —t b c —t ,
o v 2| UL

from which
=(yg3)! (av2zl—owt—|—yat), 1 ;
=(yn?)- 1By, — BCt"i‘th). JOREEREREY (5.6)

Substituting these in (5.4) we find
vey? =18 —(y*L%) M (av’e; — oot +yat): — (y212) 1By, — Bt +ybt)2, (5.7)

whose solution is 2, =2.F, where, restricting consideration to small errors in
alignment, so that « and 8 are small and v, :

_1 a? 2a0c | 2bBc\? wa Bb
P ) i

The tlme t, for the ray to reach the second surface is found by putting -z =z,,
Y=y1, =2, in (5.2), s0
(v Q) vyl —acty +yat,) +B(yn?) H(Bv2t,F —Bety +ybty) +yt, F—e,

which Yields to the first order;

tl*‘f(FJr c2+3b)*1 . ]
=ev(1 a? +2aac+2bic) j ------ (5.8)
o .

The emerging wave front, parallel to (5.3), is

ax 4-by +-cz —(t—A) =
where
‘ A=t, —aw, —by, —cz,.

The distance of the wave from the origin is
P=t—A=t—t,‘ax;+by,+czy. ............ (5.9)
For the extraordinary wave,

C=‘0’ n=v=¢g, tlztg.
For the ordinary wave, '

C=n=v=o0, 1 =l.
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Hence we find for the retardation, x=(pe—Ppe)/As

1 b Fotpaa Feleoac? a®  aoc .
u:i{(Fmtm—thg)(%—}-c)-{— “;’ T (o —te) (F—— -1

yo?
te T bfe
+{l-5)0-5);

which after some reduction becomes, to the first order,

(. e b o _E%
K'—:Xollﬂ—m—{‘za-*———(c w E) e eee e (5.10)

(b) The Simple Element
The limit of the field is reached when x—x, reaches the tolerable limit.
In the perfect element, where a=p=0,

x—x b a?
% 20t 207

which has maxima at b=0 and =0, if b2+a?=constant, and is zero when
b2la? =¢/w.
(i) Case 1.—If a=0, (5.10) becomes

x—xy _ b _Bb(1L—B)!

o See oc (as a%+4-b24-c?=1).

For a given change in retardation, let b=b, for =0, and b=B for 3 #0. Then
b3 =B%—20B(1—B2)3,
which, for 8<b,, and B small, reduces to
B—p=-+b,.

As the angle which the limiting ray makés with the plane containing the optic
axis and the normal to the surface is given closely by B —8, the field in the plane
2=0 is unchanged and symmetrical.

(ii) Case 2.—If b=0, the corresponding result is
A—o=+ta,—a(e+e).

The angle which the limiting ray makes with the plane containing the y-axis
and the normal to the surface is given closely by A —a, so that the field in the
plane y =0 is unchanged in size but asymmetrical by an amount o(w +¢).

(¢) Lyot Type 1 Element
The large field of a perfect Lyot type 1 element results from a compensation
of off-axis effects. We shall now show that this compensation is reduced and the
field size diminished if the axes of the two plates are not parallel to the surfaces.
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Suppose that axes of the first plate of a Lyot type 1 element are not parallel
to the surface of the plate, the second plate being free from error.

With respect to the coordinate system established by the crystal axes of
the first plate, those of the second plate have direction cosines (a;, By Y1)
(agy By ve)y and (xg B3y v3), Where (ag, Bg, vs)=(a, B, Y) are the direction cosines
of the normal to the surface. Hence the direction cosines of a ray which in the
first system are (a, b, ¢) become in the coordinate system of the second plate
(@’ b’y ¢’) where
‘ o' =00 +B1b 4,0,
b' =0y +B4b +40,
¢ =03+ B3b +yse.

The retardation of the complete element is thus
( b* aa ' Be a’? b2
*= xl% co2+2cos+m2(c_ _s)_ﬂ—?}_,_ {1+ 2we 2_&}

Since a;~~1, 3; and vy, are very small, 8,~1, a, and y, are very small, and ¢~1,
it readily follows that y,~—a and

| b
MZKI{ 2w2+2we+ 2(1 _s)_B_}

a?+2a(B;p—o) b*—2b(B,a+B) }

2we 202

+x2{1—|—

Suppose the plates are adjusted during construction so that in each the
retardation along the normal is equal to K. In the first plate, the direction
of the normal is a=a, b=B; in the second, ' =0=>b'. Thus very closely

2 2
x1=%K{1—§2(%—m—s>+fm},

xy=3K,
whence very closely

B 2 g2 Bb  a%+2a(Bb—a)
_%{ it +2ms 20)2+2(os+a)2( e e)‘_(—o_e_i_ X

2we
2b(B,a
Tﬁ;t@} TP (5.11)
(i) Case 3.—If a=0, (5.11) becomes

x—K o? 2 1 b?

= =%{——2<%—w —el gt (o *s)(— —Bb)}.
For a given change in retardation, let b =b, for o = =0, and b =B for o #0, B #0.
Then it readily follows that

.

B2 —20c(} —o —s>} .

w—¢

B_@=i{b0+;32

Hence the field is symmetrical and reduced.
D
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(ii) Case 4.—If b=0, the corresponding result is

A —o— oeg(w <) :l:{a%-{—o@ [s(l —w—¢) —w]z_ﬁ%) —2a%e(3 —o -—e)}é

w—¢ w—E w—¢

g4-5ai{a2+(4'5°‘)2_1'592,_+_7'§ﬂ*, ........... (5.13)

— 0 w—E¢ w—E

Hence in this plane the field is unsymmetrical by about 4 -5«/(w —e), and since
(o —e)~' is —110 for quartz and 5-8 for calcite, the asymmetry will be large
unless « is very small indeed, that is, unless the optic axis lies almost exactly
in the surface.

Unless P>«, the field is increased from 2a, to approximately
2[a2+{4-5a/(0 —e)}?] 3, the minimum angle between the edge of the field and
the normal being [a§+{4-5oc/(o)—s)}z]*—4-5oc/((o—s). This is 0-4a, when
a=ay(e —€)/4 D, Or a==ay/500 for quartz and ay/25 for calcite.

Nor may @ be allowed to be very large. From both (5.12) and (5.13)
it is evident that if «=0, there is a 10 per cent. reduction in field if
B~(0 —e/Bw)ib,, or about by/30 for quartz or by/7 for calcite.

Tt should be noted that the field is given by the above expressions only
when 4-5a/(w—¢) is not too large; for large enough values, the retardation
in the centre of the asymmetric field, which is opposite in sign to that at the edge,
also exceeds the tolerable limits.

VI. DISCUSSION
(@) Stray Light
(i) Defective Polarizers.—In the design of a birefringent filter, the question
_ arises as to the type of polarizer, calcite or ¢ Polaroid ”, and if the latter, what
shall be its characteristics. While calcite prisms undoubtedly give good results,
properly chosen “ Polaroid ” will often be preferable because of availability
and cheapness. Usually, high transmission is an important factor ; but this is
obtainable in “ Polaroid ”” only with incomplete polarization. However, by
alternating the orientation of the retardation plates, the stray light can be
reduced. A good compromise in a seven-‘ Polaroid ” filter would be obtained
with ¢ Polaroid ” for which T,/T,=500. Two pieces of this when parallel
have a transmittance 250 times that when crossed. Such material would
normally have a parallel transmittance (almost exactly }k2T%) of about 0-40—
the term k allowing for surface reflections—and a seven-‘‘ Polaroid ”’ filter would
have a peak transmittance 82 per cent. of that of a similar filter equipped with
calcite polarizers. The stray light would be reduced from 0-11 to 0-10. These
results are, however, simplifications derived on the assumption of constant
T,/T,, which in practice varies throughout the spectrum.

(ii) Half-wave Plates.—A second design consideration concerning the intro-
duction of stray light is the use of non-achromatic half-wave plates in Lyot
type 1 wide-field elements. If the filter is intended for a range of wavelengths,
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and mica half-wave plates are adjusted for the middle of the range, the stray
light introduced depends on the range of wavelengths and number of wide-field
elements, and can be serious. Even in a filter designed for a single wavelength
and containing several wide-field elements the tolerance on the accuracy of the
half-wave plate is quite exacting.

(iii) Alignment between Retardation Plates and Polarizers.—A further source
of stray light is purely constructional, namely, the incorrect alignment between
the retardation plates and polarizers. Its influence will be negligible if the
errors are of the order of 0-5° or less.

We have not discussed the effects of errors in thickness of retardation
plates ; these have been treated by others, a tolerance of A/20 in retardation
being normally acceptable.

(b) Field
The major effect of faulty components on the field is an asymmetry due to
lack of alignment of the optic axis in the surface of an element. The effect is
particularly marked in the ease of Lyot type 1 elements, where the asymmetry
is some 500 times the error in alignment for quartz and 17 times for calcite.

Errors in the other crystal axes are not very important in simple elements ;
in Lyot type 1 elements, the field is reduced by some 10 per cent. for an alignment
error of about 3 per cent. of the semi-field for quartz or 15 per cent. of the semi-
field for calcite.

In Lyot type 1 elements, one way of compensating for loss of field is to
provide in the filter cell adjustment for aligning the individual components.
Since the field of a simple element is asymmetrical by about 3«, the available
adjustment should be at least three times the maximum error expected in
aligning the crystal axes in the plane of the surface. However, the large
asymmetry in field introduced by errors in alignment provides a means of
checking this alignment during construction of the elements, and in this way
avoiding the necessity for added complexity in the filter cell.
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