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SPECIAL NOTE:

Thie report summarizes the results of a long-extended sories
of investigations conducted by Dr. Evans at the High Altitwde
Ohcermalory. Hiso work kos beon dore in addition to his contract
activities undor AMC contract W19-122 ac-17 and OMR contract
M8cnr=C4B801., It is impdesiblo to consider this research the direct
result of eilther contract, yet both contributed in part to tho
supzort which the High Altitwle Oboorvatory has given Dr. Evans,

In addition, the results of the report are directly pertinent to
both contracts, so that this roport is being submitted to the

full distribution liste of both contracting agencies. A titlo pege
cpproprinte to each contracting agemcy procedes this page.

In edéition, this report will be distrituted freely from the
Aigh Altitnde Observalory with no title pege. The roport wlll also
apvear shortly as a pualished wrticls, probebtly in the Jourpal of

tho Optical Soclely of Arerica.
U)TLWL&“’L W

WALTER ORR ROBERTS, Sup't.
High Altitude Observatory

1 December 1948
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THE BIREFRINGENT FILTER

ABSTRACT

‘Ihn basic principles of birefringent filter operation are
briefly discusced ard reforsncos given to papers which discuss the
theory. Off{-axis offects are investigaled as well as fleld of view
Uiritaticons, end metheds for exteonding the field of vic: aro con-
sidered, Tho split clement filter is described; 1t uses only half
as rany polarizers as & conventlomel filter, after the firsi polar-
izgtion. Wave length adjustnent possibilitizs are evaluvated for
cenventional arnd split element filters., The usefulness of various
crystal materials 1= mentiened. Flnelly, the polarization inter-
fercmeter is discussed 28 o way of eccorplishing the narrow-band.
trensrizsion of an impessibly thick birefrihgent filtor clamont,
Severnl poosible forms of interferometor are mentioned. -
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I. BASIC BIREFRINGENT FILTER DESIGHES

A,

B.

Duringthepaatfewyearsthabﬂ.refringentfﬂ%e&rhaa
proved an effective tool in astronomical research. Its
utility, however, 1s not confined to astronomy and the

purpese of the present paper is vartly to bring it to the

“attention of investigators in other fields.

Briefly, the hirefringent filter serves the purpose of
a morochromator over an extendea rield. It can be designed

to transmit a wave length tand of ary desired width (down to
a frection of an angstrom) eentewedata.zvsalectedmvo
length. It is used very much like ax ordinary glass or
gelatin filter in efther a collimtod ' a converging beam
of light, but uith some limitation in field size or focal
ratio, depending on type of construction, mter:lal, and band
width,

The invention of the bMrefringent filter is one of the
oeany 'oonh-ibatimoftherrmhutromm,
Bernard L » In instrumental astroncmy. He first pub-
Hahedthehdcprimipluotitaopamtioninl%B.
Umoan?*® independently invented the filter, and in 1938 con-
structed the first one to be used for solar observations,
wvith a transmission btand about 40 angstroms wide centered on
the Haline, With it ho succeeded in seeing amd photo-

graphing the btrighter prominences, although it was evident
tmtamchnharpe:rbandwnldbemcessaryfort}wbeat
results.

In a later paper Lyot3" has given a very complote dis-
cussicn of the history, theory, and construction of bire-
fringent filters. For the benefit of readers to vhom his
papers are 20t readily availahble, the present parer reviews
enough of the elementary theory to suffice for the design
of filters of any feasible characteristics., The remainder
of the paper is a discussion of nower developments which
serve to simplify ths construction of the filters and extend
their field of usefulness,

Several forms of the btirefringent filter are poseible,
differing in width of field and complexity of construction,
They all depend, howsver, on the interference of polariszed
1light transmitied through layers of btirefringent crystal in
the direction perpendicular to the plane of the optic an'y,

- 2w



if the crystal 1s biaxial, or any direction perpendicular to
ths optic axis if ¢ke crystal is wmiaxial,

Sinecs we can regard the uniaxial crystal as a degenerate
Yviaxial erystal, most of the following discussions will con-
sider only the btlaxial cass. Let € and W be the extraordinary
and ordinary indices or refraction of any mmisxial erystsl
and a, B, y be the smallest, intermediate, and greatest
principal irndices of refraction of a blaxlal crystsl, respee-
tively. Any expression for a biaxial crystal is valid for a
mierdsl crystal if one of the fellowing substitutions is
mades

o e, ﬂ-%), y=£ if €=W 20

ce€, Paw, y=w it €-w<0

Urless otherwise specificd the directions of vibraticn
»% 13ght for which the refyective indices are a, P and +
+111 be referred to as the oc-axls, P—ewin and y-ada.

170 quantity amis defined by
Amg-a

The term “rotardation” will be used tc indlente o poth dif-
ference in terms of wave lengths,

Tor brevity, tie direetlon of vibrotion of lisht trense
miitted br a polarizer {prism o film) w1l be referred to es
the exis of the polarizer,

Conpider a block of some hivefringent crystel, by in
Filgure 1, cut with iis surfaces normel o its -axiv., Let
light plone polarized a% an angle of 45° %o the Cc-cxis enter
the erystal along the f-axis, In the crystel the liskt divides
into two components polerized with vitwatlons percilal jo the

¢ ard ¥ -a%es, trfve.hmg with differont ve"ocitieu , o oxd
On epevglng from thoe crystul the tso components hove Z;hereforg
“ a relative retavdation of 0y, gives bys

3

R A,
LA TR

n = & : TN
¢ F A {2.1)

unere o is the thickness of the crpstal in the B dircericn,
and A 13 the wave length of the light.
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If new the Jdght traverees a polarizer, M, (vhich may
Lo oither a llicol or similer prism, or a f£ilm nolarizer) with

i*as axds pa:aﬂeltothevibmﬁmplmofmemtmmught,
the two components irterfere. The ‘t_x_'ansxnﬂ.ssion, 7, » of the

Rep 'Od
8V,

b1, 7 conbination 133

(2.2)

If vhite light traverses the ccmbination, the spectrum
of the emergent light consists of regularly spaced alternmate
and dark banis at wave lengths whers n is alternately
integral ard balf integral. The transmissica as a funotion
of wave length is ropresented Yy cwrve a, Flgure 2,

T, = cos2Fm

The wave length interval botween successive tright bands
is i:svmaly poportional to the thickness of the erysial,
it 18 giver approximtely by sctiing an= 1 in the equations

A\ an 1

oy - " e 203)

Ue..o-.r:ddacecwdcrystal anﬁapolarimpzorientod
pexrellel to by and py. If d » the transmission of the
bz. 22 corbination, represen%ed by cazve b Mpgure 2, ios

T, coa?Woy = cos?M2m {2.4)

The transwission of the whole asserdly, bj_, M b2y Po,
stowa in curve ¢, Fligure 2, is thereoforo

T, = 0082y cos?W2m (2.5)

4 third eryotel elomant ba, with & follwedby
the polarizer, p3, kas indl ﬁ'anguﬂ.aai%n
curve d. Tho tranamission of the assamhly, b to p3, ia
then represonted by curve e, Figure 2

Itiammmtmmmammmm
can be addod. The result is the basic type of tdrefringent
filter vhich will bo termed tho sirple filter. It is comprised
of & sorica of units, each consisting of a plane parallel birs
frinsent clomont. (b~element) followed by a polarizer., All
b-elements have surfaces normal to their B-azes and are -
mounted with their c-axss perallel. All polerizers have
their azes parallel to the vibration plane of the
polarized light at 459 to tho a-axes. The thickness of the
~rth b—elenentizmchthat

-5-
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The spectrum of light transmitted by tho filter consists of
& series of widely spaced parrow tandas. Their separation is
equul to the ceparation of the transmission maxime of the
thimsst element alone, vhile their affective width is the
balf width of the maxime of the thickest element aloue. For
palarized entoring light, tho transmisaion of a filter of £
l:v-elﬁl emt)an}s (nozlecting absorption in tho material of the

ter) 4o

T = ccolym cos?T2m . . . cos?2 '-1‘1 (2.7)

The quantity mst, cf course, be sn integer at “he wave
length of tho desired transmission band. Ites magnitude
should be amell enough to separate the adjacent btands suf-
ficiently to permit the isolation of the selected band by
means of ordinary filters,

It can reedily be shoum that the transrission of
flux in an equal energy spectrum is 2~%, Regardlesa of the
vidth and separation of the bands, the total residual flux
transmitted between successive ;rincipal paxima in a filter
vith £> 3 18 a substantiallv constani fraction \about 0,il)
of the flux transnitted in a single band.

The filtex at the Climax, Coloredo rtetior. of the High
Altitude Obsexrvatory nf Harvard Undversily ad the University
of Colorado has been in satisfactory operation in the obeur..
vation of solar prominences since eerly 1943, It is a
simple filter of six quarts elements with =23 n§0;736,
2}:1.677manl w 53.658 rm and has a ds5¥un vavd

offective width 4.1 angstroms centeroed on the H a 1ine
of hydrogen (A 6563) st an operating terperature of 35.5° C.
Its purpose is to elininate the overpowering scattered light.
(contimous spectrum) near the limb of the sun wbile still
transnitting the ¢ emission from the nrominences, vhieh
are otherwise cormletely invisible.

In practice, a filter should either be cemented or im-
mersed in oil to avold multiple reflections. Initial
polarisation is usually obtained by momting a polarizer in
front of the first b-element with ite axis parallel to the
axs of the other polarizers.

In any Yirefringent crystal both the geometricel dimen=
eions and A are finctions of temporature. The resnlt is a

moel) shift in the vave lengths of the transmission mexima
vhen the temperature chnanges. In quartz, fr instance,
%\__’A_ = = 0,66 argstrom per degree centigrede in the red,



. “ﬁx f,ksv;

Hence the ‘emparsture of the filter mst be contwolled wiih
gufficient accurecy to keep the maxhimm exoursions of wave
length within tolsrsble limits, A total range cf two tonths
of the effective tend width is arall ezough for moat puy'-

It 1o avident that when 1light traversas ¢ sluple filuv
at an angls to the ingtrurontal axis, the Lghi noth through
the hirefringent material and the velocity ciflorvnce of the
fast and alow waves are altersd. Tho =ffact is cinply te
eltzr the wvalue of my in equatioz (2.7).

Lyot has calculeted the off axls effeot for lighit incidont
in the two principal nlenes normal tc the a ard vy -axms in
a blaxial erystal cut with its surfaces normal to the P~axls,
Altbough the equationa are not gmoch, sivce termn of the
fourth and higher degroes in & (the angle of incidenco) are
noglested, tho gsprroximation 1s execllent for tho mcdeamto
argles of inciderco sncountared im th2 uvso of f{iters,

Lyot’s equatiems can be very sirply goncralized to give
the off axis effects for 1light incident 4in any plans normal
to the surface of the crystal (and paranllel, tharcfore, to
tho f-axin). Figure 3 reprosents a2 block of blaxial crystal
with its o, Pard y-axes in tho directions inrdicated. Let
polarized light with vitretfons in a plano at 450 to the
a -exio enter the crystal in tho direction (@, @), Horo &
ic tho angle of Incidence ond © 13 the azirmuth of the ine-
cident plane measured frem the c-arxis. The ligh' emerges
fren the erystel in the direction (P, €) in two polarized
conpornents vith vitraticns very closely perallel to the a
ard y -axes. Thoy have a relative retardation, n, vhich is
to be dstarmined as a function of @, © , and ng (vhere 1
is the retdation for light entering the crysial from the
¢irection P= 0).

A consideration of the isochromatic surfacez of biaxial
crystals 4% leuds tc the conclusion thet the equations of the
cuxrves of constant retardation, n, (writien in terms of & and
©) represaut hypariolae if terms in tho fourth and higher
povors of ¥ are neglected. Thelr transverse axzes are along
the G-axis for § 2 1 and along the v -axis for§ & 1

for crystals in which cy -f>21. The asymptotes are the
lines :

tan2 e = —E'—- (3»1)
Y
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Lyot's equations give the squares of the semi~transverse axes,
vhich ares :

¢;‘-q°-1),} inthaplane © =0
6;'-(.3;-1& inteplane © =¥

ke 2YZ
m% {3.3)

Weo have, therefove, sufficient informaticn to deternine both

sets of hyperbolse, which can be represented by a single
equations

n=n uazk(s?;_"’g-s.i!_ie.)] (3.4)

The exmct expression for n in unlaxial erysizls 52 readily
derived Yy a stinightforvard epplication of Huygens!
and analytic geomstry. Consider s plsns perallel uriaxial
orystal in & rectangular x, y, 2 coordizats system vith the
origin in the first surface., Let it be orisnted vith its sur-
normal to the s-axis, Let the x-axis Do parallel to the
Optiem(io‘o. Mldtotha Gm&nmﬁ“
crystals or to the y-axis in positive crrstals). Clwose whits
o to make the veloaity of l4ght in spsce
unity. The equatica of an entering plane light wove is thens

ax + by +63 ~ i m Q (345)

(2.2)

where

vhere a, b, and ¢ are the direction sosings of the normel to
the wvave front and t 3s the {ime,

As the wave passes the origin in entsring the seyatel Lt
initiates a secondary wavelet which expapde into an &liipasid

i’»’-x@ﬂfy’?w%?wi?zo (3.6)

vhore {, q and v are reciprocals of the veloclitiee along the
X, y end 3 directions, rospeetiviliy.

At a given instant, that rurtlion 28 tne plase wevw whieh
is inslde tho orystal coincides with a vians tangent to the
ellipscid of equation (3.€) rad combaining the Line »¢ Ludoe
saction of tia plane wavs of suuation {3,5) with the firad
suctace of the crystal (f.e,, the viane v = 0. Thz wwagent
plane through the point (xy, y4, 2y ou tre < Mipeedd is

3
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Hence

*

A“ﬁ‘(axl*byl*'Cd)

The distence, p, of the plane wa 2 of equstion (3.13) from

£
i the origin is therefores;

The lines of intersection of he planes of equatioms {3.5)
g and 3.7) with the first surface of the erystal are respec-
tivaly:
axtby~t=0, 510 (3.8)
E ' 2 -

4 ntxengy-t®e0, z=0 (39
These two 1ines must coineide, Hences

’ ' xl a -—a-éf’.} ? 11 - b t (3 10)
g 7?2 L
3 Since zy must be & point on the eilipsoid of equotion (3.6),
L I we find for g)s

C t a2 ")2

v VYi-%-s (3.11)
Equations (3.10) and (3.11) define the path of a ra;" through
¢ BN the Origmo

B Let @ bo the thickness of the crystal in the s dlirection,
X The time, t3, vhen a rsy through the origin reaches the second
| & surface is, thens

{ ¥ . av___

F & t = (3.12)
: § \] 1 = %:" -b

On energing from the crystal the plane wave is parallel
: 3 to the entering wave, with ths equation:

| ax +hy +cg= (t=~A)=0 (3.13)
At time, t1, this plane must contain the point (X3 , y3, d).

pet-A=t-t vax sy, +od (3.14)

e
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ar, from eguations (5.1C) -~ (3.12);

p =~ t-d L?f 1-2% -é--cJ

el
How, for the extraordinsry wave
f=uw, 7 = ¥z €
and for the crdinary wave
_r = 7 a ¥ s W
Henca, the distonces of the extraordinary ant ordinary waves
from the origin after their traversal of the erystal can be
writt-n, respectively: .
t 1 N
v E e
‘ (3.16)
D= t~d [w 1 - e b2 'z«c]
w 2
(A
The 1.tardation, n, is simply _’_“«_»_,;,_C’g_ , ors
ne R | 1_£“ .0/ *1 307
€-0 s 3

Equation {3.17) i3 the uxnct expruseion for the off axls
eyfeet ir uniovial erystale, It is roudily reduced to the
rove convendant approxdmtion of 9quat" on {(3.4). Expanting

the rdicele, and nopglecting fourth and higher powers of a
and b, o finds

- .
RN v EX L e “ b*

The direction coninss can be eupresced in tams of @ and O
by the teineiormatioens

. . . s . £
142 cin @ sin G b= sin@ cos &




e’ o . if €~-W >0

G'=e+-}1 if 6-w <0

Eqmation {2.18) becomes, then:

w/ £3:1%)

Y =AY
. 2% [cos”e’  sinTs
7.1 = Ro [1 taiw € j
Equation (3.19) is identicel with equeticn {3.4) for wmdsdsl
crystals,

The ccrresponding exmot equation for Blanlal wyetale san
be derived by the same methods, bub the 2esuiting ospresaious
became so lengtuy and corplicated that i hes not scomdd worih
while to push them through., The acemney of egmilon {3.4) is
edequate for all practical purpoens whether wdaxial of dMaxtial
crystals are sonsidered.

It should be noted that the use of the sguadioms of
isochromatic surfaces in the derivation of off axis «Neots
does not lead to an emet result, since they sre desived o
the inexact assumpticn that the two components of lighd
polariszed at right angles trsverse the ovrystsl olzng identle
cal paths,

The usable field of & given filliex is dotormined By (e
maximm permissible wvalue of ’s}»%s for the thiskest b
elsment,

The moximm permissible angle of lncidenne in the Climex
£ilter in the ggg.plane is

# = 0025 radion
if we require thot over the field
[n-mg| £ 0.1
for the thickest b~element.




TN NS T Y L e ToAISe mEE T
- 3

TR - R .-

The maximm totel flux from a given light sowrme thmi s
be squeesed through a filter is roughly proportioral 4o the
aquore of the product of the filter apsrture and the mexiwsm
ueablec valus of @ . The aperture is limttad by ithe alses
of availshle birefringent crystais, and it ia {hevefors izpor-
tant t0 find mesns for obtaining larpe £iclds. The nost oY
rious davice is to find a Blirefringent mmterial for whish k
is vory smsli. Although the author knows of bno such materisd
which 25 availstle in useful sizes of optical quaiity, thix is
a 3efinite possibility which should be investigated fiuriher.

Lyot”" hes described three wide field filtars with com-
pomﬂsalmtgmdeofavaﬂablamtaﬁah They will be
referrec 4o as Lyot'a first type, second type, and third type
fNltere,

The first type filter differs from tho simple filter in
having sach D¢lament divided into two equal halves by a eut
pocpendiciar to the P-axis. The second half of sach ele-
mend 43 potated about the P -axis wtil the a-axes of the
two corponents are ovossed. A Inlf wave plate is inserted
betwesn the components with i%e a~axis at 45° to the c-qms
of the twe., It sorves tc rodate the planes of polarisation
907, Light which sptere the Pirst cocpoment from the dimtim
(F,8) entera the zocond oomponent from the direction &6+£).
‘“hs retardstion introdused by the assembled wlement is

gﬂ (#.0) +n (é.e )]
= % ", glv&gﬁ‘k (“:29 - s1n® 9;./\]

P

RGN
I L g N X L AP e & T SR TR ok
AN d ey T e SR e Rl B Mg v S et

(RO

g

RS ER

a
:: . "% R, [1 + P ( sin’® _ cos? Q)]
' a

ol

nen, g;l & N’”"y"” i/l T )} (4.1)

8

‘o

128

The loel of conslant reburdation sre oireles with yadfd
lovgar then the wres of the hyporbades of g simple fllter (4n
ihe © = " plane) Y o Saetow of Vf ajﬁ, For a ghven

Y
tedorable valw 0% !nwhei o the redive of the wyelul field
e T uxm:r ST el by A m( Yow of 2 by setiing the
o '»

satordeiien at the eoniop c,i' b Il 8t one sxtrera of the
1T,
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Lyotls first type filter, unlike the simple filter, can
b uped only over a smll runge of wave lengths. If the wave
length differs greatly from the optimm for which the half
wave platss ars made, the residurl 1light between transmission
bands incriases at the expeme of light in the bands. The
added residual light appesrs superposed on the field in the
forn of falnt hyperbolic frinres very sinilar to the fringes
produced by the equivalent sirple filter. The frinces are
lines of constant retardstion, n’, given by

nz—ﬂ-kﬂ (l "’1 co82 @

A (4.2}

If, however, the filter ig eithe- upsd forr one wave length
only, or supplied with intershangsuilz helf wave plates for
the differsnt spectral regiome, ils performance is tighly
aatisfsetory. This 18 one of the many inzisuces vheore the
development of an achramatic half wmve plate would be very
apeful,

Lyotia second type wide fleld £ilter has compowmd t-ole-
ments of two compoments of differcnt moberials. The quantity
k 18 of opposite sigp in the two ecspoments, which are mountsd
vith thelr c-~awee parnlilel. Fe nalf wave plates are vequited,

Let m and ny be the retardailong due fo the flvst and
secarsd componants for light enterirg from the dirsstien @Fx 6
The retardaticn for the assenbled wlment is thene

iet«a"‘(‘j ain® #9\7
SRS A el )

%

Z a8
Xk cea & slg” @
n, [1 + B ky ( Yo dp /)j

nk, k1 k" oak
8e=a, ¢+ ¢ {cos 9( -] ﬁm?g{m"” . ..:'*"_.:?:
L5 R, \ 5y {4.33

WiRITE now

n = n. + °
B {hadd

IY 1s evident that whilc the coefficient of {5 cannat e rade

to verdsk by any choles of my and ny, we can obtain circuvier
fringoea by olisdnating © . The condition for this isg

1
2, Te e {48}
1
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. Ryaiions {4.4) avd (4.5) give 3y and p,. 'fhe vetemigtion
of ths anseniied eleewnt osn nov be wrifter s

2 /n, k e,k ’
n= ng, + @ ;'+;"‘) S 73
ol 2.

mmwpeﬁnwmbe'wmaui&emngeof
mwlmgthu,altbwght&fﬂng@dcmtrminsﬁeﬂy
clrveular throvghout the range.

Lwt’eﬁ&ﬁtymﬁltwmﬂ]ymmlargmﬁﬂﬁ.
Esch b~element, oongiste of tires trefringent compomsnts, Two
otmmmmtsmofﬂwmmmmandmmmm
with thalr c-ames croseed, The thizrd 1z of 3 Giffarent
bMﬁnmthalﬁ*hakmlmcpyoaltainsmtoth
k value for the first two componomts. It is mounted with its
2 -axis parallal to that of one of the first two. By a propex
choice of thicikmesser it iz alweys possible io make n congtant
over the vhole £4cld within the accuracy of equation (3.4).

st a,, B» 7, and &gy By » ¥ De the refrastive indices
+f the orystals composing the singie component; anéd the two
arossed comporents, reapectively. The cr'ystels must be so~
lected to satdafy the condiiiom

a, Y‘z:’“"’t aﬁ.

Let ng be tie retardation of the single compenent, and m, and
0, the retardations of the two copenent®s of the same material.
Lot the c-axes of the o smd b eomponents ba in the © = 0
niane, end the a-axds of ke e component in the @ = -g-plane.

Thene 5

“ 2

2= om, {1 s g Ky (E??._?_ - .5_..15....?;.)]
A 151 %
2 2

‘n f'l#e}zkz (cos 8 _ sin 9)”

] ¥2 ¢ /i (4.7}
Y
-n r1 ¥ (35-“26 _ cos? 6)]

if we set ng * Iy, ~ By = Gy, and require that the coefficient of ¢2
vanish, we finds




1 1
. B ._;g Kk, .(;:1-.;;—3;?2 (4.8)
» no ....J.'.. ...—!'-—-
2 v ol kyky (0172 7%
vhere
h kp k
1% T
te |l & (4.9
0.1 12 32
l1 -1 1

The Tetardation of the assemhled element for anmy direction
($,0) 18 them

n=n, +n -0 =n {4.10)

The third type filter Jilke ths secomd type, can be
over & wvide range of wave lengths., The coefficiant of 9
however, will gemerally wanish acourately at only one wave
length

L]

In designing a wide angle filter it is not usually necessary’
to make the thimner elements campound., Their transnission bands
are eo broad that the slight shift ir wave length for off axis
rays is negligible in comparison, If the higher order ecompound
elements are wde of two matsrials, however, it mny not te pos=
sible to use tiansmiseion bands in widely separated regions of
the spectrum, because the dispersions of different reterials are
generally not strictly proportional, If the r th elisment is
the thickest simple clement, R * 1 . 5 at aily one vave

Dy

length.

- 17 -
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II. RECENT MODIFICATICN .. OF TRE BIREPRINGETY FILTIR

A,

The folloving sectlanz are dévotet 4o ths thecry of various
modifications of birefriarzent £ilters ubloh have boen 7e=
cently developed.

The Spilt Element Filtep

The split oicment filter repenitiss Lyot's first type £il-
ter, and chares itg wide field cheractaristies. The half wave
Pletes, however, srs replaced by birefrinzent clements, and
successlve poiarisers erc ovessed, After the initial polar-
1zetion, it requires anly helf as many polarisers as the equi--
velent simple filter. The result 13 & considerable reduction
in absorption and scattered light if £ilm polerizers are used,

or a notahle saving in bulk and expensc if polavizing prisms
are usad,

The split element filter has slzoady beer described hrieflys”,
A moxe deiailed account of its theory is givem here.

A single unit of the split element filter (which would be
mounted between crossed polarizers) iz shoun schematically in
Figure 4. 7The x, y and z-awes constitute a rectangular co-
ordinate syctem. The positive r and s-axes in the =y plans
bisect the angles betueen the positive x eud y and the positive
¥y and negative x directions, respectively. The unlt eonsists
of a aplit element with components r and g, and a simple cle-
nent, p, sanduiciied between = and g, They are all mounted
with Pe-axes porzllel to the z-axis., The y-axss are aligned
parallel to the %, r and y directions, respectively, in the
m, p and q components, Leb the thiclmessee of my, p and q be
dm, and d_, ard lot the wnit of time be the ribratior period

L]
11pnt]
Apsume that the oniering light is polarized in ihe r plano,
The transmissions of the unit for emerging light polarized in
tne r plane and s plere are to be determined,
she vitration of the entering iight io:
*=asin2 Tt (5.1}
This can be remclived olong the x and y directions, giving:

x=-2_ gin 27wt

y2
a .
ye=-3. sin 27t (5.2)
Ve
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In traversing m, a phase difference is introdus.d and the
vibration of the emerging light is

Losin2F(t~d )
& %
= &

Im = W

The resuliant disturbancs aleng the r and s axes is:

J%.

gin 2 ¥ (¢ - dy a) (5.3)

Pm=acos Wn, sin 274
sp=asin ffa, cos 2Wt (5.4)

. -[-,-.f.‘.a.. (¢ +v)
2A

In the treversal of p, an additional phase difference ia
Introduceds

typsacos o, sio 273'6'--%1)

B,

pastn fm, cos 2 Wk - dpg) (5.5)

3

Reasoiving thig vibration along the x ard y axet and adding the
phase diffcrence due to trenamission through q, we obtains

X ¥ ~tw 008 T, sin 277'{0'-%?-'%?)
w 2. ein 7 cos2 t'-—dEa-gﬂcg
¥z P A (5.6)

. a : /
Yy @ -:’?ﬁ: €Il 7":}m gin 2’]?‘(\1;-;\%*{«;%7)

b

3 2 i o ! .d.S
k9 oy A be 8 - e (1, ~
3 “f.ﬁT gin I u, cos 2 it a Y

[ - A P B W e 8
o det-rodne o fInad troetgicslon laeugh a polariser
o et e Y e - .y P LR NI R 7
e &uds clons ey the € o s Sirection., we muot resnlve




this viteeticsh along the v 2xd 8 axies

Tq * 8 08 ¥ 5, eaa}"{nq 53.&2??("-3?,}

+azin g, sin?{nc mzy(vu%
qnaau. ¥ =, cos?}’nq mg‘;"z:.s, 5

[~
oyt

aF
[

-8l W o, "m‘ﬂ‘nq S0 V}%’vn%)
vhare

I3

9 = t»ﬁ
2A

Lot the epargent amplitudes ke Ay ond A, ¥
ieasions in the ¥ and & witeeiion pisnze gra, oy

The toRE-
A&
ag A Y o
U - % OOB - -~ 8indEn, sih? sin ?"
Ty = 7 (n, n, ERE LR 5y
vy 2
7. w2 = oain
8 a&

{5.83
Wimg- 5y} ¢ ein2ha i‘sin'zﬁnqsiagﬁr;?

In the zpiit alepent filler iths m X g coponapis &
mde of equal thieknesacn. Hemse

Ty ¥
If vo Lot

ﬁ‘gsz%agm

equations {5.8) reduse tos

Ty =1 -otady o, sie®yn
Ta - sfmz;}r By win? ¥ n,

The wranmziselon of 4n elawsnt of Lrolte {ir
ter 48 Tp iz sgustions (5.9 1 w oad Doy % .

WX/,

st type f1l.

nt il
off st o

<.-}§:'1'waﬁ,=f’iﬁ ties o
tllé f}-o c’..a hee’ X

The weamsndosion »F o wald c;; e spdit Alement F3War ip
e A Bplit et f:f - v{;wzxm v

g &:rzs-;ti;y ™ha xems

L tmhl s Yivat type with:
z Lepanibe s’mm; au Bhe i‘" :‘iu: s ~:”», :\a -%oe*w
meanyt . WrotheT the £1e33 iz I Y t, tho s3ids iy




the compound elements depends upon whather or not . f—i‘

is greater or less than 1. If the simple elementy
field, they can, of course, be made compomd in am, of Iwot's
three types.

Themnmiaaionofanaanmﬂedaplitolmmmm-'
posed of twe—element units between crosssd polarisers 1ss

Tesin?yn 8in2‘n'n2 .+ .. oinfyn, (5.120)

Since tronsrdsrion benda coccur only at wavs longtha for which
all the n's =0 half integral, the n's canuot be simply pro-
portiopal to tho powors of 2, If we 12t r = n? + % at the
wave length of = perticular band, the best we can do is to
reke tho valves of n! proportiomltcthepomaofz. Thus

oy = 2‘\'13‘1*%

The 4ranscission can then Do written

z"ln'l (5.12)

T= coczrrn'l ooazl’zni. « . c00°7 2
Unfortunately equetiocn (5.11) cen be strietly mlid at only
one wvave langth, and the usefulness of the filter 1s restricted
to a limited spectiral region in tho neighborhood of that wave
length. This 15 2 second instance whore acizomatic half wavo
plates would be handy. If ?'ha r th el@ent of the filter vero
made to giva a retardation nf = 21 nj , the addition of an
achrommtic half wave plate (two quarter wave plates for split
olecents) wouild setiafy equation (5.11) ot all wave lengths.

The thought will doubtless have ccewrred to the reader that
the niddle element in each unit of a split element filter could
1teel)f be oplii, end a third elcment inserted botween the halves.
This plan does rot work theoretically, and so far no arrangerent
bhas boen found which allows more than {wo elemonts in a unit
betucen cuccessive polarizers.

B. Filters of Adiustal)e Ygve Lengih

Jt 18 obwious that the usefninesa of the birefringent £1l-
ter is emormcusly snhanced 1f a trenscdssion maximum can be ad-
Justed to canter on any desired wave length. The fine sdjust-
nent resulting from the control of terperature is generally

te inadoquate as 1t has a range of only a few angstroms

although Lyot found that with the aid of temperature control
it iz possible to trirg no lese than six of the paxima of a
qusTiz f1lter into coincideacs vith 1ines of mejor importanse
in the solar spectrur).



The obvious method of controlling the wave length of the
traceminsion bands is I means: of elements of variable thieke
a3ss, made of pairs of wedges which can be adjusted with re-
spect to cach other like the components of a Batdnet compen-
sator, It is then possible to set

n, = Aan integer

B ® zr-ln’

al any chosent wave length. Such an arrangement is perfestly
feasible erd works oqually well at all wave lengths., In the
split elsment filter, both halves of the split elament must,
of course, be adjustable, since - n, = 0., The range of
variation in thickness noed be ciont to shift the
principel tranmrisrion maxim of the filter through a range
oqual to thedr separation. With a proper choice of wedge

angles, ¢1l ths movable wedges can be mounted and sdjusted

an a sinZle mit,

Athorgh thearotically excellent, the variatle thickneas
filter requires considerable mechanical refinement, and one
wedge in each element must have sn aperture much larger than
the instrumental aperturc (a matter of importance in filters
of large aperture). The use of phase shifters for wive length
edjustoent is sirpler and, for most puxrposesn, equally satis-
factery. If achromatie phase chifters can be devised, they
il givy rosults as theoretically perfoct as variable thickneso.

Suppete we equip each b~element of a filter with a phase
shifter vhich permits the edditicn of a zmall comtrollable
phase aifference, 2¥{, to the phase difference, 2%n, intro-
duced by the d-elcmert. The transmdssion of the filter is

and

T=- TY :oazf(nr *fr) (6.1)

Again, with the split slement filter, the added phase difference
must be divided oqually betwean the two halves of tho split

elements to keep ngy - = 0. A transmissicn maxfium of the
filter can be cent on any given wave length, A , Ly

adjusiing S wntil n > & 41s an integer for each element., This
18 always possible 1f { can be adjusted over the -%
to * %. If the phese shifter is achromatic, i.s., £ 1s inde-

cf wave length at a given setting, the result is merely
a shift cf the transnission carve of the filter alomg the .

-a-
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spectrum and its performance is equally ‘at all wave
length settings. If, on the other hand, § is a function
of wave length, the spacings of the treusmission maxima of
a8 glven element are altered., Hemce +ae relative positions
of the trensmission maxima and minima of the different elo-
manta depart more ond more from exact superpositen as the
vave length deperts from A; . The result is an inerease in
ths rosidual light transmitted in tho intervals Latween
prineipal maxira of the filter as !)\ - 7\,[ inorcases.,

Lyot?® and Dillinge®® have both mede mmerseal cal-
culaticas of the additional residual light resulting from
the use of von achramatlic phase shifters. They concluded
that over a reascnable wave length range (which can readily
be isolated with glass or gelatire filters) the inerease in
residual light 35 neogligihle. Tho adjustment of wave length
vith phasc chifters is therefore a practical possibility
vhother the phoge onifiers are achromatic or not.

Severgl forme of variable phase shifters have bezen proposed.

Lyot3" made clementz of veriable thicknoss 1ike those de-
scribed above for the veriahble thicknesa filter, but with the
difference that the range of edjustmont of retardation wms
regtricted to one wave length.

Bi11irge®® made an experimental filter with photo elestic
phago shifters composced of sheets of polyvinyl butyrate under
adjustable tension, '

Widle both theme arrangements give a satisfactory wave
lengtk adjustnent, they are tediocus to use. Ordinarily each
element must be individually edjusted. The alternative is n
complicated pechanical synchronization of the adjustments of
a1l the elements, which would rmeke operation with a single
contrrl feasiblo, YWithout pbome such arrangenent it would be
iroossible to vary the wava lenpth continuously., -

A nuch more promising approach is the use of tho electro
optical prase shifters discussed by Bil‘l:l.neeg' . A plate of
the wniaxial erystal ammonium di hydrogen phoephate (ro‘H4I{2P0 ),
knovn commerciaily as PN, =ul perpendicular to the optic a:sdé
snd mounted tetwoon transparcrnt electrodes, becomes tiaxial
and exhibits a retardation vhen a potential difference is
applied tc tho elestrodes. The rotardation ie proportional

to the potenticl difference ard is independent of the thicknesa
of the PN plate. A filtor meds with a Billings plate added

to each element (%o cach half of the split slements in the
oplit clement filter) eouid bte edjusted electrically, and the

ﬂm'-



problem ¢ ~ymechronising the phase shifts of successive elements
woul.. 1 vei tively simple., At the present writing Dr. Billings
is actlively enzaged in the development of such olectrically
timable filters, :

¢ o All ttrae tuning methods have onme 4ifficulty in common, It
, _ is Lmrracticable to push the thase shift beyond s vauy limited
- range, If a range from -« 7 to+ T 18 adopted, a contimmous
variation of wave length involves a discontimious adjustmer: of
- each phase shifter, The yhase shift my progress smoothly
: from - W to + T (at a rate proportional to the thickness of
) the associated b-element) and then jump back to « M, For most
g purposes there may b¢ no serious disadvantage in this, If,
: hovevdr, the filtr iz to be used for spectrophotometric work,
for example, it may be very diffieult to avoid a spurious bump
in the filter transmiasion every time & phase siifter passes
a point of discontimity, even with the electrieal tuning, For
such special pumposes phase shifters compoeed of rotating
fractional wave plates can Le used, Thoy have alrady been
described briefly5®. A filler account rZ iheir thenry is given
here,

The specific problem is to devise a eczitination of fractional
wava plates whisch will alter the phase difference between the
vibrations along twe mutually perpend’cula: axes, x and y, by
any choten amunt, without altering their amplitudes. At a
glven vave “angth this is equivalent to a varisole thickness of
birefringent matesial witi its y -axis along the xor y
direc’ifon. Such an arrangement is shown at a, Figure 5. It
consists of two quarter wave plates. The first is fixed with -
its y~eris along the r axis (at 45° to the w-axis). The
socond can b rotated around the instrumental axis, At a
givon setting 1w ye-axls lies along the r? direction at angle
P to the r direction.

The vibration of the light enter..> the system is generally
represented by

- - X = bsgin2Tt

, y = csin2W( +0, (6.2)

Resolving tnls viobratio. along the » and s axes nd adding a
phase differerce of JF introduced by the first quarter wave

plate, we cutain for the emerging vibrations

T D L IIMBRTOARSTE, e e R i 2 e
Wt v sgegﬂm;mﬁm%&m Y T ROV S WIS AR
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re V-P'_: gn 27t +.S. sin 2W(L +0)
2 V2

b
V2 V2 .
Resolving this vibtraiion the r! and 8' gxog and adding

anolher phase difference of Jt Introduced by the sedond quarter
wave plate, we obtains

r .7‘_;,_. sin [21!1‘,-,?] *'3% sin [2@(1-. +0) +f]

(6.4)
8t = 2 gin (27t -P] ~ -5 sin [25(t +0) «
‘\fé— L J 7’5‘ [ P]
Finally, 4if we this vitration along the x* and y' axea,

at an engle of P +&£ to the x and y awes, ve obtain for the
Jmerging vitration:

x*= b sin [21”-,0]

y' = e m[avq++o-)+}+w] (-5

A comparisca of equations (6.2) with (6.5) shows that while
the emerging amplitudes sleng x' and y' are the same as the
entering emplitades slorg x and y, the phase difference has n
increased from 2o b2 W0 +2P+M, i.e., the phase ehift, 2% §,
is

2WE =T +2f (6,6)

Obvicusly the phase differcnce can be set to any desired value
by adjusting P .

This tuo elsment phase shifter bas the digadwvantsge that
the x* and y' axes rotate with the second quarter wave plate, For
some applieations this i3 no inconvenlernce tut in others it
venders thie phass shifter useless. The x!' and y° axes can be
restored to parallelism with the x and ¥y axes by the addition of
a rotatable half wave plate, which has the property of reflecting
any polarization figurc in ite ¢ -axls.

v
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The post convenient system, shown at b, Figure 5, consisu
tro fixad quarter wave plates with the rotatuble helf wave

ate sandviched bobweer them. Suppose the v -axes of both quaiter
weora platas are in the r direction, while the y -axdis of the half
wave plaie 1o along the u direction at an angle - to the r
diraction. ‘ ’

'U I}
od P

Tha vibration emsrging from the flrst quarter wave plate is
given by aqpmticn (6.3), Resolving this vibration along the u
and wv-ax23, and adding a phess diiference of M , we obtain for
the vibrabtinon amerging from the half wave olate.

2 ~_},, in [ 274~ ¥] + FremPwr (s )y ] (6.7)

v ::;%:cosg:zift- ‘f] - -———cos[? (4 o)+ ﬂ

’lesolv.lmg this vibration again along the r and s axes, and
acdding a panecc differencse of ‘is » We obtain for the vibration

cmerging from the second quarter wave plate:
o ~---.@m[2 o 2*&]4' -—-—sin[E'r( te0 )+ ?‘?/_]

s {-sin[E We- 2 ‘,{1'!0- .;,,....sin [? r(t+ o)+ 2‘;9:]

inally, rz3olving this vibration alon:, the ordginal x and y
',s:ras, we find

x =b ainf2rt-2y)
y = ¢ 31n[27f(*+7‘+2 V]

(6.8)

)»1

e

6.9)

Tho phase chif'sh introduced by the thrze element system is, therafore
, Z
2T ¢ = vy (6.10)

Tro prinsinal advantaze in the use of fractional wave plate
p..ase spifiors in birefringent {ilters is in the possibility

ol a continuvous variation of wave lepgch without discontinuitien
in the adjasimont of the moving elements. Sinee P or ~ can be
increansed I decreaced indefinitalj, 2% ¢ &1s not ren’orictvd as
i% is in ta2 ohher types of phase shifters discussed above.

I% shoiid be noted that the fractional wave plate phase
shifter is in a sanse achromatic, dinca § is independent of th::
wave lengtlh for a given value of £ or W -~ a very desirsble
property (ses tile discussion following equation 6.1), With
ordinary quartor and half wave plates, however, this advantoge



is somewhat 1llveory. Their usefulness is limited to the
rather restricted repion of the spectrum where their
rctardations ace very close to quarter wave and half wave.
Tnis is another application where the desirability of
achromatic froctional wave plates 1s evident.,

If continuity of adjusimont over a large range
of the specirum is a necessity, the fractiunal wave plates
thenselves could be made adjustable. Tiue addition of an
electro optical Billings plate to each fractional wave
plate would perhaps be tho simplest method. A relatively
moderate potential applied to the Billings plate would then
adjust tlie retardation accuvately to a half weve or quarter
wave it the wave langth of the transnission band of the
filter. This seems a rather desparate meacure, howevar.

The construction of the fractional wave plate
phase shifters is considerably simplified when thay are
used in birefringent filters. OSome of the quarter wave
plates simply take the form of an addition to the thickness
of the birefringent clements. In instances where the y-axis
of a quarter wave plate is parallel or perpendicular to the
axis of an irrmediately following polarizer, it 1s evident
that the polarizer utilizes only one component of the
vibration emerging from the quarter wave plate. The
phase differenca therefore serves no real purpoce, and the
quarter wave plate can be omitted. _

Conglder first an element of a eimple filter.
Suppose the b—element, oricented with its y-axis along the
x direction, is followed by a quarter wave plate gith its
y-axis along the v direction. If we let b = ¢ &r,

t =t -FA‘?_}{ , ama‘n%/l s equation (6.3) for the vibra~
tion emerging firam the quarter wave plate vreduces to:

r=acosWnonsin 2 Tt (6.11)
B=gasinlinsain2 Wi

Thig is a linear vibration at an angle of TNnio the r-axis.
We can omit the sccond quarter wave plate and let the light
onter a polarizer with its plane of polarization at anple P
to the r axis. The transmiscsion of the assembly is then

T = cos? (T‘ﬂ-f) (6.12)
By adjusting 2 (i.c., by rotating the polarizerv) until

n,-% ¥ an integer, we can sst T =1 for any chosen

wave rlength .

&
I,yot’ has utilized this device to offrct a slight
ghift in the wave length of the transmission band of his filter.

- 29 L



Pe used a quarter wave plate with the last (thickest) element,
and provided for the rotation of the final polarizer. The same
method can be applied to the whole filter, however.

An adjastable simple birefringent filter would
consist, then, of a series of units shown at a, Figure 6, each
conposed of a polarizer, a birefringent element with its y-axis
at L5° to the axis of the polarizer, and a quarter wave plate
with its Y=axis parallel to the axis of the polarizer. The
three parts of each unit remain fixed with respect to each other,
but the unit itself must be rotatable around the instrumental
axis. The angle fhis then the angle betmeen the yY-axis of the
r th quarter wave plate and the axis of the immediately follom-
ing polarizer. The birefringsnt elements have the same thickness
as in the non-adjustable filter. The transmission of the whole iss

T« cos? (#n, =p) cos? (W2n, =) vors cos? (W2 10, -4 (6.1)
and

AL = 2p (6.14)

Since the 7values of / are proportional to the powars of 2, it is a
relatively simple matter to devise a gear train by which the wave
length of the transmission band can be adjusted with a single con-
trol knob. A continuous variation of wave length now involves no
discontinuit¢y in the adjustment of the various units, since /P

can be made to increase or decrease indsfinitely.

¥atters are somewhat more complicated in the split
element filter. The wide field characteristics depend upon the
m and q components being crossed. Hence the phase shifts must be
accomplished without any relative rotation of the two. Various
arrangements are possible, some of which involve rotation of the
center p-elements, or rotation of the unit as a whole with respsct
to the polarizers, or both. However, the unit shown at b, Figure
6, is as simple as any.

The orientation of each element i indicated in the
diagram by the short line above it for the fixed elements, or by

the ol or Yp for the adjustable half wave plates. The
angle of Yp 13 the angle between the ¥ '-axis of the
half wavé plate !nd the ¢ -axis of the preceding quarter wave

plate. The second quarter wave plates following m and p are
indicated as an addition to the thicknesses of p and q, while
that following q has been omitted, since its ¥ -axis would

oe parallel to the axis of the following polarizer, The trans-
mission of a split element filter composed of such units is

4
T= W cos? (wnr - 2y, - -g-) | (6.15)

™1
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a) Simple filter of three cizments with quarter wave plate
phase shifters.

b) One unmit of a split olement filter with frectional waws plate
phse shifters.



It should be noted here that the built~in quarter
wave plates which are acded to the thicknesses of the p and q-
elements are not included in the calcuiation of n for these
elements.

The values of Y, should be proportiomal to n. in
equation (6.15). Hence if m. = 2r1(m -4) +£as in the non-
adjustable split element filter, the ¥ 's are proportional to
largs odd numbers, and the problem of synchronizing the rotations
of the half wave plates becomes complicated (but not at all im-
possible). If, on the other hand, the n's are made proportional
to the powers of two, the phase changers can compensate for the
subtraction of § from each valus of n in addition to their normal
function, Then

n, =2"7F o (6.16)

Ve X + 270 ¥~ F) (6.17)

Since a rotation of the zero point from which angle Y is
measured to X reduces this equation to

¥
2 y5 = 2™l 2y’) (6.18)

it is evident that the variable parts of the Yy 's are pro-
portional to the powers of two, and the problem of synchron-
ization becomes relatively simple.

The synchronization of the other types of phase
shifters (var.able thickness, photo elastic, or electro
optical) is similarly simplified in a split element filter by
constructing it with n's proportional to powors of two. Equations
(6.14) and (6.17) apply if we substitute T € for 2 Y.

A final remark about filters of adjustable wave
length seems worth while. The birefringent elements need not be
made to any exact thicknesses as in the fixed wave length filters,
It is desirable, but not necessary, to preserve the relation
Iy = 2r~1p; as closely as possible since the synchronization of
the various adjustments is then easier. There is no necessity,
however, for nj to be an integer for any specified wave length.
This simplifies the construction somewhat. If M < 0.03
the thicknesses of tne elements can be adjusted with sufficient
accuracy by mechanical measurements alone. The error tolerance
in thicxkness is inversely proportional to st and is about
4 0.001 mm for M= 0,03, .
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1II Materials and Applications

Materials for Birefringenc Filters

For the benefit of potential builders of
birefringent filters a brief discussion of available
raterials is given below. It must be emphasized that the
list given is certainly far from complete. The author
simply lists materials which have come to his attention
and either have been sucecassfully usad, or look promising.
Unfortunately, lack of time has prevented a really thorough
search {or suitable and available materials, and it would
be surprising if some very useful ones had not been over—
looked.

Somg of the desirable properties of crystals
for birefringent filters ars a largs value of A with a small
temperature coefficient; a2 hiph degree of herdness, chemical
stability, and insolubility in water; high transparency in
the region of the spectrum for which the filter is to be
used; and availability in largs pieces of hign optical

quality.

For filters with tand widths of 3 angstroms or
more quartz is an ideal material. It is excsllent on all
counts except for its rather small valus of #(=0.009) The
birefringent elements of all the astronomical filters now
in operation are made of quartz except for tha final element
of 1yot's filter, which 1s calcite.

Calcite would be excellent for elements of large
n~values if it were readily available in large sizes. Un-
fortunately it is so difficult to obtain that its general use
in filtars is probably impossibla. 'hile it is not as easily
ground and polished as quartz, it presents no real difficulty.

HM=0.17.

CGypsun occurs naturally in large crystals and
should be readily available. Its birefringence is similar

to that of quartz, and it should be useful in the same places.

Unfortunately, it is quite soft and might be difficult to
polish. = 0-009.

Aomonium di-hydrogen phosphate has excellent
optical characteristics, although it is sensitive to pressure
and oust be mounted with care. It is available in large
sizes. Its optical worlkding has proved rather difficult,
though not impossible, and its high solubility in water
necessitates careful protection from atmospheric moisture.

A= 0.04-5.

Ethylene diamine tartrate has promising optical
characteristics accompanied by the disadvantages of high
solubility in water and scftness. The author knowa of no

attempts to polish it, but it would probably be quite difficult.

It is available in large sizes. M= 3, 084
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. Sodium nitrate has a larger A value than calcite,
and should be useful for elsments of large n-values, Howsver,
it is very soluble in water and difficult to work. A% present
it is not available in large sizes with the necessary homo-

’ genoity. M=0.285.
EE . 3. Folarizing interferometer filters

g An account of birefringent {iliters should not

i E be closad without some mention of the polurizing interferometer,

g & 3 dorica miich has the effect of an impossibly thick birefringent
elamont, Yt offers the possibiligy of filiers of very hipgh

B B resoluticn with band widths in the range of hundrsdihs or

% . thousandths of an angstron. The advantages of the polarizing
over the usual forms of interferometers is in the possibility

of an accurate and stable control of the wave lengths of
transmission maxima (by means of phase shifters), and a high

lipght efficiency.

The essential feature of the polarizing inter~
ferometer is that the emerging light consists of twc coherent
sets of waves which differ in phass (due to a path diffsrence)
and are polarized at right angles to each other. The sffect
is similar to that of a birefringent =lement, and a series
3 of polarizing interferometers can be used exactly like a
- - series of birefringent elements to construci a filter. The
5 wave length of the transmission band can be controlled with
adjustable phase shifters, and interferometers can be
sandwiched between birefringent elements to form split
element units.

T T T O
C e Wit W)

' The advantage of the polarizing interferometer

over a simple birefringent clement is that very large values

of n can be obtained in a comparatively compact element.
5 The saving in bulk may not be important, but the difficulty of
E obtaining birefringent material in very great thicknescas is.
An element of calcite, for instance, must be about eleven times
as thick as a path difference in glass., The principal disadvantage
is the exwense of construction common to #11 interferometers of the
split amplitude class. The field is small for large values of n,
and while it is theoretically quite simple tc make a birefringent
field compensator, it is impractical because the thickness of
birefringent material required nullifies the advantape of
compactiness.

FACTRLIR LIRS T,
L 4
'S

4 Bany forms of polarizing interfercmeters are possible.
One type which is well adapted for the construction of filters is

: shovm at a, Figure 7. It is a modified solid Michelson intarfer-
Zﬁ ometer witli a polarizing beam splitter. It consists of two glass
prisus, A and F, with a very thir slip, b, of scdium . trace (or
other highly birefringent material) cemsnted between them with

o

its optic axis normal (o the sarface. If *he angles are proparly
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FIGURE 7
a} One form of polarizing intorferometer.

b) High resolution filter composed of polarizing
interferometers and birefringent elements.
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chosen, the b-layer totally reflects the light vibrating in
the plane of the drawing and wransmits the light vibrating

at right angles to it. A spacer element, C, introduces a
path difference. Surfaces S and T are silvered or aluminized.
Light which enters in the direction 0S, emerges in the reverse
direction, SO, in two components polarized at right angles,
with a phase difference given by:

¢¥n =1L ”"ﬁ;‘:,dc oe # (7.1)

where «/is the refractive index and @ is the angle of incidence
on S and T. The prism P (constructed like A,B) has the double
function of polarizing entering light and separating out the
desired part of the emerging light. It is shown in an incorrect
orientation for simplicity in drawing. Actually prism P is ro-
tated about the 0S direction, to bring its axis to an angle of
L5° to that of prism AB. The transmission of the whole asserbly
for 1light emerging in the R direction is then

T - sin?yn, (7.2)
The remainder of the iight emerges along SO.

) The most serious difficulty in the construction
of such an interferomstur is the optical working and cementing
of the b~layer to the required accuracy. The orientation of
the S and T surfaces with respect to each other is mnt so
critical, since a slight misaligment can be compensated by a
thin wedge of birefiingent material between prism P and the
interferometer.

One method of using polarizing interferocmeters
combined with birefringent cletients in a filter is showm
schematically at b, Figure 7. Between each polarizer, P, and
the following interferomster, I, is a b-element, which
constitutes the m (for entering lipht) and q (for emerging
1light) components of a split element. The interferometer then
takes the place of the p component. Between successive polarizers
are purely birefringent split element units. The assembly includes
L interfercmeters, 4 polarizing prisms and 10 b-eleuments. The
interferometers and b-clckents should be equipped with phase
shifters (not shown). As an example, the interferometers might
bave retardations of 2L5,760; 122,880; 61,L4l0; 30,720; and the
b-elemente, retardations from 15360.5 to 30.5 at A = 5000
angstroms. The system would transmit bands of about 0.0l
angstrom effective width, spaced about 150 angstroms apart.

By adjusting the phase shifters a selected band could te made
to scan the spectrum. ’

If the light transmitted by the filter is re—~
caived on a photoelectric cell, its output gives a high
resolution spectrophotometric curve of the entering light.
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Such a filter woald be prarerable 3 grating specipogra;s
e spectrophotamatric purposes, pacguss, in spite of isc
small field (magimem usabls # soeut 0.0612 resdan), i -2n
be dasigned to transcit scmathing like 1C00 times a8 mugh
1ight -~ a netter of considsrable importance vwhen such she~u
bands are used, even ir solar studias.
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