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om n i - d i recti onal ref l ectors . As long as the diameters of t h e s e
c yl i n ders / tu bes are not too small (com p a red to the incident wave-
l en g t h ) , the walls wi ll appear flat loc a lly and, t h erefore , the cyl i n-
der / tu be may be used as an essen ti a lly lossless waveg u i de .4

General pro p e rt i e s
Con s i der a peri odic mu l ti l ayer stack su ch as that dep i cted in 
F i g. 1 . The stack consists of an infinite nu m ber of i den tical bl ock s ,
e ach bl ock having ref l ecti on coef f i c i ents r = |r | exp (i fr ) from
the top side and r ′ = |r ′| exp (i fr′) from the bo t tom side , as well
as tra n s m i s s i on coef f i c i ent t = |t | exp (i ft) from ei t h er side . In
gen era l , r, r ′, and t a re functi ons of the inciden ce angle u and the
po l a ri z a ti on state (p or s) of the incident ligh t . From the rec i pro-
cal properties of el ectrom a gn etic waves in non - a b s orbing med i a
it is known that t should be the same wh et h er the inciden ce is
f rom the top or from the bo t tom side , that | r | = | r ′ | , and that
1/2(fr + fr ′) = ft 6 9 0 ° .5 Al s o, f rom con s erva ti on of en er gy,
| r |2 + | t |2 = 1.

As shown in Fig. 1 , one can ex press the ref l ecti on coef f i c i ent ro
f rom the top of the stack in terms of the para m eters r, r ′, t of t h e
i n d ivi dual bl ocks by assuming a diminishing air- gap bet ween the
top unit and the rest of the stack . Den o ting the ro u n d - trip ph a s e
del ay within this (artificial) air- gap by d, and recognizing that the
ref l ectivi ty ro of the infinite stack is the same with and wi t h o ut its
u ppermost bl ock , we wri te 

ro= Lim {r + ro t 2 ex p ( id) + ro
2 r ′t 2 ex p ( 2 id) + ro

3 r ′2 t 2 ex p ( 3 id) + ˙ ̇ ̇ }

= [r - ro (rr ′ - t 2)] / (1 - ror ′)

= {r - ro exp[i (fr + fr ′)]} / (1 - ro r ′) . ( 1 )

O m n i - d i rectional Dielectric Mirro r s
MASUD MANSURIPUR

A n om n i - d i recti onal diel ectric mirror (also known as a
on e - d i m en s i onal ph o tonic bandgap crys t a l )1 , 2 ex h i bi t s
100% ref l ectivi ty at all angles of i n c i den ce and for all

s t a tes of i n c i dent po l a ri z a ti on .3 , 4 Un l i ke met a llic mirrors , wh i ch
a b s orb a small fracti on of the incident optical power, d i el ectric re-
f l ectors are lossless. These properties make om n i - d i recti onal di-
el ectric mirrors ideal candidates for app l i c a ti ons in wh i ch a be a m
of l i ght in an unknown or unpred i ct a ble po l a ri z a ti on state is like-
ly to arrive at the mirror from any directi on , and in wh i ch loss of
l i ght at the mirror, no matter how small , is deem ed into l era bl e . A
good example is provi ded by the walls of an optical waveg u i de .
Si n ce there are nu m erous ref l ecti ons from the walls as a beam of
l i ght travels thro u gh , even small losses at each en co u n ter with a
w a ll ra p i dly dep l ete the be a m’s en er gy.

A typical om n i - d i recti onal ref l ector is a peri odic stack of bi-
l ayers ,e ach bi l ayer con s i s ting of a high - i n dex and a low - i n dex di-
el ectric layer. The larger are the ref ractive indices of the ava i l a bl e
d i el ectrics (and also the larger is the differen ce bet ween these in-
d i ce s ) , the easier it is to de s i gn the ref l ector. For ex a m p l e , i f t h e
t wo materials ava i l a ble for fabri c a ting a stack of bi l ayers have in-
d i ces n1 = 1.5 and n2 = 2.0, it is impo s s i ble to obtain om n i - d i rec-
ti on a l i ty for both p- and s-po l a ri zed ligh t . However, with n1 = 1.5
and n2 ≥ 2.3, an om n i - d i recti onal ref l ector can be de s i gn ed . Wh en
the ava i l a ble diel ectrics have re a s on a bly large indice s , it is also
po s s i ble (by properly sel ecting the layer thicknesses) to ach i eve
om n i - d i recti on a l i ty over a broad ra n ge of w avel en g t h s .

In this arti cle we de s c ri be a theory of om n i - d i recti onal ref l ec-
tors , and outline a met h od of s el ecting the layer thicknesses for a
given pair of i n d i ces n1, n2. Al t h o u gh the fo ll owing discussions are
con f i n ed to flat mirrors , it is clear that the ex teri or of a glass cyl i n-
der (or the interi or of a holl ow tu be) may also be coa ted wi t h

F i g u re 1. Method of calculating the reflection co-
efficient ro of a periodic stack in terms of the para-
meters r , r ′, t of the individual blocks that comprise
the stack.

F i g u re 2.Plots of the various functions appearing in Ineqs. (3) for a bilayer consisting of a pair of dielectric
l aye r s , each having a quart e r- w ave thickness at the free-space wavelength of lo = 633 nm at normal inci-
d e n c e. (n1 = 2, t1 = 79.0 nm, n2 = 1.5, t2 = 105.5 nm.)
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eq s . (3) are sati s f i ed for p-light wh en 0 < u < 40°, and for s-ligh t
wh en 0 < u < 52°.

The com p uted p- and s-ref l ectivi ties for a qu a rter- w ave stack
con s i s ting of t wen ty repeti ti ons of the above bi l ayer are shown in
F i g. 3 .6 As ex pected , Rpo = | rpo|2 ≈ 1 in the inciden ce ra n ge 0 < u <
4 0 ° , and similarly Rs o = | rs o|2 ≈ 1 in the ra n ge 0 < u < 52°.

Single dielectric laye r
In pri n c i p l e , the unit bl ock from wh i ch an om n i - d i recti onal re-
f l ector is con s tru cted can be a bi l ayer or a mu l ti l ayer, wh i ch may
even contain grad i en t - i n dex layers . It should be obvious that a
s i n gle hom ogen eous layer (say, h aving index n and thickness d)
wi ll never produ ce a 100% ref l ector; t h erefore , In eq s . (3) cannot
be sati s f i ed for su ch a layer. (We note in passing that for a singl e
l ayer fr = fr ′ = ft 6 9 0 ° . )

Let us examine in some detail the single diel ectric layer shown
in Fig. 4 . The mon och rom a tic plane wave of w avel ength lo is in-
c i dent on the top su rf ace of the layer at an angle u; the Fre s n el re-
f l ecti on and tra n s m i s s i on coef f i c i ents of the top su rf ace are r a n d
t. In s i de the layer the tra n s m i t ted wave - vector makes an angle u′
with the su rf ace norm a l . The ref l ecti on and tra n s m i s s i on coef f i-
c i ents at the bo t tom su rf ace , wh ere the light shines from wi t h i n
the slab on to the glass-air interf ace , a re r′ and t ′. Rec i proc i ty 
m ay be invo ked to show that, for both p- and s-po l a ri z a ti on ,
r′ = -r and r2 + t t ′ = 1 at all u. The depen den ces of r on n and u
for p- and s-light are given by the Fre s n el formu l a s7

rp = ( √n2 - sin2u - n2 cos u) / ( √n2 - sin2u + n2 cosu) , ( 4 a )

rs = (cos u - √n2 - sin2u) / (cos u + √n2 - sin2u) . ( 4 b )

The above formula is a qu ad ra tic equ a ti on in ro . A 100% re-
f l ector requ i res that | ro | = 1. Equ a ti on (1) then yi elds the fo ll ow-
ing ex pre s s i on for the phase fo of ro in terms of | r | , fr , fr ′ :

cos [fo - 1/2 (fr - fr ′)] = cos [1/2 (fr + fr ′)] / | r | . (2) 

Si n ce in practi ce the actual va lue of fo is irrel eva n t , the above
equ a ti on pred i cts that the ref l ectivi ty Ro = | ro |2 of the stack wi ll
be unity provi ded that the ri gh t - h a n d - s i de of Eq . (2) is con f i n ed
to the interval [-1, + 1 ] ; in other word s , the nece s s a ry and su f f i-
c i ent con d i ti on for the infinite diel ectric stack of F i g. 1 to have
100% ref l ectivi ty may be wri t ten as fo ll ows :

| r | > | cos [1/2 (fr + fr ′)] |. ( 3 a )

Using the iden ti ty | r | 2 + | t |2 = 1 and the rel a ti on among fr , fr ′,
ft m en ti on ed earl i er, In eq . (3a) may be wri t ten in ei t h er of t h e
fo ll owing altern a tive form s :

| r | > | sin ft | , ( 3 b )

| t | < | cos ft | . ( 3 c )

The three inequ a l i ties (3a), ( 3 b ) , and (3c) are equ iva l ent and
m ay be used interch a n ge a bly. As an ex a m p l e , con s i der a unit
bl ock con s i s ting of a pair of h i gh - i n dex ,l ow - i n dex layers ,e ach a
qu a rter- w ave thick at the free - s p ace wavel ength of lo = 633 nm
at normal inciden ce (i.e., u = 0). Let n1 = 2.0, t1 = 79.0 nm, n2 =
1 . 5 , t2 = 105.5 nm. F i g u re 2 shows plots of | r | and cos [1/2 (fr +
fr ′)] in frame (a), | t | and cos ft in frame (b), as functi ons of u
for both p- and s-po l a ri zed incident plane-wave s .6 No te that In-

F i g u re 3. Computed reflectivity R versus u for p-
and s-polarized light for a quart e r- w ave stack con-
sisting of twenty repetitions of the bilayer depicted
in Fig. 2 . Rp o and Rs o a re ~100% in those re g i o n s
w h e re Ineqs. (3) are satisfied.

F i g u re 4. Method of calculating the reflection and
transmission coefficients, r and t , for a single-laye r
dielectric slab of thickness d and re f r a c t i ve index n.

F i g u re 6. Plots of the functions Gp, s (n1, n2, u) ve r-
sus u for specific values of n1,n2. In (a) n1 and n2 a re
large enough to satisfy Ineq. ( 1 3 ) , thus ensuring that
the Brewster angle is inaccessible from outside the
s t a c k . In (b) the Brewster angle is reached at 
u = 61.9°.

F i g u re 5. Method of calculating the transmission
coefficient t of a bilayer slab consisting of two di-
electric laye r s , one having thickness d1, index n1, t h e
other having thickness d2, index n2.
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Equ a ti ons (7) and (8) re ad i ly con f i rm that | r |2 + | t |2 = 1, that 
fr = ft 6 9 0 ° , and that a singl e - l ayer slab does not satisfy 
In eq s .( 3 ) .

D o u ble laye r
Nex t , con s i der the bi l ayer slab dep i cted in Fig. 5 . The top layer has
i n dex n1, t h i ckness d1, and ref l ecti on and tra n s m i s s i on coef f i-
c i ents r1, t1 at the inciden ce angle u. The corre s ponding para m e-
ters of the second layer are n2, d2, r2, t2. To determine the bi l ayer ’s
overa ll tra n s m i s s i on coef f i c i ent t, we assume a small air gap be-
t ween the two layers and proceed to sum the partial tra n s m i s s i on
coef f i c i en t s . We find, in the limit of a vanishing ga p,

t = t1 t 2 + t1 t 2 r1 r2 + t1 t2 r1
2 r2

2 + ̇  ̇ ̇ = t1 t2 / (1 - r1 r2) . ( 9 )

It is now easy to app ly cri teri on (3c) to the bi l ayer ’s tra n s m i s s i on
coef f i c i ent given by Eq . ( 9 ) , to determine the con d i ti ons under
wh i ch an infinite stack of bi l ayers becomes a 100% ref l ector. Bo t h
the nece s s a ry and su f f i c i ent con d i ti ons tu rn out to be

| t1| | t2| ≤ | |r1| | r2| - cos (fr 1 + fr 2)|, ( 1 0 )

wh i ch is actu a lly two disti n ct inequ a l i ties in on e , depending on
wh et h er the absolute va lue on the ri ght-hand side is that of a po s-

Al s o, the single-path phase-shift D acqu i red thro u gh the thick-
ness d of the slab is

D = 2p (n d/lo) cos u ′, ( 4 c )

wh ere u ′ is the angle of the ref racted ray.7 The slab’s ref l ecti on
and tra n s m i s s i on coef f i c i en t s , r and t , m ay be obt a i n ed by su m-
ming the infinite nu m ber of rays mu l ti p ly ref l ected from its fron t
and rear facet s ,n a m ely,

r = r + t t ′r′exp (i2D) +t t ′r′3exp (i4D) + ˙ ̇ ̇, ( 5 )

t = t t ′exp (iD) + t t ′r′2exp (i3D) + t t ′r′4exp (i5D) + ˙ ̇ ̇ . ( 6 )

Wh en simplified , the above ex pre s s i ons yi el d ,

| r | = 2(r s inD) / √r4 - 2r2cos (2D) + 1 , ( 7 a )

fr = a rct a n {(1 - r2) / [(1 + r2) tan D] } ; ( 7 b )

| t | =  (1 - r2) / √r4 - 2r2cos (2D) + 1 , ( 8 a )

ft = a rct a n {[(1 + r2) tan D]/ (1 - r2) } . ( 8 b )

Figure 7. (a) Plots of sinD1 sinD 2 versus u for a bilayer slab consisting of 
materials with n1 = 1.5 and n2 = 2.0. The first laye r ’s thickness is fixed at 
d1 = 0.191 lo, but the second layer’s assumes one of three different values.(b)
Same as (a) for the function cos2[1/2(D1+D2)].

F i g u re 8. (a) Plots of Gp, s (n1, n2, u) sinD1 s inD2 - cos2[1/2(D1+D2)] versus u
for a bilayer having n1 = 1.5,d1 = 0.191 lo and n2 = 2.0, d2 = 0.134 lo.At small
angles of incidence both p- and s-light violate Ineq. ( 1 1 a ) , while at large angles
o n ly p-light is inadequate. (b) Computed plots of p- and s-re f l e c t i v i t y, Rpo, Rs o,
versus u for a twenty-period stack of the above bilaye r.The regions of ~100%
reflectivity coincide with those that satisfy Ineq. ( 1 1 a ) .
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D i s c u s s i o n
We begin by examining the beh avi or of Gp, s(n1, n2, u) . Accord i n g
to Eq . (11c) this functi on depends on ly on r1 and r2 , wh i ch , i n
tu rn , a re depen dent on n1, n2, the angle of i n c i den ce u, and the
po l a ri z a ti on state of the be a m , but not on layer thicknesses d1, d 2.
For fixed va lues of n1, n 2 the functi on depends on ly on u and on
the po l a ri z a ti on state . Su b s ti tuting from Eq s . (4a) and (4b) into
Eq . (11c) yi el d s ,

Gs(n1, n2, u) = 1/4√ (n1
2 - sin2u) / (n2

2 - sin2u) 

+ 1/4√ (n 2
2 - sin2u) / (n1

2 - sin2u) - 1/2 , ( 1 2 a )

Gp(n1, n2, u) = 1/4 (n2/n1)2√ (n1
2 - sin2u) / (n 2

2 - sin2u) 

+ 1/4 (n1/n2)2√ (n 2
2 - sin2u) / (n1

2 - sin2u) - 1/2. ( 1 2 b )

Gp, s(n1, n 2, u) is plotted versus u in Fig. 6 for both p- and s-po l a r-
i zed plane waves for the specific va lues (a) n1 = 1.5, n 2 = 2.0, a n d
(b) n1 = 1.3, n2 = 1.2. Al t h o u gh the sel ected va lues of n1, n2 a re
s pec i f i c , the shapes of the functi ons are qu i te gen era l . The two
f u n cti ons for p- and s-light are alw ays po s i tive ;t h ey both start ,a t
u = 0° (normal inciden ce ) , at the same level ,f rom there Gs goes up
and Gp down with increasing u. The beh avi or shown in Fig. 6 ( a ) ,
wh ere Gs i n c reases while Gp dec reases mon o ton i c a lly, is typical of
s i tu a ti ons of i n terest in this work , wh ere the Brews ter angle uB i s
i n acce s s i ble from out s i de the mu l ti l ayer. The beh avi or dep i cted in
F i g. 6 ( b ) , wh ere Gs i n c reases mon o ton i c a lly while Gp f i rst drops to
zero at uB (~ 61.9° in this example) before rising aga i n , is typ i c a l
of s i tu a ti ons wh ere uB can be acce s s ed from out s i de the stack .
Si n ce Rp at u = uB cannot be made equal to unity, the latter situ a-
ti on is of no interest here .

One can re ad i ly show that the slope of Gs versus u is alw ays
po s i tive . Gp , on the other hand, has a nega tive slope at u = 0°,
wh i ch con ti nues to be nega tive up to wh ere sin u = n1

2n 2
2/

(n1
2 + n2

2) . At this point Gp re aches its minimum va lue of 0 ,t h en
rises all the way until grazing inciden ce at u = 90°. The angle u a t
wh i ch Gp is a minimum corre s ponds to the Brews ter angle uB be-
t ween two media of i n d i ces n1 and n2. Wh en uB is acce s s i ble from
the inciden ce med ium (air in this case), it wi ll be impo s s i ble to
ach i eve 100% ref l ectivi ty at this particular angl e . Th erefore , we
i m pose the fo ll owing con s traint on the indices of the bi l ayer:

( 1 /n1)2 + (1/n2)2 < 1. ( 1 3 )

In this way, Gp,s(n1, n 2, u) wi ll alw ays ex h i bit the typical beh avi or
dep i cted in Fig. 6 ( a ) ,n a m ely, both functi ons start at the same lev-
el , 1/4(n1/n 2) + 1/4(n 2/n1) - 1/2, wh en u = 0°. From there Gs
i n c reases and Gp dec re a s e s , both mon o ton i c a lly, with an incre a s-
ing u.

In equ a l i ty (11a) can be sati s f i ed over the en ti re ra n ge of u for
both p- and s-light if D1 and D2 a re maintained around 1/2p
t h ro u gh o ut the ra n ge u = [0°, 9 0 ° ] . L i kewi s e , In eq . (11b) can be
s a ti s f i ed if D1 is kept around 1/2p while D2 is kept around 3p/2 (or
vi ce vers a ) . Wh en n1 and n 2 a re far apart , Gs and Gp wi ll be fairly
l a r ge , and ch oosing d1 and d 2 to satisfy the requ i s i te inequ a l i ti e s
for all u wi ll not be difficult. Wh en n1 and n2 a re close toget h er,
h owever, it is easier to maintain D1 and D2 both around 1/2p ( i f a t
a ll po s s i bl e ) , ra t h er than to keep one of t h em around 3p/ 2 . This is
s i m p ly because the va ri a ti ons with u wi ll be gre a ter for that D
wh i ch stays near 3p/ 2 . We limit the fo ll owing discussion to stack s

i tive or a nega tive qu a n ti ty. Su b s ti tuting in Eq . (10) for r, t, f i n
terms of r and D f rom Eq s .( 7 ,8 ) , we find the nece s s a ry and su f-
f i c i ent con d i ti ons for 100% ref l ectivi ty to be

Gp, s(n1, n 2, u) sin D1 sin D2 ≥ co s2 [1/2(D1 + D2) ] , ( 1 1 a )

Gp, s(n1, n 2, u) sin D1 sin D2 ≤ - sin2 [1/2(D1 + D2) ] , ( 1 1 b )

wh ere ,

Gp, s(n1, n 2, u) = (r1 - r2)2 / [(1 - r1
2) (1 - r2

2) ] . ( 1 1 c )

In equ a l i ties 11(a, b) are the fundamental re sults of this paper,
e ach ex pressing the con d i ti on (both nece s s a ry and su f f i c i ent) for
the attainment of R = 1 from a peri odic stack of bi l ayers . Wh ere-
as In eq . (11a) leads to bi l ayer de s i gns in wh i ch both layer thick-
nesses are close to l/ 4 , In eq . (11b) yi elds stru ctu res in wh i ch on e
l ayer ’s thickness is ~ l/4 while the other ’s is ~ 3l/ 4 .

F i g u re 9. Same as Fig. 8 for a twenty-period stack consisting of layers with 
n1 = 1.5, d1 = 0.191 lo and n2 = 2.3, d2 = 0.122 lo. It is seen in (a) that Ineq.
(11a) holds for both polarization states throughout the entire range of inci-
d e n c e. In (b) the reflectances are ~100% eve ry w h e re.The slight drops in Rp o
and Rs o a re due to the fact that the assumed stack consists only of a finite nu m-
ber of bilaye r s ; the reflectivity would rise rap i d ly if the total number of bilaye r s
comprising the stack is incre a s e d . Note that the smaller the functions depict-
ed in (a) become, the harder it is to obtain 100% reflectivity from a finite stack.
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(d2 is a bet ter ch oi ce for this purpose than d1, because the corre-
s ponding layer has a larger n a n d ,t h erefore , its va ri a ti on with u i s
s m a ll er, t hus causing a small er va ri a ti on in the functi ons dep i cted
in Fig. 7.) No te in Fig. 7 that as d2 i n c re a s e s , at large u, the func-
ti on co s2[1/2(D1 + D 2)] is depre s s ed , and the functi on sinD1
s inD2 m oves tow a rd unity (at least initi a lly ) ; both of these tren d s
a re hel pful in sati s f ying In eq .( 1 1 a ) . Un fortu n a tely, the other side
of the curves (i.e., the side around u = 0°) moves in the wrong di-
recti on , making it harder to satisfy the inequ a l i ty at and aro u n d
n ormal inciden ce . All in all , it tu rns out that it is impo s s i ble to de-
s i gn an om n i - d i recti onal ref l ector with bi l ayers having n1 = 1.5
and n 2 = 2.0.

F i g u re 8 shows the best that one can ach i eve with n1 = 1.5,
n2 = 2.0, and layer thicknesses d1 = 0.191lo, d2 = 0.134lo ( ch o s en
to satisfy Eq . ( 1 4 ) ) . F i g u re 8(a) shows plots of the functi on
Gp,s(n1, n2, u) sinD1 s inD2 - co s2[1/2(D1 + D2)] versus u for bo t h
p- and s-po l a ri zed ligh t ; both functi ons must stay above zero to
s a tisfy In eq .( 1 1 a ) .F i g u re 8(b) shows com p uted plots of ref l ectiv-
i ty, Rpo and Rs o, versus u for a twen ty - peri od stack of this bi l ayer.6

It is seen that ~100% ref l ectivi ty is ach i eved in ex act ly those re-
gi ons wh ere the functi ons plotted in Fig. 8(a) are po s i tive - va lu ed .

Designing an omni-directional re f l e c t o r
To ach i eve 100% ref l ectivi ty over the en ti re ra n ge of i n c i den ce re-
qu i res materials with larger indices (or a larger index differen ce )
than those ex a m i n ed above . For ex a m p l e , by keeping n1 at 1.5 but
raising n2 to 2.3 it is po s s i ble to satisfy In eq . (11a) with 
d1 = 0.191lo and d2 = 0.122lo, as shown in Fig. 9 . The plots in Fig.
9(a) con f i rm that In eq . (11a) for both p- and s-light is sati s f i ed
over the en ti re ra n ge of i n c i den ce .F i g u re 9(b) shows plots of re-
f l ectivi ty versus u for a twen ty - peri od stack ;6 both Rpo and Rs o a re
s een to be gre a ter than 99.5% bet ween normal and grazing inci-
den ce . To increase the ref l ectivi ty beyond 99.5% one should ei-
t h er increase the nu m ber of bi l ayers com prising the stack , or use
m a terials wh i ch have a larger index differen ce .

F i n a lly, it must be men ti on ed that om n i - d i recti onal ref l ecti on
can be ach i eved not just for one wavel ength but over a con ti nu-
ous ra n ge of w avel en g t h s . To the ex tent that n1 and n2 rem a i n
constant over the de s i red ra n ge of l, the functi ons Gp and Gs
remain the same at all wavel engths of i n tere s t . De s i gning an
om n i - d i recti onal ref l ector for a ra n ge of l t h en redu ces to ch oo s-
ing thicknesses d1 and d 2 that satisfy In eq . (11a) thro u gh o ut that
ra n ge . The tech n i ques de s c ri bed in this arti cle can be re ad i ly ex-
ten ded to all ow ad ju s ting layer thicknesses for the de s i red band of
w avel en g t h s .
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that satisfy In eq . ( 1 1 a ) , but em ph a s i ze that a similar class of re-
f l ectors based en ti rely on In eq . (11b) is fe a s i ble as well .

Selecting layer thicknesses
The para m eters d1, d2 should be ch o s en to satisfy In eq . (11a) for
a ll u f rom 0 to 90°. Si n ce Gs ≥ Gp, one should try to ach i eve om n i -
d i recti onal ref l ectivi ty for p-light on ly; the s-ref l ectivi ty wi ll auto-
m a ti c a lly fo ll ow su i t .

The phase D acqu i red in a single path thro u gh a layer of t h i ck-
ness d and index n at inciden ce angle u is given in Eq . ( 4 c ) .
D can be made equal to 1/2p at some arbi tra ry angle of i n c i den ce ,
s ay, u = uo, by ch oosing the layer thickness d su ch that n dco su′o =
d√n2 - sin2 uo = 1/4lo. Si n ce u can be any wh ere bet ween 0° and
9 0 ° , one should ch oose uo in su ch a way as to make D va ry sym-
m etri c a lly around 1/2p. This is ach i eved wh en

d/lo =  0.5/(n + √n2 - 1). ( 1 4 )

The maximum devi a ti on of D f rom 1/2p is then given by

| D - 1/2p |m a x = 1/2p(1 - √1 - n - 2 ) / (1 + √1 - n - 2 ) . ( 1 5 )

The ex pre s s i on on the ri ght-hand side of Eq . (15) is a mon o ton i-
c a lly dec reasing functi on of n, going from 1/2p to zero as n goe s
f rom  1 to ∞. Th erefore , the ra n ge of va ri a ti on of D is small er for
l a r ger va lues of n.

If d is ch o s en in accord a n ce with Eq .( 1 4 ) , va ri a ti ons of D wi t h
u wi ll be sym m etric around D = 1/2p; as u goes from 0 to 90°, D,
wh i ch is larger than 1/2p in the begi n n i n g, d rops to 1/2p t h en de-
c reases furt h er until its va lue at grazing inciden ce becomes equ a l
to that at normal inciden ce . In this way, s inD remains close to
u n i ty, s wi n ging from just bel ow +1 to +1 and then back to its ini-
tial va lue as the inciden ce goes from normal to gra z i n g. Si m i l a rly,
co s2D va ries sym m etri c a lly around zero, m ovi n g, bet ween nor-
mal and grazing inciden ce , f rom a small po s i tive va lue to zero,
t h en back again to its initial (po s i tive) va lu e . The ch oi ce of d ac-
cording to Eq . (14) thus minimizes the swing of s in D a round its
de s i red va lue of + 1 , while simu l t a n eo u s ly minimizing the swi n g
of co s2D a round its de s i red va lue of zero.

In the case of a bi l ayer, one must sel ect va lues for d1 and d 2;
both can be ch o s en to satisfy Eq . (14) with the corre s ponding va l-
ue of n. In this way, In eq . (11a) is likely to be sati s f i ed , because 
s inD1 s inD2 wi ll remain around unity, with a minimum swi n g
t h ro u gh o ut the ra n ge of u, a n d , s i m i l a rly, co s2[1/2(D1 + D2)] re-
mains around zero. F i g u re 7 shows plots of these functi ons for a
bi l ayer con s i s ting of m a terials with n1 = 1.5, n 2 = 2.0. L ayer thick-
nesses obt a i n ed from Eq . (14) are d1 = 0.191lo and d2 = 0.134lo.
With these ch oi ce s ,F i g. 7 shows that sinD1 s inD2 remains above
0.97 while co s2[1/2(D1 + D2)] remains bel ow 0.03 thro u gh o ut the
en ti re ra n ge of u.

Un fortu n a tely, the functi on Gp(n1, n2, u) shown in Fig. 6(a) is
ex trem ely small , and the aforem en ti on ed ch oi ce of l ayer thick-
nesses is not able to yi eld a 100% ref l ector thro u gh o ut the en ti re
ra n ge of i n c i den ce . Because Gp is rel a tively large near normal in-
c i den ce but dec reases with an increasing u, it may be hel pful to
m a ke the curves of s inD1 s inD2 and co s2[1/2(D1 + D2)] sligh t ly
a s ym m etri c . This is done by ch oosing a som ewhat larger thick-
ness for layer 2, as shown in Fig. 7 , wh ere the bro ken curve corre-
s ponds to d 2 = 0.147lo and the do t ted curve to d 2 = 0.161lo.


