
You can see that the document con
tains many tags having the format: 
<TAG>. 

SGML is a widely adopted and 
useful method for storing and dis
tributing a large variety of docu
ments. A vast amount of informa
tion is available on the Web, should 
you wish to learn more about SGML. 
The author of the warning quoted at 
the beginning of this article contin
ues on a more positive note, recom
mending "A gentle introduction to 
SGML"2 as an accurate source. Both 
references are good places to start a 
quest for more information. 
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Engineering 

Reciprocity in 
Classical Linear 

Optics 
BY MASUD MANSURIPUR 

A recent informal survey of some 
optical science colleagues and 

students revealed that the notion of 
reciprocity in optics is not widely ap
preciated. One colleague even justi
fied the prevailing ignorance by 
drawing a parallel between reciproci
ty in optics and the correspondence 
principle in quantum mechanics: 
"Both are true statements, which 

have little, if any, practical value in 
their respective domains." This col
umn is an attempt at explaining the 
concept of reciprocity, clarifying 
some associated misconceptions, and 
pointing out its practical applications. 

Non-reciprocity of Faraday rotators 
No one disputes that a Faraday rota
tor is a non-reciprocal element. The 
usual argument goes as follows: Let a 
linearly polarized beam of light be 
fully transmitted through a polariz
ing beamsplitter before being direct
ed through a 45° Faraday rotator (see 
Fig. 1). If the beam is reflected back 
(by an ordinary mirror, for example), 
it retraces its path through the rota
tor and emerges with its polarization 
vector rotated a full 90°. At the polar
izing beamsplitter, therefore, the re
turning beam will be deflected away 
from its original path. (This, in fact, 
is a well-known method of isolating 
laser diodes from spurious reflec
tions within a given system.) Since 
the reflected light does not return on 
its original path, and since the polar
izing beamsplitter is believed to be 
reciprocal, the argument is taken as 
proof of non-reciprocity of the Fara
day rotator. 

Although it is true that Faraday 
rotators are non-reciprocal, there is a 
flaw in the above argument, which 
will become clear upon inspection of 
the system in Figure 2. In this sys
tem, which is similar to that of Fig
ure 1, the Faraday rotator is replaced 
with a quarter-wave plate. The fast 
and slow axes of the plate are orient
ed at 45° to the direction of incident 
polarization, so that the light emerg
ing from the plate in the forward 
path is circularly polarized. (The sys
tem of Figure 2 is used in some opti
cal disk drives and commerical inter
ferometers for the purpose of 
separating the reflected beam from 

the incident beam, as well as isolat
ing the light source.) Although the 
Figure 2 system behaves very much 
like that of Figure 1, no one claims 
that a quarter-wave plate is non-reci
procal. This seeming paradox can be 
resolved after a careful examination 
of the concept of reciprocity, to 
which we now turn. 

Is a polarizer reciprocal? 
Consider the simple linear polarizer 
shown in Figure 3. A 
collimated beam of 
light entering from the 
left side emerges from 
the polarizer linearly 
polarized along the 
transmission axis. The 
polarization state of the 
incident beam may be 
decomposed into two 
linear components, one 
parallel and one per
pendicular to the trans
mission axis. Assuming 
an ideal polarizer, the 
entire parallel compo-

Figure 1. A Faraday rotator as used in an optical isolator. The 
incident p-polarized beam, having undergone two consecutive 45° 
rotations in forward and backward paths through the rotator, 
becomes s-polarized, enabling the polarizing beamsplitter to divert 
it away from its original direction. 

Figure 2. The quarter-wave plate as used in this system helps to 
separate the reflected beam from the incident beam. The key 
contribution is made by the (conventional) mirror, which converts 
the incident right circularly polarized beam into left circularly 
polarized upon reflection. 

Figure 3. An ideal polarizer has a 
well-defined transmission axis. The 
component of the incident beam 
that is polarized along the transmis
sion axis goes through, while the 
component perpendicular to this 
axis is fully absorbed within the 
polarizer. 
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nent is transmit
ted while the en
tire perpend ic 
ular component 
is absorbed with
in the polarizer. If 
the direction of 
propagation of the 
transmitted beam 
is reversed, it will 
pass through the 
polarizer without 
any change. Since 
the original state 
of polarization of 
the incident beam 
is not recovered, 
the polarizer is 
a non-reciprocal 
element. 

One might argue that the polariz
er is reciprocal because it behaves the 
same way, irrespective of whether the 
incident beam illuminates it from the 
left or right side. However, this turns 
out to be a poor way to define reci
procity, because it cannot be general

ized to cover other optical 
elements. For example, con
sider the plano-convex lens 
shown in Figure 4. As will 
be shown below, lenses, in 
general, are reciprocal ele
ments. However, a collimat
ed beam of light shining on 
the convex surface of this 
lens comes to focus with 
less spherical aberration 
than a beam shining on its 
flat surface (see Figs. 5 and 
6). Therefore, if reciprocity 
required the identity of be
havior from both sides of an 
element, one would end up 
with the undesirable result 
that a plano-convex lens is 
non-reciprocal. To avoid 
this outcome we return to 
our earlier definition that the 
beam transmitted through a 
reciprocal element, when 
"properly" reversed, must 
recreate the incident beam 
in the reverse direction. It is 
in this sense that the polarizer of Fig
ure 3 is non-reciprocal. 

Are lenses reciprocal? 
Consider an aberration-free lens that 
brings a collimated beam of light to 
focus, as in Figure 7a. A flat mirror 
placed in the focal plane of the lens 
reflects the beam back toward the 
lens. Upon re-emerging from the 
lens, the beam, now once again colli
mated, propagates in the reverse di
rection of the original incident beam. 
Is this sufficient proof that the lens is 
reciprocal? The answer is no, for the 
following reasons. What if the lens 
has aberrations? What if the incident 
beam is only illuminating one half of 
the lens's aperture (see Fig. 7b)? 
What if the mirror is displaced from 
the focal plane of the lens (see Fig. 
7c)? In all these examples (and many 
more that can be conceived) the re
turning beam does not retrace the 
path of the incident beam. Does this 
mean that the lens is non-reciprocal? 
Again the answer is no. The culprit 
in all these examples is the mirror, 
which does not "properly" reverse 
the path of the beam. 

What we need in place of the 
conventional mirror is a phase-
conjugate mirror 1 to properly re
verse the wavefront. Suppose a 
phase-conjugate mirror is placed 
perpendicular to the Z-axis at z = z0. 
If the complex amplitude distribu
tion incident on the phase-conju
gate mirror is denoted by A(x, y, z0), 
then the reflected wavefront at the 
plane of the mirror will be A*(x, y, z0), 
which propagates along the negative 
Z-axis and completely retraces the 
incidence path. Substituting the 
ordinary mirror with a phase-
conjugate mirror in Figure 7 ensures 
that the beam is properly reversed 
in each case, and proves beyond any 
doubt that lenses are reciprocal. 

The quarter-wave plate 
Returning now to the system of Fig
ure 2, we re-examine the question of 
reciprocity of the quarter-wave plate. 
Once again the mirror is recognized 
as the culprit: upon reflection from 
an ordinary mirror, a right circularly 
polarized beam becomes left circu
larly polarized and vice versa. The 
result is that the quarter-wave plate 

Figure 4. A plano-convex lens b e h a v e s 
differently depend ing on whether the 
light is incident from its plane or 
convex s ide . The part icular plano
convex lens u s e d in the s imula t ions 
has refractive index n = 1.5 at 
λ 0 = 6 3 3 n m , t h i c k n e s s - 5 m m , 
radius of curvature = 10 m m , and c lear 
aperture d iameter = 1 0 m m . The 5-mm 
diameter incident b e a m is co l l imated 
and uniform. Wi th the b e a m enter ing 
the convex face t , the best f o c u s (i .e., 
the c i rc le of least confusion) appears a 
d i s t a n c e of 1 6 . 4 9 m m in front of the 
plane facet . Wi th the l e n s f l ipped and 
the b e a m enter ing the plane face t , the 
best f o c u s o c c u r s at 1 9 . 2 9 m m in 
front of the lens. 

Figure 5. Plots of intensity and phase corresponding to the 
plano convex lens of Figure 4, i l luminated by a co l l imated and 
uniform beam from the convex side. (a) Intensity distribution 
immediately after the b e a m leaves the plane facet of the lens. 
(b) Residual phase distribution immediately after leaving the 
plane facet . The curvature of the b e a m has been removed from 
the phase distr ibution, leaving only the residual spher ical 
aberration ba lanced by a small amount of de focus . The root 
mean square (r.m.s.) value of t h e s e residual aberrat ions over 
the entire aperture is 0 . 1 7 λ 0 . (c) Intensity distribution in the 
plane of best focus , i.e., at the c i rc le of least confus ion. (d) 
S a m e a s (c), but on a logarithmic s c a l e and over a larger area . 

Figure 6. S a m e a s Figure 5 for the c a s e when the beam enters 
from the plane side of the lens. (a) Emergent intensity distribu
t ion at a plane tangent to the convex facet of the lens at its 
vertex. Note the larger d iameter of the emergent beam a s 
c o m p a r e d with Figure 5 a . (b) Residual phase of the emergent 
b e a m within the tangent plane to the convex sur face . The 
r.m.s. wavefront aberration over the entire aperture is 0 . 6 8 λ 0 . 
(c) Distribution of intensity in the plane of best f o c u s . (d) S a m e 
a s (c) , but on a logarithmic s c a l e and over a larger area . 
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in Figure 2 rotates the beam by 90° 
in a double pass, forcing it to change 
direction at the polarizing beam
splitter. If the mirror is replaced by a 
phase-conjugate mirror, the sense of 
circular polarization does not 
change upon reflection, and the 
beam emerges from the quarter-
wave plate with the same linear po
larization as it had when it first en
tered the plate. Thus, the returning 
beam retraces its path, proving the 
reciprocity of the quarter-wave plate. 

The question arises as to what 
happens in the system of Figure 1 if 
the mirror is replaced by a phase-

conjugate mirror? Since the incident 
beam on the mirror is linearly po
larized, it remains linear whether it 
is reflected from an ordinary or 
phase-conjugate mirror. Therefore, 
the path of the reflected light in Fig
ure 1 does not change as a result of 
changing the mirror, confirming the 
earlier conclusion that the Faraday 
rotator is non-reciprocal. 

Reciprocity of conventional mirrors 
In general, lossy elements are non-
reciprocal by the above definition of 
reciprocity. The beam going through 
(or reflecting from) a lossy device be
comes attenuated. Reversing the 
beam by a phase-conjugate mirror 
and sending it back through the de
vice may reverse the propagation di
rection, but does not recover the loss
es incurred. A second path through 
the lossy element attenuates the beam 
even further. Thus, the returning 
beam is twice attenuated, meaning 
that it differs from the original inci
dent beam, if not in its direction of 
propagation, phase, or polarization 
state, at least in its amplitude. With 
the strict definition of reciprocity, 
which requires the beam to be fully 
recovered in the reverse path, attenu
ation is sufficient grounds for declar
ing lossy elements non-reciprocal. 

A conventional mirror, such as a 
polished metallic surface, is lossy 
and therefore non-reciprocal. But 
consider a total-internal-reflection 
(TIR) device such as that shown in 
Figure 8. Here there are no losses 
and the only effect of the mirror on 
the incident beam is a change of its 
state of polarization. Suppose the p 
and 5 components of the incident 
beam have complex amplitudes 
apexp(iφp) and asexp(iφs), respective
ly. Upon reflection from the TIR 
mirror these components retain their 
amplitudes but acquire different 
phases, say, the first one becomes 
apexp[i(φp + ψp)] and the second be
comes asexp[i(φs + ψs)] If the direc
tion of propagation of the beam is 
reversed by means of a conventional 
mirror, the phase angles ψ p and ψ s 

do not disappear from the returning 
beam, rather they become twice as 

large. However, by now we have 
learned that a conventional mirror is 
not the proper device for reversing 
the beam. Instead, one must use a 
phase-conjugate mirror to phase-
conjugate the beam and launch it on 
its way back. When placed in the sys
tem of Figure 8, the phase-conjugate 
mirror will return the two compo
nents of polarization as apexp[-i(φp + 
ψp)] and asexp[-i(φs + ψs)]. Reflect
ing off the TIR mirror for the second 

Figure 7. (a) A collimated and uniform 
beam, focused by an aberration-free lens 
and reflected by a plane mirror placed at 
the focal plane of the lens, retraces its path 
through the lens. (b) A collimated beam 
entering the upper half of the lens aperture 
and reflected off the mirror surface does not 
return on itself, but emerges from the lower 
half of the lens aperture, (c) When the 
mirror is displaced from the focal plane, the 
returning beam no longer retraces the 
incidence path. 

Figure 8. A collimated, uniform, and polarized 
beam of light is reflected from the rear facet of a 
TIR prism. If the beam is returned via a conven
tional mirror, the emergent beam will not, in 
general, have the same state of polarization as the 
incident beam. A phase-conjugate mirror, on the 
other hand, assures not only that the beam re
traces its path, but also that it will have the same 
state-of-polarization at any point along the path. 

Figure 9. A parallel plate made of a glass slab of 
thickness d and refractive index n used as a 
beamsplitter. The collimated and uniform incident 
beam is partially reflected and partially transmit
ted at the slab. If conventional mirrors are used to 
return the reflected and transmitted beams back 
to the beamsplitter, in general, a fraction of the 
beam will go back toward the source, but the 
remainder will go off the beamsplitter in a fourth 
direction. However, if the mirrors are replaced by 
phase-conjugate mirrors, the entire beam will 
return along the incidence path. 
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time eliminates the acquired phases 
ψp and ψ s , and returns the conjugate 

of the original incident beam, which 
is exactly what is needed. A TIR mir
ror, therefore, is a reciprocal element. 

A regular beamsplitter 
There are many different ways of 
constructing a beamsplitter. For sim
plicity's sake, let us consid
er the specific beamsplitter 
shown in Figure 9 (see 
page 55). This flat piece of 
glass of thickness d and re
fractive index n has no 
coating layers and is used 
at a 45° angle of incidence. 
If the reflected and trans
mitted beams are returned 
by conventional mirrors as 
shown in the figure, in 
general, a certain fraction 
of the light returns along 
the incidence path, and 
the remainder goes off the 
beamsplitter along a 
fourth direction. However, 
if the conventional mirrors 
in Figure 9 are replaced 
with phase-conjugate mir

rors, the entire beam will retrace its 
original path. 

To see this we must first examine 
certain properties of the glass slab. 
Figure 10 shows computed plots of 
reflection and transmission coeffi
cients versus the thickness d of the 
slab.2 The assumed refractive index 
is n = 2, the angle of incidence is 

fixed at θ = 45°, and the incident 
beam is a coherent and monochro
matic beam from a red HeNe laser 
( λ 0 = 633 nm). Only a range of 
thicknesses corresponding to one-
half of one wavelength is shown, 
since the reflection and transmis
sion coefficients are periodic with 
this period. The half-wave thickness 
of the slab is d = λ 0 / ( 2 n cosθ') = 
169.2 nm. Here θ' = 20.7°, obtained 
from Snell's law, is the angle be
tween the propagation direction 
within the slab and the slab's surface 
normal. The reflection and trans
mission coefficients for both p- and 
s-polarized light are shown. 

Note in Figure 10 that, at any giv
en thickness, r2 + t2 = 1 and 
φ r - φ t = 90°. In fact, it may be shown 
that these two properties of the slab 
are quite general and hold not only 
for all thicknesses, but also for all val
ues of the refractive index n, angle of 
incidence θ, and wavelength λ 0 . The 
first identity is a trivial statement of 
the principle of conservation of ener
gy. The second, relating the phase 
angles of the reflected and transmit
ted beams, is more subtle, but its 
violation also results in non-
conservation of energy, as we shall 
see shortly. 

When the transmitted beam re
turns to the slab via a phase-conju
gate mirror it will have an ampli-

Figure 10. Computed plots of reflection and transmission coefficients versus slab thickness for 
the parallel plate beamsplitter of Figure 9. The assumed refractive index of the glass material is 
n = 2, and the angle of incidence is fixed at θ = 45°. The incident beam is a coherent and mono
chromatic beam from a red HeNe laser (λ0 = 633 nm), and is assumed to be linearly polarized 
either along the p- or s-direction. The phase angles are evaluated at the front facet of the slab for 
the reflection coefficients, and at the rear facet for the transmission coefficients. The reference 
phase angle is that of the incident beam at the front facet. 

Figure 11. Plots of intensity distribution 
upon reflection/transmission of a colli
mated uniform beam from the beamsplit
ter of Figure 9. (Due to the limited range 
of the gray-scale, certain weak parts of 
the distributions are not visible.) The 
incident beam diameter is 2000 λ0, 
where λ0 = 633 nm. The beamsplitter, 
oriented at 45° to the propagation direc
tion of the incident beam, has n = 2 and 
d = 500 μm. (a) Logarithmic plot of the 
reflected intensity distribution for 
p-polarized incident beam. Since reflec
tion from each surface is weak, only the 
first- and second-order reflected beams 
are observed. (b) Transmitted intensity 
distribution for p-polarized incident beam. 
(c) Logarithmic plot of the reflected 
intensity distribution for s-polarized 
incident beam. Since reflection from each 
surface is strong, the effect of the third-
order reflection can also be seen in this 
figure. (d) Transmitted intensity distribu
tion for s-polarized incident beam. 
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tude t*. Upon transmission (in the 
reverse direction) its amplitude be
comes tt*, which will then combine 
with the reversed reflected beam 
whose amplitude at this point is 
rr*. The total returning amplitude 
is therefore rr* + tt* = r2 + t2 = 1. 
The remainder of the beam, going 
off the beamsplitter in the fourth 
direction, will have a total ampli
tude of rr* + r*t = 2 rt cos(φ r- φ t), 
which is exactly zero because the 
phase difference between r and t is 
90°. Thus, the beams reversed by the 
two phase-conjugate mirrors com
bine at the beamsplitter to yield the 
reverse propagating beam along the 
original path, leaving no other light 
to go in the fourth direction. 

Although the above proof for rec
iprocity of the glass slab was given 
for plane waves, one can also show 
its validity in the general case of a 
finite-size incident beam. To appre
ciate the effects of finite size, consid
er the plots of intensity distribution 
in Figure 11, computed for an HeNe 
beam of diameter 2000 λ 0 upon re
flection from and transmission 
through a 500 μm-thick slab of n = 2 
glass.2 Near the edges of the beam 
the various reflected (or transmit
ted) orders do not overlap and, con
sequently, give rise to varying de
grees of brightness in these regions. 
Instead of considering the edges sep
arately, however, the appropriate 
proof of reciprocity for a finite-size 
beam involves the consideration of 
such beams as a superposition of a 
large number of plane waves travel
ing in different directions (i.e., angu
lar spectrum decomposition). Since 
the reciprocity applies to each such 
plane wave, it must, of necessity, also 
apply to their linear superposition. 

Reciprocity and Maxwell's equations 
The principle of reciprocity in clas
sical linear optics is rooted in the 
fact that electromagnetic waves 
obey Maxwell's equations, and that 
these equations admit reciprocal so
lutions. Consider a distribution of 
electromagnetic waves in a region of 
space occupied by matter as represent
ed by the dielectric tensor E(X, y, z). 

Assume that the fields oscillate har
monically at a given frequency ω, 
and that the time-dependence factor 
exp(-iωt) has been eliminated from 
Maxwell's equations.3 Suppose now 
that the propagation direction is re
versed everywhere, so that any 
plane-wave component of the field 
that used to propagate along a given 
k-vector is now propagating along 
the negative direction of that same 
k-vector. If we replace the E-fields 
by E* and the H-fields by - H * 
everywhere, Maxwell's equations re
main satisfied so long as the dielec
tric tensor of the material environ
ment obeys the relation ε = ε* at all 
points of space. This latter relation 
holds, for example, if the medium is 
isotropic and lossless (i.e., ε is a real-
valued scalar), or if the medium is 
birefringent but non-absorptive 
(i.e., ε is a real-valued, symmetric 
matrix), or if the medium has opti
cal activity of the type observed in 
sugar crystals. If, however, the medi
um is absorptive, or if it has magne
to-optical activity such as that ex
hibited by a Faraday rotator, then 
ε ≠ ε*, in which case the reverse-
propagating beam(s) violate Max
well's equations and, consequently, 
reciprocity breaks down. 

Multilayer dielectric stack 
The power of the reciprocity princi
ple may be demonstrated by the fol
lowing analysis of a multilayer dielec
tric stack. Adopting the approach 
pioneered by Sir George Gabriel 
Stokes (1819-1903)4 we prove that 
any stack consisting of an arbitrary 
number of dielectric (i.e., non-

Figure 12. Multilayer stack consisting of an 
arbitrary number of dielectric layers. A unit-
amplitude beam is partially reflected and par
tially transmitted at the front facet of the 
stack. If the reflected and transmitted beams 
are returned to the stack via phase-conjugate 
mirrors, the principle of reciprocity requires that 
the beam retrace its path. Thus, the total 
amplitude along the reverse incidence direction 
must be unity, and the total amplitude emerging 
from the rear facet of the stack must be zero. 
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absorbing) layers exhibits symmetric 
behavior between its front and rear 
facet reflectivity (or transmissivity). 
To prove this statement, consider re
turning both the reflected beam and 
the transmitted beam back to the 
stack via two phase-conjugate mir
rors (see Fig. 12, page 57). Denoting 
the front facet reflection and trans
mission coefficients by r and t, and 
the corresponding rear facet coeffi
cients by r' and t' we must have, by 
reciprocity, the following identities: 

Eq. 1, in conjunction with the princi
ple of conservation of energy, yields 
t = t', proving that the complex trans
mission coefficient is the same from 
both sides of the stack. From Eq. 2, 
one obtains r' = - tr*/t*, which 
proves that the amplitude of the re
flection coefficient is the same from 
the two sides, that is, |r| = |r'|. As for 
the phase angles we have: 

These relations are readily verified 
for a specific quadrilayer stack with 
performance characteristics depict
ed in Figure 13.2 Needless to say, the 
symmetry of reflection and trans
mission from the two sides of a mul
tilayer stack applies quite generally 
unless one or more layers are ab
sorptive or magneto-optically active. 
In fact, the media of incidence and 
emergence on the two sides of the 
stack do not have to be identical ei
ther. Using the method of proof 
outlined above, one can readily 
show that the behavior of dielectric 
stacks remains symmetrical even 
when the media above and below 
the stack have arbitrary refractive 
indices n1 and n2, provided that the 
difference in beam cross section and 
the dependence of power on the re
fractive index are properly account
ed for. 

Another interesting property of 
multilayer stacks arises when one or 
more of the layers happen to be ab
sorptive. Since reciprocity no longer 
applies to this case, it should come 
as no surprise that the reflectivities 
of the two sides of the stack are, in 
general, different. What is surprising 
is that, even in the presence of ab
sorption, transmissivity continues 
to be the same from both sides. This 
property can be proven using stan
dard methods of thin film stack cal
culation,5 and has been verified nu
merically in several situations. (In a 
future column, we will give a simple 
proof for the symmetric behavior of 
transmissivity under quite general 
conditions.) 

Acknowledgments 
The author is grateful to his former 
student, Yung-Chieh Hsieh, now at 
Komag Corp., for bringing the reci
procal properties of multilayer 
stacks to his attention. He is also in
debted to Ewan Wright, Pierre 
Meystre, and James Wyant of the 
Optical Sciences Center for many 
helpful discussions. 

References 
1. A. Yariv and D.M. Pepper, "Amplified 

reflection, phase conjugation, and 
oscillation in degenerate four-wave 
mixing," Opt. Lett. 1, 16-18 (1977). 

2. The computer simulations reported in 
this article were performed by 
DIFFRACT™ and MULTILAYER™, 
both of which are products of MM 
Research Inc., Tucson, Ariz. 

3. M. Born and E. Wolf, Principles of 
Optics, 6th ed., (Pergamon Press, 
Oxford, U.K., 1980). 

4. E. Hecht, Optics, 3rd ed., (Addison-
Wesley, Reading, Mass. , 1998). 

5. H.A. Macleod, Thin Film Optical 
Filters, 2nd ed., (Macmillan, New 
York, N.Y., 1986). 

OPN Contributing Editor Masud Mansuripur is profes
sor of Optical Sciences at the Univ. of Arizona In Tuc
son, Ariz.; masud@u.arizona.edu. 

Patent Design 

Wide Angle Shift 
Lens for 35-mm 

Format 
BY J . B R I A N C A L D W E L L 

Patent: U.S. 5,742,439 
Issued: April 21, 1998 
Title: Apochromatic 

Wide-Angle Objective 
Example: #1 of 1 
Inventor Karl-Heinz Schuster 
Assignee: Carl Zeiss Stiftung 

If a tall building is photographed 
by pointing a camera upward, the 

vertical lines of the building con
verge. Large format photographers 
have long known that it is possible 
to avoid this problem by shifting the 
lens vertically upward while keeping 

Figure 13. Computed plots of reflection and transmission 
coefficients versus the angle of incidence for a quadrilayer 
dielectric stack surrounded by free-space. The layer thick
ness d and refractive index n for consecutive layers starting 
at the top of the stack are as follows: (140 nm, 2.2), 
(200 nm, 1.8), (80 nm, 2.0), (100 nm, 1.5). The magni
tudes of the various reflection and transmission coefficients 
shown in (a) are the same whether the beam is incident 
from the top or bottom-side of the stack. The phase angles 
of the transmission coefficients, φtp and φts, are also the 
same for top and bottom incidence. The phase angles of the 
reflection coefficients, however, depend on the side of the 
stack at which the beam is directed. In (b) and (c) φrp and 
φrs are the phase angles for p- and s-reflectivities when the 
beam is incident from the top of the stack. The primed 
quantities correspond to incidence from the bottom. 
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