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Formulas for reflection coefficient (reflectance) of widespread small-size optics (television,
video and photo cameras, binoculars, etc.) are derived, in which the receiver plays a part of the
reflector. A generalized Airy formula is derived taking into account the phase shifts due to the surface
curvature. It is shown that the front (input) surface of the objective is the main contributor to
reflection coefficient of the small-size optics. This surface is usually an air—crown interface with
reflectance of approximately 4%. The reflection coefficient of such optics, in its shape, coincides with
the typical initial condition for the Gaussian beam. It is shown that the plane wave, incident on the
small-size optics, is reflected in the form of a spherical wave.

In connection with the rapid development of
optical observation systems, of interest is the question
of reflection properties of observation devices themselves,
when photoreceivers are considered as reflectors. In
this paper, formulas for reflection coefficient of the
widespread small-size optics (television, video and
photo cameras, binoculars, etc.) are derived. Elements
of this optics (objectives, oculars, prisms, etc.) are
usually a combination of crown—flint glasses.

Based on the earlier results,"? formulas for
the reflection coefficient of actual optical systems,
from which flares can be obtained, are analyzed
theoretically. Of concern were the visible and, as a
more interesting, near IR ranges.

First, let us give some definitions and derive
formulas for the reflection coefficient from one
interface. Estimate the coefficient of reflection from
interface of typical media, used in traditional optical
devices, namely air—glass and glass—glass. Then
consider formulas for the reflection coefficient of
multilayer media. These media have many interfaces
in their interior. Obtain numerical estimates for the
reflection coefficient of widespread optical systems.

It is well known that if an optical wave is
incident on the interface of two homogeneous media
with different optical properties, it is split into two
waves: refracted (passing to the second medium) and
reflected. Denote through 0; the angle of wave
incidence upon interface from the first medium
(numbered by 7, Fig. 1). The incidence angle is the
angle between the normal to the phase front of the
wave and the normal to the interface surface. The
incidence plane is the plane passing through both
normals. In the second medium the wave propagates at
the refraction angle 0, (angle between the same normals
but in medium 2, Fig. 1). The reflection angle is in the
incidence plane and equals the incidence angle. The
absolute refraction index n; of the medium numbered
by k is the index of refraction from vacuum to this
medium. It is equal to the ratio of the light speed to
the phase speed of the wave propagation in the medium
k. The absolute refractive index n is connected with
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the medium dielectric (¢) and magnetic (1) constants
through the Maxwell formula n° =eu. For transparent
media, the magnetic constant practically does not

differ from unity.
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Fig. 1. Optical wave incidence and refraction at plane
interfaces.?

According to geometric optics laws, the angles of
incidence 0; and refraction 0, are related by the law of
refraction (or the Snell’s law): n,sinf; = nysin®,, where
ny and n, are absolute refractive indices of media 7
and 2. For small incidence angles 6; (when sin0; ~ 0,),
the refraction law is simplified to 70; =n,0,, and,
correspondingly, for multilayer media n6; =ny0,=
=..= 0. When n,>n, the optical depth of the
second medium is said to be larger than the optical
depth of the first medium. In this case, it follows
from the refraction law that sin0,< sin0;, since for
each incidence angle 0 there is a real refraction angle
0,. However, if the second medium is optically
thinner than the first medium (2, <ny), then the real
value of 0, can be obtained only for such incidence
angles 0¢, for which sin0; < n,/ny. For instance, if
the second medium is air or vacuum (n, = 1), and the
first medium is the glass with a typical refractive
index (ny=1.5), the real value of 0, is obtained for
incidence angles 0 <0y = arcsin(n,/ny) =41.8°. For
large angles 0; (0;>0y), a so-called total internal
reflection takes place.
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Consider formulas for coefficient of reflection
from one interface. The electric vector of the incident
wave field is decomposed into two components:
parallel (||) and perpendicular (1) to the incidence
plane. Then, the reflection coefficients with respect
to the field (respectively 7, and 7, for these two
components) are defined by the Fresnel formulas

_ mycosB; — nycoshy

_ nycosB; — ny cosOy (1)
1y cosO; + 1y cos0y

J_ - .
1 cos0; + 1, coso,

hi

In general case, these coefficients are complex.
The squared modulus of the reflection coefficient with
respect to the radiation intensity is usually called the
reflectance. Therefore, for each of two components of
the electric vector the reflectances R and R, can be
represented in the form R, = [r[>, R, =|r.[*. For the
normal incidence (8, =0, =0), the difference between
parallel and perpendicular components disappears, and
it follows from the Fresnel formula

Ry=R, =[(ny — n)/(ny + n)P. (2)

It is seen that R, R) — 0 at n, — n,. Hence, the less is
the difference in the optical density of both media, the
less is the energy carried away by the reflected wave.

Using the refraction law, the Fresnel formulas
can be rewritten as:

_ tan(6; —6,)

. sin(6; — 6,)
I tan(o; + 0,)’

- sin(61 + 62) ' (3)

The denominators in Eq.(3) are finite except
when 0;+0,=n/2. Then tan(0;+0,) =0 and, hence,
R;=0. In this case, the reflected and refracted
beams are perpendicular; and it follows from the
refraction law (since sinB,=sin(n/2 —0;) =cosd)
that tan0; = n, /n(. The angle defined by this formula
is called the Brewster angle or the angle of the total
polarization. If light falls at this angle, the electric
vector of the reflected wave has no component in the
incidence plane (R = 0).

Figure 2 (Ref. 2) shows the dependence of the
reflectance of the interface “air — typical glass” (ny = 1,
n, = 1.52) on the incidence angle 0 (8, is the refraction
angle). The zero value of R on curve 3 corresponds to
the Brewster angle O = arctan(1.52) = 56°40".

If the electric vector of the incident beam forms
the angle o with the incidence plane, the total
reflectance R of the interface is readily expressed in
terms of the reflectance of mutually perpendicular
components:

R = Rjcos’a + R, sin’a. (4)

For the natural light emitted by a heated body,
as well as for the unpolarized laser radiation, the
direction of oscillations in the wave rapidly changes
in an irregular, random manner. The corresponding
total reflectance R can be obtained by averaging over
all directions. Since the means of cos’a and sin’a are

1/2, we deduce from Eq.(4) that R=(R;+R,)/2.
Also shown in Fig. 2 (curve 2) is the dependence of
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the total reflectance of glass on the incidence angle.
As is seen, the total reflectance of glass practically
does not depend on the incidence angle in the
considerable interval of the angles 0 (R =0.04 from
0 to 40—50°). This interval of the incidence angles is
sufficient for estimates of the reflection coefficient of
actual optical systems. Angles 6; larger 40—50° can be
omitted because the reflection angle is equal to the
incidence angle (incidence of the wave becomes
increasingly sliding). Data of Fig.2 allow the
estimation of R of one interface for typical media. In
this case, formula (2) can be used at particular values
of the refractive index.
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Fig. 2. Dependence of the reflectance R of glass with

the refractive index 1.52 on the incidence angle 6;: R, (1),
R = (RH +R)/2 (2), and R||(3)

Table (Ref. 3) and Figure 3 (Ref. 2) present the
refractive indices of different optical materials in
the near IR region (A = 0.80—1.1 pm). The dispersion
dependence of the refractive index on the wavelength
(Fig. 3) is weak for broadband optical receivers usually
applied in practice. Traditional optical devices commonly
use crown and flint glasses. As it follows from Table,
the refractive index of crown glasses is less than that of
flint glasses (on the average, 1.53 and 1.67, respectively).
Therefore, the average reflectance R of the air—
glass interface is 4.4% for crown glasses and 6.3% for
flint glasses; correspondingly, minimum (maximum)
reflectance is 3.5% (5.5%) for crown glasses and 5.5%
(7.2%) for flint glasses. The reflectance is 0.19% for
the interface “mean crown — mean flint,” 0.24% for the
interface “minimal crown — maximal crown” (or
“minimal crow — minimal flint”), and 0.72% for the
interface “minimal crown — maximal flint.” Tt is clearly
seen that the reflectance of the interface “air — glass”
is much higher than that of the interface “glass—
glass.” The flint glasses are on the average much more
expensive than the crown ones. Therefore, in production
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of widespread optical devices, the flint is often
replaced by the crown.

Refractive index n of optical materials
in the near IR region (at A = 0.80—1.1 pm)

Material n

Glass:

Crown 1.46—1.61

flint 1.61—-1.73

quartz 1.449—1.452
Crystalline quartz 1.53—1.54
Electro-optical materials 1.51—1.52
Iceland spar 1.64—1.65
Optical crystals 1.4-2.4

1.7r n

1.65F I

M
1.6

1.55F

1'5'&/

4000 5000 6000 7000
A A
Fig. 3. Typical dispersions for glasses of different grades:
heavy flint (I); heavy baric crown (II); light flint (I11);
heavy crown (IV); and borosilicate crown (V).

Now we can derive formulas for coefficient of
reflection from multilayer media. These media contain
many interfaces in their interior and are used in
traditional optical systems. In practice, of the most
use are refracting optical systems (refractors).
Reflecting systems (reflectors) are commonly used in
specialized devices (such as mirror telescopes) and are
rarer in occurrence.

Traditional optical systems comprise: objectives,
oculars, condensers, prisms, splitting plates, stops,
etc. In turn, these elements themselves are frequently
composite. For instance, objectives generally consist
of collecting and dispersing lenses. Figures 4 and 5
present schemes of most typical objectives.?

The quality of an objective can be improved by
reducing its total reflectance in a special way. Usually,
this is achieved by spraying thin dielectric films onto
its input surface (anti-reflectance optics) or by
choosing a combination of lenses (often not thin),
fabricated from glasses with different refractive
indices. The general rule of decreasing the objective
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reflectance consists in decreasing abrupt changes in
the refractive index when passing from the front
boundary to the back one. Both these boundaries are
usually in contact with air.

Crown ™ Flint

Fig. 4. Objective in the form of glued achromatic doublet.

%
a b
c d
Fig. 5. Types of objectives: Planar (a); Zeiss biotar (b);
Cooke triplet (¢); Zonnar (d).

Jumps of the refractive index inside the objective
decrease when the refractive indices of the front and
back lenses are less than those of the center lenses.
Therefore, the front and back lenses are frequently
produced from crown glasses, while the center ones
from flint glasses. Simple objectives (see Fig. 4), can
be free of back lenses. Elements of the objective are
generally glued together by special transparent glue
in order to remove air gaps between them, which
deteriorate the lens quality. The objectives with air
gaps inside are applied, when, for example, it is
necessary to widen the field of view due to somewhat
longer inter-lens separation or to remove some
aberrations. Such objectives are more specialized and
used more rarely.

The characteristics of wave reflection from media
with many interior interfaces can be estimated in
terms of the theory of wave propagation in layered
media.! This theory uses the notion of the medium
impedance (i.e., the wave resistance, defined as the
ratio of tangent components of electric and magnetic
fields). For instance, if the electric vector of the
incident wave field is perpendicular to the incidence
plane (L), the impedance Z, of the kth medium is
defined as Z;, =1/(n,cos0;), where 0, is the angle in
the kth medium (see Fig. 6, where k = n).

In the case that the electric vector is parallel to
the incidence plane (||), then Z; = cos8;/n;. Note that
the reflection coefficient with respect to the field of
interface between the (k + 1)th and kth media (wave
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incidence from the (k+ 1)th medium to the kth
medium) can be represented in the form

rk,k+1=(Zk_Zk+1)/( Zk+Zk+1). (5)

Assuming k=1 in Eq. (5) (wave incidence from the
medium 2 to the medium 7), substituting the indicated
formulas for impedances Zj, and Zy in this equality,
and taking into account the opposite ordering of layers
in Figs. 1 and 6, we obtain Fresnel formulas (1),
where r=r,.
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Fig. 6. Scheme of reflections and refractions in a system of
plane layers.

The notion of impedance permits a substantial
simplification of the formulas obtained for the
reflection coefficient of the system of plane layers.
Thus, if there is one reflecting layer (n =2 in Fig. 6;
in the general case, n + 1 is the total number of media,
n is the number of interfaces, n — 1 is the number of
reflecting layers, and the media 1 and n + 1 extend to
infinity), the reflection coefficient with respect to the
field 7% is expressed through the impedance Z3 and
input impedance of one layer Z i(lf):

L 2P -7

i 2 o _ 2= iZtanp,

T 7, —iZtanp,

- L ,
794 7,

Here, B, = konyd,cosd,, where ky=2n/k is the
wavenumber in vacuum; d, is the layer thickness
(thickness of the second medium, Fig. 6); n, and 0,
are the refractive index and the angle in medium 2. In
the case, when the refractive indices of the media 7 and
2 are identical (Z; = Z5, fo)=Zg), the layer defined
by the medium 2 can be considered absent. Therefore,
following Eq.(5), we have that r{‘=72,3, i.e., the
reflection coefficient of the absent layer coincides
with the reflection coefficient of one interface.
Reducing the number of interfaces by one (n=1) and
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denoting through 7§ the reflection coefficient for the
no-layer case we have ré =79

The coefficient of reflection from n — 1 layers rh
is expressed via the impedance Z,.; and the input
. (n)
impedance of n— 1 layers Z;,":

) =1 _
Zilit —Zu. Z(;t) _ Zilit —iZ,t

anf
) ’ in - Zm (6)
Ziu + Zu+1

Z, — iZi(liH)tanB,,

oy =

where B, = kon, d, cos8,. Formula (6) for the reflection
coefficient of n—1 layers rk | coincides in the form
with formula (5) for the reflection coefficient of the
interface 7, ,.1 between media n and n+1 provided
that in Eq. (5) the impedance Z, is replaced by the
input impedance Z i(f,'). Applying in formulas (6) the
equality following from the definition of tan, and
taking into consideration Eq. (5), we finally obtain

L .
TL | = Vupt + a2 eXP(ZZBn) (7)
n—1 - L . .
1+ rn,n+1 "2 eXp(l2Bu)

Formula (7) is called the Airy formula; it is a
recurrence relation, making it possible, at the known
reflection coefficient of the interface between n + 1 and
n media (7, ,.1), to express the reflection coefficient
of n— 1 layers (r_,) through the reflection coefficient
of the less by one number of layers (n— 2 layers, rk).
The Airy formula should be supplemented with the
initial condition r(L) = 79, corresponding to rl_‘1 =0.

The reflectance of the system of n— 1 layers R,
(or the reflection coefficient with respect to intensity),
like for one interface, is the squared modulus of the
reflection coefficient over the field. Based on the
Airy formula, we can find the reflectance of a single
layer RY. Assuming n=2 in Eq. (7), and taking into
account that ré =ry,, we have

B 1 + 15 + 2191 3005(2B,)

R} .
1+ riarss 2n 9155 c0s(2B,)

(8

This formula corresponds to any single component
(either L, or ||) of the field electric vector. The choice
of a particular component is determined by particular
values of impedances (either Z,, or Zy).

The oscillating character of the layer reflectance is
seen from formula (8) at variations of By = kgnyd,cosdy,
which is a periodic function of the layer thickness;
this phenomenon is confirmed experimentally and
serves as a basis for optics anti-reflectance.

Figure 7 (Ref. 2) shows the reflectance of a
dielectric film (one layer with refractive index n, and
thickness = d,) as a function of its optical depth
nyh for normal incidence (03=0,=0;=0). The wave
falls from air, passes through the film, and penetrates
the glass with a refractive index of 1.5 (following the
numbering in Fig. 6, n3=1, n;=1.5). It is seen that
for the film with optical thickness of A/4, 3A\/4,
5A/4, .., the reflectance reaches its maximum
(minimum) depending on whether the refractive
index of the film is larger (less) than that of the
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last medium. For the film with optical thickness of
22, 2h/2, 3L/2, .., the converse is true. Quarter-
wavelength film (with n, <ny) is commonly used as
an anti-reflection one. Figure 8 (Ref. 1) presents the
wavelength dependence (for normal incidence, with the
last medium being a flat glass) of the reflectance of
typical multilayer anti-reflective coatings. As follows
from Fig. 8, the reflectance of the anti-reflective
coatings in the visible range (A =0.45—0.6um) is
minimal. When passing to the near IR (A > 0.6 um) it
grows (anti-reflectance disappears). However, even in
the case of total loss of the anti-reflectance, the
reflectance at the boundary of IR range (A =0.7 um)
does not exceed 4%. The largest reflection of good
(two- and three-layer) anti-reflective coatings is
observed on the border with UV region (A < 0.43 pm).
For this reason, as an example, the objectives of
high-quality anti-reflection photo cameras have a
violet tinge.

0.5FR
0.4
-— Ny = 3.0
0.3}
0.2 |
o . VAN — 2.0
SR\ e P
0.050'-04 ....... ~—— 1 and 1.5
) — 1.4
0.02 \ { -—1.2
“n l’{ “ :f V
0 \11_" L 1. 1 \‘-3:. d
Z}' 5}\, Z}\, A moh

Fig. 7. Reflectance (R = R{.) of dielectric film with
refractive index m, as a function of its optical depth nyh:
0;=0, ns=1, n,=1.5.
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Fig. 8. Reflectance of typical anti-reflective coatings:

one- (1), two- (2), and three- (3) layer coatings.

Demonstrate how the Airy formula (7) can be
used to obtain simple estimates of the reflectance of
multilayer media contained in traditional optical
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systems. Considering that the reflectance of the
interfaces air —glass and glass —glass, as was shown
above, makes a few percent, and that r5 ,exp(i2B,)
does not exceed unity in the absolute value, let us
expand the denominator in formula (7) in powers of
r,,J,Hr%_Q exp(i2B,). Retaining only the first term of
the expansion, we obtain

L L .
Yu—1 = T, n+t + 71172exp(12B71) +
L 2 L 2
+ 0(771—2 rn, n+1 ) + O(ril,71+1ril—2 ) (9)

When |7y 5| - 1, the omitted terms O(7,, 175 5) in
Eq. (9) may be of the same order as the first term
7y, n+1 retained in Eq. (9). However, in this case, as is
seen from Eq.(9), 7, . itself plays a role of small
corrector. Hence, the terms O(r, wi?sD can be
disregarded.

Let us estimate the reflectivity of actual optical
systems by the example of a typical model system
containing an objective and an ocular. Considering
this model system, it is possible to gain an impression
of features of the reflection observed in many optical
devices.

The system consisting of the objective and ocular
has no less than four reflecting layers. For instance,
the first two layers are the objective of the achromatic
doublet type (see Fig. 4), the third layer is the air
gap, and the fourth one is the ocular. The refractive
index of the first layer is the mean value of the
refractive index for crown glasses (1.53), and that of
the second layer is the mean value for the flint glasses
(1.67). The fourth layer (ocular) is assumed to be
crown (1.53). The air media have a unit refractive
index. As the thicknesses of layers (d, in B, =
= kon,d,cos0,), their typical values are taken:
ds=1 cm (crown in the objective), d; = 2 cm (flint in
the objective), d3 = 15 cm (the distance between the
objective and ocular), d; =1 cm (crown in the ocular).

Take n=15 in Eq. (9), which corresponds to four
reflecting layers, five reflecting interfaces, and six
media. The medium emitting the radiation is air. The
medium number is 6 (Fig. 6). Applying sequentially
the recurrence formula (9) and taking into
consideration that r(% =7y, we have

7’4L =75 + 74 5expli2Bs] + 73 sexp[i2(Bs + B5)] +
+ 1y, 3expli2(Bs + B4 + Bs)] +
+ 71,2exp[i2(By + B3 + Bs + B3I (10)

Thus, the reflection coefficient over the field for
four reflecting plane layers is expressed as the sum
(multiplied by oscillating factors) of reflection
coefficients of five interfaces. Following Eq. (10), the
reflectance of such four-layer medium R% (for any of
the components: L or ||) is written as follows:

Ri=Rss+Ris+ Ryq+ Rys+ Ry +24; (11)
A = 75674 5008(2Bs) + 74 575 4c08(2B4) +
+ 73,472,3¢08(2B3) + 79 371 2c08(2B,) +

+ 75,673,4c08[ 2(Bs + Bo)] + 74 572 3c08[2(Bs + B3)] +
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+ 73,471, 2c08[2(B3 + Bo) ] + 75 672, 5c08[ 2(B5 + B4 + B3] +
+ 74,571, 2c08[2(Bg + B3+ B2 +
+75,671,2c08[2(B5 + By + B3 + B)].

Here, we took into account that, in the absence of total
internal reflection (when the angles 0,, k=1, ..., 6, fall
in the range 0—40°), the reflection coefficients of
interfaces of nonabsorbing media are real.

Figures 9 and 10 show the total reflectance of
the considered model optical system in the near IR
range, calculated by formula (11).

[ R, %
25

20

15

n4Ad4/k

Fig. 9. Reflectance of the model optical system for the
normal incidence: A =1um; ng=n3=n; =1, ns = ny = 1.53,
ng =167, dp=ds=1cm, ds;=15cm, d; =2 cm; Ad, is
deviation of the thickness of the fourth layer d;.
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1T 17 71
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30 |-
20 L

10 [
0
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Incidence angle 0g, deg.

Fig. 10. Dependence of the model optical system reflectance
on the incidence angle 0s: A =1pm; ns=n;=mn =1,
ns=mn, =153, ng=167, dr=ds=1cm, ds=15cm,
dy=2 cm.

Figure 9 corresponds to variations of the optical
depth of the medium 4 (flint, Ad, is the deviation of
the layer thickness from the initial value) for the
normal incidence (0,=0, k=1, .,6), and Fig. 10
corresponds to variations of only input incidence
angle 0 (all other angles also change because they
are related to 05 by the refraction law).
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It follows from Fig. 9 that at A/4, 3L/4, 5L/4, ...
increments of the flint glass optical depth (14Ad,) the
reflectance of the entire multilayer system is maximal,
while at /2, 20./2, 31/2, ... increments it is minimal
(anti-reflectance). This result agrees with the behavior
of the reflectance of a single layer at variations of its
optical depth, when the refractive index of the layer
exceeds the refractive indices of other media (see
Fig. 7). The dependence of the multilayer optical
system reflectance on the incidence angle (see Fig. 10)
is more complex, primarily because of the nonlinear
variations of B, (at increasing 0,) in formula (11).

As shows from Figs.9 and 10, the reflection
coefficient of the multilayer optical system oscillates
at optical frequencies (the frequencies are high due to
high wavenumber k). Therefore, the slow time
variation of the input incidence angle 0 (for example,
at the entire system rotation with some angular
velocity o) leads to rapid change of B, in formula (11).

Let equation (11) be time-averaged over the time
interval T. This corresponds, for instance, to averaging
of the received reflected energy by the photoreceiver.
If 0;=ot, the averaging of the first term in A in
Eq. (11) at Twas >>1 gives

, 5=k7l5d.
To a 0"s5ds

1 ) n/2
?Jdtcos[ZBS(t)] = cos(2oc5 + Z] o
The analogous result is also obtained after
averaging other terms in A. At A=1pum, ds=1cm,
and ns; = 1.53, the inequality Toas >1 can be
rewritten as » >>107>/T. If the eye inertia constant
T=1/25s is taken as the averaging interval, then,
when observing the reflector by the eye (in the visible
range immediately and in the IR range — on the
display), this inequality holds provided the relative
angular velocity of rotation of the system “eye—
reflector” o exceeds a few angular minutes per second.
In this case, the oscillating terms in formula (11) are
small, they can be neglected, and A=0. Then the
averaged total reflectance <Rf> of the four-layer
plane system is approximately equal to the summarized
reflectance of all interfaces:

<Ri>= Rs6+ Ris5+ Rs s+ Rys+ Ry (12)

For the considered model system, <R i>=19.6%
(Rs,6=Ry3= Ry »=4.39%, Ry5=0.19%, Ry = 6.29%).
Therefore, at the above rotation velocity o the eye
does not resolve variations in the level of the reflected
energy, and this energy for eye is constant and equal
to 19.6% of the energy incident upon the multilayer
system. At a somewhat slower rotation, the eye will
resolve changes in the reflected energy as a variable
reflector brightness. In this case, as shows from Fig. 10,
the reflection coefficient R can reach 70%.

Obviously, for the system with some arbitrary
number of layers the formulas are similar to Eqs. (11)
and (12). Therefore, the averaged reflectance of any
multilayer system of the plane layers approximately
is equal to summarized reflectance of all interfaces.
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These results correspond to the system of plane
layers. However, in actual optical systems the layers
can be considered plane when dealing with sufficiently
large-size optics with (on the average) large focal
distances. In most widespread small-size optical
devices, the curvature radii of surfaces are small, and
the surfaces themselves have a close-to-spherical shapes.

In general, the interface curvature influence is
quite complicated and this problem can be solved
applying the corresponding equations describing the
wave diffraction in the system of enclosed media.
However, in the case of our interest, when the
reflectances of interfaces are not large, the accounting
for the effect of their curvature can be made in a
standard way, i.e., by the calculations similar to those
in Refs. 1 and 2.

Assuming that the wave field, incident on the
multilayer system, is plane, we can determine the
field, reflected from a certain chosen interface, and
the field, having passed through it. The reflected
field is then considered as the initial one and can be
recalculated in the opposite direction. It is shown in
Ref. 1 that if a spherical wave falls on the plane
interface, the reflection coefficient remains almost the
same and follows the Fresnel formulas. This means that
for a small section of the curved surface the reflection
coefficient remains the same. Locally, it is the same
as for the plane interface. However, in contrast to
the plane interface, the reflection coefficient of the
close-to-spherical surface has the phase factor, which
accounts for the phase shift due to the surface
curvature. Thus, if p=(x,y) are the transverse
coordinates and uy(p) is the field incident on the
interface k + 1 — k (wave incidence from the medium
k+1 to the medium k), then the field of the wave,
passed through the interface and reflected from it, is
represented as

. 2
ikop” | v Frrt
uO(p)wk,lc+1 eXp— s Fk,k+1 = ,
2fk,k+1 Mg — 1y
F
R kk+1
Fk,k+1 = D . (13)
Myt

Here f=F®, w=r for the reflected wave; f=F",
w =1+ r for the transmitted wave (due to phase
jump by 7 upon reflection'; the field coefficients of
reflection 7 and transmission ¢ are related by ¢t =1 + ),
7 =17y k+11s the coefficient of reflection from the plane
surface; Fy p+1 is the curvature radius of the surface;
Ny and ny, are refractive indices of the media &k + 1
and k. If the interface is the collecting surface
(convexity is directed toward the surface), then Fy, 4.
is negative; otherwise, if the surface is dispersing
(the convexity coincides with the direction of wave
propagation), it is positive. For the plane wave,
Fi i1 =o. When changing the wave propagation
direction to the opposite one, the collecting surface
becomes dispersing and the curvature radius changes
its sign, i.e., Fy p+1 = —Fps1,1- The difference nj.; —ny,
also changes the sign, hence F/},; = F\ .
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It follows from representations (13) that, when
the plane wave (uy(p) =uy= const) propagates from a
thinner medium to a denser one (1.4 <mng), there
appears focusing for the collecting interface (Fy, j+q <0,
Flier > 0) and defocusing for the dispersing interface
(Fpe1>0, Fpyy <0). On the contrary, for the
reflected wave the collecting surface gives defocusing
(Fp ko1 <0, Fy.q <0), and dispersing surface gives
focusing (Fj, o1 >0, Fiq > 0).

Accounting for formulas (13) in calculation of
the field, reflected from each interface, shows that the
Airy formula (10) is valid. For the four-layer medium,
it can be written in the form

ri= as 67,6+ as, 574 5expli2Ps] +
+ @z 473, 4expli2(B4+ Bs)] +
+ @y 37 3expl i2 By + By + Bs)] +
+ayarypexpl 12 (Ba+ B3+ Bat Bl (14)

Here, as in Eq. (10), 7, 4+ is the coefficient of reflection
from the plane surface; B = konidrcosby; ap vy is the
coefficient accounting for the surface curvature.

In the general case, the coefficients a, ;+1 depend
on the thicknesses of the layers and curvature radii of
the surface, through which the incident wave has
passed in forward and backward directions (to and
from the boundary k+1—k%). In the traditional
small-size reflecting optics, the layer thicknesses in
the objectives are much less than the curvature radii
of their interfaces. This makes it possible to
considerably simplify the formulas for the coefficients
ay, p+1- For multilayer system, containing N interfaces,
after expressing the curvature radii of all interfaces
through the curvature radius of the input surface
Fy n+1, we obtain

2
ikyp“v
@ ki1 = €Xp _1ROP Vigkst , 1<k <N,
Fyna
Fp o1 = mp et Fnonets My v =1, (15)
where vy, p+1 are calculated using the recurrent relation

1 1
Viet,k = Vi ket T M — ,
Myt Mgt

VN, N+1 = 1IN+, 2<k<N. (16)

Moreover, the effective focal distance Ff of the
subsystem containing j interfaces (with j counted of
from the input interface N +1 — N) also depends on

Vi, k+1:
F}g = Fn n+1/ Vs 541 — ns/mg s1],
S=N+1—-j,1<j<N. a7

The focal distance F‘; is positive (negative) for the
focusing (defocusing) subsystem.

Let us estimate vj .y [and, hence, aj sy in
Eq. (14)], corresponding to the objective in the
considered model system. In this case, it is necessary
to know the curvature radii of interfaces. As is seen
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from Figs. 4 and 5, the front surface in the objectives
(input interface N +1 — N, N =5, F5 ) is the collecting
surface, and the back surface is usually the dispersing
one. The front layer (numbered N) usually is a
symmetrical biconvex lens. Therefore, we can consider
that F;s5=—Fs¢ (or equivalently that mys=—1).
Then, V56= Mg = 1, V4,5 = Ng + 15 (1/77l4y5 — 1) =MNg—
— 2ns5=—2.06, where we have used particular values of
refractive indices of the layers, assumed in the model
system. Since the objective in the system consists of
two layers (three interfaces), its effective focal distance
F3, following Eq. (17) is represented as

F; = F5y(;/B, B= n(;+ n3(1/ﬂl4’5— 1)+
+ 41/ m3 4 —1/my 5) — 13/ m3 4.

With known my s and B, this expression can be used
for finding ms 4 (and, hence, the curvature radius of
the back surface of the objective Fj4=mg4F5).
Substitution of the obtained expression for ms 4 into
definition of vz 4 gives

vs 4 = [Bny — ny(ng — 2ns + 1)1/ ng — ny).

~ The objective is the focusing subsystem, therefore
F§>O. Consequently, at F5 <0 (the collecting input
surface), B<0. In the widespread optical systems, the
focal distances of the objectives are usually less than
the curvature radius of the front surface (F?§<|F 5.6 s
|B| = 1) and much less than for the systems with
ocular (|B| >>1). The calculation of v; 4 (for assumed
refractive indices) shows that at B = —1, —2, =5, —10
vs = —1.9, —4.4, —11.9, —24.3, respectively.

Taking into account the obtained values of vs g,
V4,5 V34, estimate now relative contribution of each
term to the reflection coefficient of the four-layer
medium (14). In the region where the directional
pattern of the multilayer reflector has been formed
(at a distance before the inlet pupil of the reflector,
substantially exceeding both the length of the reflector
itself and the largest radius from all curvature radii
in the reflector), we obtain

las,s/ as,sl = |vs,6/va 5| = 0.48;
|tlgy4/d5y6| = |V5y6/V3y4| = 0.52-0.04.

For the reflectance, which is the squared reflection
coefficient with respect to the field, the contribution
of the second and third terms in Eq. (14) (due to
apr+1) are 23 and 27—0.16%, respectively, of the
contribution of the first term. Hence, the main
contributor to the reflection coefficient of the objective
is the front interface. In contrast to the system of
plane layers Eq. (12), this phenomenon is associated
with the influence of the curvature of interfaces.

As the analogous analysis shows, deeper interfaces
(F, 3, Fy5) make still less relative contribution to the
reflectance. For instance, at B = —2, my 3= —mj3 4 /2,
my o= —my 3, we have

lay, 3/ as 6> =12.7%, lay »/ a5 ¢|* = 0.7%.

V.V. Nosov

Moreover, the wave reflected from the deeper
surfaces is subject to vignetting (cutting the beam part
by the cylindrical mounting of optics). As a result,
the reflection coefficient of such surfaces additionally
decreases. Application of protective blinds to the
objectives enhances the vignetting of all reflecting
surfaces.

Taking into account the main contribution of the
input surface, we obtain from formulas (14) and (15)
the approximate expression for the reflection
coefficient 7(p) of the small-size optics

2 . 2
1
r(p) = u, exp{—;ﬁ - 5015 }, Ur = TN,N +15

F1~=FN,N+1/2<Oy (18)

where u,, F,, and a, are the reflector parameters,
namely, the reflection coefficient, focal distance, and
radius; 7y n+1 and Fy nqg are the reflection coefficient
and curvature radius of the input collecting surface.
The reflection coefficient (18) coincides in the form
with the typical initial condition for the Gaussian beam.

Asis seen from Eq. (18), the plane wave incident
on the small-size optics is reflected in the form of a
spherical wave, whose source is located at the distance
|Fn n+1]/2 behind the objective front surface. All
other conditions the same, the cross-sectional area of
the section, reflecting the radiation, which then
comes to the photoreceiver, is less for collecting plane
as compared to the plane one (the equivalent radius
a,, of the plane section, corresponding in energy to
the reflection from the collectin% surface, can Dbe
determined from the relation kya;,= F,). Therefore,
the effective reflectance, determining the energy of
different reflectors, is less for small-size optics than
for a single plane surface.

Thus, in the traditional small-size reflecting
optics with the close-to-spherical interface, the front
input surface is the main contributor. This surface is
most often the air—crown interface with a mean
reflectance of about 4%. The reflectance of high-
quality anti-reflective objectives in the IR range does
not exceed 4%; therefore the reflection coefficient of
the widespread optics does not exceed 4% on the
average. On the whole, the reflection coefficient of
small-size optical devices is much less than that of
large-size optics with large focal distances and
reflectance of 20% and larger (at the observation
distances less than the focal distance, the large-size
optics can be considered as a system of plane layers).
The effective reflectance of small-size optics appears
to be even less than that of a single plane surface.
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