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[57] ABSTRACT 

A multi-layered anti-reflection coating for use with a 
glass substrate includes five layers of coating material, 
the first layer furtherest from the substrate having an 
optical thickness of a preselected design wavelength, 
Ao, in the range of 0.260 A0 > N 1d 1 > 0.230 Ao and an 
index of refraction in the range of 1.35 to 1.62. The 
second layer has an optical thickness in the range of 
0.600 Ao> N:i(l 2 > 0.400 Ao and an index of refraction 
in the range of 1.95 to 2.30. The optical thickness of 
at least one of the third, fourth and fifth layers is in 
the range of 0.500 Ao > N d > 0.250 Ao while the opti­
cal thickness of at least another of these layers is in 
the range of 0.250 Ao > N d > 0.060 A0 • The third 
layer has an index of refraction in the range of 1.56 to 
I . 90 and the fourth layer has an index of refraction in 
the range of 1.35 to 1.62. The fifth layer adjacent the 
substrate has an index of refraction in the range of 
1.35 to 1.90. The optical thicknesses of the layers can 
be varied to compensate for any variations from the 
theoretical design indices of refractions. 

12 Claims, 4 Drawing Figures 
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FIVE LA YER ANTI-REFLECTION COATING 

RELATED APPLICATIONS 

This is a continuation-in-part application of U.S. Pa­
tent application Ser. No. 304,140 filed Nov. 6, 1972, 5 
now U.S. Pat. No. 3,781,090 issued Dec. 25, 1973. 

BACKGROUND OF THE INVENTION 

2 
In the U.S. Pat. No. 3,565,509 a multi-lay.er anti­

reflection coating using a combination of only two ma­
terials is provided. This is accomplished by using an. 
array of layers to obtain an equivalent layer having an 
equivalent index of refraction and an equivalent thick­
ness. The properties of the equivalent layer are such 
that in order to obtain the optimum anti-reflection 
band width, the thickness of the third layer from the 

1. Field of the Invention substrate should be less than the sum of the thickness 
The present invention is directed to an anti-reflection IO of the thin layer next to the substrate plus a half wave-

coating for a substrate to minimize the reflectance of length. 
applied energy and more particularly, to five-layer anti- Basically, the designs of the anti-reflection coatings 
reflective optical coatings. · in the prior art have relied upon the classical solution 

2. Description of the Prior Art utilizing a quarter wavelength system as represented by 
There have been numerous attempts to provide vari- 15 the Jupnik's solution, set forth in "Physics of Thin 

ous anti-reflective coatings for reducing the reflection Film," volume 2, p. 272, by G. Hass and R. E.Thun, 
of energy off of a substrate. In recent years, the primary Academic Press. Using this approach in a Jupnik four 
emphasis in the optics field has been upon reducing the layer anti-r~flecti?n coating structure having, for e~am-
reflectance of light from glass substrates in the visible pie, an optical thickness of >../4, >../2, >../4,. >../4, their re-
spectrum of 400 to 700 nanometers. A large number of 20 fractive indices must be proportionately rep_resented by 
solutions have been offered to decrease the Fresnel re- N1N• = N3 V N,No, where N represents the mdex of re-
flection of optically transparent material especially in fraction and N. would_ be the_ index of refrac~ion adja-
optical lenses used in cameras and the Jike. cen_t the ~ubstrate havm~ an mdex of r~fract1on of N_,. 

The use of single and double layers of anti-reflecting 
25 

No 1_s the mdex o~ refract!on of th~ med1~m su_ch as air. 
coatings has become extremely popular. Since the vi- Five l~yer. ant1-re~ect1on coatmg designs m accor-
sual spectrum extends over a relatively wide wave- dance with the 71a~s1cal qu_ai:er wavelength appro~~h 
length band, and a single layer is principally designed would p~o~uce s1mtlar ~estnct1~ns that ~ffect the ~t~hty 
to nullify refiectance at a single design wavelength, its and fl~x1bhty of an ant1-re_flect1ve coat~ng. ~n ~dd1t10n, 
use has not provided satisfactory results over the entire 30 materials of high a~d ?11~dle refractive md1ce~ fre-
visual region especially for low index glass having a re- quently ~ave refractive md1ces that_ are _not cons1~tent 
fractive index from 1.45 to 1.9. no~ readtly ad~ptable_to a production !me technique. 

Three layer anti-reflection coatings such as in U.S. This p_r~blem 1s particularly acute ~hen ea~h layer 
Pat. No. 3,185,020 and U.S. Pat. No. 3,604,784 have ~ust rigidly conform to the hypothetical design solu-

greatly improved the desired optical characteristics 35 
1
°F~· 11 th fl t fi . · h · I d • . ma y, e re ec ance curves or vanous wave-

over t e stn_!:I _e_ an do~ble lay~r coatn~gs. T~e pno~ art lengths are symmetrical with respect to 1 /A., where ).o 
has further ut1hzed ant1-reflect1on coatings with equ1va- · • th de· · I th I th I · I d · th· 
1 

t • . . 1s e sign wave eng . n e c ass1ca es1gn, 1s 
ent h1ckness layers such as disclosed m U.S. Pat. No. can produce a minimum reflection at Ao and at its inte-
3,432,225_ and U.S. Pat. ~ 0 - 3,565,5o9. Genera!ly ger magnified wavelengths, and any refractive index 
these co_atmgs have been_designe~ to produce ~n equiv- 40 deviations cannot be adequately compensated by varia-
alent thickness layer which consists of t~o thm lay~rs tions in the optical thickness. 
that work as a quarter wavelength medium refractive 
index layer in the anti-reflection coating. Manufactur- SUMMARY OF THE INVENTION . 
ing tolerance problems are recurrent with the use of A five layer anti-reflection coating for use with a sub~ 
these thin individual layers and the final summation of 45 strate to reduce reflectance of energy such as visible 
their effect is simply to provide an equivalent quarter light is provided having the following range of optical 
wavelength layer in the design. thicknesses: 

The use of four layers of different evaporated materi- 0.260 >.,
0 

> N
1
d

1 
> 0.230 Ao 

als provides superior results over that of the triple layer 0.600 Ao > Nt(l1 > 0.400 Ao 
structure. An example of this four different material 50 0.500 Ao > N:ids > 0.060 Ao 
coating is disclosed in U.S. Pat. No. 3,463,574. Since 0.500 >.,

0 
> N.d4 > 0.060 Ao 

it is necessary to use four materials, there are produc- 0.500 Ao> N,,da >·0.060 A
0

• 

tion problems relating to the evaporation and the pre- N refers to the index of refraction and d refers to the 
cise control of the layer thickness and the design is still physical thickness of the layer, the subnumbers corre-
limited to various refractive index combinations corre- 55 sponding to the layers with N 1d1 being the layer further-
sponding to the substrate. In addition, the layered est from the substrate; the optical thickness of each of 
structure has a tendency to fractionalize and it is often the above layers being adjustable within the above 
found in production that the available material does ranges to compensate for variations from any design 
not maintain or even correspond to its purported theo- 60 index of refraction whereby the design reflectance can 
retical refractive index. be maintained. 

In the commercial production of anti-reflection coat- The first and fourth layer have an index of refraction 
ings, a choice of material having a high or medium of 1.35 to 1.62. The second layer has an index of re-
index of refraction generally requires a metal oxide fraction of 1.95 to 2.30. The third layer has an index of 
which in commercial use is often found to be inhomo- 65 refraction of 1.56 to 1.90 while the fifth layer has an 
geneous and unstable in its refractive index. This is also index of refraction of 1.35 to 1.90. 
true with high indexed fluorides such as CeF3, LaF3 and The features of the present invention which are be-
NdF3. Iieved to be novel are set forth with particularity in the 
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appended ~!aims. The present invention, both as to its 
organization and manner of operation, together with 
further objects and advantages thereof, may best be un­
derstood by reference to the following description, 
taken in connection with the accompanying drawings. 5 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. l is a schematic diagram of the reflection from 

a multi-layered coating; 
FIG. 2 is a vector diagram of a non-classical design 10 

solution; 
FIG. 3 is a reflectance graph of Table 1; and 
FIG. 4 is a reflectance graph of Table 2. 
FIG. S is a cross sectional schematic of an embodi­

ment of the present invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

15 

As may be appreciated by those skilled in the art, the 
use of various metal oxides and fluorides as optic coat- 20 
ings frequently do not have a stable refractive index nor 
a homogeneous structure. Solutions and compounds of 
these materials are subject to a number of variables 
such as the starting stoichiometric structure of the ma­
terial, the equipment used and the evaporation tech- 25 
niques. In commercial production it is extremely diffi­
cult to maintain the precise and consistent control of 
the various layers of an anti-reflection coating to main­
tain the final result within the design parameters of the 
anti-reflection coatings. 30 

In contrast, a low index of refraction material such as 
MgF2 has a relatively stable index of refraction of 1.385 

4 
This equation is graphically represented in ..FIG. I 
where the reflected rays from the layer boundaries are 
simply added up and contribute to the total reflectance 
if we ignore any mutual interference effects. 

As can be seen in FIG. 2, every term can be consid­
ered as a vector, VO ... V 5• The summation of these 
vectors will give the final reflection coefficient p 0 • If 
these vectors form a closed loop, the final reflection p0 

will be zero. 
This can be more easily understood when the vectors 

are shown in the complex plane. Referring to FIG. 2, 
the Absessa is the Real Axis and the phase angle /3 can 
be measured from this axis in a counter-clockwise di­
rection. 

In order to solve equation ( 3) having a large number 
of variables, it is necessary to eliminate as many vari­
ables as possible, and accordingly the following as­
sumptions are made in order to achieve a first approxi­
mate solution for a design wavelength .\0 : 

l. The first coating layer next to the air or medium 
will contribute to the total anti-reflection effect 
and is set at, N1d1 = .\,,/4. 

2. The second coating layer will be utilized to in­
crease wavelength band of the design and will be, 
N2d2 = .\o/2. 

These assumptions produce the following phase fac­
tors: 

/31 = 4 rr/,\ · N1d1 = rr. 

/32 = 4 rr/,\ · Nzd2 = 2rr. 

(4) 

even with film layer thicknesses thinner than .\J2 while As fully described in the allowed co-pending parent 
also maintaining a homogeneous constituency. U.S. patent application Ser. No. 304,140 filed Nov. 6, 

The following derivations in conjunction with FIGS. 35 1972, now U.S. Pat. No. 3,781,090 issued Dec. 25, 
I and 2 will help explain the advantages of the present 1973 and incorporated by reference, the vector solu-
invention over that of the classical quarter wave design tion graphically shown in FIG. 2 varies from the classi-
utilized in the prior art. cal Jupnik's solution. The optical thickness of each 

In the following equations: layer of the present inventive design is not limited to 
p is the reflection coefficient and is a complex num- 40 the classical quarter wavelength design with the corre-

ber from which the reflectance R is derived as follows: sponding refractive index restrictions. 

{3 is the phase factor due to the rays traveling through 
the layer twice as disclosed in FIG. I and for normal in- 45 

cidence at the i layer is expressed by, 

With the classical solution, the phase angle /3 will be 
an integer multiple of 71' and the vector will terminate 
on the real axis only. With the present invention, it is 
possible to introduce a non-quarter wavelength struc­
ture in the third, fourth and fifth layers with their vec-
tors ending in the imaginary plane rather than on the 
real axis. The Fresnel coefficients can be adjusted by 

< t > 50 the phase angle in order to terminate the V 5 vector at 
the origin ( 0). 

N being the refractive index and d being the physical 
thickness. 

Wis the Fresnel coefficient at the boundary and is de­
fined by, 

(2) 

As seen in FIG. 2, the vector summation represents 
respectively the reflection from the air boundary V 0 

and each layer, V1 through V5• 

55 The vectors Vo, V 1 and VI lie on the real axis with the 
phase angle {31 measured counter-clockwise as the opti­
cal thickness increases in accordance with equation 
(l); V1 having an opposite sign from V2• Vectors V3 

and V 4 are not restricted to the classical solution and 
where the suf~x f represents an integer number of lay- 60 accordingly their phase angles are not integer multiples 
ers from the air interface. of rr. · 

The total reflection coefficient Po can be written ap- The length of the vectors is a function of the Fresnel 
proximately as coefficient. As represented on the graph of FIG. 2, 

p0 = W8 e1 (/35+{34+{33+{31+/31) + each vector is added to the previous vector to summa-
W5 e1 ({34+{33+{32+{3i) + 65 rize the total reflectance. The vectors are not drawn to 
W4 e1 ({33+{32+{3i) + exact scale and are presented only for illustration. 
W3 e1 ({32+{3i) + W1 e1{3 1 + W1• (3 > In FIG. 2, Vs is shown on the real axis simply for con-

venience and it should be understood that V 4 could eas-
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ily terminate in the imaginary plane with V 5 having a 
phase angle that is not an integer multiple of 1T. 

With V 5 lying on the real axis, the following mathe­
matical relationship exists: 

( 5) 

With the relationships of the refractive indices as­
sumed as follows: 

N1 < N2, N2 > Na, Na > N4, N4 < N5 and Ns < N,, 
the respective Fresnel coefficient, W, will have W 1, W 2, 

W 5 and W 6 with negative signs and W 3 and W 4 with pos­
itive signs due to relative values of the indices of refrac­
tion assumed above. 

Inserting equations (4) and (5) into (3) and setting 
equation ( 3) to the optimum condition of zero, the fol­
lowing solutions can be obtained: 

sin (/33+/34) = - ( W4/Ws) sin /3a 
(6) 

(7) 

By picking the desired refractive indices, the phase 
angles and correspondingly the optical thicknesses can 
be obtained from equations (5 ), ( 6 ), (7) and (I). 

As should be realized, other solutions can be utilized 
and the above is only representative of one relatively 
simple solution utilizing the broad concepts of the non­
classical design approach. 

With the present invention, at least one layer among 
the third through fifth layers will have an optical thick­
ness greater than A0/4 while another will have an opti­
cal thickness smaller than A0 /4. 

The relationship between the refractive indices will 
be as follows: 

N1 :$ N4 < Ns :$ Na < N2 

N5 < N, 

where N, is the index of refraction of the substrate and 
N1 is the index of refraction of the layer having the air 
or medium interface. 

N1 and N4 will have a low refractive index NL. N2 will 
have a high refractive index, NH, while N3 will have a 
medium refractive index NM. N5 will have either a low, 
NL, or medium, NM, refractive index. 

The present invention provides a five layer anti­
reflection coating which permits flexibility in varying 
the optical thicknesses of the individual layers to com­
pensate for deviations in the refractive indices particu­
larly in the relatively high and medium indices ranges, 
that is indices generally having a value above 1.6. This 
is accomplished by providing a five-layer anti­
reflection coating structure that is not limited to the 
rigid restrictions of the classical quarter wavelength de­
sign but enables the optical thickness of the various lay­
ers to be altered as required to maintain the low reflec­
tance that is theoretically possible with theoretical ma­
terial having a consistent index of refraction. 

6 
ses are MgF2 ( 1.385 ), Si02 ( 1.46 ), ThF4 ( U ), LaF2 

(1.56), Na3 (AlF4) (1.35), Al 20 3 (1.56 - 1.65), and 
CeF3 ( 1.62). Other materials having the desired optical 
characteristics and a refractive index between 1.35 and 

5 1.62 can also be utilized. 
The second layer relative to the top of the anti­

reflection coating has a relatively high refractive index 
generally equal to or between NH= 1.95 and 2.30. A 
number of materials can be utilized and illustrative of 

IO such material's are the following with their index l;!' rt'­

fraction in parentheses: 
Ce02 { 2.30 - 2.00 ), Zr02 ( 2.10 - 1.95), Ti02 ( 2.30 -
2.00), 
Ta20 5 (2.30 - 2.00), ZnS (2.30 - 2.20), and Th02 

15 (2.20 - 2.00). 

The third layer from the top of the anti-reflection 
coating will have a refractive index equal to or between 
NM= I .90 and 1.56, and illustrative of materials which 
can be utilized are the following with their index of rc-

20 fraction in parentheses: Al20 3 ( 1.65 - 1.56 ). MgO 
( 1.72), CeF3 (I .62), LaF3 ( 1.59), NdF3 ( 1.60), BeO 
( 1.60 ), ThOH2 ( 1.70 ), ln02 ( 1.8 - 1.9) and a mixture 
of MgO and Al20 3 ( I. 72 - 1.65 ). 

The fifth layer from the top of the anti-reflection 
25 coating will have a refractive index substantially in the 

range of (NL - NM)= 1.35 to 1.90. The above illustra­
tive material for NL and NM in the first, third and 
fourth layers while not limiting can be utilized in the 
fifth layer. 

30 The range of optical thickness for coating layers of 

35 

the present invention is set forth as follows: 
0.260 Ao > N1d1 > 0.230 Ao 
0.600 Ao > N~2 > 0.400 Ao 
0.500 A0 > Nada > 0.060 A0 

0.500 Ao > N4d4 > 0.060 Ao 
0.500 A0 > Nsds > 0.060 A0 

where Ao is the design wavelength. 
The optical thickness of the third through fifth layers 

40 
is set forth in the above optical thickness table over 
their broad applicable range; however, as a result of the 
non-quarter design approach of the present invention, 
it is possible to offer alternative solutions or design pa­
rameters to the third through fifth layers that can be 

45 
summarized as follows. 

When one of the third through fifth layers are thicker 
than A0 / 4, then another of these layers will be thinner 
than A0/4. 

As can be readily understood, the flexibility of the 

50 present invention in permitting optical thickness com­
pensation to meet the design parameters provides the 
optical designer with a significant advancement in the 
art. 

The explanation of the present invention to this point 

55 has been for any wavelength A0 to produce p0 = 0. How­
ever, for our prime application in the visual spectrum, 
it is desirable to minimize the reflectance in as broad 
a range as possible, e.g. the entire visual spectrum 
range 400 - 700 nm. 

60 Utilizing the above approximate solution, and a com-

The first coating layer which is next to the medium, 
that is, generally the air inner face coating and the 
fourth layer, will generally have a refractive index 65 
range between 1.35 and l.62. Some of the materials 
which are capable of being utilized on the first and 
fourth layers with their refractive indices in parenthe-

puter, the following designs were optimized. The tech­
nique utilized with the computer is the so-called 
damped least square method; that is to minimize the 
quantity defined by: 

X=700 
Q= ~ W(A)[R0,)-R*(A)]2 

X=400 
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where W(-A.) is a weighting factor, and R *(A.) is a target 
value of reflectance. 

Due to the non-quarter wavelength design, it is possi-
ble to compensate the reflectance with respect to re­
fractive index variations by thickness adjustments of 5 
the deposited material in the third, fourth and fifth lay­
ers. While in any optical design there will be optimum 
values for a relatively high refractive index layer and a 
relatively middle range refractive index layer for a par­
ticular substrate it has been often found in practice that IO 
the particular materials are not available or practical 
commercially or the subsequent evaporated film layer 
will have an index of refraction which will fluctuate 
from the theoretical value. With the present invention, 
it is possible to compensate for these variations and I 5 
produce a commercial anti-reflection coating. 

8 
It is possible, however, with a suitable desig1HT1odifi­

cation in the non-classical approach to utilize such a 
graded index structure in the optic design. 

An example of a graded index metal oxide is ZrO 2• It 
has been found as an example, that when a layer of 
ZrO 2 is evaporated without introducing any oxygen in 
a vacuum of 3 X I o-s torrs at a substrate temperature 
of 3 80°C, it appears that the metal oxide decomposes 
a.1d will produce variations in the index of refraction. 
It is possible, however, to take this gradation of refr:1c­
tion into account in utilizing a non-classical design ap-
proach. Basically, we can divide the total graded index 
layer into a hypothetical mathematically convenient 
number of sublayers and with the assistance of a com­
puter, derive the best combination of refractive indices 
of each of the sublayers to fit the measured spectral re-
flectance for different substrates. The structure of the 
indexed layer can be analyzed empirically by first mea­
suring the spectral reflectance to determine the refrac-

As an illustration of the present invention, a five layer 
anti-reflective coating structure in accordance with the 
non-classical design criterion set forth above is pro­
vided in the following table. 

TABLE I 

20 tive index of each sublayer. This can be accomplished 
by dividing the total optical thickness of the gradated 
index into, for example five thin layers and letting the 
computer find the best combination of refractive indi­
ces to fit the measured spectral reflectance for, as an 

Layer Film Index 

!.52 

I st l.385 0.247:1., 
2nd 2.150 0.456A, 

Substrate Index 
1.62 

0.246A, 
0.452A, 

1.72 

0.245A, 
0.449A, 

25 example, three different substrates, N,= 1.52, 1.62 and 
1.72. The computer is capable of matching the refrac­
tive index of the five layers using the damped least 
square method which is to min!mize 

3rd 1.650 0.176A, 0.162A, 
4th 1.385 0.400A, 0.34 IA, 
5th 1.470 0.072A, 0.136A, 

0.160A, 
0.265A, 30 
0.191A, 

r W(A.) [R(A.) - R* (A.)j2 

where 
W(A.) is weighting function 
R(>..) is calculated reflectance 
R*(>..) is measured reflectance. The resulting reflectance is disclosed in FIG. 3 

wherein Curve I represents N, = 1.52 while Curve 2 
represents N, = I. 72. The substrate 1.62 is plotted as 
Curve 3 on the graph. 

35 By utilizing this computer method, it is possible to 
successfully integrate a graded index layer into the de­
sign parameters of the non-classical approach. The fol­
lowing TABLE 2 discloses as an illustration a four layer 
non-classical design that includes graded index layers 

40 of ZrO2 as follows: 

As can be seen from the reflectance curves, a mini­
mum amount of light is reflected across the visual spec­
trum for each of the substrates. This five layer coating 
design permits the extreme edges of the wavelength 
band to have a minimal residual reflectance as com­
pared to that of the prior art while facilitating the com­
mercial production of the coating on lenses by permit­
ting design variances in optical thicknesses to accom- 45 
modate the actual as opposed to hypothetical indices of 
refraction. The minimum residual reflectance at the ex­
treme edges of the visual spectrum is particularly im­
portant in color photography. 

It should be realized that the present invention is flex- 50 
ible enough to accommodate any varying or graded 
index of refraction structures in coating layers using a 
metal oxide. 

It is believed that in a high vacuum depositing pro­
cess the molecular structure of many layers such as 55 
metal oxide will vary apparently depending upon the 
availability of oxygen. Thus, many metal oxide films 
will disclose a graded index structure with respect to 
their optical thickness. 
· Attempts have been made in the prior art with some 60 
success such as in U.S. Pat. No. 3,604,784 to precisely 
control the feeding of oxygen into the depositing cham­
ber during the evaporation of the metal oxide. This pro­
cedure lowers the high vacuum and is believed to in-
crease the porousity of the film structure. 65 

However, even with the control of oxygen, many of 
the metal oxides will still have a varying or graded 
index structure. 

Medium 

Air 
MaF, 
ZrO, 

CeF3 

SiO, 
Substrate 

TABLE 2 

Ref. Index 

1.385 
2.095 
1,9,4 
2.250 
2.068 
2.008 
1.615 
1.470 
1.520 

Optical Thickness 
A,=510nm 

0.1010 .• 
0.1010 .• 
0. 10 I 4A 0 

0.1014A0 

0.1014A, f 
0.5 34A 0 

0.194>.. 
0.334A, 

The reflectance graph of TABLE 2 is disclosed in 
FIG. 4. While TABLE 2 represents a four layer coating, 
it should be realized that the design principles are 
equally applicable to a five layer coating in accordance 
with the present invention. FIG. S discloses a cross sec­
tional schematic of an embodiment of the present in­
vention comprising a first layer, 12, a second layer 14, 
a third layer IS, a fourth layer 16, a fifth layer 18 and 
a substrate 20. 

While the specific embodiments of the present inven­
tion are illustrated in the visual spectrum range of 400 
to 700 nanometers, it should be realized that the broad 
principles of the present invention are also applicable 
in the ultraviolet and infrared wavelength range with 
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appropriate adjustments of the layer film materials, re- ture of MgO and Al2Oa; and the fifth coating layer is se-
fractive indices and substrates. lected from the group consisting of MgF1, SiO2,-ThF4, 

What is claimed is: LaF2, Na3(AIF4), Al 2O3, CeFa, NdFa, MgO, BeO, InO2, 
1. A multi-layered anti-reflection coating, for use ThOH2 and a mixture of MgO and AI2O3• 

with a substrate to reduce reflectance of light, compris- 5 8. A multi-layered anti-reflection coating as in claim 
ing at least five layers of which a first layer furthest 7 wherein the substrate has an index of refraction of N, 
from the substrate has an optical thickness of a prese- and the indices of refraction are related as follows: 
lected design wavelength, A0 , in the range of 0.260 Ao N1 ,_ N4 < N5 ,_ Na < N2 with N

5 
< N,. 

> N1d1 > 0.230 Ao and an index of refraction in the 9. A multi-layered anti-reflection coating as in claim 
range of 1.35 to 1.62; a second layer has an optical 10 I wherein the substrate has an index of refraction of N, 
thickness in the range of 0.600 Ao > N2d2 > 0.400 Ao and the indices of refraction are related as follows: 
and an index of refraction in the range of 1.95 to 2.30; N1 ,_ N

4 
< Ns ,_ Na < N2 with N

5 
< N,. 

a third layer has an index of refraction in the range of 10. A multi-layered anti-reflection coating as in claim 
1.56 to 1.90; a fourth layer has an index of refraction I wherein one of the third through fifth layers com-
in the range of 1.35 to 1.62, and a fifth layer has an 15 prises a metal oxide. 
index of refraction in the range of 1.35 to 1.90; the op- I I. A multi-layered anti-reflection coating as in claim 
tical thickness of at least one of the third, fourth and I wherein the substrate is a glass having an index of re-
fift? layers is )n the :ange of 0.500 A0 > Nd> 0.250 Ao fraction N, in the range of 1.42 to 1.72. 
while the optical thickness of at least another layer of 2 • 1 • • • • 
th th . d f th d f"fth 1 • • th f O 250 I . A multi- ayered antt-retlectton coatmg, for use 

e 1r , our an I ayers 1s m e range o . 20 · h b d fl f 1· h · , > N d > o 060 , h · N c th . d f wit a su strate to re uce re ectance o 1g t, compns-
"-o • "-o w erem re1ers to e m ex o · I fi I f h. h fi I r· h 
refraction and d refers to the h sical thickness of the mg at eaSt JVe ayers O w 1~ a 1~st ayer urt ereSt 

1 
p y from the substrate has an optical thickness of a prese-

ai~rA multi-layered anti-reflection coating as in claim lecte~ design wavelengt? Ao, in the rang_e o~ 0.260 Ao > 
I wherein the substrate has an index of refraction of N, 25 N1d1 0.230 A~ and an mdex of refract10~ m th~ range 
and the indices of refraction are related as follows, N

4 
?f 1.35 to 1.62, a second layer has an optical th1c~ness 

equals or is greater than N t and N2 is greater than each m the ran~e o~0.600 Ao> N2dz > 0.400 Ao and ~n mdex 
of the other indices of refraction. of refraction m the range of 1.95 to 2.30; a thud layer 

3. A multi-layered anti-relection coating as in claim has an index of refra~tion in the ran~e o~ 1.56 to 1.90; 
l wherein the first and fourth coating layers are se- 30 a fourth layer has an mdex of refract!on m the rang~ of 
lected from the group consisting of MgF SiO ThF 1.35 to 1.62; and a fifth layer has an mdex of refraction 
LaF Na (Alf ) Alo and CeF . 

2
' 

2
' 

4
' in the range of 1.35 to 1.90; the optical thickness of at 

4. \ m~Iti-la;~red \~ti-reflectio
3
n coating as in claim least one of the third, fourth and fifth l~yers is in _the 

I wherein the second coating layer is selected from the ra?ge of 0.500 Ao > Nd> 0.250 Ao, while ~he optical 
group consisting of CeO2, ZrO2, TiO2, Ta2O5

, ZnS and 35 thickness of at l~ast another layer of the third, fourth 
ThO2. and fifth layers 1s in the range of 0.250 A0 > Nd > 

S. A multi-layered anti-reflection coating as in claim 0.060 Ao, wherein N refers to the index of refraction 
I wherein the third coating layer is selected from the and d refers_ to the P?Ysical thickness of the layer, !he 
group consisting of Al2Oa, MgO, CeFa, LaF3 , NdF3, second coating layer 1s selected from the group cons1st-
BeO, InO2, ThOH2 and a mixture of MgO and Al2Oa. 40 ing of CeO2, ZrO2, TiO2, Ta2Os, ZnS and ThOz; the 

6. A multi-layered anti-reflection coating as in claim third coating layer is selected from the group consisting 
1 wherein the fifth coating layer is selected from the of Al2Oa, MgO, CeFa, LaFa, NdFa, BeO, InOz, ThOH2 
group consisting of MgF2, SiO2, ThF4, LaF2, Naa(AlF4 ), and a mixture of MgO and Al2Oa; the fourth coating 
Al2O3, CeF 3, NdF3, BeO, MgO, InO2, ThOH2 and a mix- layer is selected from the group consisting of MgF2, 

ture of MgO and Al2Oa. 45 SiO2, ThF., LaF2, Naa(AIF.), AI2Oa, and CeFa; and the 
7. A multi-layered anti-reflection coating as in claim fifth coating layer is selected from the group consisting 

I wherein the first and fourth coating layers are se- of MgF2, SiO2, ThF., LaFz, Naa(AlF4}, AlzO3, CeF3, 

lected from the group consisting of MgF2, SiOz, ThF4, NdFa, MgO, BeO, InO1, ThOH1 and a mixture of MgO 
LaF2, Naa(AIF4), Al2Oa, and CeF3; the second coating and Al2Oa, the optical thickness of each layer being ad-
layer is selected from the group consisting of CeOz, 50 justable within the above ranges to compensate for var-
ZrO2, TiO2, Ta2O5, ZnS and ThO2; the third coating iations from any design N whereby the design reflec-
layer is selected from the. group consisting of AlzO3, tance is maintained. 
MgO, CeFa, LaFa, NdFa, BeO, InO2, ThOH1 and a mix- * * * * * 
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