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FOREWORD
This technical report was prepared by the Air Force Materials

Laboratory under Inhouse Work Unit 73710156, Task 737101, Project 7371 .
Dr. Melv in C. Ohmer was the principle investigator and project engineer
for 73710156. The report covers the period 1 September 1974 to
1 March 1976.

The work was performed in the Laser and Optical Materials Branch (IPO),
Electromagnetic Materials Division (IP), Air Force Materials
Laboratory (AFML).
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SECTION I

INTRODUCTION

Dur ing the past several years there has been a su bstant ial effort
devoted to the development of physical windows for high power Infrared
lasers . Initial efforts concentrated on polycrystalline CVD zinc
selenide (ZnSe) and hot forged doped potassium chloride (KC1) for windows
for carbon dioxide lasers at 10.6 microns . The present emphasis of the
effort has shifted to the development of physical wi ndows for the carbon
monox ide laser opera ti ng near 5 microns and the deuter ium fl uor ide
chemical laser operating at 3.8 microns . The materials which are the
prime candidates for windows for these lasers are polycrystalline calcium
fl uor ide (CaF2) and strontium fluoride (SrF2) . The genera l perfo rmance
goal for physical windows is that the total optical loss due to
absorption , reflec tion , and scatter be less than 0.1% where the loss due
to absorption is as small as possible. Because of Fresnel reflection
loss , arising from an Impedance mi smatch between dissimilar media and
amounting to approximately 30% for ZnSe and 6% for the other materials
for norma l incidence , special measures must be taken to reduce the
reflectivity to an acceptable level . For a polarized beam a Brewster
angle window is a possibility . There is no reflection loss for a
beam incident at the Brewster angle and polarized parallel to the
plane of incidence . For these materials , Brewster ’s angle is of the
order of 60 degrees. For a given beam diameter (D) a 60-degree Brewster
angle window has twice the area of a corresponding window at normal
Incidence and has an effective length of n D where n is the index of
refraction. A typical normal window thickness is 1-2 centimeters.
For a 25 cm beam diameter the ratio of the thickness of the Brewster
angle window to a 2 cm thickness of the corresponding window at normal
inc idence woul d be 18 for the case of CaF2,64 for ZnSe. Another approach

• to reducing the reflection loss is the utilization of antireflectlon (AR)
coatings . These coatings perform the function of an impedance match

-
‘ 

. between dissimilar media. The simplest AR coating which will reduce
_
.

— . ; _
- 

- 

the reflectance to zero for normal incidence consists of a quarter-wave
optical thickness of a material wi th an index of ./W~~~~

2 
where n 1 Is

‘1
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the index of the incident media and n2 that of the ex it medi a . Usuall y,
a material which possesses such an index cannot be found. However, there
are many realizable two or three-layer AR coating designs . Analytical
expressions for the required film thicknesses for two-layer AR coatings
are given in the Appendix. Expressions for equivalent or Herpin three-
layer films for the case of arbitrary equivalent index and phase
thickness are also contained in the Appendix. These expressions are an
extension of the work of Epstein (Reference 1) and they are not presently
availa ble from the l i terature .

The problem of AR coatings Is a particular case of the generic
problem of energy transfer. As another example, consi der the case of
an elastic collision between a moving spherical mass (M1) and a stationary
spherical mass (M2) for the geometry of norma l i nc idence . Total energy
transfer is obtained by positioning an intermediate sphere with mass (M1)
equal to between the two masses. (Golly Batman, shades of wave-
part icle dual ity). The special case of M1 equal to M2 accounts for the
behavior of the executive passifier which consists of a number of
suspended spherical masses of equal size. For the familiar case of a
lou dspeaker , maximum energy transfer occurs where the diameter of the
horn is increasing exponentially with the distance from the diaphragm.
For thi s situation the mass (M 1) of the pancake of air intermediate
between two adjacent pancakes of masses M1 an d M2 satisfies the
relat ion M1 

=

An excellent two-layer AR coating has been developed (References 2,3)
for ZnSe for 10.6 microns which consists of ~ first layer (nearest the
substrate) of thorium tetrafluoride (ThF4) and a second layer of ZnSe ,
which has an absorption loss per surface of 0.03%. A promising three-
layer AR coating design consisting of a first layer of T1I , a second

• 

- 
layer of KCl , and a third layer of Ill is presently being developed
for KC1 for 10.6 microns which has an absorption loss per surface of
0.05%. These low absorptions were only obtained by extensive development
work. It is not unusual for one of the coating materials to be
identical to the sub~trate. The role of the coatings is to control the

Ic 2
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amplitude and phase of the reflections from the coating and substrate
i nterfaces such tha t total reflec tion is el iminated by destruc tive
interference. When the index of refraction of the substrate is appro-
priate for incorporation as a coating material into the coating design
the design may have fewer layers.

Very little is presently known about the performance of AR coated -

fluoride windows for 3.8 and 5.3 microns. However, there are reasons
for optimi sm. The candidate window materials are hard , relatively
insolu ble, an d have a low i ndex of refraction . There are many more
coating materials that are highly transparent at the shorter wavelengths.

— The absorption coefficient of films at 5.3 and 3.8 microns is respectively
in the range of 1 cni’1 and 4 cm~ compared to 10 cm~ at 10.6 microns.

Film thicknesses required for AR coatings scale with wavelength. As a
result, coati ngs for 3.8 and 5.3 microns are 1/3 to 1/2 as thick as
those for 10.6 microns . Characterization of the optical performance of
high power laser windows requires measurement capabilities such as laser
ca lor imetry whi ch are beyond those availa ble to most coatin g vendors .
Th erefore , a program to assess the state-of-the-art of AR coatings for
fluoride windows was initiated by AFML . The approach consisted of the
procurement of AR coated two-inch CaF2 an d BaF 2 samples from four
vendors , Hughes, Northrop, Perkin-Elmer , and Valpey . Each vendor
delivered 12 samples which included five sing le crystal and five
polycrystalline CaF2 and two polycrystalline BaF2 su bstrates. Des ig n
philosophy , nonproprietary coating designs , and depos it ion parameters
are given in Section II . These samp les were evaluate d with regard to

• absorption , peak transm i ss ion , bandwidth , residual strain , fla tness ,
and adhesion. These evaluations were performed by the coating vendors,
the University of Dayton Research Institute (UDRI), Raytheon Researc h
Division , the University of Miami of Ohio, the Air Force Institute of
Technology (AFIT), the Honeywell Ceramics Center, the Universi ty of
Ala bama at Huntsville , and by the Air Force Materials-Laboratory (AFML).
The results of these measurements are sumarized in Section III.
Section IV contains the conclusions and reconinendations for this study

.3
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SECTION II

ANTIREFLECTION COAT IN t DESIGNS

In contras t to the out put of the CO2 laser , the out put of the CO and
the chemical laser is multiline. N. L. Bhaumi k (Reference 5) obtained
typical spectra output from a particular CO laser as a function gas
temperature. At room temperature the spectral output ranged from 5.3 to
5.7 microns with the energy fairly evenly distributed with regard to
wavelength. For a wall temperature of -183°C the spectral output ranged
from 5.1 to 5.5 microns w~th energy distr ibut ion skewed toward the
shorter wavelength. Str ictly speak i ng, the acceptab i l ity of the bandwid th
of a coating design should be determined by calculating the integrated
reflectance utilizing the particular laser spectra that the wi ndow will
encounter and the design wavelength which minimizes the integrated
reflectance. Roughl y speaking , the bandwidth of the AR coating should
be 0.4 - 0.5 microns for the CO and OF laser windows. Excessive
specification of bandwidth for the case of a beam with E(A) = constant,
results in a complex coating of many layers. Therefore, care shoul d be

¶ taken in defining bandwidth. Fortunately, the index of the fluoride
subs tra tes is very low an d there are many coa ting des igns wh ich ut i l ize
mater ials , both of wh ich have low indi ces . For this si tuation even
designs of onl y two layers are fa i rl y broadband. Figure 1 shows the
Schuster diagram for CaF2. The numbering/listing convention for f i lms
in this report is to number/list the coating materials in the order in
which they are deposited on the window substrate. The design wavelength
for coatings investigated in this report was 5.3 microns. Any pair of
indices selected from the cross-hatched region of Figure 1 may be used

to produce a two-layer AR coating . Coordinates which also satisfy the
— relationsh ip n 1 

= m2.J~5 have a quarter-wave optical—thickness (nd/A 
= .25

where d is the physical thickness and A is the design wavelength). The
physically realizabl e designs are confined to Region 1 and the broadband
designs in Region 1 are those wi th the value of n1 wel l below 2.0. A
CeF3/MgF2 quarter-quarter design where the design indices were respec-

• - 
• 

tively 1.59 and 1.33 was Investigated by Hughes (Reference 6) for 5.3
microns . Unfortunately, the absorption was excessive and absorption

____ -— —~~ ~~~~~~~~~~~~ 
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Figure 1. Schuster Diagram for C8F2 for 5.3 MIcrons; the
X’s Ind icate Coatings which Have Been Investigated
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bands at 2.9 and 6.1 microns were clearly visible in spectrophotometer
transmission scans for AR and single layer coatings. These bands were

attributed to the incorporation of water into the film which may have
occurred during film growth or was present in ths starting material .
This result was unfortunate because the CeF3/M9F2 design is one of the
broadest two-layer designs available. Cerium fluoride which is very
abrasion resistant has been incorporated into coatings for ZnSe and
MgF2 is used extensively to coat visible optics . Additional work on
this design is certainly warranted . The three other designs indicated
in  the box in Figure 1 were evalua ted durin g th is program. The designs
of Hughes, Northrop, and Perkin-Elmer are given in Table 1. Tables 2-5
give the coating design i ndex, the bul k design i ndex , evaporation
parameters, and material source for these nonproprietary designs. A
proprietary design of Valpey was also evaluated . The PbF2/ThF4 quarter-
quarter coating (design 1) lies outside of Region 1 and it is not a true
AR design. Table 6 lists the theoretical reflection vs wavelength for
Design 1. The reflection at 5.3 microns is 0.04% a level which is not
detectable with a spectrophotometer. At the present time , because of
the lack of a capability to measure low level reflectivities at 5.3
microns , the performance of coating designs slightly outside Region 1
cannot be distinguished from those within Region 1. The film index for
SrF2 of 1.34 is substantially below the bulk value of 1.41 . It is

i-i apparen tly a feature of CaF 2, SrF2, and BaF 2 coatings that the index is
substant i all y below the bulk  value . CaF 2 has been reported to have an
i ndex as low as 1.29 (Reference 7) in thin film form. Plots of the —

theoretical transmission vs wavelength for the PbF2/ThF 4, the ~ I

PbF2/SrF 2, an d the Zr02/ThF4 designs are given in Figures 2-4 for CaF2 3 2 -
- 

• 
an d BaF 2 substrates. As expected from the Schuster diagram , the des ign
incorporating the Zr02 has the narrowest bandwidth . The design incor-
poratin g SrF2 has the broadest bandwidth . The PbF2/ThF4 design for
CaF2 was not mod i f ied when depos i ted on BaF 2.

6
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TABLE 1

THEORETICAL COATING DESIGNS

Vendor/Des ign** Substrate Pilm* Optical
Material Thickness

______________  ____________ _______________ ____________

Hughes/i CaF2 Pb12
/SrF2 .113X /.308X

I Hughes/i BaF2 PbF2/SrP2 .142X /.282A

Northrop/2 CaF2 PbF2/ThI~4 .25X/ .25A

Northrop /2 Sap
2 Pbl”2

/ThF
4 .25X.25 1

F
- Perkin—Elaer/3 CaY2 2r02/ThF4 .1135X/.3259A

Perkin—Eiiner/3 BaY2 ZrO2IThF4 .12341/.3156A

- 

~In order of deposition
**The Valpey deeign was designated 6

L
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TABLE 2

FILM DESIGN INDICES

besign Film Film
Material Index

1 SrF2 1.34

1 PbF2 1.71

2 ThP4 1.49

2 PbF2 1.73

3 Th74 1.49

3 2r02 1.95

_ _ _ _  _ _ _-

• TABLE 3

DESIGN INDEX OF SUBSTRATE MATERIAL

Substrate Bulk Design
Material Index

CaF2 1.4 1

CaF2 1.3999 2 -
•

CaF2 1.4 3

BaF2 1.45 1

Ba?2 1.45 2

Ba?2 1.45 3
__________________- ____________________ _______________
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TABLE 4 
—

— 
EVAPORATION PARAMETERS -

Design Substrate Deposition Source
Temperature Pressure Temperatur e
(°C) (Torr)

I
3 2500 2 x io .6 c—bean 4

2 2000 5 x io 6 c—bean

1 200° lx I O 6 
—

TABLE S
COATING MATERIAL SUPPLIER

Design Film - Source Form -

Material -

~

1. Sr?2 RAP grown at HRL — 
-

1 Pb?2 Rarshaw

2 
- 

Pb?2 Raisers (99 .9%) granular

2 -. ThY4 Raisers (99.9%) granular

3 Zr02 Cerac (99.7%) chunk

3 Th?4 Cerac (TS—106 ; 99 .99%) chunk

- 

-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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TABLE 6

THEORETICAL REFLECTANCE VS WAVELENGTH FOR
A CaF2 WINDOW FOR PbF2/ThF4. QUARTER-
QUADTER COATING FOR THE RESPECTIVE

INDICES OF 1.73 AND 1.49
FOR 5.3 MICRONS

wavelength Reflection
(microns) %

5.0 .18%

5.1 .11 -

5.2 .04

5.3 .04

5.4 .08

~

F -

I.

10 
•
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CAFZ /PSF2 /111F4 /
1000 0.280 0.250

80.0 — —

0

160 .o __ 
—

~~4O.O — —

20.0 — —

0.0 I I I I I~ I
1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

WAVELENITH (MICRONS)

Figure 2a

SAF4 /PBF2 /THF 4 /
100 0 0. 250 0. 250

~~~~~~~
J J

~~~~ ~T~~~ -L I
80.0 — —z

0

60.0 — —

H ~~ 40.0 — —

20.0 —

0 0
10  2 0  3 0  4 0  50  SO  70 .10 9 0  100

WAVELENGTH (MICRONS)

Figure 2b

Figure 2. Theoretical Transmission vs Wavelength for PbF2/ThF4
AR Coatings for 5 3 Microns, 2a for CaF2 an d 2b for

P 11
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CA PS /PSP 2 /3RP! /
0.113 .308

—

$0.0 — —

I

40.0 — —
I-

1 I I I I I
1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

WAVELENGTH (MICRONS)

Figure 3a

9AF2 /P8r2 /SR P2 /
0.142 0.282

—‘—-.

~~~~~~~ r~~~~~~ 
I I 

—

10.0 — —

~ 40.0 — . —

‘
I

t J 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
WAVELENGTH (MICRONS)

Figure 3b

FIgure 3. TheoretIcal Transmission vs Wavelength for PbF2/SrF2
AR Coating for 5.3 Microns; 3a for CaF2 an d 3b for
BaF 2

~
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I CAF2 / ZRO2 /T HF4 /
- 0.114 0.926

‘:::: 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

i~~k~ui
- 

~~~60.0 — 
—

z
4

~~~40 .0 — —

20.0 — —

0 I I I I
1 . 0  2 . 0  3.0 4 ,0  5 .0  8.0 7 .0  6 . 0  9.0 10.0

W A V E L E N G T H  ~M I C R O N S )

Figure 4a

BA F 2 / Z R O 2  /T HF4 /
• 

10 
0. 123 0.318

H
~~~60.0 — — •

~~~40 . 0 —  —

I I I I I I I
- 1 .0  2 . 0  3.0 4.0 5.0 6 .0  7 .0  8.0 9.0 10 .0

W A V E L E N G T H  ( M I C R O N S )

Figure 4b

Figure 4. Theoretical Transmi ssion vs Wavelength for Zr02/ThF4
AR Coating for 5.3 Microns ; 4a for CaF2 and 4b for
BaF2
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SECTION I I I

SUMMARY OF EXPERIMENTAL RESULTS

1. SUBSTRATES

Single crystal and forged polycrystalline two-inch diameter CaF2 and
BaF2 substrates were purchased from Harshaw by the Air Force Materials
Laboratory and supplied as government furnished suppl ies (GFS) to the
vendors participating in the state-of-the-art AR coating survey. These

— substrates were delivered in January of 1975. The polycrystalline
substrates were serialized and cutting diagrams were supplied . In the
case of the BaF 2 su bstrates , the ser ial izat ion was scr ibed on the edge.
AFML ass igned stan dar d sample num bers to all  of the subs trates . The
sample num ber cons ists of two letters descr ibi ng the mater ial , the
nomi nal diameter in millimeters , the l etter D , the nom i nal th ickness in
mi l l imeters , two letters describing the supplier followed by a dash and
four digits . An example would be CF51D1OHA-1O67 which describes the
first substrate for this program logged in by AFML as shown in Table 7.
All vendors except Val pey ma i nta i ned the su bstrate ser ial i zation .
Pol ytran CaF2 samples 1067-1083 were obtained from ingot #2-32-8,
run #352-16. The ingot was sliced into slabs A , B, C, D, and E. Slab A
yielded 5 substrates , B yielded 4, C yielded 3, 0 yielded 3 and E
yi el ded 3. The cutting diagrams for these sla bs i ndi cated a severe
cracking problem and a low substrate yield. Samples 1084-1090 were
obtained from slab F of ingot #1—16-13 , run #352-18. The cutting
diagram for slab F indicated only one crack and a high yield. Samples
1181-1189 were obtained from slabs one and two of ingot #l6R42l ,

run 452-4. Slab one yielded four substrates and slab two yiel ded
seven. Each slab had two minor cracks. Samples 1192-1206 were obtained
from ingot #352-20 from unknown locations . The substrates from ingot
#2-32-8 had high residual strain. Examp les of such residual strain
(samples 1078 and 1079) are shown in Figure 5. Substrates from the other
ingots had very l ittle strain. Twenty-two forged CaF2 substrates
delivered in November of 1975 to AFML by Harshaw had essentially zero
residual strain so the substrates utilized in this program do not

14
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represent the state of the art material with regard to residual strain.
Poly tran BaF2 samples were obtained from three slabs cut from one
ingot. Samples 1164-1170 were obtained from slab one, 1171-1175 from
slab two and 1176-1180 from slab three. The Polytran BaF 2 substrates
ha d less res idual strain than the Polytran CaF2 su bstrates obta ined
from ingot 2-32-8. No strain pattern was evident near the scribed area.
Tables 7-9 give the various sample numbers describing the substrates,
the coating vendor and the type of coating for respectively the
Poly tran CaF2, the single crystal CaF2, and the Polytran BaF2. Tracea bi l i ty
of the single crystal substrates was not possible. The single crystal
substrates were optically superior to the Polytran. Comments such as
cloudy in parts, crystal structure i n parts , mottled, inclus ions ,
internal cleava ge planes , and stria were associated wi th the Polytran
substrates. The cutting diagrams for the Polytran BaF2 in dica tes black
floc and black specs in the sla bs. Samples 1173, 1180, 1076, and 1084

• had digs in as-received surfaces which were too deep to polish out.
Several optically polished samples of polytran had a few scratches
which exceeded 40. The Polytran BaF,, f inal th ickness for polishe d
substra tes was app roxima tely one millimeter less than that of CaF2
indi cat ing a greater removal of ma ter ial dur ing pol i sh i ng. Generall y
the BaF 2 was v i suall y infer ior to the CaF 2. The grain size of the
Polytran substrates was approximately one centimeter. All coatings
were in the quadrant format. All of the Perkin-Elmer samples and the
Hughes half-wave samples had fiducial marks indicating side one (Si) and
(S2). The coating on Si was deposited first for the Perkin-Elme r
samples . Each Perkin-Elmer AR coated sample was produced in a separate
run . However , their half-wave coatings of each type were produced
simul taneously . For the Hughes half-wave coatings , Sl was PbF2 and
S2 was SrF2. All other half-wave samples had the same material on both
sides.

Figure 6 depicts the total optical figure obtained by two of the
vendors. Samples 1078 and 1079 are Polytran CaF2 and samples 1163 and
1152 are s ingle crystal CaF2. The interferograms were obtained at
6328 microns on a Twyman-Green i nterferometer Sample 1078 has the

- 
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F

Figure 5. Crossed-Polarizer Shot of Single Crystal and Poly-
crystalline CaF2; Single C’-ystals on Top (Left to
Right 1163 and 11 52), Polycrystalline Substrates on
Bottom (Left to Right 1079 and 1078)
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TABLE 7

SAMPLE IDENTITY OF POLYCRY STALLINE CaF 2 SUBSTRATES

AFML# HARSHAW# VENDOR# VENDOR TYPE

1067 1* 1 V A/2 mat’l 1

1068 2* 2 V AR

1070 5 5 P.E. A/2 Zr02

1071 6* 3 V A/2 mat’l 2

1072 7 7 N X/2 PbF2 4

1073 8 8 P E  X/2 ThY4

1074 9 9 H Polished

1075 10 10 H X/ 2

1076 1]. 1]. H AR

1077 12 12 N AR

• I 1078 13* 4 V Polished

1079 14 14 P—E Polished

1081 16 16 N Polished

1082 17 17 N A/ 2 ThF4
1084 19 19 II AR

~ I ~. 1085 20 20 H A/ 2
• 1086 21 21 P—E AR

:

~~

,L9tIuiuI

*
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TABLE 8

SAMPLE I DENTITY OF SINGLE CRYSTAL CaF2 SUBSTRATES

AFML# VENDOR# VENDOR TYPE

1134 1134 H A/ 2 PbF2, Sr72

1135 1135 H AR

1136 1136 H AR

1137 1137 H X/2 Pb72, SrF2

1138 1138 H Polished

1144 1144 N AR

1145 1145 N AR

1146 1146 N X/2 PbF2
1147 1147 N A/2 ThF4

1148 1148 N Polished

1149 145 P—E X/2 Zr02

1150 150 P—E X/2 ThF4

1151 151 P—E AR

1152 — P—E Bare

1153 153 P—E AR

1159 1 V X/2 mat’l 2

• 1160 2 V AR

1161 3 V A/2  mat ’1 1

1162 4 V AR

1163 5 V Bare

‘
~~~;.H

18



___________________ - ~~~~
• ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ —~ —~ ________ -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-
~ AFML—TR—76-l03

TABLE 9

SAMPLE IDENTITY OF POLYCRYSTALLINE BaF2 SUBSTRATES

t 
_______________ _______________ ________________ _______________ _______________

A~?1L# HARSHAW# VENDOR# VENDOR TYPE

1164 30 30 N AR

1166 32 2 V AR

1169 35 — P—E AR

1172 38 38 N AR

1173 39 1173 H AR
Second

1174 40 P E
Second1176 45 — P—B 
Mailing

1177 46 1 V AR

1178 47 42 P—E AR

1180 52 1180 H AR

xtal BaF2 — A P—E AR

~~~~~ r
~1

H~H
19
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1078 1079

1163 1152

Figure 6. Total Optical Figure (Twyman-Green) of Polished CaF2Substrates

20
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best figure while samples 1079 and 1152 show a high degree of sphericity .
Bul k opt ical un i form i ty for a single and polycrystal line sample is shown
in Figure 7. The flatness of each side of the polished substrates was
determined by using an optical flat and monochromatic green light (5461 A).
The results are given in Table 10. One A peak to peak at 5461 A
corresponds to X/lO peak to peak and A/27 RMS at 5.3 microns.

2. OPTICAL ABSORPTION

• The initial measurement on samples produced during this program was
absorption at 5.3 microns . The results of the absorption measurements
obtained by UDRI are tabulated for Designs 1-4 in Tables 11-14. For the
single side AR coating or the X/2 coatings, the coat i ng was always on the
side of the incident beam. The room temperature specific heat for CaF2
an d BaF 2 was respectively .895 J/gm-K and .405 J/gm-K and their indices
respectively 1.40 and 1.45. The CO laser was cooled by a dry-ice bath .
The transmitted power was measured by a Coherent Radiation Laboratory
Model 201 power meter. In the tables , A

~ 
refers to the absorption of an —

uncoa ted su bstrate an d Ac to the absorption of the uncoa ted su bstrate
(4A = A

~ 
- Au)~ 

Table 15 compares the average coating absorption per
surface for the various designs for the three types of substrates . On
the basis of absorption the PbF2/ThF 4 design with a coating absorption
per surface of 0.02 - 0.04% is definitel y superior. Table 16 compares
the best value of a bsor ption per sur face for the various designs for
the three types of substrates and it indicates that three of the designs
occasionally approached or surpassed the 0.03% per surface level . A
feature of the UDRI A/2 data is the significant number of negative
absorptions . This may be an indication of severe problems of scattering .

Northrop submi tted absorption data for some of their deliverable
• 

samples and subsequently remeasured two samples . Two samples were sent
to Raytheon . Ta ble s 1 7 an d 18 l ist thei r results . These measurements
are compared in Tables 19. Samples 1146 ar~d 11 47 were measured In al l
three calor imeters . Northro p an d Raytheon are in very good agreement.
However, the UDRI data for both the bare and the AR coated substrates

21

_ _  ------•~~~~----• ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
~

- • - - • • 



______ —-- -- ~~~~~~~~~~~~~~~~~~ -~i~~
•-I.

I
AFIL-TR-76-l 03

1163

1
1078

Fig ure 7. Bulk Optical Uniformity of Single Crystal and
• Polycrystalline CaF2, Twyman-Green -

I •
~
‘
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TABLE 10 -

FLATNESS OF POLISHED SUBSTRATES GIVEN IN FRACTIONS OF
- - 

A WAVELENGT H AT 5461 A. (PEAK TO PEAK)

_________________________ ____________________________________________________ 

t
Saaple# flatness Type

Side I Side 2

1074 3/4 2 Polycrystalline

1078 3/4 1/4 Polycrystalline

1079 3 3/4 3/2 Polycrystalline -

1081 1/2 1/4 Polycrystalline

1138 3/2 1/2 Single Crystal

1148 1 1 Single Crystal -

1152 4 6 1/2 Single Crystal

1163 1/8 1/8 
• Single Crystal -:

:1
fi

23
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TABLE 12

ABSORPTION DATA (UDRI) FOR COATING DESIGN 2

SANPLE NO. THICKNESS (cii) MASS (gii) ~~+io~ Ac+1O~ âA*10 3

~CIAL Ca1~
1144 1.02 65.80 1.78

2.19 0.41
1145 1.015 65.80

2.26
1146 1.03 66.18 1.75

1.68 —0.27
1147 1.02 65.43 1.50

• 1.11. —0.39
1148 1.03 66.32 1.71

• POLY CaF2r
1077 .960 61.61 1.67

1.2 7 0.4
1089 .960 61.39 1.56

1.75 0.19
1072

1082

1081 .960 61.54 2.11

PIThY BaF~
- 

• 

1164 . 995 97.53 1.20
-
~ - 1.53 0.33

1172 .995 97.87 1.47
1.11 0.26

I

E
25
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TABLE 13

ABSORPTION DATA ( IJDRI) FOR COATING DESIGN 3

SAMPLE NO. THICKNESS (cm) MASS (gin) Au~1O 3 A~*10~3 ~&*io—3

ITAL C~F2

1151 1.065 68.08 1.32
7.69 6.37

1153 1.06 67.52 1.55
• 8.50 6.95

1149 1.07 68.54 2.06
6.54 4.48

1150 1.065 67.87 1.81
1.89 0.08

POLY 
~~~

1086 .9 65 62.07 1.16
7.24 6.08

1087 .970 62.48 1.25
8.44 7.19

POLY RaP2

A .815 79.40 1.28
5.46 4.18

1178 —

t i

26

i 
~~~~

•

‘

~~~

_ 

_ _ _ _ _ _ _ _ _  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

—

~

± -  -~~~
- - —.~~~~~~~~~~~~~~

- -_~_~~~i~
- _ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



- •  — • •~~-~~ ~
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I
AFML-TR-76-1O3

— TABLE 14

ABSORPTION DATA (LJDRI) FOR COATING DESIGN 4

SAMPLE NO. TH ICKNESS (cm) MASS (gin) Au UO 3 A~+1O 3 i~A~1O 3

XTAL CaP2

1162 .985 63.30 1.44
2 .73 1.29

11631 .985 63.33 1.86 -

2.7 1 0.85
1161 .945 60.72 1.66

2.2 0 0.54
1159 .965 62.19 1.96

1.74 —0.22

POLY CaP2

1068 .945 60.40 1.66
3.31 1.65

1090 .985 63.25 1.83
2.71 0.88

1167 .945 60.68 1.91
1.63 —0.28

POLY BaP2

1166 .860 84.76 7.95
L - 4.58 — 3.37

1177 .865 85.11 1.71
2.92 1.21

t iii

I
1

27

- _-_•_M_• 
—• ~~~~~~~ —•—- -- -- -••-— &-— __ •__ .—•--- - ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ -~ — — -•-— -



—•—-• -•-. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ 
-•
~

-.•-- ,
~~

“-••.-..,—-•••— 
~~~~~~~~~~

.- • • -—
~
•
~
---.- - . - — - -

~~~~~~~
—

~
=
~
••. •

AFML-TR-76-lO3

TABLE 15

AVERAGE ABSORPTI ON RE SULT S FROM UN COATED AND DOUBLY
COATED QUADRANTS OF AR COATED SPECIMENT S

Substrate Design A.~ l0~~ A
~ * lO~~ 1~A

xtal CaF2 1 1.31 2. 67 1.36

2 1.78 2.19 .41

3 1.435 8.095 6.66 
-

4 1.65 2. 72 1.07

• Poly 
~~~

‘2 1 1.535 2.58 1.045

2 1.56 1.75 .19

3 1.21 7.84 6.63

4 1.75 3.01 1.27

Poly BaF2 1 2.07 3.34 1.27

2 1.34 1.62 .28

3 1.28 5.46 4.18

4 1.71 2. 92 1.21
-F ____________________ _______________ __________________ _________________ ________________

3)1 1 •

H ~~
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I
TABLE 16

COMPARISON OF COATIN G DE SI GNS BY BEST ABSORPTION VA LU E

Substra te/ 
~ a’~t~BARE a~~t~COATED Surf~ce 

Design

xtal CaF2
1136 .14% .27% .065% 1.24 1

1144 .18 .23 .025 1.70 2

1151 .14 .315 1.24 3
— #2 .20 .27 .035 1.89 4

Pol y CaF2
1076 .17 .23 .03 1.75 1

1077 (.18) .13 (~025) 1.73 2

1086 .12 .72 .30 1.20 3

#5 .19 .27 .04 1.86 4

Po ly BaF 2
1180 .20 .31 .055 2.15 1

1172 .16 .17 .005 1.46 2

A .14 .55 .205 1.57 3

1166 (.85) ( .46) (~ 195) 9.24 4

P 1 V

~

29
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TABLE 17

ABSORPTION DATA OBTAINED ON NORTHROP CALORiMETER FOR 5.3 MICRONS

SAMPLES MATERIAL THICKNESS Au~10 3 Ac~10 3 AA*10 3 8 Z/sURFAcE**

• 13172 2 PbF2 1.53u .805 .998 .194 .6c~f
1

1082 2 Th74 1.78 1.05 1.21 .16 .4

1089 2 AR .89 .41 (.47) (—)

1164 2 AR .76 .92 .16

1144 1 AR .48 .51 .03 .003

• 1144 1 AR .50 .02 .002
- 

1146 2 PbF2 1.53 .49 1.02 .53 1.7

1147 2 ThF4 1.78 .44 .98 .54 1.5

1145* 2 AR .44 .81 .37 .02

1144* 2 AR .76 .89 .13 .007

- • * Data obtained 10/15/75 approximately six months after other data

** CaF 2 subs tra tes

TABLE 18

• ABSORPTION DATA OBTAINED ON RAYTHEON CALORIMETER FOR 5.3 MICRONS

S \MPLE~ MATEPIAL THICKNESS A.~+iO 3 Ac~1o 3 
~M10 3 8 f ~~ A/ +

1146 PbF 2 l.53u .58 1.06 .48 1.57 cm~~

1147 ThF 4 1.78~ .46 .79 .33 .93

* Data is for the doubly coated quadrant

:~~~
-
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TABLE 19

COMPARISON OF 5.3 MICRON CALORIME TER
ABSORPTION MEAS UREMENT S ON CaF 2

BARE SUBSTRATE

Sample UDRI/Raytheon Northrop/Raytheon

1146 3 .88
1147 3.2 .93

HALF-WAVE COATED SUBSTRATES

Sample Northrop/Raytheon

1146 (PbF2) .96
1147 (ThF4) 1.2

AR COATED SUBSTRATES

Sample UDRI/Northrop

1144 2.7
1145 3.4

31
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is approximately a factor of three higher. Raytheon - Northrop substrate
absorptions yield betas in the 10 4cm~ range which at the present time is
of the order of the generally accepted value. This would seem to indicate
that the coating absorptions given in Tables 15 and 16 are pessimistic. -

•

Absorption data at 1.06 was obtained by O’Brien (Reference 8) at — -:
AFIT and at 3.8 by Harrington (Reference 9) at the University of
Alabama . The results are listed in Tables 20, 21 , and 22. The substrate
absorption at 1.06 is far above the intrin sic value (extrapolation of
multiphonon exponential dependence) and it is comparable to the 5.3
micron absorption. This same result was obtained for the bulk values
at 3.8 microns. At 1.06, PbF2 has a fai rly high absorption coefficient
( — 25 cm~~). Its beta at 3.8 is approximately ten times its va l ue at
5.3. At 1.06, ThF4 has a low absorption coefficient (— 1 cm~~) and its
beta at 3.8 is also approximately ten times its value at 5.3. The
absorption of an AR coating at 3.8 should then be approximately seven
times the value at 5.3. Using the Northrop values for AR absorption
(1144) at 5.3 given in Table 17 indicates that absorptions per surface
for 3.8 AR coatings can be as low as 0.01 - 0.02%.

3. OPTICAL SPECTRA

Infrared transmission and reflectance scans were delivered by the
various vendors . Hughes Research Laboratory and Northrop Research and
Development Center submitted transmission scans obta i ned on Beckman
infrared spectrophotometers . Perkin-Elmer and Va l pey submitted trans-
mission scans obta i ned on a Perkin-Elmer 180 spectrophotometer.
Perkin-Elmer also delivered reflectivity scans of witness wedges for

— 

every coating delivered on the 5X scale using as a calibration the single
surface ref lect ivi ty  (17.4%) of a ZnSe wedge. Valpey del i vered
reflectivity scans of antireflection-coated substrates , whose opposite
side was ground , on the lOx scale using as a calibration the single
sur face  r e f l e c t i v i t y  (2.7%) of a CaF2 wedge. An exam ple of each is
shown in Figures 8 and 9. - - - 

j
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TABLE 20

ABSORPTION OF CaF 2 AT 1.06 MICRONS

Sample#

1202 5.1 cm~~
1203 10.0
1204 7.9
1205 3.4 B = 6.6 x 10 4cn, 1 =

TABLE 21

ABSORPTION OF A/2 COATINGS AT 1.06 MICRONS

cA~WLE’~ MATERIAL THICKNESS A~~l0 3 A~*lo 3 E1A~lO’
3 8rElA/+ ~f

1146 PbF2 1,533J .188 4.1 3.9 25 cin 1

1147 ThF4 1.78 .123 .31 .187 1

* ignores interference effects

TABLE 22

ABSORPTION OF SINGLE LAYER* COATINGS AT 3.8 MICRONS

**SAMPLE# MATERIAL# THICKNESS A~~
1 O3  A,~~10 3 M:10— 3 B =t~A/+

1072 PbF 2 1.53 .54 1.14 .6 3.9 (cm~~ )

1082 ThF4 1.78 1.67 2.22 .55 3.1

1073) Zrfl 2 1.36 5.36 47.9 42.5 31.3

1073 ThF4 1.78 .35 1.7 2.35 7.6

1085 PbF2 1.55 1.9 2.7 .8 5.2

~~• * layer thickness equal to X/2 at 5.3 microns

** ignores in ter ference ef f e c ts

- 

-
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for Sample 1087 for Side Ri . Data Obtained b
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In order to compare the performance of the (AR) coated samples
supplied by the different vendors all of the AR coated polycrystalline
CaF 2 an d BaF 2 substrates were measured on a Perkin-Elmer 180 by a
single operator at the University of Miami . Since a reflectivity
attachment was not available , only transmission scans were obtained .

Operator and instrument reproducibility were investigated . For the
lOx scale the bare quadrant signal was zeroed out at k = 1800 cm~ for
the reproduc ib il i ty measuremen t. For six scans wi th AR sample A f ixed
in place, the uncer ta inty in the measur emen t was ± 0.2% . Al l uncer-
tainties have been expressed as twice the standard deviation. For six
scans obtained by removing and replacing the sample between each scan the
uncer ta i nty In the measurement was ± 0.4%. A systematic error
associated with an instrument grating change was identified. In norma l
operation there is a grating change for longer wavelength operation at
5j.i which is very near the region of interest (5.1 to 5.5). Therefore,
the grating change was made at ‘L5p. Choosing a d i f f e r en t  wavelength
for the grating change effected the observed value of the transmission.

- • For the 4.5p change and the lOx scale the transmission value was
consistently l ower (.3% on the average). It is evident that the 100%

- I reference of the spectrophotometer should be calibrated at the design
wavel ength an d the spectral scan shoul d be taken only over the ran ge
of one grating. The bare quadrant measurements of transmission on the
lx scale at 5.3p have been compared for the Perkin-Elmer 180 scans in
Ta ble 23. For a nona bsorbi ng su bstra te for norma l i nc idence the
transmission at 5.3p is expected to be 94.6% for CaF2 and 93.5% for

- = BaF2. Within the precision of the measurement (± 1%), the measured
value of su bstrate transmiss ion is i n good agreemen t with the ex pected
value for al l  three instruments . The lar ge uncer ta i nty i n the bare
quadrant transmi ssion creates difficulties when an attempt is made to
measure transm iss ion on the lOx scale by zero i ng out the bare su bstra te
transmission . The lOx transmission scans obtained by the zeroing process
are only useful for determining the wavelen gth pos iti on of the peak
transmission . It is possible to measure low level reflectances to
wi thin ± 0.2%. FInally, the opt ics of the inst rumen t may present a
problem. The image of the sourr a is focused at the mid-plane of

36
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TABLE 23

COMPARISON OF TRANSMISSION MEASUREMENTS ON BARE CaF2 AND BaF2 SUBSTRATES
OBTAINED ON PERKIN-ELMER 180 SPECTROPHOTOMETERS BY

PERKIN-ELMER , VALPEY . AND UNIVERSITY OF MIAMI

Substrate # of Read ings Transmission @5.3k Index @5.3ii Vendor

CaF2 8 94.8 ± .7% 1.39 .08 P

9 95.0 1.4 1.38 .16 V

8 94.4 ± 1.0 1.41 ± .10 M

— ReF
2 

4 92.5 ± 1.8 1.49 .16 P

8sF2 2 92.5 ± .7 1.49 ± .06 V

RaP 2 7 91.9 ± 1.6 1.52 ± .10 M

~~~ ~
r.
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a 12—inch sample chamber so the beam is converging at the sample surface
making a true normal incidence measurement impossible. Some components of
the beam are incident at up to 6 degrees. In reflectance, since
measurements are made typically at 13 degrees or 15 degrees the probl em
is more serious because inci dent angles of 18 to 21 degrees can result .
Fortunately, for the broadband coat i ngs un der consi dera tion the problem
is not severe al thou gh a coll imated beam woul d be more des i ra ble.
However , minor shifts (tenths of microns) in the spectral response of the
coatings with regard to the theoretical response may be due to alignment
problems instead of incorrect coating indices . The AR coating performance
scans are all  taken In the constant energy mode wh i ch is obtaine d by cam
motion at the slit. This results in a variable spot size at the sample
surface which is not the ideal situation.

The AR coa ted polycrystal l ine samples were compared by the Un ivers ity
of Mi ami on a relative basis using lx transmission scans where the 100%

• cal ib rat ion sequence was iden tica l. Table 23 compares the Un ivers i ty of
Miami results to the Valpey and Perkin-Elme r for the bare quadrant.
Table 24 suniiiarizes the University of Miami transmission measurements
on the polycrystalline substrates. Sample 1090 had the best transmission.
Design 1 had the widest bandwidth (.7 to lii) and Design 3 the narrowest
(.3p). The bandwidth was arbitrarily def ined as the ran ge of wavelen gths
over which the transmission is within 0.05% of the peak transmission.
The peak transmission was closest to the design value for Design 4 and
sl ightly higher than design for all the others. Since the bandwidth of
DesIgn 3 is small and the experimental peak transmission falls above
5.3 microns the transmission at 5.3 is not optimi zed. The experimental
transmission vs wavelength scans for the four designs are given in
Figures 10 and 11. Generally, the transm i ssion for the AR coa ted BaF2
Is poor. The best result was obtained on a single crystal. Table 25
combines the wedge angle refl ectance data of Perkin-Elmer and the
absorption data of UDRI. The calculated transmission In Table 25 assumes

— - _ 
- no scattering loss. Table 26 compares calculated transmission and

~~~~~~~~~ observed transmission where data was available from the three Perkin-
Elme r 180 spectrophotometers . —

38
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TABLE 24

TRANSMISSION OBTAINED ON 1X SCALE OF PERKIN-ELMER 180
SPECTROMETER BY UNIVERSITY OF MIAMI

Substrate Vend or Transmission (±1%) Peak Bandwidth* Peak
Sample# 5.1 5.3  5.5 Trans ~A A(1OX)

Poly CaP2
0089 1 99.2 99.4 99.3 99.4 4.70— 5.70 1.00 —

0096 1 98.2 98.9 99.0 99.0 5.20—5.77 .52 —

1077 2 97.2 97.9 97.8 98.0 5.2 —5.68 .48 5.40

1089 2 98.8 99.0 99.0 99.1 5.08—5.62 .54 5.40

1086 3 97.4 98.4 98.6 98.9 5.30—5.65 .35 —

1087 3 96.1 98.0 98.4 98.5 5.35—5.70 .35 —

2 4 98.6 98.3 97.9 98.6 5.00—5.50 .50 5.30

5 4 100.0 100.0 98.8 100.0 4.85—5.60 .75 5.32

Poly BaT2 4

1173 1 96. 4 96.9 97.0 97.0 5.1 — 5.8 .70 5.55

1180 1 — — — — — —
1164 2 97.0 97.2 97.0 97.2 4 .90—5.70 .80 5.32

1172 2 96.4 97.0 97.2 97.2 5.10-5.90 .80 5.45

A (xtal ) 3 97.5 98.3 98.6 98.6 5.20—5.60 .40 —

H
1166 4 95.2 95.2 94.9 95.2 4.90 5.60 .70 5.25

•
- 

1177 4 96.1 96.4 95.9 96.4 5.00—5.60 .60 5.25

Wavelength region over which transmission is within .05% of peak.

I
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Design 2

Figure 10. Experimental Transmission vs Wavelength (P-E 180)
• for Design 1 (lOa ) and Design 2 (lOb) on

Polycrystall-i ne CaF2. The Upper Trace is the 100% =Cal ibration Line . The middle Trace is for the
Quadrant AR Coated on Both Sides . The Lower
Trace is the Bare Substrate
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- Figure 11 . Experimental Transmission vs Wavelength (P-E 180)
• for Design 3 (lla) and Design 4 (llb) on

~olytran CaF2. The Upper Trace is the 100% CalibrationLine . The Middle Trace is for the Quadrant AR Coated
- - 

on Both Sides. The Lower Trace is the Bare Subs tra te —
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TABLE 25

SINGLE SURFACE REFLECTIVITY OF AR COATED WITNESS WEDGES
(PERKIN-ELMER)

Sample Reflectivity Reflectivity Reflectivity Power Ratio Calculated
N~mter R1 R2 P1 + R2 ~a

Ipt Transmission

1087 .1% .6% .7% .84% 98.5

1153 .0 .0 .0 .85 99.2

1151 .2 .4 .6 .77 98.6

1086 .4 .3 .7 .72 98.6

A .3 .1 .4 .55 99

1178 .2 .2 .4 — —

TABLE 26

COMPARISON OF TRANSMISSION MEASURED ON VARIOUS P-E
180 SPECTROPHOTOMETERS AT 5.3 MICRONS

Sample T T T T
Muster Calculated Perkin Elmer Univ. of Miami Valpey

Transmi ssi on

1087 98.5% 97 .5% 98% —

1153 98.6 97 .9 98.4 —

1151 99.2 98.2 — —

1086 98.6 98.1 — —

• A 99.0 98 .7 98.3 —

1177 — 96.4 96.75

1166 — 95.2 97.75

•
~~ 5 — — 100.0 99.1

2 — — 98.3 100.0

4.
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Reflectance spectra for the half-wave coatings were obtained by UDRI 
-

in the wavelength range between 0.5 and 2.2~im and the fringe analysis -

techn iq ue was used to determi ne the opti cal th ickness . These results
u t i l i z i n g  the film design indices were compared to the physica l thickness
measure d on a Slo an Decta k profilometer. Table 27 lists the results . -

-

For SrF2 there is a substantial disagreement. It appears that SrF2 in -

half-wave thickness has an index lower than 1.33, approximately 1.22.

j  4. COATIN G QUALITY

Visual inspection of the samples revealed that Sl of 1178 (AR coated
Pol ytran BaF 2 wi th Zr02/ThF 4) had flaked off. Wi thin two months of
delivery S2 of sample A (AR coated single crystal BaF2) also flaked off.
The SrF 2 half-wave coatings, S2 of 1074 (Polytran CaF2) and 1134 (Sc CaF2),
also flaked off after several months . Crossed-polarizer shots of the
SC CaF2 and the Polytran BaF2 substrates were taken prior to shipment to
the coating vendors . Crossed-polarizer shots of the coated substrates
were taken after delivery to AFML . Figure 12 shows a before and after -

compar i son of Hu ghes AR Po ly tran BaF 2 for sample 1180. The strain

• pattern appears to reproduce the grain structure of the substrate . -

This effect was observed in one Valpey A/2 coating (sample 1067,
Po ly tran CaF 2) and in two other Hughes Polytran samples (1173 and 1180). -

Samples 1160 and 1162 shown in Figure 13 have a streaky strain pattern . -

Hal f-wave coatings showi ng residual strain in the coating were the -

= I SrF2 layer on 1134 and 1075 and layer one on 1161 and 1067 and a slight
amount in layer two on 1071 . In sumary , the Perkin-Elmer and the
Northrop coatings showed no residual strain , the Hughes SrF2 an d AR -

coat ings showed severe stra i n on Pol ytran CaF2 an d BaF2 substrates , and -

the Valpey layer #1 and AR coating showed severe strain on Polytran

• 
CaF2 modera te stra i n on SC CaF2 but none on Pol ytran BaF 2. It appears
that PbF2, ThF4 or Zr02 can easily be deposited in a strain-free condition

- 
- 

as a first layer on CaF2 or BaF2 substrates .

After all of the optical measurements were completed , the adhes ion of
the AR coatings was evaluated . Scotch tape tests (Table 28) were made

Ir~~~~~~~
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TABLE 27

COMPARISON OF OPTICAL THICKNESS AND PHYSICAL THICKNESS
- FOR HALF-WAVE COATINGS

SAMPLE# * SIDE COATING OPTICAL PHYSICAL AVG . DEKTAJ(
MATERIAL THICKNESS THICKNESS THICKNESS

(ii) (si ) (~)

1146 1 A/2 PbF2 2.7 1.561 1.550

2 A/2 PbF2 2.69 1.555 1.550

1147 1 A/2 ThF4 2.59 1.738 1.700

2 A/2 ThP~ 2.56 1.718 1.650

1149 1 A/2 Zr02 2.69 1.380 1.367

2 A/2 Zr02 2.69 1.380 1.350

1150 1 A/2 ThF4 2.61 1.752 1.750

2 A/2 ThF4 2.67 1.792 1.750

1075 1 A/2 PbF2 2.635 1.541 1.500

2 A/ 2 SrF2 2.315 1.728 1.883

1134 1 X/2 PbF2 2.703 1.581 1.450

2 X12 SrF2 2.375 1.772 1.937

1137 1 A/2 PbF2 2.67 1.561 1.483

2 X/2  SrF 2 2.55 1.903 1.783

*In all cases the substrate material is CaF 2

Jfr
44
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Figure 12. Strain Induced B i r e f r i n g e n c e  in  Visible Crossed-
Polarizer Shot, Before Coating (Top), and After
AR Coating (Bottom). The Quadran t Format is
Visible. (Sample 1173)
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Figure 13. Sample of Streaky Residual Strain Patterns , Samp le
1076 (To p ) and Sample 1068 (Bottom). Crossed-
Polarizer Shot
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TABLE 28

SCOTCH TAPE ADHESION TEST OF AR COATED SUBSTRATES
k

Samp le# Design Pass/Fail

1144 2 P

1151 3 P

1160 4 P

1076 1. F

1087 3 p

1177 4 P

1172 2 - p -:

1180 1 P

some six months after tne samples were initially received. By that time ,
the SrF2 outer l ayer of Design 1 was cloudy , which may account for the
failure of sample 1076 to pass the scotch tape test. All other samples
tested, passed . Topple test aata was obtained for each design and each
type of substrate. The adhesion data in arbitrary units is given in
Table 29. The 260-gram force obtained for Design 1 compares favorably
with the adhesion of meta l films on glass.

All of the coatings were water white except for the SrF2 films
which were rough and cloudy in appearance . There was so little scatter
in the visible that one had to look carefully to determi ne the coated
qu adrants .

The zirconium dioxiae A/2 coatings displayed an anomalous behavior,
possibl y indicati ng an index grading characteristic of oxygen deficiencies .
Table 30 lIsts the single surface reflectances obtained by Perkin-Elmer

~~~~~

- -
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* TABLE 29

TOPPLE TEST ADHESION DATA (UDRI)

DESIGN SU8STRATE VENDOR
AVERAGE

Single Polycryatalline (Polycrystalline
CaP2 SaP2 Ca?2 Dat a Only)

1 ___ _ a 234.2~ 265.0

231.4 315.9
261.6

2 110.7 99.5 158.6

129.8 56.5 68.7
95.8

3 89. 4 91.6 100.2___
b 40.7

60.2

2 ~~— ——~~ 34.0 75.3

-~~~~~~~~ 51. 7

Subs trate
Average 78.8 114.9 133.1

a No samples available

= b Sample crazed

c Arbitrary uni ts

~~
- 

~~~~~~~
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TABLE 30

HALF-WAVE COATING SINGLE SURFACE REFLECTANCE
FROM PERKIN-ELMER DATA

Sample Side Reflectance t~R* Material
Number

1070 Ri 2.1% —0.6% Zr02
1070 R2 4.6 +1.9 Zr02
1149 Ri. 2.4 —0.3 Zr02
1149 R2 4.1 +1.4 Zr02
1073 Ri 3.2 +0.5 ThF~1073 R2 3.1 +0.4 ThP4
1150 Ri 3.0 0.3 ThF4
1150 Ri 3.2 +0.5 ThF4

on their half-wave coatings at the design wavelength. The expected

reflectance is 2.7% and the ThF4 coatings had a reflectance of 3.1%

for Si and 52. From a compari son of the optical thickness obtained

from interference fringe analysis and the physical thickness as measured

on a Dek—tak shown in Table 27, it appears that the discrepancy between

the measured and theoretical reflectance is attributable to the

limitat ion of photometric accuracy. For 20 determinations of the
- • single surface reflectance of ZnSe the results were 17.2% ± 0.4 as

compared to the theoretical value of 17.4%. Therefore, the accuracy

of the reflectance measurement is ± 0.4 - 0.5%. Table 30 indicates

that for the Zr02 A/2 coatings Si has a significantly different

reflectance from S2. Sl was deposited simultaneously on 1070 and 1149
and similarly S2 was deposited simultaneously on 1070 and 1149 . Si
appears to be behavin g normally but the reflectance of side S2 is high.

Transmission scans for 1070 are shown in Figures 12 and 13. In Figure 14,

the transmission of Si is nearly equal to that of the bare substrate as

it should be. However, the transmission through the quadrant coated on

both sides is approximately 3% lower than that of the bar€ quadrant.

In Figure 15 the roles of Si and S2 are reversed . The transmission of

S2 only is 3% below that of the bare quadrant. The difference In
transmission cannot be attributed to absorption (see entries for Si and
S2 in Table 13). The spectral scan indicates that the coating on S2

49
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Figure 14. Transmission Scans for Zr02 Half-wave Coating (1070).
Beam Incident on Side Ri
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Is peaked at the same wavelength as Si. Interference fringes from

0.5 to 2p also coincided indicating that the optical path is identical
for 51 and S2. However , the spectral scan of R2 indicates that It is

iot behaving as a simple one layer coating. In the visible , Zr02
(Reference 10) has been known to have an index gradient. For glass

(n = 1.52) the reflectivity at X/2 is 1.25% less than uncoated which
may be simulated by a double-quarter coating wi th indices 2.1/2.04.
Oxides of titanium (Reference 11) have been used to produce index graded

AR coatings for solar cells by controlling oxygen deficiencies. Titanium
pentoxide has a higher index when oxygen deficient. While oxides may be
hard transparent coatings at 5.3 microns it appears that stoichiometry

control introduces a complexity during their deposition .
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SECTION IV

CONCLUSIONS AND RECOMMENDATIONS

Polycrystalline CaF2 substrates are optically superior to poly-
crystalline BaF2. Single crystal CaF2 is opt ical ly  su per ior to
polycrystall ine CaF2. There was little difference between the absorp-
tions of the bare substrates polished by the four vendors . The PbF2/ThF4
quarter-quarter AR design had the lowest absorption , below 0.04% per L
surface . However , the Valpey design which is reported to be capabl e of

passing the MIL-SPEC abrasion and humidity test also had an acceptable
l evel of absorption . It appears. that the absorption of CaF2 windows at
5.3 is lim ited by the intrinsic absorption of CaF2. The absor pt ion of
the design incorporating Zr02 was excessive . The coating design in-
corporat i ng SrF 2 had a rough appearance and became cloudy over a period
of t ime an d on several substra tes the coa ti ng fa i led. For a l l  coat i ng
materials the film index was equal to the bulk index except for SrF2.
It appears that AR des ig ns i ncor pora ti ng f i lms of CaF 2, BaF 2, and SrF2
shoul d not be considered. Two-layer desi gns appear to have adequate
bandwidth . However, the absorption of coating materials at 5.3 microns

is so fortuitously low that more complex broadband designs wi th low
absorption could be fabricated. All AR designs passed the scotch-tape
adhesion test. Some designs were plagued with stress i nduced bire-
fringence in the v i sib le , possibly due to preferential growth rates

and orientations on the large grains . However, th i s bi refr in gence did
not cause any problems in the IR.

Concurrent with this study , the behavior of PbF2, ThF4, MgF2, BaF2,
and SrF2 on oriented single crystals was investigated by Holmes and
Kraatz. Samples from this program were delivered to AFML . Table 31
l ists the absorption for their PbF2/ThF4 AR des ig n for 5.3, 3.8, and
2.8 microns . The trend is as expected. The wi ndows at 3.8 perform as
well as 10.6 win dows. However, the single film data in this report and

of others indicates  that further work i s warranted on reduc i ng the
absorption of coating materials at 2.8 and 3.8 to the l evel of 0.5 - 1 cm~~.
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TABLE 31

TOTAL ABSORPTION FOR ORIENTED SINGLE CRYSTAL CaF
SUBSTRATES COATED ON BOTH SIDES WITH PbF u hF 4 

2
QUARTER-QUARTER AR COATING

Wavelength 5.3u* 3.8p 2.8~z
Orientation

100 .04% .19% .52%

110 .03 .22 .53

111 .04 .23 .57

* Table 35 of AFML—TR—75—1 88 has uncoated substrate absorption values

• The characterization capabil ity at 3.8 and 5.3 microns is not well
-: developed . Facilities to measure low level reflectances and scattering

at these wavelengths is required. The accuracy of calorimetry at 5.3
microns has not yet been established. While Raytheon and Northrop results
are in agreement, they use identical calorimeters. After substantial
effort the UDRI calorimeter gives absorptance values which are at least
.0005 higher than the other calorimeters.

In summary, AR coatings for 5.3 microns require no further
development from the standpoint of lowering the absorption. The damage
threshold of the PbF2/ThF4 and the Valpey prc~;- etary design should be
Investigated at 5.3 microns . The emphasis of coating programs for the
2-6 micron region should concentrate on reducing absorption to the
level of 1 cm~ for HF and DF laser wavelengths . This may require a
coating materials purification program. For fluoride windows, the most
serious materials limi tation appears to be the phys ical Integrity of
large wi ndows . -

53

L. ~~~~~~~~~ 
- - - • - - -~-- -~~~~~ -- ---*—- - ------ .--- ---~“-—~~~~~ 



~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

AFML-TR-76-l03

APPENDIX

ANALYTICAL EXPRESSIONS FOR THE INDEX AND OPTICAL THICKNESS
OF THREE-LAYER HERPIN FILM STACKS AND OTHER

USEFUL AR DESI GN FORMULAS

In many instances , a transparent coating material of appropriate
refractive index required for a specific coating design does not exist.
Fortunately, techniques have been developed for constructing equivalent
fi lms from mult i layers of ex isting mater ials . The Her pi n equ ivalent
film technique has been used extensively in the development of anti-
reflection coatings for ZnSe and KC1 at 10.6 microns by Kurdock et al.

• This technique along with the results of the uniform transmission line
analog technique for broadband coatings will be described in detail in
this appendix. In particular , anal yt ical express ions for the optical
thickness required for each component in a three-layer Herpin equivalent
for an ar bitra ry equ ivalen t index and phase th ickness are presented .
These expressions are not included in standard references for anti-

reflection coating design.

The papers of Epstein and Berning taken together provide adequate
mathematical basis for Herpin film design . For the case of normally
incident electromagnetic radiation the matrix method introduced by
Herpin relates the fields E and H at one boundary of a film to the fields

E’ an d H ’ at the other by the equation

(E \ ~~(M i i  M 12~ (E ’
~ (1)

\M) \M21 P-1221 \H /

The matrix for a homogeneous film of index n and physical thickness Is

f cos (2irnxi’A o ) (i/n) sin(2irnx/X o)
’
\ (2)

In sln(2itnx/A 0) cos(2wnx/A 0) )

:~~~e~~1: 

the wavel:ngth In free space and the optical phase thickness
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The determinant of the matrix (M) is unity and for nonabsorbing
media 

~ll and M22 are real and 
~l2 and are totally imaginary. If

several films or film combinations are combined the matrix for the whole
is obtained from the matrices of the parts by multi plying the latter
together in order in the direct -i on of -i ncidence . 

- 
-

* P42 ~ P43 - - - M 1 (3)

If two different film systems are described by the same matrix they are
defi ned to be equivalent .  The ma tr i x of a si ngle fi lm always has
M,1=M 22. Herpin ’s theorem states that any thin film combination is
equivalent, in general , at one wavelength to a two-film combination ,
but not necessar i ly to a si ngle f i lm . In the par ticular case where the
thin film combination is symmetric the equivalent film is a single film
regardless of wavelength. This latter statement is true because the
diagonal elements of the mat r ix  for the symmetr ic stac k are equal an d
the components of the matrix may always be set equal to

(
N(i sin i i)/M 12= — i M2j /s i n~i ,

where N is the equ ivalen t in dex an d ‘,i is the equ ivalent phase thi ckness.

Consider symmetric three-layer film combinations of the form pqp

where the p layers have equal thickness and index. Let their values be
respectively and n~ an d for the q layer let the corres pon di ng values
be •q and flq~ The matri x of this three-layer combination obtained by
multiplying the individual matrices together in order is:

Mn~ M22~~ 05 2+pC05+ q (5)
112 (nq/n p+n p/nq) Si n24~~s I

M I2~~(i/ 1~p) ( S~~~2$ pCOS$ q (6)
+I/2(flp/flq+flq/flp)co52$pSIfl4Iq

+1/2 (np/nq nq/np)s
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M21=in pCsin2~pcos~q (+1/2 (np/nq+n q/np)cos2+ ~s Ifl~q

~I/2(np/nq~nq/np)si nsq}.

Changing notation slightl y such that “p ”i’ ~p
4’1’ ‘q~~2’ 

41
q~ I~1~ 

and

L that q=241/1p2, a=241+~2=phase thickness of the th ree- f i lm system allows
Equations 5 to 7 to be rewritten as

qa a 1 /n 1 ‘~2\ qa 
~ 

a I /n 1 
n2\ a

2 2 
sin-~ —cos-~-~—+ ~~- ~~

— + -_-) cos ~~~~~~~ sin .~-~-- - - 

~
—) sin

N n  (8)
qa a 1/n

1 
n
2\ 

qa a 1 /n 1 n2 \ asln~~~~~~~~.+ _+j~~s i~~
.s i n i.r- +

~~- t ~,
--- - -_ )s i n  i~~

qa a 1 fn 1 
n
2\ 

qa a
CoSY CoS .—c OS-1 ..~- -~~- (11~

— +—
,
Jsin 1__ sin .j-__

2 r qa a 1 fn 1 n \  qa a 1
2

sin y [sin.~--- cos .j..
~
-+ ~~~~~~~~~~~ ~j—

,
)cos

1 f (~~~~~~
n

2~~~~~~~~~1

2

~ L\~ 
~1~~/ 

1+q j
The consequences of Equa t ions 8 - 10 have been i nves tigated

thorou ghly by Epste i n an d Ber nin g for var ious values of the ra tio q .
For per iod th icknesses such that sin x~x an d cos x~1 , N and p are given by

~~~~~~~~~~ ( 1 1)
N~~ n l  ,I \q+n 1/n2,

2 \ 1 12(n 1 
— n

2
) q 

( 1 2)~L~~~o 

~ 
Th 1n2 (1+qJ2
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Equation 12 indIcates that p is linearly related to a and investigation
of the exact equat ions for p i ndi cate tha t for known mater ials Equat ion 1 2
rema ins val id to value s exceedi ng 90 degrees . However the ran ge of
Equation 11 is quite restricted . Usuall y one is interested in obtaining
the phys ical th icknesses 

~l 
and 

~2 
which will yield the required N and p.

It is possible to obtain analytical expression for and 
~2 

in the
f3llowing manner. From Equation 4

_____ - slnp 
~~P/N 

- N/n~~} . 
(13)

Substituting for M12 and M21 from Equations 6 and 7 and so lv ing  for
sin~q yields

n /N - N/n
A _ ‘._P pS l f l~s q — sln3i

n In -n In
p q q p

Since p is defined in terms of its cosine , the sign of sinp is
undefined. This sign is conventionally chosen so that all real values of
N are positive . With this additional requirement p is still arbitrary
to with i n modulus  air . Equa t ion  5 is of the form

a sin 2~ + b c os 2f = c  (15)
P p

which has the solution

sin (2+~ + a) = .
~~
. , for a=rcosa (16)

b=rs i na

where 1
a= -

~~~ 

(flq/flp + fl
p/flq

) SIfl4I
q

b~’cos~q~ c~cosP , tana = b/a.

Since a single layer antireflection coating for a substrate of index n5
is a quarter-wave optical thickness of Index .Iiç ard a double quarter
antireflection coating ex ists for wh ich n 1 =./n5 n2 the expression

57
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for quar ter wave , Her pi n equ ivalen ts are use d extens ivel y i n coa ti ng
design. For the quarter-wave situation where cosp is zero, Equation 15
simplifies to

ctn 24 p = ~ (t~q/n p + ‘~p/nq
) tan t~q ( 1 7)

and sinp in Equation 14 becomes ±1. For any i ndex between n~ an d nq
the three-layer equiva l ent coating may be HLH (High index , low i ndex ,

— 

High index) or IHI. There are two solutions corresponding to sin p = ±1 .
It is possible to construct a pqp coating with a higher i ndex than that
of the high index material if it is in the order HLH and with a l ower
index than that of the low i ndex material if it is in the order LHL .
However, these coatings are thick , 270-degree coatings. Equation 14
yields an expression for N

2 2  . 1 2 2 2 . 2-n ) sun 4 ~ 1 (n -n ) ~,n •
N— ~ 

q q~~_ p 
2 

g + ~ . (18)
2n sinp 2 n s in p p

Equation 18 can be utilized to determine the upper and l ower limit
for a real i ndex cons truc ted from two ma ter ials . For mater ials of
respective i ndex 1.5 and 2.42 the limits are .93~N~3.9 and for 1.4
and 4 the limi ts are l.03<N<ll.4 for sinp=±l and S~fl~q=l~ The i ndex an d
phase thickness of a stack of S identical symmetrica l periods which are
characterized by a phase thickness q and i ndex N is respectively S4
and N. This fact may be used to make non-dispersive equivalent films
or film stacks wi th very thin layers which may be desirabl e from a
struc tural point of view . For an equivalent film to be non-dispersive ,
the thickness of the individual l ayers must be small compared to the
wavelength . This can always be achieved by using multiple layers of
Herpin equivalents . Berning gives an example of a non-dispersive coating
for a germanium substrate for the range of 3 to 10 microns which is
quite practical.

The equations for Herpin equivalent coatings will be demonstrated
by several exampl es. An antireflection coating design for ZnSe compri sed

• - 
of ThF4(nl .35) as the Inner layer and ZnSe(n=2.42) as the outer layer
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can be calculated by the Herpin technique and compared to the standard
two-layer design. For pqp equal to ZnSe-ThF4-ZnSe, n~ equals 2.42 and
flq equals 1.35. For the special case of one coating material identical

• to the substrate , a por tion of the su bstra tes acts as a coa ti ng resul ti ng
in a two-layer coating . The equivalent i ndex required is 1.556 (equals

and the equivalent phase is 90 degrees.

From Equation 14

- - (n /N - N/n )
sin 4~ 

= ± =±.7388
+q=±

I47~63° 
q np/nq nq/np

From Equation 17

ctn = 
~~

- (fl
q
/fl

p
+fl

p
/fl

q
) tan~q 

= ±1.288

= ±18. 91°

Solution for sinp=+l ~~~~ = 85.4 5°

and 
= = .132 ; 

h~d~ 
=

A c, 21T xc, 2~

Solution for sinp=— l ; 2+p+$q+31T = 45 I~.55°~~94 . 5 50

h c l  •+i~ n d
~~~~~~~~~~ = —s—— = . 368 ; -

~~~
---

~~
- = ....2... . ~ 7

A o 2it A 2it

• These two solutions are identica l to those given in Reference 2 that were
obtained from the standard two-layer design equation (Equation 19 and 20)
For Herpin indices between n~ an d nq the equivalent coatings are 90-degree
coatings.

As an example of an equivalent i ndex lower than that of either coating
material consider CaF2 (n=l.39) as the outer layer and ZnSe (n=2.42) as
the inner layer on a CaF2 substrate . For an antireflection coating
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design pqp equal to CaF2-ZnSe-CaF2 and N=l.179 the optical thicknesses
are calculated in the following fashion from Equations 14 and 17. For
an index out of the range of the indices the correct solution is obtained
by adding -n/2 to the value of which results in a thick 270-degree
coating. For sinp=~

•q=16~47° 4’~=35.55’r h d  • 
h d  ~ +w/ 2

...~ ..3. .. ..~~. = .2.1 P =
A 0 2w A 0 2w

2~~+w +~q
=267•57°

For si np= +1

+q= -16.47° •~,= — 35.55°

n d  ?r-~-4~ n d  
~~~‘2= —s- = .454 —

~~—~~
- = 

______ = . 151
A0 2w 2w

2~ + 2w + ~ = 272.43 °
p q

Because the equ iva l ent  film stack for an i ndex outside the range of
- 

- 
the indices of the component films is a thick 270-degree coating it is
standard practice to go to a double-quarter design (n1= ~/i~ n2) where
it is possible to pick n1 an d n2 betwee~i n~ an d nq when .

~iç is < n~ and
nq. Then two equivalent quarter-wave stacks n1 an d n2 which are
90—degree Herpin equivalents will still be thinner than a single quarter
Herpin of index /1i . This approach was followed by Kurdock et al. for
KC1 substrates with an bulk index of 1.45 which is approximately equal
to the indices of CaF2, SrF 2, an d BaF 2 so the same design approach may

be applied to the fluorides . As a matter of fact, the two-layer designs

• for KC1 at 10.6 described by Loomis are approximately valid for the
fluorides at the shorter wavelengths since the designs have been given
in terms of optical pathlength .
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Most standard references give two-layer antireflection design
equations relating the squares of the tangents of both optical
thicknesses to the indices n1, n2, and This leads to an ambiguity
in sign. The following equations involve only principle values of the
tangent and give the correct signs . Optical thicknesses for negative
angles are obtained by adding multiples of -it to them.

2 2
2 ‘~1 

(no - ~m
) (nm o - ~2 ~tan 01 2 2 (19)

~~ 
nm 

- no n2 
) (n0 nm 

— n 12)

2
n
2 

(n~ - n0 ‘~m~ 
tan 0

1tan 02 = 2 (20)
~ 1 ~~o ~m - 

“2 ~

where
= i ndex of refrac ti on of subs tra te
= i ndex of refraction of inner or bottom l ayer

n2 
= i ndex of refrac ti on of outer or top l ayer
= i ndex of refraction of incident medium

~ 
2wn 1 t1

1 A

2wn2 t2
A

Only pairs of indices lying within the shaded region of a Schuster
diagram (Figure 1) can be used in Equations 19 and 20.

(
The output of high power lasers is distributed over a number of

lines which requires AR coatings to have bandwidths of 0.3 to 0.5 mIcrons
In some i nstances . Muchmore has der ived the requ i rements for an opt imum
bandwidth two—layer coating utilizing the uniform transmission line
analogy (films have equa l optical thickness). The reflection vs.
wavelength for this coating shows a maximum at the design wavelength
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and min imum to either side(W coating). By selecting the acceptable

reflectivity at the design wavelength the indices required can 
be

calcul a ted from

~~3/4 [1-R0)/ ( 1+R0 ]  
1/4 (21)

“2 = 
[(I+s0)/o- R01] 1/4 (22)

and the required optical thickness (‘u) from

n f l - I2 1 2
tan  *=  2

“2 ‘‘ 1”2

If the indices required by Equations 21 and 22 are not 
available , Herpin

equivalents of the correct optical thickness may be used instead 
to

produce the optimum broadband coating .

The foregoing discussion does not represent an exhaustive 
treatment

of AR coating design . There are many approaches to coating design and

for addi t ional i nformat ion consu lt the l ist of references .
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