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1. INTRODUCTION

Progress during the first half year (June through December, 1976) under

Contract No. N00123-76-C-1321 is reported here. This report incorporates

the Second Quarterly Report and Semi-Annual Technical Report in one docu-

ment. The report is divided into five sections covering material procure-
ment and certification, substrate surface preparation, substrate absorptance
measurement, substrate surface chemistry, and future plans.

\\

This report documents results of characterization and testing of substrate
and coating materials to be employed in the main thrust of the contractual
effort, optimization of coatings for 2-6 um laser optics. A sizable body of
data is g.ssembled and organized for future use in the coating portion of the
progra.xn.:\‘)‘ Principal results comprise x-ray diffraction ana.ly;es of the coating
materials, documentation of substrate surface ﬁ_nish, total absorptance of
CaF, and SrF_ substrates at 3.8 and 5.3 Ipm, and results of a study of sub-

2 2
strate surface chemistry as affected by cleaning procedures._

2. MATERIAL PROCUREMENT AND CERTIFICATION

Single crystal Ca.F.2 and SJ:F2 substrates have been ordered from Harshaw
Chemical Co., Solon, Ohio. Ninety-One Ca.F2 substrates were received
between 1 and 15 August 1976. The balance (121 SrF2 and 40 CaFZ) were
received between 26 October and 5 November 1976, approximately one
month to six weeks later than planned and necessitating some adjustments

in scheduling. Crystallographic orientation of all of these was verified
using the back reflection Laue (x-ray) method. Of the Ca.F2 substrates
having a nominal (111) orientation, 90% fell within 1. 5° of that orientation
and none was more than 3° from (111). Of the nominal (110) CaF2 sub-
strates, 99% fell within 2° to 5° of (110) and none were more than 8° from
the nominal. Of the (112) substrates, all fell within 2.5 to 5.0° of nominal.
Of the (100) CaF, substrates, all but one fell within 2° of nominal. All SrF,
samples of the four orientations, (100), (110), (111), and (112) fell within

3° of the nominal orientations.
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Spurious peaks of low intensity were obtained in patterns for five of these

materials, In the case of MgF_ taken from the electron gun boat in the

2

coating unit, all three spurious lines may arise from ThF , indicating

4
contamination within the chamber rather than in the original material.
However, two of these three lines may alternatively be ascribed to elemental
magnesium, indicating possible non-stoichiometry or dissociation of the

compound during deposition.

For MgO, the impurity is identified as Mg}:"2 (Table 4) and for Ser (Table 6)
it is Sr(OH)z, a common impurity in alkaline earth fluorides due to the &

similarity of size and charge of the OH ™ and F  ions and the difficulty in

scavenging all water and oxygen from fluoride melts. Both of these materials
were examined as received. The best fit for the one spurious peak in the

ThF4 (as received material) pattern (Table 7) is Thorium boride, but other !
posibilities include ThOC12°14 HZO’ Th (504)2 and K ThéFZS' The hydrated
oxichloride and sulfate are potentially troublesome, if present in any appre-

ciable quantity, as is the Sr (OH)Z'

In the case of ZnS (Table 10), the spurious peak arises almost certainly from
: ZnSe; due to the similarities in structure and physical properties of ZnS and

ZnSe, this impurity is not expected to present serious problems.
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Table 1. RESULTS OF X-RAY DIFFRACTION STUDY
OF A1203 COATING MATERIAL.

Material Source and Conditions: Crystalline fragments from supply.

(Crystal products-end cuttings from Boule of UV grade saphire)

Material | G224 | Obe. Ve T e SOTE
d(4) 100 | d(4) 100

a-A1,0, | 10-173 3.483 30 | 3.479 75 012
2.551 38 | 2.552 90 104
2.378 09 | 2.379 40 110
2.085 43 | 2.085 | 100 113
1.737 60 | 1.740 45 024
1.600 | 100 | 1.601 80 116
1. 404 46 | 1.404 30 124
1.376 11 | 1.374 50 030
1.1921| 06 | 1.1898] 07 220
1.0780 | 15 | 1.0781] 07 134

6-A1,0, | 11-517| 2.812 17 | 2.85 80 004
1.773 06 | 1.80 30 015




El Table 2. RESULTS OF X-RAY DIFFRACTION STUDY

OF Ba,F2 COATING MATERIAL.

Material Source and Condition: Residual from E-Gun boat. Supplier: EMCO

Material | G2F¢ | Obs: I?Ib > | asT™ I‘A/*fTM hkl | Netes
- | a@d) 100 | 4(X) 100
BaF, 4-0452 | 3.559 100 | 3.579 100 111
3.087 17 | 3.100 30 200
2.184 49 | 2.193 79 220
1.864 47 | 1.870 51 311 _4
1.784 13 | 1.790 03 222 ’
1.545 06 | 1.550 06 400
1.418 09 | 1.423 13 331
; 1.383 07 | 1.386 06 420
1.262 08 | 1.266 14 422
| 1.191 08 | 1.193 06 511
[ 1,0951 08 | 1.0959 02 440
3 1.0464 06 | 1.0481 06 531 f
; , 1.0320 07 | 1.0332 <1 600

T — T Y
.




Table 3. RESULTS OF X-RAY DIFFRACTION STUDY
OF MgFZ COATING MATERIAL.

Material Source and Condition: Residual from E-Gun boat. Balzers >99.9%

Material | 2% | OB R T e BN
= | ata) 100 | d(4) 100
hdgFZ 6-0290 | 3.264 100 3.265 100 100
2.547 11 2.545 22 101
2.231 59 2.231 96 111
2.067 22 2.067 34 210
1.710 90 1.711 73 211
1.633 42 1. 635 31 220
1.527 35 1.526 19 002
1.461 06 1.462 06 310
1.375 34 1.375 35 301
1.317 04 1.318 07 311
1.281 01 1.282 01 320
L.227 02 1.228 06 212
1.114 08 1115 10 222
1.0888 47 1.0893 06 330
1.0523 06 1.0524 06 411
; 1.0324 02 1,0333 02 420
; ThF4 23-1426 | 3, 6085 04 3.63 50 312
2.4694 03 2.495 10 231 1
1.8940 03 1.881 10 350
|
s ~loElemental Mg (101) and (102) lines are also possible sources of the last




Material Source and Condition:

Table 4. RESULTS OF X-RAY DIFFRACTION S:I'UDY
OF MgO COATING MATERIAL,

Supply - Balzers Ch 73-085/2

Material c;:;d Ob,s' I(/')Ibs. AS:I’M Iﬁ;fTM hkl Notes
d(A) 100 d(A) 100
MgO 4-0289| 2.427 11 2.431 10 111
2.106 100 2.106 100 200
1.488 53 1.489 52 220
1.269 06 1.270 04 311
1.215 14 1.216 12 222
1.0523 05 1.0533 05 400
a-MgFZ 16-160 | 2.330 04 2.261 20 222,410} 1
1.6474 03 1. 647 70 440

1. Best fit of probable Mg compounds; i. e., other oxides, hydroxides,

—and fluorides,




Table 5. RESULTS OF X-RAY DIFFRACTION STUDY

OF PbFZ COATING MATERIAL.

Material Source and Condition: Residual material from boat. Balzers >99. 9%

Material | G274 | Obe: I?Ib > | ast™ f;‘?TM hkl | Notes
- | 44 100 | d4¢&) | 7100
o PbF, 6-0288| 3.76 05 | 3.824 10 002
3.27 07 | 3.290 100 012
1.2000 09. | 1.2079 04 151 |Over-
laps w/
SPbF,
(422)
BPbF, 6-0251| 3.411 100 | 3.428 100 111
2.954 32 | 2.970 56 200
2.092 59 | 2.100 73 220
1,786 42 | 1.791 64 311
1.709 7 F21s 14 222
1,481 8 | 1.485 10 331
1.325 8 | 1.328 21 420
1.2000 9 | 1.212 26 422
1.1406 8 | 1.143 20 511
: 1.0483 5 | 1.050 8 440
i 1.0026 8 | 1.0043 20 531
' 0.9890 4 | 0.9903 13 600
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Table 6. RESULTS OF X-RAY DIFFRACTION STUDY
OF SrF_ COATING MATERIAL.

; 2

6

i

k. Material Source and Condition: EMCO Lot 76437/1458 (Crystal Fragments,

E as received, ground).

E

E 1 Obs. ASTM

i Material | 274 | Obs. | ) ASTM| 1/ hkl | Notes

i 5 Sk d(A) 100 d(A) 100

B StF, 6-0262| 3.298 100 | 3.352 100 111

|

E 2.891 05 | 2.900 25 200

P | 2.045 74 | 2.051 80 220
1. 7446 18 | 1.7486 52 311

P 1. 6703 5 | 1.6743 5 222

E | 1.4455 3 | 1.4499 15 400
L. 3273 g | 1.3303 21 331

‘ 1.2949 2 | 1.2966 10 420

{ 1.1818 6 | 1.1840 24 422

1.1146 2 | 11164 16 511

|

;‘. 1.0245 z | 1.0253 7 440

i 0.9799 5 | 0.9803 14 531

l} 0.9657 18 | 0.9666 7 600

i 0.9163 4 |o0.9170 10 620

I

1

E . sr(om), [18-1273) 3.6896[ 04 {3.85 80 210

1 H{19-1276$ [3.65 75 n.i.

b

.

E

i

| -
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Material Source and Condition:

Table 7.

RESULTS OF X-RAY DIFFRACTION STUDY
OF ThF4 COATING MATERIAL.

Supply Cerac TS-106 5466

Material (;:‘;d e I?Ib > | asm™ S?TM hkl | Notes
g d(A) 100 d(A) 100

ThF 23-1426) 7.59 14 | 7.63 10 110
5.24 11 5.24 10 200
4,297 81 4.29 80 202
4,019 58 | 4.02 60 311
3. 806 100 3. 80 100 220
3. 630 51 3.63 50 312
3.354 34 | 3,35 50 310
2.855 08 2.848 05 102
2,736 15 20747 15 132
2.533 07 2.528 10 311
2.496 10 2.495 10 231
2.162 22 2.156 15 430
2.130 83 2.132 35 133
2.063 17 2.067 05 504
2.030 22 2.040 20 204
1.984 22 1.985 35 611
1.932 12 1.937 15 ale
1.770 14 P g 10 631
1.576 12 1.585 10 644
1. 436 46 1,431 10 645

ThB,, 21-1220 ) 6.752 08 6.799 1

ThF 4 15-413 | 3.167 52 3.15 10 B s

1. Other possibilities include ThOCl_ °*14 H_O (6. 7061;)1 Th (SO,).*9H. O
ke T e 373 [*]

(6.90A), and KTh, (6. 928A).

10




Material Source and Condition:

Table 8.

RESULTS OF X-RAY DIFFRACTION STUDY
OF ThO2 COATING MATERIAL,

Supply (99.9% Typical) Cerac

Material C;a;:d Ob‘s._ I(/)fs' ASTM 3ISTM hkl Notes
i d(A) 100 d(A) 100

ThOZ 4-0556| 3.229 100 3.234 100 111
2.794 27 2.800 35 200
1.975 62 1.980 58 220
1.685 54 1. 689 64 311
1.614 10 1.616 L 222
1.408 10 1. 400 08 400
1.282 27 1.284 26 331
1,250 19 1,252 17 420
1.1412 15 1.1432 20 422
1.0753 12 1.0779 19 511

11




Table 9.

RESULTS OF X-RAY DIFFRACTION STUDY

OF ZnSe COATING MATERIAL.

Material Source and Condition:

Balzers 72-190/12 (As Received)

: ] Card | obs. ASTM

A Material | 227 bl B ASTM| /1 hkl | Notes

i _ s d(A) 100 d(A) 100

F | 8-ZnSe |5-0522 (3.276 94 |3.273 100 111

: (Cubic)

3 2.004 100 |2.003 70 220

;

1.710 87 | 1.707 44 311
1.414 14 | 1.416 09 400

F;

.. 1.2995 22 | 1.299 13 331

; 1.1562 14 | L1561 15 422

; 1.0900 07 | 1.0901 08 511
1.0011 07 | 1.0018 04 440
0.9576 08 |0.9577 08 531

E

@-ZnSE | 15-105 |3.483 03 |3.43 100 100
(Hex)

12 _ ‘
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Material Source and Condition:

Table 10.

RESULTS OF X-RAY DIFFRACTION STUDY

OF ZnS COATING MATERIAL.

Supply Balzers Ch 73-027/5 as received.

| Material iae;d Ob.s‘- I(/les. AS';[’M ﬁ?TM hkl Notes
- - | d(A) 100 | d(&) 100
d-ZnS 5-0492 | 3.300 34 |3.309 100 100
ez 3.118 100 |3.128 86 002
2.924 22 |2.925 84 101
2.266 06 |2.273 29 102
1. 909 68 [1.911 74 110
1.763 11 |1.764 52 103
1. 627 44 |1.630 45 112
1.598 05 |1.599 12 201
1.350 04 |1.351 06 400
1.2965 05 |1.296 14 203
1.1018 09 |1.1029 13 300
1.0397 07 |1.0401 05 302
a-ZnSe 15-105 |3.450 04 [3.43 100 100
a-ZnS 12-688 |2.111 04 [2.08 02 e
(Polytype)
8-ZnS 5-0566 |2.700 05 |2.705 10 200
1.350 04 |1.351 06 400
1.239 06 |1.240 09 331

- 13 s l
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3. SUBSTRATE SURFACE PREPARATION

All of the 1.00 inch and 1. 52 inch diameter single crystal Can and Sr}:"2
samples have been polished and characterized using Nomarski microscopy.
The optical finishing technique is basically a three-step process in which
the window substrate is initially ground flat on a cast iron lap using 9 um
A1203 abrasive in a water vehicle. To remove the light scratches and pits
remaining from the grinding operation, the window substrate is given a
roughl polish on a pitch lap with 1 um A.1203 (Linde C) in a water vehicle.
The surface is considered ready for the final polishing when visual inspec-
tion with a 7 x loupe reveals that all grinding marks have been removed.
The window is then finished to the required flatness and surface quality on a

medium hard pitch lap (Swiss pitch #73) with 0.3 um Al 03 (Linde A) in

2
de-ionized water using a recirculating slurry system (a modified bowl feed
technique). The window is polished until optimum surface finish is obtained

as judged by Nomarski microscopy examination.

Examples of the quality of polished surfaces achieved on Ca.F2 and SrFZ are
illustrated in Figures 1 through 5. Note that all surfaces are relatively
free of defects, indicating that polishing behavior does not vary significantly
with crystallographic orientation, as long as samples of a single orientation
are polished on one block. In order to investigate this further, samples will
be submitted to the Michelson Laboratory, NWC, for surface roughness
evaluation and quantitative documentation.

(1) it was found that when substrates having (100), (110),

In a previous study,
and (111) orientations are polished simultaneously on the same, effectively
rigid block, the (100) and (110) surfaces polish well and the (111) surface
exhibits appreciable scratching. It was postulated that the observed
differences in surface quality resulted from different rates of material
removal from the (111) and (100) or (110) surfaces, the rate of removal from

the (111) surface being most rapid, due to the natural cleavage in this plane.

In that study, segregating and blocking substrates according to orientation

14
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Figure 1.

Polished-surface of CaF_ oeiented parallel
to the (111) crystallographic plane. Nomarski
photomicrograph, 305X, Sample No. (111)-20.

Figure 2.

Polished surface of CaF, oriented 2.5° from
the (110) crystallographic plane. Nomarski
photomicrograph, 305X, Sample No. (110)-27.

15




Figure 3.

Polished surface of CaF, oriented 1°
from the (100) crystallographic plane.
Nomarski photomicrograph, 305X,
Sample No. (100)-28.

16
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1 (B)

Figure 4. Polished surfaces of SrF, Nomarski photo-
micrographs (305X). (A) Sample No. (100)-28,
oriented 2.5° from (100). (B) Sample No.
(110)-28, oriented 0.8° from (110).

17
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Figure 5.

Polished surfaces of Sr¥_ . Nomarski photo-
micrographs (305X). (A) Sample No. (111)-28,
oriented 0.8° from (111). (B) Sample No.
(112)=10 oriented parallel to (112).




was suggested as a solution to this problem. Present results indicate that
this is correct, but quantitative documentation will require surface roughness

measurements.

4. SUBSTRATE ABSORPTANCE MEASUREMENT

In order to obtain absorptance values ( B and k) for halfwave thicknesses of
coating materials, absorptances for the uncoated substrates must be known.
The determination of the absorption coefficient of a coating material on a sub-
strate which is transparent in the wavelength region of the irradiating laser is
in principle quite straightforward. The total absorption due to a coating of
specified thickness is obtained as a difference in total absorption between
coated and uncoated substrates. Sequential measurements on the same sub-
strate are utilized to obtain either a difference in absorption between coated
areas or a difference in absorption in a single location before and after coat-
ing. The former method has the advantages of speed and ease of verification,
but substrate inhomogeneity can cause difficulties. In the latter method, sub-
strate inhomogeneity is eliminated, but verification of the absorption measure-

ment on the uncoated substrate is problematic.

For an uncoated transparent substrate irradiated by a laser beam in a standard

(2)

adiabatic calorimeter configuration, the total absorption A0 is given by

where n_ is refractive index of the sample, PA

sample, and PT is the power transmitted through the sample. If the masses

is power absorbed by the

and heat capacities of the sample and calorimeter cone are known and irra-
diation times are held constant for a given series of measurements, the
absorption is proportional to the ratio of output voltages from the sample

and power cone thermocouples.




“The total absorptance calculated from (1) includes both surface and bulk con-

tributions. The absorption coefficient for this substrate is
B=A_/4 (2)

where g is the sample thickness; again, both surface and bulk contributions
are included. If a coating is subsequently deposited upon such a substrate
and a new absorption measurement made, the total absorptance takes on a

value
A, =& +B, (3)

where A1 is the increase in total absorptance due to the coating alone. For

the case of a coating of halfwave optical thickness, A1 can be evaluated
using (1) and (3) since the surface reflectivity of the coated sample is identical
to that of the uncoated substrate and the parenthetical factor involving n_ in

(1) remains unchanged.

To obtain an absorption coefficient for a coating of physical thickness tl

from a measured value of Al’ we employ a formula of Loomis,(3) with

minor rearrangement,

2 2 2 2
A il i

‘ g 171 (no+ns) cos w1+[n1+(nons/n1)_ sin cpl : e
: ) W 2 2
: 1l o n +n
; 1 s
: where

n1 = film refractive index

ns = substrate refractive index

no = incident medium refractive index

=27 A
? 2 nltl/ 5

ko = laser wavelength (vacuum).

20




For a single coating of thickness )\0/2, (4) reduces to

A n (n +n)2
R e i [o) El (5)
1 2tn 2 2
o n

1 1+ns

The absorption index of the thin film is then

A B
k.= 1 (6)
1 4T

Hence, in order to obtain the absorption coefficient and absorption index of

a single layer coating on a transparent substrate, we require only the refrac-
tive index of film and substrate, the physical thickness of the film, and

two absorption measurements. The method of measuring the absorption

has been discussed in the literature.(4’ 5)

Measurement of absorptance of uncoated single crystal CaF_ and SrF2 sub-

2
strates will be completed in early January, 1977. Results to date are listed
in Tables 11-18. In these tables, the column headed "A x 104" or "A x 10‘5

gives the mean total fraction absorbed by the uncoated substrate in units of
10-4 or 10-5. This absorptance includes both surface and bulk contributions.
The dual column headed ''Standard Deviation'' gives the standard deviation of
five or more measurements both in units of 10-4 or IO-5 and as a percent of

the mean.

The problem of experimental dispersion (i.e., high standard deviation) in the
the results noted in the First Quarterly Report has largely been solved for
measurements at both CO and DF wavelengths. The solution involved
improvement of the sample chamber vacuum by replumbing to the vacuum
pump, rewiring the thermocouple feedthrough, and cooling of the calorimeter
cone by airflow between runs. The latter procedure had the greatest effect
due to reduction in heatflow from the surroundings to the sample by conduc-

tive and/or radiative processes. Improvement of vacuum also aided in




Table 11. TOTAL ABSORPTANCE OF UNCOATED
(100) Can SUBSTRATES AT 5.3 um.

, SAMPLE STANDARD DEV.
1 NO. Ax 10% g %

1 2.85 0.17 5.85

21 2.85 0.10 3. 60

24 2.37 0.09 3.87

25 2.50 0.12 4.94

26 3.27 0.12 3,74

27 2.32 0.05 2.02




W

Table 12. TOTAL ABSORPTANCE OF UNCOATED
(100) CaF, SUBSTRATES AT 3.8 um.
1
P
SAMPLE STANDARD DEYV.
5
NO. Ax 10 5
5 =0 %
2 8.85 0.19 2.19
3 8.95 0.42 4.75
6 9.90 0.23 2.36
7 8. 69 0.38 4.41 1
9 8.11 0.29 3,59
10 9. 65 0. 68 7.00
11 6,17 0.22 3,49
13 7.93 0.19 3.43
14 6. 68 0.24 3,55
22 10. 66 0. 62 5.80
23 11,32 0. 42 3. 76 %
]

23




: Table 13. TOTAL ABSORPTANCE OF UNCOATED
3 (110) CaF, SUBSTRATES AT 5.3um.
SAMPLE STANDARD DEV.
4
NO. Ax 10
® = 10° %
F (110) -1 2.92 0.15 5.28
2 0.904 0.009 0.96
3
: 3 3,05 0.10 3,28
5 3.63 0.17 4,62
6 2.98 0.12 3.91
E 10 3.96 0.19 4,88
ﬁ
25 2.75 0.07 2.47
27 3.70 0.06 1.72

24




Table 14, TOTAL ABSORPTANCE OF UNCOATED
(110) Ca.F2 SUBSTRATES AT 3. 8um.
SAMPLE STANDARD DEV,
NO. Ax 104 L 104 %

4 0.951 0. 029 3.00

8 1.19 0.07 5517

9 1.38 0.10 6.90

12 0. 822 0.063 7.63

13 3.91 0.15 3.84

14 1.17 0.09 7.45

16 1.02 0.03 2.87

19 1.35 0.10 7.38

23 1.12 0.04 3.95

24 1.07 0. 06 5.62

26 1.03 0.06 5.50

28 1.03 0.03 2,94

25




Table 15.

TOTAL ABSORPTANCE OF UNCOATED
(111) CaFZ SUBSTRATES AT 5.3 pm.

SAMPLE STANDARD DEV.
NO. Bt A "
1 2.82 0. 32 11.30
2 2.71 0.27 9.84
3 Z. 62 0.11 4.25
4 2. 44 0.11 4.58
5 3,56 0.09 2.43
6 3.56 0.14 3.93
7 3.07 0.10 3.13
8 2.88 0.08 2.71
9 3,54 0.13 3.72
10 5, 32 0.13 2.49




Table 16. TOTAL ABSORPTANCE OF UNCOATED
(111) CaFZ SUBSTRATES AT 3.8 pm.

SAMPLE STANDARD DEV.
NO. Ax 10? = .

] 11 0.907 0.074 8.17

12 1.09 0.09 8.28

13 1.22 0.07 1 s.68

14 0.729 0.098 13.47

15 0.947 0.072 7.56

16 1.43 0.08 5.32

17 1.43 0.03 2.23

18 1.04 0.06 5.37

; 19 1.07 0.05 5.01

20 1.40 0.07 5,32

i 21 0.958 0.043 4,46

28 0.806 0.043 5. 38




Table 17. TOTAL ABSORPTANCE OF UNCOATED

] (100) SrF, SUBSTRATES AT 5.3 wm.
SAMPLE STANDARD DEV.
5
. NO. Ax 10
* x 10° %
1 4.06 0.26 6.31
2 5. 90 0.35 5.97
3 3.35 0. 07 2.11
4 4.07 0.11 2. 80
6 3.38 0. 08 2. 48
|
:

e 28

]
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Table 18. TOTAL ABSORPTANCE OF UNCOATED
(100) SrF, SUBSTRATES AT 3.8 pm.

2
SAMPLE STANDARD DEV,

NO. Ax 105 & 105 %

7 9.13 0.18 1.96

8 9.52 0.31 3.29

9 13.43 0.54 4.00
10 10.27 0.51 5.01
14 11.05 0. 45 4.09
15 9.47 0.30 3.18
16 6 73 0.23 3.38
17 8.79 0.22 2.52
18 9.01 0.18 1.97
19 8.13 0.25 3.07

29 I



reducing conductive heat flow, while rewiring of the thermocouple feed -

through markedly reduced high frequency noise,.

With regard to absolute magnitude of the results, note that for CaFZ, the
absorptance at 3.8 um is generally lower, by a factor of 2 or 3, than it is at
5.3 um. Standard deviations are of the order of 1 x 10-5 or less for this
material. Since typical 5.3 pum absorptances for A/2 coatings on CaF_ sub-

(6) &

strates are of the order of 8or9x 10-5, subsequent measurements of
absorptance of coated samples and determination of coating absorptance by
subtraction should permit determination of coating absorptances to within

+ 25%.

For Ser, absorptance at 3.8 pm is about double that at 5.3um (Tables
17 and 18). Standard deviations are of the order of 2 to 5 x 10-6, which

e S i et

should permit determination of coating absorptances to within +10% if

these values are similar to those on Ca.F2 substrates.

S——

To examine these results in the light of intrinsic values, it is instructive to

calculate a total R (including surface and bulk contributions) for the two
materials, two wavelengths, and various orientations for which data are
presently available. Results of such calculations are listed in Table 19. In
this table, the column headed " é.(cm-l)" gives the mean of all values of 8
for all samples of a given material and orientation measured under this pro-

|
gram at the specified wavelength. Each value of 8 used to calculate the mean %

was obtained by dividing a total absorptance (A) by sample thickness and 3
hence includes surface and bulk contributions. Each mean value listed in the ‘
table is an average of results for six to twelve samples. The dispersion

(i. e., standard deviation) of results noted in Table 19 is an indication of the

L)

range of values for the number of samples tested, rather than of experimental

error.




Table 19

MEAN TOTAL
(g) FOR Can

ABSORPTION COEFFICIENT
AND Ser AT 5.3 AND 3.8 pm.

(4.42 1.51) X 10°

(5.02 = 1.06) * 10>

(1.28 & 0.23) ¥ 10‘4

(1.92 & 1.21) % 1074

(1.56 = 0.27) % 10°

(1.56 % 0.29) x 10°
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(6.79 * 1.68) x 10’5
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For comparison, lines indicating intrinsic values obtained by Deutsch re
also plotted for both materials. It is clear from this plot that values for CaFZ
at 5.3 um (CO) are near intrinsic, while at 3.8 um (DF) and 2.8 pm (HF)
they are definitely extrinsically controlled. For SrFZ at 5.3 um, the value

is about three times the expected intrinsic. At 3.8 um the absorption coeffi-

cient of SrF2 is essentially equivalent to that of CaFZ, exceeding the intrinsic
value by several orders of magnitude. At HF wavelengths the situation for

for both CaF_ and SrF_ is similar, in that both coefficients exceed intrinsic

2 2
values by many orders of magnitude.

The origin of the extrinsic values and the chemical nature and location of the
atomic species responsible are not obvious from present data. It is clear
that surface effects in the CO wavelength region are more easily recognized
in Ser than in CaF2 due to the lower intrinsic level in the former material.
It is also apparent that similar contaminants are responsible for the extrinsi-

cally controlled absorptance in both Ca.ZE‘2 and SrFZ, since the absolute levels

are almost identical.

5., SUBSTRATE SURFACE CHEMISTRY AND CLEANING

To establish effects of various cleaning procedures upon substrate surface
chemistry and absorptances, an investigation comprising parallel Auger
Electron Spectroscopy and laser calorimetry studies was carried out on CaFZ,
the only sample material available. Results of this investigation were pre-
sented at the recent Topical Meeting on Optical Phenomena in Infrared
Materials (Optical Society of America) and will be published in Applied Optics.

A copy of the manuscript is appended to this report.

6. FUTURE PLANS

Work during the next two quarters will concentrate on single layer coating
deposition and determination of structure and properties, the data-gathering

phase of the effort. A revised schedule, taking into account the late substrate

material deliveries, follows.

The results of Table 19 are plotted in Figure 6, along with those of Harrington.(7)
(8)
a
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Figure 6. Mean Total Absorption Coefficient (8)
vs. Wavenumber for CaF, and SrF_.
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SURFACE CHEMISTRY
AND ABSORPTANCE OF
CaF, AT HF, DF AND CO

2
WAVELENGTHS*

P. KRAATZ AND S. J. HOLMES

NORTHROP CORPORATION

Northrop Research and Technology Center
Hawthorne, California 90250

ABSTRACT

The relative importance of bulk and surface contributions

to absorptance in transmitting optics at DF and CO wave-
lengths has recently been discussed, with the observation
that the surface contribution may be as much as 15 times
that of the bulk. The nature of changes in surface absorp-
tion and surface chemistry associated with such processes
as cleaning with organic solvefxt or vacuum glow discharge
have not been fully explained. ' To elucidate some aspects
of these problems, we report results of some investi-
gations employing Auger electron spectroscopy (AES) in
conjunction with HF', DF, and CO laser calorimetry. It has
been found that the effects of vacuum glow discharge clean-
ing and subsequent exposure to ambient atmosphere vary
markedly with the nature of the gas employed (reactive,

e.g. Oxygen, or inert, e.g. Argon) and with the crystal-
lographic orientation and specific surface free energy of
the sample surfaces, as well with the laser wavelength
employed in calorimetric measurements. Results of exper-
iments in which these parameters are varied are discussed
in the light of parallel AES studies.

*Work supported by DARPA under Navy Contract No.
N00123-76-C-1321.
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INTRODUCTION

Processes contributing to changes in the surface component
of absorptance of the alkaline earth fluorides in the middle
infrared region of the spectrum are not well understood. L
Various solvent cleaning procedures, as well as vacuum
glow discharge and exposure to the ambient atmosphere
may profoundly influence this property in wavelength
regions of interest for high power chemical (HF, DF) and
CO lasers operating nominally at 2.8, 3.8, and 5.3 um,
respectively. In the present work, elucidation of some
effects of glow discharge cleaning in an Argon or Oxygen
medium, with subsequent exposure to the ambient atmo-
sphere is attempted, utilizing laser calorimetry at HF, DF,
and CO wavelengths and Auger electron spectroscopy. In
addition, the influence of crystallographic orientation of
sample surfaces upon response to these processes is illus-
trated. Results are discussed in terms of elemental com-
position of surfaces, their atomic configuration, and spe-

cific surface free energy.

2. EXPERIMENTAL METHODS

The laser absorption vacuum calorimeter used to obtain the
present Absorptance data was constructed following the

3
general design of Deutsch and has been described in detail

+
elsewhere. The only change in the apparatus since the
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previous description has been the addition of a CW HF/DF
chemical laser and suitable AR coated windows for the
calorimeter box when working at the chemical laser wave-
lengths. The chemical laser itself has also been described
in detail elsewhere. - Maximum available DF power is 11
Watts, but 1 to 3 Watts was sufficient for calorimetric
measurements on the small (1 in. diameter x 1/4 in. thick)
samples employed in this study. An irradiation time of 2
to 3 minutes at these power levels was adequate for ab-
sorptance measurement. The calorimeter is liquid nitro-
gen trapped and was evacuated to a pressure of 0. 08 to
0.15 Torr during measurements. Samples were irradiated
at 3 different wavelengths in succession without breaking
vacuvum, in an absorptance determination comprising

irradiation with HF', DF, and CO lasers.

Auger electron spectroscopy (AES) analyses were carried
out in a Physical Electronics unit equipped with a sputter
ion gun capable of sputter etching a specimen while simul-
taneously monitoring the AES signal. Since this system

2 to 10-10 Torr, pumpdown

must operate in a vacuum of 10~
times are substantial, placing a practical lower limit of
about 12 hours on the interval between analyses of samples
exposed to different environmental conditions. Samples for
Auger analysis were subjected to the various surface

processing operations simultaneously with those samples

§7 T 5 bl e -

A e iem D e L e

;
fi
#
H
;




e

L

3
B
R

e _ T

prepared specifically for absorptance measurements and
were exposed to the ambient (laboratory) atmosphere for

comparable total times following these operations.

All AES analyses were carried out with a primary 2 keV
electron beam to avoid problems of surface charge buildup
on the insulating Can samples. Even at this low beam
energy, simultaneous sputter etching and AES profiling
could be carried only to depths of a few hundred zmg stroms
due to charge build-up and resultant peak displacement.
Auger peaks for Calcium and Fluorine and common surface
contaminants such as Oxygen, Nitrogen and Sulfur were
monitored. The carbon peak, which is of intense interest
in a study of this nature, unfortunately could not be re-
solved due to its proximity to the large calcium peak on
CaFZ surfaces. Repetition of the experiments on SrF

2
surfaces would be useful in this regard.
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prepared specifically for absorptance measurements and
were exposed to the ambient (laboratory) atmosphere for

comparable total times following these operations.

All AES analyses were carried out with a primary 2 keV
electron beam to avoid problems of surface charge buildup
on the insulating Ca,FZ samples. Even at this low beam
energy, simultaneous sputter etching and AES profiling
could be carried only to depths of a few hundred Angstroms
due to charge build-up and resultant peak displacement.
Auger peaks for Calcium and Fluorine and common surface
contaminants such as Oxygen, Nitrogen and Sulfur were
monitored. The carbon peak, which is of intense interest
in a study of this nature, unfortunately could not be re-
solved due to its proximity to the large calcium peak on

CaF, surfaces. Repetition of the experiments on SrF

2 2

surfaces would be useful in this regard.




Surface cleaning processes investigated in thf present work
i A 1,

are similar to those employed previously. They com-

prise a solvent cleaning procedure and glow discharge

cleaning procedure. These may be described briefly as

follows:

Solvent Cleaning Procedure

(1) Soak in acetone (30 minutes).

(2) Rinse with warm tap water.

(3) Wash with warm tap water and liquid detergent.
(4) Rinse with distilled water.

(5) Rinse with reagent grade alcohol.

(6) Blow dry with nitrogen gas.

Glow Discharge Cleaning Procedure

(1) Solvent clean, as above, place_én vacuum chamber.

{(2) Pump out chamber to~ 5 x 10 ~ Torr (1 Hr.). Heater
on (200°C). 5

(3) Glow discharge 3 minutes at 200 mA in 2 x 10 ~ Torr
of Argon. 4

(4) Heater off. Valve shut. (10 ~ Torr range).

(5) Sample cools to ambient (1 Hr.).

(6) Remove sample from glow discharge chamber, place
in laser calorimeter following equilibration to room
temperature (20-30 min. ).

(7) Pump out calorimeter

In a variation of the argon glow discharge procedure to test
the effect of a reactive atmosphere, oxygen was substituted
for argon, with all other parameters held constant.

The basic experiments reported here involved solvent
cleaning of two groups of samples, followed by calori-
metric absorptance measurement and Auger electron spec-
troscopy. One group of samples was subsequently glow
discharge cleaned in an argon medium and the other in an
oxygen medium. Following these processes, changes in




absorptance with exposure to ambient atmosphere were
monitored at HF(2. 84 m), DF(3.8 um) and CO(5. 3 um)
wavelengths. Elemental composition of sample surfaces
was monitored with AES. Argon ion milling within the
Auger system was utilized to determine the depth of cover-
age and tenacity of contaminant species upon CaF, sur-
faces. Each group of samples was composed of equal num-
bers of (111) and (110) orientations to determine the influ-
ence of crystallographic orientation upon contaminant com-
position and optical absorption.

RESULTS

Effects of Argon glow discharge cleaning upon optical ab-
sorptance are illustrated in Table I and figures 1 and 2.

In these figures, each symbol represents the mean of 5 or
more absorptance measurements with error bars repre-
senting the experimental dispersion (standard deviation).
Symbols lacking error bars represent results in which ex-
perimental dispersion plots within the size of the symbol
employed.

At 5.3 um, total absorptance (8., ) of samples with surfaces
oriented parallel to (111) decreases approximately 25% rel-
ative to the solvent-cleaned value after 0.5 and 4.5 hours
exposure to ambient atmosphere. The apparent decrease
is approximately 31% following 22 hours exposure, but this
difference is not significant due to experimental dispersion.
At 3.8 um, the initial decrease is approximately 43% going
to 38% in 4.5 hours and 57% in 22 hours. The latter de-
crease is statistically significant. At 2.8um, we see a
20% decrease, relative to the freshly glow discharge
cleaned value, in 4.5 hours remaining constant over 22
hours exposure to ambient atmosphere.

For samples with surfaces oriented parallel to (110), be-
havior is quantitatively and qualitatively different. At 5.3
Mm, glow discharge cleaning produces an immediate de-
crease of 12%, followed by an increase of 21% after 6 hours

i
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exposure, relative to the value for the solvent cleaned
sample. After 24 hours, the absorptance is within 9% of
the solvent cleaned value. At 3.8 um, an initial decline of
47% is followed by an increase of 41% after 6 hours expo-
sure relative to the solvent cleaned sample. At 24 hours,
the absorptance is 7% below the value for the solvent clean-
ed sample, which is within the standard deviation of the
measurements. At 2.8um, the absorptance increases by
86%, relative to the freshly glow discharged condition,
within 6 hours. The absorptance subsequently decreases
to within 57% of this value after 24 hours exposure. For
both crystallographic orientations, highest absorptances
are at 5.3 um and 2. 8 um, while the lowest absolute values
and greatest initial decreases are seen at 3.8 um, for glow
discharge cleaning in an inert gas.

Results for a similar series of experiments, utilizing a
reactive glow discharge medium (oxygen) are shown in
Table II and figures 3 and 4. It is clear that these results
differ radically from those in which an inert glow dis-
charge medium was employed and again the response of
(111) and (110) surfaces differs markedly. In all cases
absorptance at 2.8 um is greatest, followed by 5.3 um,
while that at 3.8 um is a minimum.

On (111) surfaces of CaF_, 5.3 um absorptance decreases
approximately 21%, relative to the solvent cleaned value,
after oxygen glow discharge and 3 hours exposure to
ambient. This decrease is essentially constant at 26%
after 20 hours. At 3.8 um, the corresponding values are
46% and 50% decreases, respectively. At 2.8 um, absorp-
tance values after 3 hours and 20 hours ambient exposure
are indistinguishable, within experimental precision.

On (110) surfaces of CaF,_, the situation is entirely differ-
ent: At 5.3 Uum, absorptance increases by 11% within 20 min-
utes after oxygen glow discharge cleaning and remains 3%
higher than the solvent cleaned value after 20 hours. At
3.8um, an initial decrease of 3% becomes 27% after 20
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hours exposure to ambient. At 2.8um, values are again
high and essentially indistinguishable after 20 minutes or
20 hours.

4 Auger results are most conveniently expressed in terms of
e the ratio of oxygen to calcium peak heights, since oxygen is
4 probably the most directly related to mid IR absorptance
of the elements monitored. (As noted previously, Carbon
could not be monitored due to masking by the calcium
peak.) In general, all AES traces showed sulfur, nitrogen,
oxygen, and strontium in addition to calcium and fluorine
in scans of surfaces which were either solvent or glow
discharge cleaned with Argon before insertion in the system.
Nitrogen was absent from samples exposed to oxygen glow
discharge. Argon ion milling to a depth of a few hundred
ngstroms within the AES system removed sulfur and
nitrogen in all cases and significantly changed the relative
peak height of oxygen in some cases, to be discussed later.
The strontium peak height was unchanged by ion milling,
indicating that it is a bulk impurity in the Ca.FZ.

Oxygen to calcium ratios are shown in table III for solvent
cleaned samples and those subjected to Argon or oxygen
glow discharge. Results for Argon glow discharge clean-
ing are plotted in figure 5 and for oxygen glow discharge in
figure 6. Error bars represent the approximate = 10%
expected precision in the experimental O/Ca ratios. Com-
parison with absorptance results plotted in figures 1 -4

E | shows poor correlation, except in isolated cases; e. g. the
g | 20% reduction in O/Ca ratio on (111) CaF, following oxygen
‘ glow discharge cleaning is similar to the %1% reduction in
absorptance at 5.3 um shown in table II. In general, the
trend of the Auger results is toward increasing O/Ca ratio
with time of exposure to ambient, except in the case of (110)
e CaF, surfaces subjected to Argon glow discharge cleaning,
4 which show a decrease. Most changes, howevever, are not
¢ significant relative to the solvent cleaned or initial glow

; discharge values, when experimental dispersion is taken
into account.




On the other hand, the results of profiling surfaces using
Argon ion milling within the Auger system are more
interesting. Results of this operation are illustrated in
Table IV. Due to the highly insulating character of the

CaF, surfaces, monitoring of AES peaks during ion mill-
ing was precluded by static charging effects in all but the
single case noted in table IV. Hence, it was necessary to
take an initial and final scan following the milling operation.
The final scan thus does not accurately represent the uncon-
taminated CaF_ surface, since some oxygen is redeposited
in the time (5-%0 minutes) required for stabilization of the
charged surface. However, the amount of oxygen redepos-
ited apparently differs markedly with the nature of the
crystal surface and its history.

For example, we see that for (110) surfaces subjected to
Argon glow discharge cleaning and 1/2 hour in the ambient
atmosphere, the final O/Ca ratio after milling is reduced
by a factor of four below the initial value. On the other
hand for (111) surfaces treated similarly, the reduction is
by a factor of ten. For Argon glow discharged (110) sur-
faces exposed to the ambient for 26 hours, a net increase
in O/Ca ratio follows ion milling on (110) and a reduction
by a factor of two occurs on (111). For oxygen glow dis-
charged (110) surfaces with 1/2 hour ambient exposure, the
decrease is by a factor of only 1.6, while for (111) there is
a slight, but insignificant increase. For oxygen glow dis-
charged surfaces exposed to ambient for 30 hours, the max-
imum decrease is only 36% on a scan taken during milling.
A final scan for the (111) surface could not be obtained.

DISCUSSION

Optical absorptance of CaF_ in the middle infrared, as de-
termined by laser calorime%:ry at 2.8, 3.8, and 5.3 um, is
found to vary significantly with the nature of the glow dis-
charge medium (reactive or inert), time of subsequent ex-
posure to the ambient atmosphere, and the crystallo-
graphic orientation of the optical surfaces tested. These
changes show no real correlation with surficial O/Ca ratios
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determined by AES, indicating either that the differences
arise from contaminants other than oxygen (e. g. hydro-
carbons) or that they arise from variations in the state of
aggregation of oxygen atoms on the surfaces. Ion milling
experiments provide tentative evidence favoring the latter
hypothesis.

Differences in behavior with crystallographic orientation
are most readily examined in relation to the details of
structure and physical properties of those surfaces. The
arrangement of atoms in the (111) and (110) surfaces, of
CaF, is illustrated in figure 7, taken from Phillips. In
this %igure, the large circles represent fluorine ions and
the small circles represent calcium ions. The (111) sur-
face is the naturgl cleavage plane of CaF_ and is thus elec-
trically neutral. Examination of experimentally deter-
mined electron density distributions in CaF, shows overlap
between F ions in the EIOO] and [1 10] directions, but none
in the [111] direction, © indicating that the breaking of
bonds in the former two directions gives rise to free charg-
es while breaking of [111] bonds does not. In addition, con-
sideration of the specific surface free energy (i.e. the
energy required to create new surface of unit area by a
reversible process of cutting) of (111) and (110) surfaces of
Ca.F2 indicates that the surface energy of the (110() surface
is approximately double that of the (111) surface.~ Hence,
we may conclude that the (110) surface of CaF is more re-
active than the (111) surface. This is also supported by the
ion milling results reported in Table IV.

Time dependence of absorptance upon exposure to ambient
atmosphere may be explained using these properties of the
surfaces involved. Following Argon glow discharge clean-
ing, (111) CaF, surfaces are covered with an oxygen-rich
layer which is not too tightly bound, as indicated by the AES
results in Tables III and IV. Due to their electrical neu-
trality, they do not react rapidly with oxygen of the ambient
atmosphere. As a consequence, they show no significant
increase in absorptance with exposure to ambient atmos-
phere (fig. 1).




On the other hand, (110) CaF, surfaces subjected to an iden-
tical process are covered with a more tenacious oxygen-rich
layer and react more rapidly with oxygen, as indicated by
the data of tables Il and IV. Thus, their surfaces are ap-
parently activated by the glow discharge cleaning and react
rapidly with oxygen of the ambient atmosphere. Hence,

the optical absorptance of these samples increases to a
maximum at some point within less than 24 hours following
glow discharge cleaning and then decreases to a value ap-
proaching that of the solvent cleaned sample in 24 hours.
This phenomenon could arise from the formation of more
tightly bound and stable oxygen-rich complexes with pro-
longed exposure of the activated (110) surfaces to the am-
bient atmosphere. The data of table IV would tend to sup-
port this.

An explanation of the oxygen glow discharge effects upon
absorptance at (111) and (110) surfaces may be made follow-
ing similar reasoning. On (111), the process produces an
initial decrease in absorptance which remains constant with
exposure to ambient, reflecting the relatively non-reactive
nature of the surface and the stability of the oxygen-rich
complexes formed there (Table IV). On (110), no signif-~
icant initial decrease in absorptance is produced by the
glow discharge, due to the immediate saturation of avail-
able bonding sites at the surface and rapid formation of
relatively tightly bound and stable oxygen-rich complexes.
This is again supported by the data of Table IV. The high
absorptance at the 2. 8 um wavelength in the oxygen pro-
cessed sample also tends to support this hypothesis, due

to its usual association with absorption by hydrogen-oxygen
complexes (OH or '"water-band').

CONCLUSICNS
1. Surface absorptance of CaF_ in the mid-infrared is in-

fluenced by the amount and state of aggregation of im-
purities (particularly oxygen) absorbed at the surfaces.




2. The (110) surface is more reactive than (111) and ex-
hibits profound positive and negative changes in absorp-
tance when subjected to glow discharge cleaning in an
inert atmosphere (Argon) and subsequent exposure to
ambient air. Changes following identical processing
of (111) surfaces are less marked, involving only an

' initial decrease in absorptance followed by relative

stability with exposure to ambient atmosphere.

3. Glow discharge cleaning of the reactive (110) surface
in a reactive medium (oxygen) produces no marked
changes in absorptance at any of the three wavelengths
monitored. Identical processing of (111) surfaces
produces an initial decrease followed by relative sta-
bility, as in the case of Argon glow discharge cleaning
noted above.

4. Auger electron spectroscopy is apparently not as sen-
sitive to these changes as is laser calorimetry. How-
ever, in combination with ion milling, it can provide
useful information on the thickness, stability, and
tenacity of surficial contaminants.

5. The role of hydrocarbon contaminants, if any, in these
surface chemical reactions remains unknown since
carbon could not be monitored in the present work due
tc overlap with the calcium peak on CaFZ.
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Table I . Optical Absorptance (B.) of CaF, as affected by
Solvent Cleaning andEIow Di %harge Cleaning

with Argon.
S B 107%mY]  Braoem™) FOLLOWING ARGON GLOW DISCHARGE
OLVENT CLEANING & EXPOSURE TO AMBIENT ATMOSPHERE
ORIENTATION| (wm) | 2 Eants
0.5HR. | 4.5HR. | S5.7HR. | 22.0 HR. | 24.0 iR,
(111) 53 (5.81+0.27[4.33+0.17(4.32+0.9| - [3.9+0.17( ---
| 3.8 [3.1940.20(1.83+0.05| .97 +0.07[ - [L37+0.14] ---
; 2.8 4.90£0.45/3.9540.30| -  [3.91£009] ---
(110 53 |4.77+0.07]| 4182019 -~ |57ms02| - |4mB:017
3.8 |1.81+0.06[0.960.02 - |255+012] - |1.68£0.09
2.8 2.60+0.11] - 496028 - |aw:oB

NORTHROP

Research and Technelegy Conter

TableIl . Optical Absorptance lB ) of CaF,, as Affected
by Solvent Cleaning and Glow lﬁscharge
Cleaning with Oxygen.

_ SAMPLE 0% 107%m ™)) Following Oxygen Dis-

A SOLVENT | charge Clean & Exposure to Amb.Atm.
% ORIENTATION | (pm) CLEANED

0.3 HR. 3.3 HR. 20.5 HR.
. (111) 5.3 [4.42 +£0.42 o 3.48+0.21{3.28+0.15
{ 3.8 |3.05+0.18] - |L66+0.12|1.54+0.17
A
k) 2.8 i - 4.06 £0.47 1 4.37 £0.27
y
-} (110 53 |4.2640.17| 4.74+0.19 St 4.39+0.14
i 3.8 |4.12£0.18{4.00£0.26| ---  |3.01:0.08
i 2.8 - 63008 - [612:0.31
©
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Table IIL Auger Q/Ca Ratio (Peak to Peak) Following
Solvent and Glow Discharge Cleaning.

SAMPLE 0/Ca | 6LOW DISCHARGE|O/Ca FOLLOWING GLOW DISCHARGE AND
ORIENTATION SOLVENT MEDIUM EXPOSURE TO AMBIENT ATMOSPHERE
CLEANED 0.5 HR. 26.0 HR. 30.0 HR.
(110 0.3704 ARGON 0.4173 0.2926 -~-
(111) 0.3576 ARGON 0.3090 0.3963 ==
(110) 0.3704 OXY GEN 0.2959 e 0.4230
(111) 0.3576 OXYGEN 0.3128 === 0.5390
NORTHROP
Research and Technology Center
TABLE IV. EFFECT OF ARGON ION MILLING
UPON OXYGEN CONCENTRATION ON CaF2 SURFACES
Glow Exposure to O/Ca 0/Ca
Surface Discharge Ambient Initial  After lon
Orientation Medium (Hr) Scan Milling
(110 Argon 0.5 0.4173 0.1016
26.0 0.2926  0.3282
Oxygen 0.5 0.2959  0.1853
30.0 0.430  0.3097*
(111) Argon 0.5 0.3090  0.0370
26.0 0.3963  0.1975
Oxygen 0.5 0.3128  0.3466
30.0 0.5390 -

*Scan taken during ion milling.
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Figure 1 . Changes in Optical Absorptance of (111) CaF2 Following
Argon Glow Discharge Cleaning.
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Figure 2. Changes in Optical Absorptance of (110) Can following

Argon Glow Discharge Cleaning.
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Figure. 3  Changes in Optical Absorptance of (111)
CaF,, Following Oxygen Glow Discharge
Clegning.
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Figure 4. Changes in Optical Absorptance of (110) CaF
Following Oxygen Glow Discharge Cleaning.
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Figure 5. Changes in Auger 0/C_ Ratio (Peak to Peak) with
Exposure of CaF Surf?ces to Ambient Atmosphere
Following Argonzclow Discharge Cleaning.
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Figure 6. Changes in Auger O/Ca Ratio (Peak to Peak) with
Exposure of CaF, Surfaces to Ambient Atmosphere
Following Oxygeﬁ Glow Discharge Cleaning.
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Figure 7. Atomic Configuration of Two Crystallographic
Planes of Calcium Fluoride.

(A) - (111),  (B) - (110)
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