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ABSTRACT

The method of reducing the reflection losses at flass surfaces by
depositing thin [ilms of marmesium fluoride, calecium fluoride, or sodium
alumimum fluoride on the glass by evaporation in high vacuum, as perfected
by Cartwrizht and Turner #Tias been investifated 1n uew‘:a:..v..‘"‘fhe action
of the filns depends on two things: first, their refractive indexes
are mich lover than the refractive index ol glass 5o that even a thin
leyer of the film material reduces the reflection; and second, when the
films are made to be one-quarter iave-length thick for any chosen wave-
length, a minimum of reflected light intensity resultis fron interference
of the waves raflected from the front and hack surfaces of the film,

The effect of film thickness is illustrated by a calculation of the
transmission for monochromatic light of a glass plate of refractive index
}oSS coated on both sides with cryolite films assumed to have a refractive
index of 1,35, a reasonable value,, The results of the calculations are:

Transmission of bare glass . 88,4 per cent

Transmission of :l€6s coated “7ith
very thin fi 7o interference) 93,7 per cent

fismission of glass coated with
— films of optical thickness one-
r fourth wave-length 9946 per cent

The £ilms are most effective vhen their optical thiclmess is one-Ifourth
the wave-length of areen 1i-ht, about 5500 AU, in the middle of the
visible spectrum vhere the eye has maximum sensitivity,. o Films of this
thickness reflect red and blue light more strongly than“§reen and so
appear purple vhen examined in rellected lignt. Tae effegt of reducing
the reflection by the zlass is to increase the transnission; the trans-
nission of v:hite 1litht Ly a sincle crown glass surface mey\’e increased
{from 96 per cent to 99 mer cent by a purple megnesium [luoride [ilm.
The spectral transmission curve of such a couted surface, de§uced from
measurements on several olates coated i-ith the filis, may be 98,1 per cent
at 4000 AU, 99,2 per cent at 5500 AU, and 93.2 per cent ot 6000 AU.
hen the viiite 1izht trznsmission is measured with the eye as receiver,
the value obtained is usually about equal to the spectrel transmission
near the niddle of the spectrum vhere the (purple) film has hichest

t‘;;MMSsion, becsuse the eye sensitivity is low in the blue and the
by ]

Films of magnesium fluoride and sodium zluminum fluoride (eryolite)

are hard enough to withstand the handling necessary for the assembly of 4

ents, vhen the eveporation takes place at pressures lower than 107

m Hg; films of calcium fluoride are soft ond easily wiped off, Hasnesium
woride films cen be furthzr hardened hy heating to 400°C, Tais is not

necessary exicept for external optical parts subjected to Irequent cleaning;

it 1s peraaps better to leave such surfaces uncoateds Ma-nesium flucride
films ore harder than cryolite films; eitaer should be satisfactory for
Protected optical parts, Immersion in vater for severel days does not

I



impeiy the optical properties of the films although it softens them,
They ean be made water proof by waxing but with serious impairment of
the optical properties.

. e evaporation process and suitable pumping systems for producing
the requisite 1igh vacua are discussed in detail,
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351. Work on this problem was authorized by Bureau of Ships Project.
Order No. 135/41 of 26 July 1940.
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Il!mDUCTION

¥,

i® '
Des¢rintion of the Films . .

32, This renort describes the mroperties of thin Tilms of metallic
fludrides which, when deposited in the nromer thicknesses on rlass surfaces
by. the method of evaporation in high vacuum, reduce annreciably the losses
of :light due to reflection ond, therefore, incresse the transmission.
Another effect of the diminution of reflected light is to decrease the
intensity of field lizht with resultont improved contrast and effective
resolvinz power in both visual and photozraphic instruments.

T B, While the opticzl -xienonena unon vhich the action of the films
depends and the method by -fiich they are nrepared have Leen long familiar,
it remained Ior Cartwrizht and Turner(1l) to achieve practicability for the
Process by demonstrating that optical instruments so treatzd withstand
ordinary usaze and show creatly iiproved performance over similar
untreated instruments. HMuch of thie information included in this report
Va8 obtained durinz the poriod of a month that Dr. Carturi ht spent in
residence at this Laborztory.

4, The historical develoment of netiiods for increasing the
transmission of opticel surfsces nas bheen outlined by Cart'ri-ht end
Turner (1), Turner%z), and Slod;ett(3), ihile at mresent the evaporated
£1lm method is cptically the most effective mractical mesns of achieving
the result, czdvances corntinue to be made in clhenical treainent of glass
Surfaces, A recent absiract by Jones and Homer 4) descrides a method
of treating {frasihly prenared gless surfaces vith dilute acid solutions
walch v, 7, involves the formation of o trensperent surfoce film of
Silice by the removal of the hi her refractive index ovides to a depth
approximately equal to sne-fourth the ave-length of the 1i-ht for Miich
maximun transmission is desired . . . o The surface film is not noticeably
differcnt from the bese zlass in nardness. The gailn in 1i ht transmission
and the decrease in surface rellection is slizhtly less than that mroduced
by &vaporated {ilms of nctzrials of lover refractive inde: than silica."”

Evaporated Films: Summary of Known Facts

5. This report deals only with evaporated films of mzznesium
fluoride, calcium [luoride, and sodium aluminum fluoride (cryolite) for
raducing reflection, and zinc sulphide for increasing the efficiency of
half reflecting mirrors. Facts that have been determined experimentally
are surmarized below,

(a) Evaporated films of the fluorides one-quarter wave-length

of green li:nt thick increase tie over 21l trensmission
of a single crovm glass surface for visible licht from 96



A

per cent to about 99 per cent. These figures represent a
decreass in reflection loss of 75 per cent.

) Whils all the compounds named are suitable for use on

. protected optical parts, magnesium fluoride forms the hardest
and most durable films, and these films can be further hardened
by heating to 400°C. :

4) Cryolite films are moderately hard when deposited at low
B¢ pressures but cannot be made harder by heating.

) Both magnesium fluoride and cryolite films are sufficiently |
" hard to withstond sentle rubbing with cloth or lens paper
and the handling necesgary for assembly of instruments.

Calcium fluoride films are soft but of good optical. properties
F° because the refractive index of the soft films seems to be
b low,

P

) ) The production of hard films of manesium fluoride or cryolite
. requires that the evaporation be carried out at pressures less
~ than 10™4 mm Hge

) The films can be waterproofed =nd made more resistent to
abrasion by oiling or waxing, but their optical properties,
while superior to bare glass surfaces, mre inferior to
unwaxed films,

} The solubilities of the films in water are low. OSoceking the
films in water does not remove them but only softens them,

1) The freshly prepared films are good adsorbers and condense
mnristure more readily than bare glass. In aging they acquire
a monomolecular film of oil from the atmosphere which offers
some protection against moisture without impairing their
efficlency.

Q“-‘;hétive Examples

by o -2 The effect of the films in reducing the reflection of light

Y glass surfaces is qualitatively shown by Plate 1 which is z =hotograph

through two plates of ;lass, cach coated on both sides over the circular

central area with nasnesium fluoride. In making this phiotogrash the

Eﬁ;ltes vere so oriented that brizht daylight from a window vas directly

by t'l?‘ci}ed into the camerz, and vhile the intensity of the lisht reflected

T)rintei\.l.m:oa\.’oed edges of the nlates wos so great that the underlying

Yedu 8 barely lezible in the nicture, the intensity .ras not greatly

throced in passing through the low roflecting crez. Thais nhotograph

the liigh two zlass plates renrcsents traasmission by four platzs since

of ?rhig,ht reaching the camera traverged the plates twice. The transmission .

2bout 83 lisat by four such coated y~:tes is usually obscrved to be

Taese £1 per cent and of four uncoated surfaces, about 71 per cent,

4 Zures mean that a single surface of the untrecated zlass reflects
Per cent of the 1iht while the coated surface reflects 1 ner cent,

FEB 27 4%
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7 Plate 2 shows photographs of a 500 watt projection lamp
made on panchromatic film with tiwo identical Zeiss Planar f:4 lenses,
that used for the right hand picture heing coated with czlcium fluoride,
and the other uncoated. Each lens contained eight glass-air surfaces.
Multiple reflections in tae uncoated lens produced the intense flare
rings seen in the left hand photogranh and gave rise to strons; field
lizht over the ihole photogrash, but the reflected intensities were so
low that the flare imase is barely nerceptible in the right hand
photograph, the sharpness with which the gless envelope of the lamp is
delineeted is much improved, and the scattered lizht over the field is
less intense, In many photographic insiruments the gein in contrast is
more important than the increase in lisht gathering power that the films
bring about. The releotive lirzht gathering power of the two lenses cannot
be estimated from the rhotographs, but measurements of relative trans-
mission showed that of the costed lens to be 1,34 times that of the
unecoated lens,

8. Other illustrative exemples are given in the paper by Turner(z).



Chapter II.
TON OF LIGHT BY OPTICAL SURFACES
Refigetion by Glass

9. When light is incident upon a boundary between tiwo trensparent
::?:’h of different refractive indexes, as the interface between air
angd

. 8, a part of it is reflected, The amplitudes of the reflected
are viven for any anzle of incidence by Fresnel's equations,

A = o 5 gin (i -1
S s + T
fan (1 - r)

»‘:! ' &
(4]

' Reflected

amplitudes (1)

PN TN

vhere subscripts s and p refer to the components of the electric
veetor of magnitude E perpendiculer and parallel to the plane of
incidence, rggpectively, 1 is the angle of incidence and r is the
angle of refrzction. In the special case vhich will “e of greatest
interest, i = r = 0 znd the expressions sre indeterninaie since
SR (i-r)=sin (i+r)=0 and tan (1 -r) =ton (L + 1) = 0 .

In the limit, however, as i —ar —»0 , sin (i = ) —w (i - 1),
Sin (i + r)—— (i + r), ebc. and, putting i = rn where n is the
index of refraction of the medium,

- i-ry . n
AS -Es( +r) "Es(

..1)
i n+ 1

(2)

A= B (f=zry . 5 @=d
p P34 r P'n+d

The intensity of the reflected 1isht is given by the squa:'re of equations (R),

_ 1.2
R, = EFE=L)7,
n+1l

L 2m - 1y ° .
p = HE=Dh T, (3)

ol
[}

1 @=d?

or R n+ 1

vhere I = B2 {5 the intensity of the incident light,

—— -
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10 If I=1, then R is the reflectivity of the surfase,
end for)cmwn glass of refractive index n = 1,5 it r‘ldﬂlrmi“( ,
from (3) that : L

R - 0.04 s .
T = (1 —R) = o‘% 2

i : :
for a single glass surface; or for a set of plates or lenses m ¥
surfaces, ' B T

T = (L-RY,

n
neglecting absorption within the glasss

11, Table I gives velues of Ty  for several wvalues of N Lo
three kinds of glass and, in colum 5, the transmissien by surfaces
reflecting only 1 per cent of the incident light, This is about the
value to which low reflecting £ilms reducs the overall white light .
reflectivity of crown glass. The table is inserted merdly for convenience:
in forming an estimate of the improvemsnt $6 be expected by costing s
instrument of N surfaces with fluoride films, L '

12. Equation (3) gives the reflection by a glass surface iu* b4

with air, If two optical surfaces of sny refractive indexes. o
are in contact, the reflectivity is givwa by . - W =

o

2
Ny =

R = (L28)
my + g

Which shows that if glass is covered with a layer of any material of
];C‘Wer refractive index, as water, the reflection by the water-glass
interface is considerably reduced and the total intensity of the
reflected light, made up of the part reflected Ly the air-vater surface
and that reflected from the water-glass surface, is less than the
intensity of the 1light reflected by a single bere giass surface, If

Dylass ™ 1.5 and anter = 1,33, then

Rygtep = (22022 1)** 0.0196 ,

1,33 + 1
B L 1 EE R
R e (leS = 35)" « 0,008 .
water-glass 1.5 + 153 ‘ v
interface '

If light of unit intensity falls on glass covered with water, the
‘ransmission factor is

T = (1-%) (l—R'g) = 0,977
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0. If Te=1,then R is the reflectivity of the surface, BT
and for crown glass of refractive index n = 1.5 it readily resulte EE A
from (3) that N e

R - 0.04 ] .
T = (1 ““R) - 0.% s

5r a single glass surface; or for a set of plates or lenses presenting N
suriaces, ’ . ‘ ‘

T, = @ -R¥Y, ~ (4
neglecting absorption within the glass.

11. Table I gives velues of Ty for several values of N "for
three kinds of glass and, in column 5, the transmissien by surfaces
reflecting only 1 per cent of the incident ii¢ht, This is about the
~alue to which low reflecting films reduce the overall white light ‘
reflectivity of crown glasse The table is inserted merely for convenience
in forming an estimate of the improvement to be expected by coating an
‘nstrument of N surfaces with fluoride films.

. 12, Equation (3) gives the reflection by a glass surface in contact
vith air, If two optical surfaces of any refractive indexes m and np

are in contact, the reflectivity is given by

. i,
R = (21 7Ry . (s)
nl + nz

which shows {hat if glass is covered with 2 layer of any material of
irwer refractive index, as water, the reflection by the water-glass
interfsce is considerably reduced end the total intensity of the
~oflected light, made up of the part reflegted Ry the air-water surface
73 that reflected from the water-glass surface, is less than the
itensity of tae 1light reflected by a single bare glass surface, If

nglass = 15 end B water = 1.83, then

Rrater © (233 =1 )2 = 0,019 ,

1.33 + 1
R - (1.5 - 1.35_')2 = 00,0036 .
water-glass 1.5 + 1,35
interface

© lirht of unit intensity f£alls on glass covered with water, the
- *Smission factor is

T = (1 -Ry) (1—ng) = 0.977

is vreater than the transmission by a single bare glass surface, -

-— -

i
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13, This, however, is not the complete description of the actiqn-ot

metallic fluoride films in reducing the reflection. A more complete
discussion follows. :

Thin Film Interference

14, The reduction of reflection losses at glass surfaces is achieved
in the nethod of Cartwright and Turner by depositing on the glass a thin T
filn of a metallic fluoride (chosen because of their low refractive indexes "
and their mechanical properties) of such thickness that the wave trains J
reflected from the front (air to £ilm) and back (film to glass) surfaces 25
have a phase difference of one-half vrave-length and interact to gzive a L ~,}';ﬁ
minimum of reflected light intensity by interference. The reflected , ‘g
intensity is even less than that obtained by covering the zlass with a
very thick (or thin) film of lower refractive indgx as in paragraph 12, _

1s, Plate 3 represents a plate of glass G, refractive index Bg s 14
covered by a £ilm F of refractive index ny and thickness t , A beam ‘
of light, AB, incident on the film will be in part reflected along BH and - .
in part transmitted along BC . BC in turn is in part reflected along CE . :
and EG and in part transmitted into the glass along OA' o It is necessary
to determine the conditions under vhich the two reflected wave trains BH' -
ad LG will combine to give a minimum of reflected light intensity by
interference for light of any wave-~length X , which is to say that the
¢onditions under which BH and EG differ in phase by 1/2 A must be .
"o c

16, It is a consequence of equations (1) - (R) that since

fp >1, AB undergoes a vhase change of 1/2 A upon reflsction from

e film, and, if n_ > ne , BC suffers a phase change of 1/2 A upon
“:flection at the fiim-—glass interface, so that the process of reflection
-ilroduces no phase difference, However, the emergent imve travelling
/long B has traversed a distance (BC + CE) - BF greater than that
zvelled by BH , and e part of this path 1lies in the film material of
“wiractive index ng , so that the additional path travelled by IG is »
“Mivalent to an airpath of length ng (BG + CE) - BFe It is 'shown on o
‘late 3 that the retardation of IG over BH is ‘ T

A EG~BH

7ere i i the angle of incidence at the film-glass surface and t is
L—~1‘3.film thickness. Since for 2 minimum of reflected light intens ity
' ihterference

= 2ngt cos i, (6)

A= 1/2 2,
* Tollows that the £ilm thickness mast be such that e
2ngtcosi = 12N,

(7)
npt cos i = 1/4 X .
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13, This, however, iz not the complete description of the action.of
metallic fluoride films in reducing the reflection. A more complete
discussion follows., .

Thin Film Interference

14, The reduction of reflection losses at glass surfaces is achieved
in the nethod of Gartwricht and Turner by depositing on the glass a thin
{iln of a metallic fluoride (chosen because of their low refractive indexes
nd their mechanical properties) of such thiclmess that the wave trains
reflected from the front (air to £ilm) and back (film to glass) surfaces
heve a phase difference of cne~half wave-length and interact to give a
ninimun of reflected ligcht intensity by interference, The reflected
intensity is even less than that obtained by covering the zlass with s
very thick (or thin) film of lover refractive index as in paragraph 12,

15, Plate 3 represents a plate of glass G, refractive index ng ,
-overed by a film F of refractive index ng and thickness t . A beam

T light, AB, incident on the film will be in part reflected along BH and
< part transmitted along BC o BG in turn is in part reflected along CE
"id EG and in part transmitted into the glass along CA' + It is necessary
> determine the conditions under vhich the two reflected wave trains BH

©d TG will combine to give a minimm of reflected light intensity by
-“terference for light of any wave-length A , which is to say that the

- “ditions under which BH and DG differ in phase by 1/2 A must be
VM,

16, It is a consequence of equations (1) - (2) thflt s:"ane

>1, AB undergoes a whase change of 1/2 A upon reflection from
film, and, if n_ > ne , BC suffers a phase chenge of 1/2 \ upon
¢ction at the film-glass interface, so that the process of reflection
coduces no phase difference, However, the emergent iave travelling
2 EG has traversed a distance (BC + CE) - BF greater than that
/2lled by BH , and 2 part of this path lies in the film material of
“ractive index ne , so that tie additional path travelled by EG is
"ivalent to an airpath of length ngp (BC + CE) - BFe It is 'shown on
#te 3 that the retardation of EG over BH is

r: B!

o
L

A mopy = ®ngb cos i, (6)

" 1 is the angle of incidence at the film-glass surface and t is
" film thickness. Since for a minimum of reflected light intens ity
 interference

A= 1/2 by )
- °lovs that the film thickness must be such that
Rngtcos i = 1/2 %,

(7)
npt cos 1 = /4 N




] () .
Jsually, the light is incident normally so that 1« 0, cosi#1, and
the condition to be satisfied is

net = 1/4 2. (8)

17, Equation (8) shows that to bring about a minimum of reflected o
Lzt intensity for any wave-length \ , the product of the index of o
refraction and thickness of the film must be equal to one-~quarter of the
“ave-length, Obviously, a film producing minimum reflection for one part

20 the spectrum will not be of the proper thickness for other wave-lengths.
in practice the film thickness is made to satisfy (8) for A about 5500 AU}
it will be seen later that such a film is very effective over the visible
spectrum,

fzlation Between Refractive Indexes of Gless and Film Maberial

18, If the wave trains BH and EG are in opposite phase most
mhlete interference will exist when, in addition, their amplitudes are
:_:T‘lal. .

The amplitude of BH is given by

nf -1 M 9
e T EEY - )
<4 of Eg by
T Sk ' ()
Apg CE " R

g-rnf

n *ihis calculation the small correction for multiple reflection is
lected, ‘

-

19, Thus, if Agyg ™ Agg »

- - 1. \
np~1 _nmg-typ (11)

"M which it turns out reedily that the b”t velue for the refractive

“dex of the film is _
nf - \/ng (12)

-2 ideal film matérial for use on crovm Zlass would have a refractive
FeX ng = 1,225 , and for denser glass Ng = 165 , ng = 1,28 . The
"*tallic fluorides used as film meterial have refrective indextes somevhat
;'i;:'“.er than these values ; they are nevertheless the materizls most nearly .
ro:;g; Zhe ideal conditions while at the same time having good mechanical
Troperties,
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Ifect of Film Thickness

R0, It was pointed out in paragraph 12 that as a consequence of
cquation (5) the reflectivity of a glass surface is reduced if it is -
covered with any transparent material of lower index of refraction, say,
@ lhin (gray) film of cryolite. This has led French(5) to the erroneous
sonclusion that, practically, there is nc advantage to be derived from
rentrolling the film thickness. That is (he concludes), so long as the '
“128s has a fluoride film of any thickness on it the result should be C
satisfactory, In support of this contention he calculated the effect : ;

- tryolite films of refractive index np = 1,35 on dense glass, ng = 1465 ‘ }
“hout regard for phase, This is the same type of computation that was ‘ i
w2 in paragraph 12, ;

21, The reflectivity of the uncoated giass surface is -

. R
Ry = (285 =1)" = 0,06 ;
1.65 + 1

Tl = (0,94 ,

“ransmission of the plate (two surfaces) is -

T, = (0.94)% = 0,884 , !

o the glass is coated with a film of refractive index 1,35 and no

~t of interference is taken into consideration (as is allowable for
a4 t:in film) the calculation of total reflected intensity is made

13 3TCps: “

Reflectivity of air-film surface

R, = (ke85 -1)% . 0,022 ; -
1055 + l

Tf = 04978 H

Reflectivity of film-glass surface

(1e65 = 1,35)% « 0,01 ;
1465 + L1u35

R

]

fe

T 0499 o

]

fg

“Imission of the glass plate coated on both sides with such a

T, = (0.978 x 0.99)% = 0,937,

—5SJ rlass transmits 5,3 per cent more light than the unccated glass.
-2tes that this calculated gain is in accord with actual results
=4 lis institutions, It seems likely that his observations were

- Stroud, Ltd., Glasgow.
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=~de on films of proper thickness, for while the calculation is correct
*ilms too thin or too thick to show interference colors, in other
3 the [ilm thiclmess profoundly affects the reflected lizht intensity
', therefore, the transmission of the glass.

RR For example, if the effective film thickness is cne-quarter
rra-length so that equation (8) is satisfied for some wave-length \ , the
“v.3 reflected from the front and back surfaces of the film differ in
e by 1/2 X, and instead of adding intensities as in the calculation
~v2, amplitudes must be added vectorially. If the intensity of the
ident light is unity the amplitude of the wave reflected from the alr-
-1m surface is -

A

S e

A = 1x2e35=1 2 o049,
1055+1 }‘

Re = (0.149)% = 0,022 .

 intensity reaching the film-glass interface is (1 - 0.,022) and the (
~litude of the wave reflected at this interface is -

o 1,65 — 1435 0.098
hgg = (1 - 0.022) (Pfeeiyige) = 0.098 .

*rictor sum of these amplitudes is given by - ;

et
A

AR = R = Afz + Azfg + 2Ai‘"\fg cos 2n ) (13)

an’o
A

) is the ohase difference between the reflected waves,

toiz cose equal to n since

a A
Enft -—2—- .

“t"tution of the numerical values gives -

R = (0.149)% + (0.098)% - 2 x 0,149 x 0,098 = 0,0026
trunsmission of the two coated surfaces for wave-length N\ 1is

T = (0,99’74)2 = 99,5 per cent

“io loss is only 0.5 per cent as compared with 6 per cent in the case
“red oy French,

R Even teking into account the fact that the calculation was

"3 .acnochromatic 1isht and that the overall transmission for vhite
rould be a little less then this, it is apparent that £ilms of the

©~ thickness should be usec, The experimental results of transmission

-romants discussed in the next chapter further emphasize the point.
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fishow that those films which sive rise to maximum trensnission at
85500 AU where the eye has maximum sensifoivity are the most satis-

* Reflecting Films

T As a further example of the effect of film thickness the calcu-
Just made can be repeated for a film of such thickness that

net = 1/2 A ;

‘nves reflected from the air-film and film-glass interfaces are in
d their amplitudes have the same sign so that a maximum of

fted intensity by interference results.. Taking values from

A% = R = (0,149)%+ (0.098)® + 2 x 0,149 x 0,098 cos 2n = 0.042

ve-length A\ . This value is nearly as great as the reflectivity
uncoated glass, It is, indeed, greater than the reflectivity of
shed slab of cryolite -hich was found (paragraph 21) to be 0,022,
N
3RS, Awareness of these phenomena of interference led Pfund(G) to
3 mekhod for producing highly efficient half reflecting nirrors for use
in fsstruments such as the Gauss eyepiece, the netallographic
micl"mcope, and the lichelson interferometer in which it is necessary
thak3ieht from an external source be reflected by 2 mirror to an object
to b’ viewed and subsequently transmitted by the same mirror to the eye
of e observer, The ideal half reflecting mirror would reflect 50
Per oant of the light and transmit 50 ver cent, giving a nroduct of
reflgtion and trensmission of 25 per cent. Glass pletes, sometimes
used for this purpose, reflect 10 per cent and transmit 90 mer cent when
the adgle of incidence is 45°, The overall efficiency is thus only

per cent, Half silvered mirrors, while transmitting 50 per cent of
the I4ght, may reflect only 30 per cent, the remainder besing absorbed,
So that the product of transmission and reflection is about 15 ver cent.

. R6, Pfund was able to »roduce half reflecting mirrors havinz a
Produet of transmission and reflection of 23 per cent. His procedure
;’:glin every respect like that much later used in making £ilms of low
p eetivity except that a film material (zinc sulphide, n = 2,37 )

:hogiegh index of refraction and therefore of high reflecting power was
n,

a and the thickness of the evaporated film was made to be suca that

the of reflected light intensity resulted for all vave-lenzths in
o t}V;"I.S."L‘t?le. This means only that in depositing the film the evanoration
appe € zinc sulphide is continued through all the color stages that
apgéar n a vertical (wedge-shaped) soap film until eventually the film
o ars not colored, but white. Such a film has a higher reflecting
parer than o polished slab of zinc sulphide for the reasons given in
effagra,ph *4 and absorbs very little light, so that it forms a nizhly
leient half reflector.



7. Pfund has given the following data:

Reflector Reflecting Power
Single glass surface § per cent, calculated
Single ZnS surface 17.3 per cent, calculated
Clear cover glass (2 surfaces) 10,0 per cent, obesrv
Single white ZnS film on glass 51.0 per cent, observed
Yhite ZnS film on both sides
of cover glass 40,0 per cent, observed

Reflection Transmissipn Absorption - -2,

Half silvered mirror 27 per cent 50 23
Waite ZnS on both sides
of glass 41 57 2

‘nile the efficiency of the half silvered mirror was only 13.5 per cent,
that of the zinc sulphide was 23 per cent, only 2 per cent less than the
tireoretical maximum,

°8y  Pfund evaporated his films at a pressufe of 5 x 107% mm Hg
"nd found them to be soft and easily wiped off. Films of zinc sulphide
“veporated in this Laboratory at a pressure of 10™° mm were hard and
r:sistant to rubbing, The films are not readily soluble in water and can
 Waxed for added protectiong :

R9y lzeverting to low reflectivity films, Cartwright and Turner (1)s (2)
d Blodgett(®) nave given cclculated curves showing reflectivity over
;"f'}e Spectral ranges which illustrate well the changee that take place

> the wave-length is varied from values for which net = 1/4 A to those
rhich net = 1/2 A as discussed abave,

!




Chapter IIT.
EXPLPIMENTAL RESULTS

The eight interior surfaces of six sets of 7 x 50 binocculars
ted with various metallic fluoride films for the Washington Navy
Dptical Shop. The two external surfaces were left uncoated because
At time the vacuum sysiem was not producing pressures sufficiently
r the production of hard films. The transmission factors of
instruments for visible light were measured at the Optical Shop,

e data were transmitted to the writer by Commander B. B. Adell.

re given in Table II.

51, The transmission factor of the uncoated binoculars was 0.55.
coating the transmission was about 0,72, The data of Table II show
generally the two barrels of each binocular were alike within the
ental error of such meazsursments with the exception of Mo, 1028

¢h the transmission of the left barrel was 0,80 and of the right,

- Taking 0,72 as a feir average value for the transmission factor
coated instruments the effect of the films in raducing reflection
3 can he calculated,

24 Let r be the reflection coefficient of each glass surface
uncoated instrument., Since theres are 10 such surfaces the
ssion is -

T o I = (1-1r)10s), (14)
IO

"h‘l% I, is the intensity of the incident light, I the intensity of
thﬁ_ rensmitted light and f(a) represents true absorption by the glass,
S 1y, for the instruments in vhich elght surfaces were coated,

T o= I'aa-r)?@Q-r)8 (), (15)
I

whe'} r!' is the reflection coefficient of a single coated surface,

;g;s. Dividing (15) by (14),
‘ T 1 -t 8 ) )8

= (32 - (2

I (16)

:Ze” t and t' are the transmission by single bare and coated surfaces,
T'S?Ctixrely, and do not involve absorption by the gless. Upon nutting
0.7 and T = 0,55 in (18) ,

t
—+ = 1.035,



L \

d be 0,973,
The highest observed value of Tt was 0,80 vhich lpads to -

4

% = 1,047 ,

glass, t = 0,96, t!' = 1,005, so that the value 0,80 is hizher
4 1d be possible if all the coated nerts were of that glass,

t = 0,94 (flint glass),
o= 0,97,

s reasonable and even 2 little lower than the result that might be
B#d with high index zlass because the condition of equation (12)
faph 19) is more nearly met when ng is large. The instrument

B high transmission was coated with soft calcium fluoride films

Y of much lower refractive index than the parent crystals#; it is
jyessarily to be concluded that transmission factors of 0.80 could
Fistently obtained for such instruments vhen hard films of cryolite
Resivm fluoride are used. '

; .- two outer surfaces of each barrel were in all cases left
for the reason given above that hard films could not consistently

ed with the equipment available when the work was done, The

ion that would be obtained if all the surfaces were coated can

flated readily, Taldng

1
- 1,085
Kinsle surface -

10
Tt 41 T
T (%) = L0=5ET

Tt = 0,77 .

: Jith increasing use at sea of instruments that have been
rith non-reflecting £ilms it will become clear whether outside

I8 should be left bare or be coated. The additional gein in trans-
. °f 5 per cent that would have resulted by coating the external

B of these instruments is not es important as the reduction in
gon of stray lisht into the observer's eye by the eyepiece,

‘sion Measurements
In order to determine quantitatively the optical nroperties

US types of films many small squares of crown glass were coated
8ldes and examined in stacks of five, comprising ten reflecting

Te(1) for a discussion of the effect of hardness on the index
raction,

13-
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@{ the transmission of an untreated gless surface were 0,96 (n » 145},
f a treated surface would be 0,993 sorif t were 0.94 (n = 1.8 s
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g In this way the difficulties of making nrecise measurements on
ngle highly transmitting plate were avoided. In addition, a better
iption of the averaged effect of several films was obtzined because
mall inevitable differences between individual films were effective
e overall measurament as they would be in an assembled instrument.
¥ly, the films were deposited on the five nlates of each steck
Btaneously; each stock therefore represented films all nearly alike,

& Spectral transmission curves were determined over the wave-
@n interval 4000 to 7000 AU with a Gaertner monochromater. A photo-
"V' ¢ cell and high sensitivity golvanometer were used to measure

gking the ratio of galvanometer deflection with the set of plates in
Mrallel beam of light to the deflection with the plates removed,
#sponse of the photo~voltaic cell was linear over the intensity range
b'Was used, The effective slit widths were about 35 AU at 4000 AU and
85 Ak 'at 7000 AU. The measurements were sufficiently precise that the
dral transmission curves of ;lass filters determined with the Hardy
$rophotometer 2t the National Bureau of Standards could be reproduced
in + 0.5 per cent.

‘.7'9‘. Curves representing the transmission of several sets of bare
 @Pated glass plates are given in Plates 4 to 2.

i o Daylight transmission measurements were made for some of the
of plates and these are niven on the right-hand side of the curves
¥lch they apply. These measurements were made visually with a2 Macbeth
i1 ;" ometer which contained an suxiliary blue filter to provide accurate
colorf"natching of the standard (tungsten) source and the north deyli-zht
for iich the data apply. The transmission factors that were obtained
repreient the integrated -roduct of spectral transmission, spectral
distfbution of enerqsy in daylizht, and eye sensitivity, and they are
therﬁﬁore 2 measure of the visible effect of the films on transmission.

4. For the purpose of descrintion it is convenient to refer to
f-‘l’}e volor of the films as seen in reflected light., 2 murole £11m has
2ighest transmission for green light (A about 5500 AU) and reflects the
red and blue slightly more stronzly than the green. Such a film is
of the correct thickness for best performance in the visible, A thinner

1 shows least reflection in the blue and, appearinz red in reflected
Light, i5 described as "red." In the seme vay, thicker films transmitting
zed light most copiously are described as "blue." It will he seen that
he daylight transmission of the red or blue films is not greatly inferior

to that of purple films, although the latter are to be preferred,

bot 42, Plate 4 shows the transmission of five plates eaci coated on

oth sides with UgF, films that appeared purple in reflected light and

Eg:Wed maximum transmission at about 5500 A.U.. The transmission of the

orie.cover glass shows that it absorbed red light rather strongly, The
in of the glass is not known.

of 43, By a calculation like thet of paragraph 32 the transmission
curi Single coated surface was obtained end is showm in the detcoched
e at the top of Plate 4, This curve obviously represents an average

e o
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e individual transmissions of the 10 separate films and therefore is
representative of actual effects to be expected in instruments than

P a czlculated curve or a set of measurements made on one well chosen
Bl plate. .

14 Plate 5 shows the transmission by two separate sets of MgF
b crown glass, the one set purple and the other blue., The c‘iayli
jission factors of these plates are given to the righi of the

L and the reduced data for single surfaces at the top. The blue
B vere quite vivid in color and transmitted A 4000 AU very little
¥ than the uncoated glass, The naximum value of the transmission
¥is not so high (87 per cent at 6000 AU) as is the meximmm to which
fansmission of the purple plates of this and the preceding figure
(90 per cent at 5500 AU), although the daylight transmission

gP do not differ greatly, “eing 90 per cent for the vurnle plates and
veent for the blue,

It was generally found that the transmission for ifiite light
j#d with the eye as detector was about as great as the spectral
ission near the middle of the spectrum ‘here the eye is iost sensi-

s - Plate 6 shows transmission curves for plates coated with CaFy
f the reddish purple set being too thin and the blue films, too

& The daylight tronsmission factors were about the same, 83 per

* the red and 85 per cent for the blue plates, The two trans~

| curves are nearly alike through the middle of the spectrum
again, seems to control the effect on vision through the coated

L of Staggered Film Thicknesses

The question arises, what is the combined action of a red film
rface with a blue film on the other surface of a glags plate?
of Plate 6 permit a calculetion, for by taking the products of
Mnates at each wave-length, the transmission by 10 plates, half of
i'e coated with red films and half with blue films, is obtained,
ult of this operation is shown in Plate 7-a. Curve 7-b was obtained
fring the ordinates of the transmission curve for the purple films
M by Plate 5. The transmission of 10 bare glass plates is also

Comparison of curves a and b shows that there is no
in making part of the films in a complex instrument blue and
d, for vhile such a -wocedure flattens the transmission curve
fore leaves the transmitted lizht more nearly white, the use of
e films trensmitting best in the region of naximum visual acuity
® the higher transmission because the two curves are nearly alike
WP to 4500 AU and from 6500 to 7000 AU where eye sensitivity is

If the films are to be used in a photograrhic instrument
€ more desirable that a combination of several thicknesses be

14 nayy
sod

useq
£11n

order that (small) corrections to color sensitivity data of the
Nedd not be made. The importance of the effect of a coated lens
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Ehlor values is probably not great, However, a pholographic lens to be
g most, of the time in near infra-red, for example, might well be coated
‘films appropriate to that regions For X 10,000 AU the optical
ness ngt = 1/4 A would be 2500 AU. This is one-half wave-length
(gpeen light (A 5000) and such a £ilm would, by paragraph 24, reflect

B light strongly,

50, If stacks of 5 blue and 5 purple plates are placed side by
sigfton white paper and viewed in daylight, the difference in color of

. ansmitted light is easily observable. The paper appears yellowish
gh the blue plates and vhiter through the purple plates,

Sle Plate 8 shows the transmission by 5 plates cocted with

1% te films, slizhtly too thick, and 25 with the best {ilms of 1igFo
0Fo described on other plates, the maximum transmission did not

ove 90 per cent which corresponds to transmission by a single

e of 99,2 per cent, This seems to be about the highost value
ble with films on crowm glass,

Proofing

W52, Films on 1igFp may, after hardening (paragraph 117), be oiled
or Waxed, whereupon they become water-proof and, by reduction of the
coe dcient of friction, more resistant to abrasion. Both of these
resits are desirable, tut they camnnot be obtained without optical
Sacpifice. Plate 9 shows the results of a sequence of operationson one
L8 films, The glass plates (curve a) were coated with purple ligFq
on both sides and the resulting transmission curve b was of
taniliar type., The plates were then waxed (Simonize) and polished
% lens paper. The transmission curve ¢ shows that while they remained
Su or to uncoated glass, they were decidedly inferior to the unwaxed
filis, After being waxed the films were pale blue in reflected light.

A

83, They were then reheated in a small oven to about 200°C, so
tha-t the wax evaporateds The films regained their original nurple color
and ~}the new transmission curve (d) was sliyhtly higher than the original
Curvd. They were also as easily wet by water as before waxing,

4, The optical effect of the wax seems to be simply the addition
of & layer of higher index of refraction over the non-reflecting film
30 that nearly as much light is lost be reflection from the vox surface
28 would be lost at a bare slass surface. A precise value for the index
°f‘ refraction of the .ax is not of importonce but for such comnounds of
11gh molecular weight it veries from 1l.46 to 1l.48. It is possible to
¢2leulate the refractive index of the films, wmwsaxed and waxed, from
Measurements of the transnission of a stack of plates, The calculation is
’;mch 8implified and not put freatly in error if the assumption is nade
hat the light suffers no changes in intensity as the incident beam proceeds

Tough contimuous layers of wax, £ilm, and g¢lass, so that at each

fUndary the amplitude of the reflected wave is assumed to be -

A w M1-Dp
nl+n2
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(
ad of more correctly -
A« p1-T2
M+
E 1is the amplitude of the incident wave at that boundary. In other
thé amplitude of the incident wave is assumed to be unity at every

face, and since its actual departure from this value is not great,
ious error is introduced.

’

kR of Refraction of the Films

From Plate 9, the transmission factors for 5 plates of glass
SO AU are -

Tbare * 0665
Tfilm = 0'885

Twaxed ® 0«72

1 ansmission of a Bingle coated surface is given by ‘-

s ( e )1/10 1,029
— gy | — - .
4, Ty ’

refractometer and found to be 1.52 so that a single surface of
re glass reflected 4.25 per cent of the incident lisht, Therefore,

t, = (1-7r)=0,9575,
tp = 1.029 x 0,957 = 0,985 ,

R = 0,015 .

m is -
A = (0.015) % = 0,125

_intensity of the incident light is unity. This amplitude is the
sum of the amplitudes reflected from the front and back (film-glass)
88 of the film,

is assumed that
nf - l

A, =
£ S—
nf+1

(7)

Agg = Ng = 0f (18)
ng + nf




)
Since these amplitudes are in opposite phase, their resultant is given by
R = (A = Agg)?

and this is the intensity of the reflected light.

56, Putting into (19) the expressions for Ap and Afg given
above and setting _

n, = 152 and R = 0,015,
the resulting solution for the index of refraction of the macnesium
‘luoride films is

nf = 1‘4 .
This value seems undoubtedly to be too high - the indexes of refraction
of crystalline MgFp for the ordinary and extraordinary rays are 1,378 and
1.390, respectively, and it is not expected that the films ever have
“igher refractive indexes than the massive material. The cause of the
defect is obvious: since the calculation was based on the average effect
»f 10 separate films, none perhaps of precisely the right thickness at
the wave-length chosen ,» the calculated value of ng is only an apparent
"*lue for the 10 £ilms collectively and not of great significance vhen
‘Pplied to a single filme

57. For the sake of argument, let this value be assemed for ne 3
it aprarent index of refraction of the wax required to lower the trans-
‘ission from curve b to curve ¢ of Plate 9 can be calculated under the
"llowing simplifying conditions:

The namesium fluoride £ilm is assumed to be covered with a layer of
~* 30 thin that the waves reflected from the front and back surfaces of
- V3X are in phase s and the nhase difference between waves reflected

17 the vex~film and the film-gless interfaces is to remain 1/2 1.
m~n

-1
A = Dw (19)
n, + 1
-n
Avax-£ilm = -—-—-—-—z . nﬁ (R0)
) = fg ~- Bf 21
Afllm--gla.ss hg + nf - (21)

©7sultant reflected intensity from the composite surface is

Ry = (A * Ayp - Agg)®

L From the data of Plate 9 the ratio of the reflection by a
"iln to the reflection by a bare glass surface is given by -

(22)

. 18-




1 ~ Ry o T (5 waxed plates) 1/10 « 1,0086 (23)

1l Rg T (5 bare plates)

lince ‘0

ng = losz ’

R - 0.0425 H
g

wnce, from (R3),
R, = 040343 .

-utting this value~for Ry in (22) and pubting (19), (R0) and (21) with
“umerical values for n, and Dp in (22), the resulting value for

“uired to produce the effect of wax on fhe films shown on Plate 9 is ~

nw - 10487 .

"3 ealeulabion is of course not exach and not of significance except
1 the result is inm agreement with known refractive indexes of high
deenlar weight waxes.

99, The actual indexes of refraction of individual films are
iubtedly lower than the value l.4 given aboves The calculation of
~rraph 50 has been mede for a better set of maznesium fluoride films
““iaich the average transmission of single films was 0.99. The
1ting value for the index of refraction was

nf = 1.55 .

nother case of a good single plate for which the transmission of a
"I~ surface was 0,995,

nf - 1332 .

_ <19~
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Chapter IV.
VAcm SYSTEM

80. The hardness of the films and the speed and ease with which
they can be produced depends largely upon the excellence of the vacuum
system, The principal requirements are fast pumping speed and simplicity
of manual operations so that the operator can give his attention more
closely to the primary function of carrying out the finishing step in
the menufacture of fine optical parts.

6. The pumping system must be capable of reducing the pressure
from atmospheric to 10~4 mn Hg within a few minutes, and this pressure
must be maintained and preferably lowered during the actual evaporation
of the fluorides which themselves may give up occluded zases when heated,
The bell jar in which the evaporation takes place and the metal base
upon which it rests present large adsorbing surfaces which give off gas
during the evacuation. This condition is aggravated somevhat because
such a system is comparatively dirty; each evaporation deposits fluorides
on the interior surfaces, and frequent cleaning of the bell jar is required,
Time so occupied will be 2 minimum if the pumping speed is high enough to
overcome the outgassing of the walls, even when they are dirty.

62, A complete discussion of vacuum technique would be beyond the
Scope of this report and is nobt necessary. Several books on the subject
are available, Of these L. Dunoyer?”, Vacuum Practice (Bell, 1926) and
John Strong(a), Procedures in Experimental Physics (Prentice-Hall, 1938)
are especially useful. The latter contains in addition to useful notes on
the design and construction of vacuum systems a great deal of information
concerning vacuum waxes, gaskets, and special nrocedures not collected
S0 completely elsewhere, For convenience & partial list of manufacturers

of special equipment is given in Appendix A.

Diffusion Pumps

63, L general de g iption of various types of diffusion pumps
has been given by Strong? 3‘, They can be made of metal or glass and
contain ejther mercury or certain stable, low vapor pressure oils as
Pimping fluid. Mercury pumps require a cold trap for condensable vapors
mﬁintained at the temperature of solid COp or liquid air to prevent
diffusion of mercury back into the bell jar, because the vapor mnressure
of mercury at room temperature is about 10-3 mn, 10 to 100 times higher
the pressure to which the bell jar must be evacuated., “thile a trap
cooled by golid COp, temperature -~78°C, reduces the mercury vapor pressure
sufficiently, the ice formed in the trap by condensation of moisture has
at temperature a vapor pressure of about 4 x 1074 m Hg and, conse-
:.uently’ a dish of phosphorous pentoxide must be placed in the bell jar
? remove water vapore This method is effective but slow, The difficulty
z:ﬂ be avoided by cooling the trap with liquid air, temperature -178°C.
0 this temperature both water vapor and mercury are effectively reroved
Tom the high vacuum side of the systeme

() ops cit., Chapter 3.
L -20-



84, An undesirable action of the trap is in reducing the pumping
speed, for the gas must follow a devious path in traversing it rather than
moving directly toward the pump, The realization of high speed requires
not only that the pump be inherently fast but also that it be connected
to the bell jar through tubing as short and as wide as possible with few
bends and obstructions.

65, The all glass single Jet mercury pump that was employed in
this investigation is shown to secale in Plate 10, The drawing needs
little explanation. The mercury was heated by the 220 volt nichrome
heater operated on 110 volts, The stream of mercury vapor passing downward
through the jet J sweeps with it air molecules that have diffused from
the intake pipe into the rezion around the jet. The water jacket condenses
the mercury vapor which then returns to the reservoir, the air being
removed by a mechanical fore-pump connected to the exthaust of the
diffusion pumpe The trap T was cooled by filling the vacuum flask with
a mixture of dry ice and alcohol, or liquid air. The arrows indicating
direction of flow of the gas show how such a trap impedes it. Although
moré efficient traps cen be constructed (several types are described
by Strongs), this type was desirable in the present investigation
which was conducted in part in the humid summer months when formidable
collections of ice in the trap were sometimes encountered. The trap
was easily warmed to free it from water by removing the vacuum flask
contdining the refrigerant, but this could not have been done so easily
with'a trap vhich itself served as container for the refrigerant as is
the ¢ase in most of those designed for greater speed.

66, This pump was adequate for the purpose to which it was put,
The lowest pressure attainable in the system was 10~5 mm Hg, About 15
or 20 minutes were required for the evacuation of an 18 liter bell jar
to § x 10~5 mm,

67, Larger (faster) mercury pumps can be constructed of steel
thai of glass but a glass pump is more nearly free from internal disorders
such as rusting, and the state of cleanliness of the pump can be determined
by visual inspection,

0il Diffusion Punps

68, Hany of the limitations of mercury pumps have been overcome
by perfections in the development of oil diffusion pumps., Descrintions
of sevefe.l forms of these pumps have been ziven by Strong(8) and by
Hickman(9), They offer the primary advantaze of greatly increased
Pumping speed shich comes about itnrough the use of low vapor pressure
0ils ag pump fluids in place of mercury so that for ordinary purposes
10 traps are necessary., The lowest pressures that have beén obtained
”}th Such pumps without traps are, according to Hiclc'nan(9), Re5 % 10~7 mm
With multiboiler pumps containing Octoil (R-ethyl hexyl pthalate) and '
5 X 1078 mn with Octoil =8 (R-ethyl hexyl sebacate). Use of a cold trap *
3 with mercury pumps would permit lower pressures to be reached, but ‘ ;
this 1s not necessary for the purpose of making evaporated £ilms,

* . Strong, p. 122.

(8) Strong, Chapter III.
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69, Even thouzh its vapor pressure is low, oil will diffuse back
into the bell jar, and unless such back streaming is eliminated the oil
will contaminate all parts pleced in the vacuum system and bring about
muich trouble, Elimination of back streaming is accomplished by the use
of baffles placed in the intake line and So designed as to condense oil
moving toward the bell jar whili decreasing the effective intake area
as little as possible, Hickman(9) has described such baffles and, in
varticular, a conical baffle discussed in more detail by Morse(loi which
they have found to be effective, The action of such baffles can be
understood from the description of one type which is said to be fairly

effective: it consists of a right angle, water cooled turn in the intake
line of the pump.

3
%

Choice of Diffusion Pump

70, Among physicists there is no consensus at the present time
as to the preferred tynme of pump, oil or mercury. This means that either
iype is satisfactory. Because of their very great pumping speeds and the
Success that other workers have nad with them in making evaporated films s
oil pumps are perhaps to be preferreds Typiczl performance data were
recently given to the writer by Dre. R. S. Morse# who stated that at the
Uational Research Corporation where an oil pump of capacity 100 liters/second
is used, the elapsed time between placement of one set of uncoated lenses
in the bell jar and the next set is seven minutes, At the commencement
W the actual evaporation the vressure is 104 mn Hg and at the end it
15 10" mm, This performance is excellent. Dr. Lorse uses one of his
7'M conicel baffles and has had no trouble with oil entering the bell jar.

7. In recent correspondence with this Laboratory one manufacturersst
“serited two pumps waich seem to be adequate for such work, One, a zlass
2ol nunp, vas described as follows: "The glass-metal hig‘n speed
‘1iTusion purp has a speed of over 200 1/s at 10~4 and 10~ mm, and will
“'ofuce an ultimate vacuum of 109 mn, and operates efficiently at a
“cking preszure of 0,15 MR o o o o

., %« The second pump that they recommend is: UA recently developed
+72tal vertical pump which has a speed of 300 1/s and will operate

Cuinst a }gacking pressure of 0,10 mm and will produce an ultimate vacuum
100 mm o, o, . W

73.  The desirable characteristics that these pumps have in
Tonare high speed and efficient operation at high backing pressures,
i wiill operate well with a fore pump of 0.5 liter/second capacity,
%% In production work the vacuum system will be opened many times a

s 1t is important that the time spent in re—evacuating it to the

-; ire at which the diffusion pump begins to function be as small as
“itles Pumps operating at backing pressures of 0,10 to 0,15 mm should
7Ty satisfactory, '

74,

s A mechanical oil pump is required to reduce the system to the
T ling p

ressure of the diffusion pumpe The characteristics of several

TTRTTTT——
=“.on2 conversations .
"1117tion Products Co., Rochester, N.Ys Hickman type pump,
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commercial types have been discussed by Strong(s) who gives the curves
shown in Plate 12. He obtained the data from the manufactursr of the
rumpsk, Either the Megavac (at 605 rpm) or the Hypervac 20 would be
adequate for quickly reducing the pressure in the bell jar to the
required fore vacuum.

75 The Centrsl Scientifio Co.## gives data from which the time
required for any of their pumps to exhaust a given volume to a given
rressure can be calculated, From these data the times required for evac—
uation of a 50-liter volume (bell jar about 35 cm diameter and 50 cm high)

from atmospheric pressure to 10~5 mm have been computed and are given
oelows

Timg to Produce

Pump 10" mm in 50

Pump Pactor Liter Volume
Hypervae 100 100 45 seconds
Mypervac 20 20 3.7 minutes
Megavac 600 rpm 6 12.5 minutes
Megavac 325 rpm 3 25 minutes
Hyvac 1 75 minutes

78, The data do not permit calculation of the time to reach 0,10 mm
il’r vhich pressure the diffusion pump should begin to function, but this
vime viould be many times less than the values given abovee

77«  Any mechanicel pump designed for use in evacuating lamp bulbs,
neon discharge tubes, etc,, would serve for this purpose also if the
tapacity is great enoughe A complete list of vacuum pump menufacturers is
availahble in Thomas! Register of American Manufacturers. In this Laboratory
“oth Cenco and Beach-Russ pumps have been used with success.

a8 Vacuum Ghamber
=4& Vacuum Chamber

, 8. The vacuum chamber and the base upon which it stands (designed
27 Dro Cartwright) are shown in Plate 11, vhich is drawn to scale,
~laborate descrintion seems unnecessarye. The electrodes E were insulated
from the brass base by glass bushings cut from Pyrex tubing and by mica
"3%hers,  The electrodes were made vacwum tight with Apiezon wax W which
;25 worked well into the clearance space between electrode, bushing, and
.t'?se Plate. These electrodes have ziven no trouble with leakage. They
"7Te designed to carry 200 ameres and are 5/8" in diameter, External
“lectrical connections were conveniently made by plugs of 1/4" brass rod
:xlc}} Slipped into the bored out receptacles in the bottom ends of the

1'_:0 rodes, These brass plugs were made by sawing a slot for neraaps
mtnc.:h along the length of a 2 inch rod so that slight spring action was
. ,ned,  There were six electrodes in the base so that three separate
z*nents could be used or (as in the drawing) one electrode could serve
-7 Support the frame upon which the lenses to be coated were supported.

—~———

e o ————
sentral Scientific Co., Chicagos
-atalog J-136, p, 1572
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L Two features of design that were introduced by Dr. Cartwright
comment, One 1is the rubber gasket vhich serves to meke a vacuum-
j#eal between the bell jar and the base plate, This gasket, 1/8"
5JM in cross-section, fits into a circular groove in the base plate

: de and 1/16" deep. Uhen the bell jar is evacuated the pressure
OB 3 rubber becomes very high and a tisht joint is assured, Removal of
W1l jor after air has been admitted requires only that it be 1ifted
The gasket remains in place and the procedure involves neither the
nor the untidiness of a wax or grease joint. A suitable rubber

8 purposc is Navy pure gum sheet, Navy Department Specification
\ 78

O It is likely that in very large installations a large bell
de by sealing off the end of a length of Pyrex glass tubing of

@ diameter will be desirable., Such a bell jar would not have a

d base as does the one illustrated, and in this case it would be
ent to cut a wider groove in the base plate (or cut no groove at
d use a wider gasket, scy 1/8" thick and 1/2" wides The narrow
f the bell jar would produce the requisite high compression of the
5 the edges of the gasket would tend to bow up, but it is thought
e seal would be effective,

. Rubber gaskets can be cut by mounting the shezt ribber on a
with zlue and turning this at noderate speed in a lathe, using a
2dzed tool, or a frasment of a razor blade soldered to a suitable
» lubricated with soap and water,

. There should bé on hand for emergency use a supply of Apiezon
Conipound Q3+ which, bein; soft and putty-like, can be- nressed

ace with the fingerso, It cacn be used in place of the rubber gasket
ires more time and labor.

. The second time saving device is the valve with vhich the bell
Jar %n be sealed off fram the diffusion pump, permitting the bell jar to

e opned without allowinz the dififusion pump to cool dovm. Such a valve

i:elr‘" ®8sary if speed of operation is desired. The valve fits as a cap

L ov 'dle exhaust tube, the seal being made by a rubber gasket which fits

igtg & groove cut around the outer edge of the cap. Three guide vanes
0% apart (two shown in the drawing) restrain the valve laterally. The

Suppopting brass rod is allowed to move vertically by compression

g "h‘ Sylphon bellows 3 when open, the clearance between the valve and

the Sxhaust pipe is about 1/2", The valve is opened and held closed by
e lever shown,

Th 84, All metal joints required to be vacuum~tight were soldered.
y N right angle turn in the exheust pipe was silver soldered - 2ll other
oints were made with soft solder, but traces of volatile {luwx, as rosin,

Mtim was provided by the Manhattan Rubber ¥fge Div. of
estos - lianhattan , Inc. This rubber has been found satisfactory,

i ?I'his and other Apiezon waxes and greases are available from
ames Biddle, Philadelphiae
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C
-hould not be allowed to remain inside the vacuum system, and all interior |
sirfaces of metal parts should be cleaned of every trace of grease and i
1irt before assembly. Steel may be used in place of brass if it is . }
:2inium-plated to resist ruste Iron rust is said by Strongs to give .- g
off 250 times as much gas as brass. o R :

4

Flatness of the Base Plate

85, The base of the bell jar should seat evenly on the base plate,
specially if a wax or grease Seal is to be used. If the base plate is =
to be rade of brass, a flat piece should be chosen and used without being
nlaned ¢r ground over the whole surface since this is likely to produce
warping, but it is permissible Yo grind the bell Jar to the plate over .
an annular area somevhat wider than the width of the flange on Wie bell .
jar, A steel base plate cen be made flat over the entire surface by
first drilling all holes and then surface grinding both sides in turn
until it remains flat, afterwards cadmium plating.

86. The requirements for flatness are not critical vhem the rubber .
~isket described ahove is used, and materials can usually be found that
require no furthor mochininge

37, e evhaust of the system shovm in Plate 1l was sealed to the
intake of the diffusion pemp (Plate 10) with Apiezon W wax, If the
mp were metel this seal could be made with flanges on both exhaust and
in;c;':ke pipes clamped together -ith a lead fuse wire or rubber gasket
*stveen,

88, The stopcock shown in Plate 11 permitted admission of air to
the bell jar and re-evacuation with a mechanical pump to the operating
nressure of tne diffusion pumpe A bypass from the stopcock to the fore
~mp permittin- the diffusion pump to be sealed off temporarily from

2t the bell jar and the fore pump ihile connecting the latter to the
“topeock would permit use of only one mechanical pump for roughing the
"1l jar and maintaining the fore vacuum in the diffusion pumpe

89,  This stopcock, being on the low pressure side of the system,
T43t be lubricated only with a low vapor pressure grease,

90, The filament I which is used to vaporize the fluorides is
-"'n2d by bending & mlatinum sheet 6 to 10 mm wide and 5 to 10 cm long
iio @ rectanzuler trough left flat at the ends to permit clamping in the
2cirodes. Such a filament is shown in the insert on Plate 1l. The
ickness of the sheet may vary £rom 2.5 mils (0.0025 inch) to 15 mils,
= Lhicker filaments bein: less susceptible to burning out by over- .

“ting vhen the fluoride evenorates. Platinum is chosen beccuse it can  f

_brted in air to fuse the rluoride powder hefore evacuation of the 3

+ldar. This prevents the fluoride from blowing off the filament vhen
-3 Subsequently heated in vacuume

——

T —————
: 7”'3:’1(’:, P 104-
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: The currents required to
h three different filaments to the tempzrature required for evaporating

- are given below: e
Size Current
8 mn x 40 mm x 2,5 mil 45 amperes
7 mm x 55 mm x 15 mil 1R0 amperes
11,5 mm x 40 mm x 15 mil lore than 150 amneres

8 convenient if the transformer has tops for about 5, 19, and 20
8 since other filaments, as those of tungsten used in evanorating
nun, require hizher voltages than »latinum,

‘,‘ :;{'}
B,

EI9R, The current was controlled by z Variacs transformer in
ﬂlﬂ?inp.lt line of the filament transformer,
Vagiun Gaupes

r‘ [

\;.““": 93. The pressure should be measured with a continuously reading

Vaﬁum gauge, For details of construction and operating characteristics

of the several gauzes availeble the reader is referred to Strongia% or

Dungyer 7). Three types are useful, The thermocouple gauges*, consisting

of #& hot wire near a thermoelectric Junction so that the te.perature of

the wire and the thernocouple response become greater as the mressure

is Yowered, is useful over the pressure range 10-R to 10~ or 5 x 104 mm

Hs'w:‘ At 10-° mm it is safe to turn on an ionization gaugze irhich functions

‘1."0 mne These two gauges used torether form a complete system,

‘ile the thermocouple gauge con be dispensed with in a vacuum system
Qtioning properly because the operstor soon learns [rom experience,

by Watching the glow discharze excited by a high frequency induction

cofl, by the sound of tae mechenicrl purp, in some oil pumps by the

plgeg at vhich condensation of oil occurs, to estimate the hirher pressures,

'Fhe' thermocouple gauge is useful in hunting lealts and assures that the

lonization gauge will not be burned out by being turnsd on at too high a

pPressure,

- %4, The lonization gruge is a triode vacuum tube (radio tubes can
be adapted to the urpose, but not writh complete reliability) consisting
0{' the usual {ilement, grid, and w»late. An epvlied dotentizl between
filament ang ¢rid produces cn electron current wiich on entering the
Space between grid and »late lonizes the zas there by impact, then a
- L potential is applied, thz ionization current belweon -late and rid
;ithmeasured with 2 mnicroammneter or galvanometer and decreases linearly
N the pressure below about 104 mm. A well designed ionization gaugessat
t:ig been described recently by liorse and.Bowjle(ll). Type TP-62 vacuum

€8 also are designed for this use, Circuits for operation of the

8auges are available in the literature or obtainable from the manufacturers
of the tubes,

*  Type 100-F, load 2 KVA (General Radio Co.).

ok General Electric Go.; Central Scientific Cos
Available from Distillation Products Co.
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95, The Pirani guage consists in its simplest form of two lamp
"ulbs, one hishly evacuated and sealed off and the other connected to
the vacuum system, in the arms of & %heatstone bridge circuit, The
’ilaments are heated by the bridge current and that cne e:posed to air
‘1 vacuum system becomes hotter and of hipgher resistance as the prea:
o reduced, so that the unbalsnce of the bridge registered by a misro-
‘mieter is a measure of ghe pressure, The useful range of such a gauge
i3 0.1 to about 5 x 10° mm, but reliable measurements near the lower
linit of the scale require careful calibration azainst a McLeod gauges
‘lthouzh the ionization gauge is much to be preferred for this work, & -
Pirani sauge may suffice for produstion work. Since evaporation ﬂiil el
usually be commenced at 10~ mm a gauge reeding reliably to about § x 1079,
“m would perhaps be satisfactory, However, neither the themocouple gauge:
nor the Pirani gauge that were used -in part of this investization were . .
sonsidered to be reliable encugh toward the lower ends of their rangess )
Pressures were ultimately read with a lickeod gmuge which is not recormetide
for nroduction work because it is not ocontimyously reading, ‘

CONCLUSION

96, Any vatuum system, no matter how well desizned, will require
r=air and expert attention from time to time. Two courses may be ‘
-cllowed in successfully establishing production unitss :

(a) Complete units nay be purchased from institutions experienced -
in the design and construction of such equipment® and operated - -
by personnel nreviously a:perienced in such work or cepable -
of acquiring the necessary esporience, or preferably

(b) Experienced vacuum technicians may be ensaged vio, ziven the
necessary numps, can design their omwn vacuum systems, each .

to his ovm likinge

97« Improvement in production practice and more nearly continhous

eration of the production units will result if small awrdiliary
fonorstion apparatus is available for experimentation.

93+ The reader of tiis incomplete discussion of vacuum technique
-/ “poreciate a remark by Hickmanw#: "Clearly, the means of producing

f ompty cabinet neatly and economically still eludes the engineering :
Crsicist ¢ _ -

TR
Uistillation Products Co., Rochester, N.Y¥s; Central Scientific Co.,
Swlcago; Baird Associates, Cambridge, lass.; National Research
-orporation, 3oston; Vard-Hechanical Leboratories, Paszdena;
2+ Lo Cartwrisht, 46 “Jest Fourth St., Corning, N.Y.; Evaporated
#1ns Co., Tthacs, N.Y.; end perhaps others of vhome the writer
423 no ]mowledge.

Lon, cit., p. 311, |
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[E EVAPORATION PROCESS ‘ I i

Cleaning the Glass

}

99, The glass parts to be coated must be chemically clean, Rub
zloves should be worn to prevent contamination of the clean surface with
’ 0il from the fingers. The glass is first washed with a clean cotton &

and soap and water or some detergent such as Dreft or Alphasol, After
rinsing with water the glass is washed in sodium or potassium hydroxide
solution, and then in nitric acid, The glass will not be dsmaged by the .
. ~leaning solutions if they are applied only for the time required for el
cleaning. Glass left in the solutions may be etched, A safe and effecti
method of applying the cleaning solutions is to rub the surface of the
“lass, already wet with water, briefly but thoroughly with a finger
(in rubber glove) that has been dipped in the alkali or acid bath, The
lens is then flushed immediately with water and wiped dry. If the water
s allowed to evaporate streaks will remain on the glass even when
distilled water is used,

£o
100. Ordinary paper towels have been found satisfactory for blotting -
fff the excess water, No scratching of the glass has been encountered 5 o
‘°cause care has been taken not to rub very hard with the papers Final . "%
-races of water can be removed with lens paper, Lint left by the paper is i -

fenoved by a method descrided below. X "

101.  In place of nmaper the lenses may be wiped dry with cloth,
1t it must have been laundered a great many times to remove natural oils.
11 linen is perhaps to be wureferred to cotton. Cloth does not leave
-at, and its use eliminates the troublesome operation of removing it;
U, however, is more likely to reconteminate the surface than paper
"cause the labtter is discarded after being used while the cloth, if used
17 times, will eventually become dirty again. Since "dirtiness" as
"7 Mere is not something that can be seen, the first knowledge that the
i is dirty is given by the appearance of spots and streaks on the
“rorated film, often some time after it has been removed from the bell
7+ Snmall squares of cloth, each piece being used only one time (or more
‘N, as experience may prove) , and dispensed from a suitable receptacle,
“1d be satisfactory.

—oval of Lint and Dust

102, Special camel's hair brushes constructed by cementing the
, *t1es arcund the outor edze of a brass tube (inside diameter 1/16 to
inch) vith Insolute cement are used by the Washington Navy Yard Optical
>+ The hollow handle of the brush can be connected to a small vacuum
' such as a water aspirator or mechanical suction pump by rubber
ey and when it is used in this way lint and dust can be removed with
 .°ntlest touch. The brush can be washed with organic solvents to
7% frease, and it is the nost effective device the writer has seen for
Ving dust, If very carefully washed end subsequently protected from
" Source of dirt it should be useful in the final step of cleaning th

3
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» 103, Hair brushes, however, cannot be subjected to the complste
cléming that can be given to glasse Such a brush* has been used by
#: writer sometimes with success and at other times with the discouraging
giiilt of leaving oil films on the glass, The glass eppeared to be clean,
“spots sometimes resulted after the films had been deposited., A
sultitute for the vacuum orush is a brushless nozzle for the vacuum
l$aner made by drawing down the end of a glass tube to leave a small
fiing about one-half or one millimeter in diameter., Such a tip for the
m cleaner can be washed in acid to make it chemically clean. While
s not, quite as éffective as the brush, only the most tenacious dust
icles resist it, and these can be dislodged by brushing lightly with
Ihglass tip. The rounded fire-polished end will not injure the surface
e lens. .

g, . 1 A
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104, After the glass has been cleaned it should be placed in the
Jar and coated with its non-reflecting film as promptly as possible
1se it will soon become covered with e monomolecular layer of oil if '
.exposed to the air. ‘

.
ﬁ

for Cleanliness ) v

105, The standard and perhaps the best test for cleanliness of a
8 surface is to observe the uniformity of the vapor deposit formed ;
the glass is breathed upon, Non-uniform breath figures show where

dirt lies, for water condenses to form a transparent invisible film

ean glass, but a gray visible film on dirty surfaces. However, the

h itself may contaminate the surface, and it is better after careful

Mical cleaning to observe whether water spreads uniformly over the glass. ,
op of water should wet chemically clean glass well encugh to flow d
the entire surface. If the film of water draws away from the edges .
om localized areas of the surface the cleaning process must be 4
gpated, The film of water will evaporate uniformly over the entire

¥lace of clean glass, and when it becomes sufficiently thin, interference
49Ys like those produced by thin films of oil can be seen. If interference
WIS can be seen after the water has evaporated they are due to oil

e glass, which must be recleaned,

# 106, Glass cleaned by the method that has been described is usually
c} M enough., After it has been placed in the vacuum chamber further clean~
18: ¢an be effected by nroducing an electric discharge in the gas while the
System is being oumped out, This is done conveniently with a hith frequency

Induction coil (leal: detector) mounted outside and in contact with the
g8lass bell jar, Such an induction coil is a necessary adjunct to vacuum
equimment because of its usefulness in finding the source of trouble when
eaks develop or the pumps do not function nroperly., With the system
operating properly it serves the double purvose of giving the operator a
Visgxal means of followinz the progress of the evacuation and of producing
Fingl cleaning of the glass surfaces by ionic bombardment, That this clean-
8 method is effective for traces of dirt is best shown by the common
&xperience that glass on which metals are to be sputtered with a high

M R
* Provided by ¥irs A. Je Devlin, Optical Shop, Washington Navy Yard.




- ntial discharge does not require to be so carefully cleaned as glass
© dhich films are to be evaporated,

timinary Treatment of Glass

107.  Glass that has been freshly polished is easily cleaned, but N
t is wiped with orgenic cleaning agents such as xylol or benzene which L
> to spread a thin layer of oil over the surface, or if a layer of '

“1 nas been left on the surfaces of cemented 131'1580, the chemical
:ninz process becomes difficult to carry out. Cemented lenses should
I‘Wd of every trace of excess balsam by wiping with absorbent cotton

“leohol, By far the most difficult contaminant to remove has proved
1115 investigation to be Canada balsame. In general, the glasss surface
11 be left as nearly untouched after it leaves the la.p as 1is possible,

108, Cemented lenses and prisms that have had one face silvered
rainted present snother difficulty: Canada balsam or paint, unless
~nd well dried, may have vapor pressures so great thag evacuatlon
System to the required low pressure of 1 to 107" mm is impossible.
7 are, in fact, very few organic materials that can be used inside a
¢ VAcUum apoaraouo and these are the special waxes, greases and oils
+ied just for that wurpose. A paint which can be used to cover the
> of cemented lenses and which can be put on over the special protective
1324 on silvered surfaces is Glyotal* lacquer. This lacquer when
- ix)room temperature has 2 vapor pressure only B.5 times that of
~ It may turn out not to be necessary to paint over the balsam
tective black peint when very large pumps are used and reasonable
o' these volatile compounds is alloweds In the course of this
“1 _ztion both old and newr onbical parts presenting free surfaces
“t1 halsam and paint were coated. There was never any difficulty
scing the pressure with old parts or new parts lacquered vrith
1, there was aluays QlfJ.lC‘Lll‘hZf with unlacquered new parts, both
2712 balsem and protective black painte

Lien of the Films

'+ The platinum filament, Plate 11, is filled with the fluoride

“ - hented in oir until all the powder is fused. Unless this is
sovider i1l blow off the filament when it is heated in vacuumss.

: 7 marts to be coated are then put into position on their supporting
: (Plate 11) and, unless the lenses and their support £ill nearly
T T0SS sectlon of the bell jar leaving few interstices through
Lmrldp vapor can pass, they are covered over with a watch

vent irresular deposition of the film material on their top

———
'l Zlectric Company«

Tn it is prefused MgFo sometimes esiplodes vhen the evaporation
m, depositin: small specks of the materiel on the lens. These
e 1 2 Lo revove, but they cen be prevented by heztiny the fluoride
7Ly or by mrrun ~ins a shield over the filament to be removed
" *Lc control or by means of a ground joint in the base when
©rlde is ot snd the {luoride has begun to evaporate.

. L
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Jo If several lenses are to be coated at one time the support should
bt into a rough spherical segment so that each lens faces squarely
i the filament, A distance of 25 or 30 om above the filament is
-anle for producing fairly uniform films on lenses distributed over
- ¢m diameter support.

110. While the bell jar is being evacuated the filament is out—~
24 by heing heated to redness (but not to the melting point of the
-t), so that water vanor and trapped gases are driven off. This may
‘inue through almost the enmtire reriod of evacuation if the pump is
- fast, Not more than two or three minutes are required for freeing

‘ilament of gas, and if it is not to be left warm through the entire
aation it were better heated after the pressure has heen reduced

“iideradly than at the beginning of the pumping,

111,  “hen the pressure reaches 10"4 mn the filament is hieated until
"luoride melts and within 30 seconds or a minute as the operator chooses,
- 21ilm wdill be made, Practice soon estahlishes the necessary experience
©ired for controlling filament temperature., The evaporziion ne:d only to
27:d slovly enough that the growth of the film can be watched easily.,
7 ta2 correct film thickness is nearly reached the temperature may be
- tly raduced to permit more accurate termination of the evaporation.

.—mininz the Film Thickness

112,  The growth of the film is watched by observing the color
< ™% in white light reflected from the surface. A frosted electric
% p2rtly painted over the surface so that a rectangular area shout

- T is left hare .is a convenient source. The clearly defined edges
;% rectancle enable the observer to distinwuish between images
- 7t2d from the two surfaces of plane parallel parts or from the two
“.1tting faces of a totally reflecting prism. then lenses are being
"3, th2 inaves from top and bottom surfaces can alirays be identified
-2" 4 an unpainted licrht tulb is adequate.

11%  The sequence of colors through which the reflected light passes
- --In increases in thiclness is that seen in a vertical (wedge shaped)
., A very thin film aprears graye As it grows thicker the 1ight
-7 2llowish and then red when the thickness producing least reflection

- lithat is rezched, .fhen the optical thickness becomes equal to
S wtIr wzve-length of green lizht near the middle of the spectrum the
T it is owrple , and at this point the eveporation should be
‘e Ta2 ~urnle color should be slizhtly nore blue then red, but the
Tt for nrocision is not great; if the film aprecrs to the observer
“rlzy nol distinctly red or blue, it will be satisfactory,

-="s I the thiclmess is allowed to ~row further the £ilm will
<2, sinifying -atinum transmission for red 1iht. If the evanora-
- Tintinuad teyond this noint the color sequence berins over again
“iitimess becomes equal to three-quarter wave-longths of blue 1lizht,
"nil zventually a thickness will “e reached for vhich the phase
73 bstwesn wave-lengths at the ends of the spectrum is not great,
1123: 111l appear vhite, This is the required condition for a

~22ting film of zinc sulphide (paragraph 24 ff.),.

U <1




nyggological Note

115, All the metallic fluorides are protoplasmic poisons and care
should be exercised to prevent their entering the body, especially by
bresthing when the powder is being fused on the filament while the system
is gpen to the air. The bell jar or another glass vessel cun be placed
over the filament to trap the material that comes off the filament
during this process. ihen the bell jar is removed after the evaporation
a strong odor can sometimes be detected, It is not known to what extent the
materials decompose in the course of the evaporation, but whatever the
form of the vapor, fluoride or fluorine, its effect is to produce unpleasant
bronchial irritation which can be the prelude to infection. The question
of placing ventilating hoods over production units should not be passed
over without consideration by those competent to say how great the danger
Of‘grolonged exposure may be. A simple respirator with a f{ilter {or trapping
dust and condensable vapors has been found to remove most of the odor from
theé hot salt and, presumably, most of the danger,



Chanter VI.
HE@MICAL PROPERTIES O THL FILMS

Haxrdness

116, The evaporation must be made at pressures less than 104 mm
if hard films of LigF, and cryolite are to be produced, Films of CaFy
se#m always to be so%t. Tae others, MgFs and cryolite, are hard
edough to withstand handling and gentle rubbing with lens paper or soft
cloth. They will not bear abrasion or vigorous rubbing since even the
parent crystals are relatively soft (Table IIT)s This table shows that
¥gFp, hardness 5, forms more durable films than cryolite, hardness 2.5.

Hardening by Heat

117. Megnesium fluoride films » although hard enough for purposes
of assembly, can be made even harder by heating to about 400°C. after
which they can hardly be removed by rubbing with cloth, provided the
glass upon which they are deposited is clean., Heatinz of good optical
parts should be carried on under such conditions that strains vill not be
set up, For most wurposes it is not necessary that the films be so
hardened unless they are to he on surfaces exposed to dirt and subject
to frequent cleaning. The only measure of duranility of such exposed
films of which the writer has lmowledge is that on ordinary eye glasses,
subject to frequent cleanin~ and constant exposure to the elements, they
remain for about 8 months berfore thin spots begin to appear,

Hardening with Lge

118, Films of 1.5Fo generally become harder with 27e, bubt not so
hard as vhen they are heated, In addition, the surfaczs robably acquire
menomolecular £ilms of oil from their surroundings, onc. tiis improves
their durability without -reducing the decrease in 1i7at transmission
diseussed in parasravh 58 ff,

Effect of water

119, igFs films have been soaked in water for several days with

No impairment of their opticel properties but in every case vith soften-
g of the film, The films so softened regain their hardness unon
reheating, but it is not definitely lmown if they become hard acain
with age, The protlem is not scrious for optical parts mounted inside
an Instrument provided t:ey do not have to be taken out for frecuent clean-
118+ Condensation of moizture in normal use should not scriously affect

®Me It remains to be sesn how these fil-s ~ithstind the various
Phases of use under ssrvice conditions.

1R0. It has been cbserved, however, that filis freshly derosited
are subject to rapid snc serious attecl: by moisture. 10Ty films
depositeq on wet days when th: relative humidity was 80 ~ar cent often
Irilled and beceme wnusa-le imrediately upcon openin: the bell jar,
£1lms made on dry deys when the relative humidity as 50 or GO per cent
1ave never been observed to deteriorate uron subsemquent ermosure to



moisture., Also, films made on a very wet day hut nllowed %o renzin in
the evacuated bell jar over nicht were not damc, ed vwhen e.inosed to air
on the following very humid day. The available erperiznce does not
permit a decision as to wvhetiher an zir conditioned roon should be
specified as a necessary enviromment for successful manufzcture of the
films on humid days because the effects that have been described were
observed in only a few ccses on the wettest days. Calp films evoporated
on wet days were stable,



Chapter VII.

- 1LARY AND CONCLUSIONS

121. The deteil in which this report has been written is perhaps

~3tified not by any novelty of the fundamental. phenomena upon which the

stion of the films is baged nor because knowledge of vacuum technique is

- widespread but rather because many of the subjects that have been

“saussed are those aboub which questions were continually arising. The
-scussion of many of these things is incomplete; it is expected that

uny simplifications and improvements in technique will evolve in

Stoslishments vhere sroduction units are -ut into operation and that
- .ch alditional information about the optical and mechanicel properties )
Cthe films will be scquireds The summary that follows, accordingly, e
“125izes those things that are thought to be fundamental.

LfTusion Pumps

122, Tt is récomended that oil diffusion pumps be used rather than
wreury pumps for these reasonss

(a) Pumping speeds of R200-300 liters/second are easily obtained so
that minute leaks snd adsorption of gases by the walls of
the system are not so likely to be sourqges of trouble,

(b) Since these pumps require no traps, they produce a dry
vacuum, the wator being pumped out elong with other gases.
Although a mercury pump with a trap cooled vith Tiquid ,
air would also remove water vapor, the use of dry ice would T
not. The oil pump eliminates the necessity for obtaining ‘
liquid air from outside sources.

123,  0il pumps may be purchased.or they can be built by personnel
vr2ved to suverintend the worke. It must not be concluded that the
“farmance of any wump or arrangement of apparatus descrived in this
22t cannot be satisfactorily met by other equipment differing greatly

“23ign. Host persons vho have engaged in vacuum work have at one
- gr another built pumps for special purposes, and there are many
vt desims,

- lnical Pumps

}‘24. As eramnles, the Central Scientific Company Megavac 600 rps, k
22t 0,5 %iter/second ot 10 mm, or the Hypervac 20, capacity 1.5 liter
27 2t 107% mm are adequate for producing the necessery forevacuum, ‘

125,  The valve shown in Plate 11 for closiny off the diffusion
" “ron the hHell jar so that consecutive eviporations cen be made without

a7 Qor the nump to cool has been very successful and is considered
" 2 necessary nart of sny equipment cesirmed for fast vork.

7. The narrow rubher sasket (Navy pure gum sheet, Specification
") used for sealins the bell jar to the base plate hes been



!

fisfactory and has given less.trouble with leakage than any other
@) rubber gaskets or wax seals. X

gure Gauges

127, It is recommended that ionization gauges be used to measure
f ultimate low vacuum required for the evaporation of hard films gith
nexpensive thermocouple gauge for measuring pressures above 107™° mm ¢
it is not safe to operate the ionization gauge,

Materials

.328. Since magnesium fluoride forms the hardest films, it is
pnended that this material be used (with comparative eixpariments on
ite highly desirable), Hardenin: of the films by hest is not
mnended since if they are deposited a2t low nressures they are

% enough to pernit essembly of instruments without damsge. It is
irecommended that the films be waxed to make them waterproof unless
Bequent e:perience with instruments at sea shows thet this opinion
d be altered, Exposed surfaces nay be either costed vith the

or left bare, If coated, the £ilms probably vill be removed
eaning unless they are aardened by heat, hut this would not

rfere with use of the instrument.

Research

129, Since laboretory evperience with problems of tuis sort

#lot pre-determine completely the difficulties of roduction, it is
sommended that continusd experimentation be carrizd on in the places
& vroduction work is being done, hence, vwhere new problems arise.

g literature on the subject of reducingz the reflection of slass by the
U of evaporated films is meazer, “ut new information cen be expected
o@prear with increasing frequency. It is desirable thot new sugrestions
Anvestizated under conditions that permit comparison with existing
tices, and this can hest be done in the la“oratoriss of the optical
3 engaged in the work, and where, in fact, many of the irproved

ices should orizinate,




Table I

Transmission by Glass Plates,
(No absorption losses are included,)

Number of Refractive Index Crown Glass Coated
Surfaces 1.50 1.575 1.65 with MgF2
1 0,96 0.95 0.94 0.99
2 049R 0.90 0.88 0.98
4 0435 0.81 0.78 0,96
6 0,78 0.73 0.67 0.94
8 0.7 0.66 0.61 0.92
10 0.68 0.60 0.54 0,90
12 0461 0453 0445 0.83
14 0,58 0.48 0.4 0.37
16 0.52 043 0.37 0.85
18 0.48 0.39 0433 0.84
20 .44 0436 0.9 0.82
22 0440 0433 04R4 0.80
R4 0437 0428 04R0 0,78
Table IT
Transmission Factors of 7x50 Binoculars
Coated with Metallic Fluoride Films.

Number Film lLiaterial Lelt Rarrel Rizht Barrel
1010 Mognesiwn {luoride C.71 0,72
1023 Macnesiwe flaoride 0.75 0.72
1009 Crlciwnm flneoride 0.74 0.72
1028 Caleinm Jluoride 0,72 0.80

972 Cryolite 0.75 0.71
1006 Cryolite 0.7R 0.71

Transaiission by uncoated binoculars - 0,55

% These data were wovided by the Optical Shon, ‘zshincton
Havy Yard.




Table IIT

Properties of Metallic Fluorides.

Solubility
in grams
n,n Melting Boiling per 100 cc  Hard-
Name Formula o” € Point, °C. Point cold water ness
Magnesium
fluoride ligFo 1.378, 1.39 1796 2239 0.0076 5
Calcium
fluoride CaFq 14434 1360 - 0.0C1¢ 4
Sodium
aluminum
fluoride SNaF £ 1T 1,564 1000 - cl. o 2ed

These data arc Irom the Handbook of Chenistry and IMirsics (Chemical
Rubber Co.), 23rd ed., ». 560 ff.

The hardness sc:tle is: 1 Tcle 6 Telac_.ar
& Rocit salt 7 Muartz
3 Calcite 8 Topaz
4 Tluorite g Ceruniam
5 Apatite 10 Dizaond
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By factory and has given less trouble with leakapge than any other
jo) rubber gaskets or wax seals, 3

( e _Gauges

E 127, It is recommended that ionization gauges be used to measure

ltimate low vacuum required for the evaporation of hard films
pensive thermocouple geuge for measuring pressures above 1 m

it is not safe to operate the ionization gauge,

terials

'128. Since magnesium fluoride forms the hardest films, it is
ended that this meterial be used (with comparative e:: r;unents on
2ite highly desirable). Hardenin: of the £films by hest is not
. Ar ended since if they are deposited a2t low pressures they are
: onough to pernit assembly of instruments without damege. It is
iF'scommended that the films be waxed to make them materproof unless
pquent e:perience with instruments at sea shows thet this opinion
Md be altereds Exposed surfaces nmay be either coated with the

B or left bare, If coated, the £ilms probedly will be removed
geaning unless they are aa.rdened by heat, but this would not
Efere with use of the instrument.

gesearch
120, Since laboratory erperience with problems of tais sort

Pt pre-determine completely the difficulties of vroductlon, it is
Bmended that continued experimentation be carrizsd on in the places
B production work is being done, hence, where new prohlems arise,

t _”’ terature on the subject of reducinz the reflection of glass by the
L evaporated films is meager, “ubt new information can be expected

Bivestizated under conditions that permit comparison with existing
plices, and this can best be done in the la oratorizs of the optical
- engaged in the work, and where, in fact, many of the izproved
ices should origzinates
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o Table I

:g:"f

o Transmission by Glass Plates.

i (No absorption losses are included,)

% Number of Refractive Index Crown Glass Coated
; . Surfaces 1.50 1575 1,65 with MgFo
O
A 1 0,96  0.95  0.94 0499
4 0e9R 0490 0.88 0.98

e 4 0.85 0.81 0.78 0.986

. 6 0.78 073 . 0.67 0494
4 8 0,72 0486 0,61 0,92
o 10 0,66 0,60 0,54 0,90
S 1R 0461 0453 0445 0.83
$ 14 0458 0.48 044R 087

16 0,52 0,43 0,37 - 0.85
3 18 0448 0,39 0433 0.84
af 20 Q.44 0436 0429 0«82

o 22 0440 0433 Q.24 0,30

A 24 0437 0428  0.20° 0.78

%

.

L Table II

N Transmission Factors of 7x50 Binoculars
T Coated with Metallic Fluoride Films.x

Number Film hiaterial Left Barrel Right Barrel
ic10 Magnesiwun fluoride 0.71 0,72
103 - Magnesium fluoride 0.73 0.72
1009 Calcium fluoride 0.74 0,72 ]
1028 Caleivm flworide 0.72 0,80
972 Cryolite 0.75 0.71 ' ﬂ
« 1006 Cryolite 0.72 0,71

Transmission by uncoated binoculars -~ 0,55 ’ .

% These data were provided by the Optical Shon, ‘‘ashington
Navy Yard, .
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Table IIT

Properties of Metallic Fluorides.

i, Solubility

i in grams

. n_, B, Melting Boiling per 100 cc  Hard-

Name Formula o Point, °C, Point cold water ness

Magneésium
flunoride Mng 1.378, 1.39 1396 2239 0.0076 5
Calcium
fluoride CaFg 1la434 1260 - 00016 4
Sodium
aluminum
fluoride 3NaF +A1l; 1,364 1000 - sle 3. Re5

‘}These data are from the Hendbook of Chemistry and Paysics (Chemical
- 'Rubber Co.), R3rd ed., ». 360 ff,

- The hardness sczle is: 1 Tele 6 TFeldsnar
E 2 Rock salt 7 Ouaortz
3 Calcite 8 Topaz
4 Tluorite 9 Corundum
S Apatite 10 Diemond




APPONDIX A

SOURCES OF SUTPPLY

Ae Metallic Fluoride Powrder

Eimer and Amend, New York, I.Y.
Baker : Co., Phillipsburz, M.J.

Bs Platinum and other rietals for filoments

Baker L Co.
American Flztinum ‘Jorks, Newark, ¥.J.

Ce 0il Diffusion Punps

Distillation Products CJo., Rochestar, N.Y.
7 2 3

D

Mechanical Pumns

Central Scientific Co., Chicare, Ill.
Finney lil¢, Co., 3cston, iass,

Beach-Russ, Nawr Yorlk, 1.Y,

And others licted in Thomas! Dopister of hmoricon lanufscturers.

Ee Vacuum Jaxes, 0ils ond Iroases

Octoil

D3stillati wcts Co
Celvacene srease 2istillztion Produc .

=

Apiezon "7 wax ™
"Q" sealing compound ‘s James Riddle, Pailadclwnia,
Aplezon stopcock ‘rease |
Picein wax B

Glyptel lacquer — > narl Llectric Co.

Cello seal stapooek mo2aan - Fischer o Co., Fittshurzio,

DRV D
B

Bell Jars

Central Scien.: . ic 7:, 4
Einer andg ‘oond

Chilen-o Armwre'z o, j
anid ctliarg, 7

. .. S A mam At e
For special ler~s 212 »ra cingolt Zornint Tlass Jo., Coraing, LY.

~

v+ Pressure jsuces

—_—=xas s Jete

Tonization gauges
Pirani zouge

+ . . - » -~ b fal
v TEstilTation Proausts Co,
s Distill

(Continued)




¢ (Continued)
Central Scientific Coe;

Thermocouple gauge < General Electric Co.,
Special Products Division.

; Sylphon Bellows

Fulton Sylphon Co., Knoxville, Tenn.

on Bellows

Clifford Mfge. Co., Boston, Mass,
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ESBARCH LfBL
ACOSTIA STATIN

ASHINGTON, D. ¢

Fhotograph through two glass plates
coated with Mg F2 over the central area,

rlate 1




Photographs of 500 watt light with
zeiss f:4 planar lens, 8 surfaces.,
Ieft: Uncoated, Right: Coated with C ¥F2

Plate 2




PHASE RELATION BETWEEN WAVES REFLECTED FROMN
THE FRONT AND BACK SURFACES OF A THIN FrLm,

OPTICAL PATH OF (1) = AB +BF + FH, o
OPTICAL PATH oF(2)= AB+ny [ 8C+CE) + EG. s
(2)-(1) =ng (Bcice)-8F.

DRAW BO PERPENDICULAR TOCE; THEN BF « ng(DE), . . ;

DROP A PERPENDICULAR FROM 8 ANOD EXTEND EC

70 8' 50 THAT B8'= 2¢ AND B'C=BC.

THEN (2)-(1) = ny[8c +(cE-DE]= npf8'C +c0) =ny (8'0) S
= 2 ngb COS,T. | ,
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