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LIGHT INTERFERENCE IN ELECTROLYTE FIIMS ON METALS
Michael L. Sand’
Inorganic Materials Research Division, Lawrence Berkeley Laboratory and
Department of Chemical Engineering; University of California
‘Berkeley, California 94720
- ABSTRACT

The colorimetry of 1nterference colors has been examined for the

: purpose of optically determining the thickness of transparent films on

metal substrates. Interference color series for arbitrary phase change

© in reflection and surfaces of different reflectivities have been comQ :

puted. Optimum angles of incidence for the observation of thin film

interference have been determined based on-the criterion of maximum
color purity and compared to that based on monochromatic fringe
visibility. Computations for the optimm angle of incidence and

sequences of'interference colors have been verified with film-substrate

N combinations of different phase change and ref1e0t1v1ty As an appli-

cation, the thickness profiles of aqueous potass1um hydrox1de films

on a platinum surface have been measured.



I. INTRODUCTION

The current-voltage characteristics of gas diffusion elecfrodes
.in electroenemical fuel cells have been of increaeing'interest dUring
the past ZOvyears, Mechanisms_havevbeen proposed by which_the charge
transfer.can occur. Observed currents have been calculated by aseuming
the'existence‘of a thin.electroiyte film above the meniscus of'an
- electrolyte inACOntaet with the electrode.

Wiil'é.obServations and thedry}’? written in 1963, formed a sound
basis for subsequent research. From electrical measurements he deduced
the existence of a.thin filn'above the meniscus at a platinun electrode
: partially immersed in acidic solution. Electrochemieal‘OXidation Qf'
~ hydrogen oceurred mainly in a narrow zone »in the thin :film adjacent'.tbo
the unper edge of the meniscus. He‘discounted the theory of Justi etal.3
that surface diffusion of hydrogen atoms along the electrode to a reaction
zone-below‘the top of the meniscus was the rate determining step. |

_ Other r:t.lvx"ch'orsu_8 have found the main sourée of current to be
localized in a relatively snall region above the meniscus. Film thicknesses
were found to be on the order of 1 micron.6 8 Some studies have used _
smooth platinum electrodes to investigate factors that alter the thin
films. Burshtein’>’” has shown that the electrolyte film depends on the
fproperties of the surfaee of the electrode and on the composition of the
| selution. As'did Burshtein, Shepelin11 observed both film and. lens
formation. He Said that thevquestion of.film stabiliﬁy was not alto-
gether clear A distinction should be nndebbetweenvthe "eapillary" film,
which forms on a rough surface independent of the current and the

_stabllity of current—formed films He suggestedvthat the upward



stretching of a film under current could be caused_by positive surface
tension gradients. -

Studies that showed experimental evidence for the existence of stable
films of electrolyte solutions above the méniscus in gas diffusion
electrodes prombted Lightfootl‘?’lu to investigate the source of their
stabiliaation In one of his ar'ticles,lll he'chose to discuss the
Nhrangoni effect which is the movement of liquid due to surface tension
gradients. He proposed a model of a dynamic tth film whose internal
motion was. due to surface tension gradients caused by concentration or

tenperature gradients. These effects have been analyzed elsewhere 15719

Liéhtfoot said that some observations were still le_ft: unexplained. He -

20 \hich reported the existence of stable

cited the article of Muller,
films vlith thicknesses on the order of a ‘mic'ron in t‘t\h'e“apparent
‘absence of Surface tension g:radients and the upward gf*owth'of a coneen-
trated electrolyte film over a dilute one against a downward di_rected

surface tension g;radlent

- Other attempts have been made to explain the existence of thin liquid

films on vertical surfaces. Bascom et al.21 wrote an excellent article

in 1964 describing their study of spreading of oils on solids. ’Ihey
observed oil spréading rrainly on vertical surfaces 'and developed a

| mechanism that included both a primary film advancing largely by surface
diffu‘sion_ and a secordary film advahcing as a re,sult of surface tension
gradients. Microrougtmess was .foun‘d to affect the- spreading rate.
~B:i.1ce1:'manzz’v23 felt that not enough .attentiOn has beeo focused on the
contrlbutlon of surface roughness to the fornation of thin f1]1ns He

drained oils from stainless steel plates w1th dit ferent roughnesses The

Ca, -
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theory of dr"'a’._inage24 was approximately f‘ulf‘illed by the smoothest plates.
However, on the rop.gh plates, an apparently stagnant liquid layer existed

whose thic_kn_ess was nearly equal to the average heights of hills on the

_ solid surface. Read and Kitchener 22 attempted to explain the existence

of wettingf"illms (0.1 micron) of water on silica in terms of Deryagin's
"disjoming'pressure" concept, which was briefly Idis'cus',sed in an article .
of Deryagin's. 26 The surface: f‘ree energy is no longer indeperdent of

the form of‘ the llqu.ld when the thlckness becomes comparable to the

range of action of surface forces. The gradient of surface tension must

" balance the hydrostatic pressure.

Much work has been performed under the supervision of - IVtu.ller20 27,28

-~ on the - formation of thin electrolyte films on vertical metal surfaces in’

" the absence of any extermally applied gradients of ‘temperature or

concentration. He has established the geometry of stable electrolyte
films on polished ﬁétal surfaces partially . immersed in aqueous caustic
solutions. Using optical methods of thin film J‘.n1:erf'erenceQO’2-7 and.
ellipsom’etry',28 he found thicknesses ‘on the order of 1 micron. Af‘ter
initial draihage, a stationary film was established after a peri_ocni,'o’n the
order of 10' hr Filfn geometries have not changed over periods of

several weeks. It was found that the thickness of stable films in-

_ creases ‘wWith 'increasing concentration. Thus, a 3.5N po'tassium hydroxide'

film could be grown upwa.rd on a nickel surface covered. by a film of
20

- distilled water

A smooth, pla.rnr a.nd vertical electrode is an 1dea11zed geometry f‘or

'che observation of liquid films ani is well suited for both electro—

chemlcal‘ ana1_y81s and optical thickness measurements. Ll_ght



in_terference is a method that has been used in other in\}estig'ations a.nd.
in this one. It has an advantage over mechanical and ‘electrical
techniqu_es'_in that it creates a minimal amount of disturbance in the
film. In this study, the computationally involved method of white-
20,27

1ight interference was employed. Tt has an advantage over

ellipsorn:_etryv‘g8 in that the 'th'i'c:knesses over an extended reg_ion can be
recorded's_irrniltaneously in a photogr'aph. 5 _It-b is to .be preferred over |
mmchronatic interference due to the fact that the observer can
distingui'sh several hties in the same interference order and differentiate |

between orders'. 'Iherefore thickness measurements can be made with a

g;reater deg;ree of certainty.

Distinct interference f‘ringes must be observable if one is to make
-accurate thickness measurements of thin transparent films on metal
surfaces. Fringe contrast of‘ both monochromatic and white—light
interference fringes can be significantly improved with the use of -
polarized lig;ht and the proper choice of the a.ngle of 1nc1dence. 'Ih_e
-c_olorimetry of interference colors of dielectric films on metal surfaces
" has recei_’ved_"little attenticn since the review 'of'_Kutha29 in 1961.
Under ‘the Supervisi_on of Miller s "generalized" color charts were
devwelo‘ped27 and checked experimentally.3° The ccncept of an "optimum
angle of incidence" to maximize the color purity of white-light
interference fringes was investigated27 as an extension of. the work
of Muller31 in monochronatlc interference. | |

In the present study, the colorimetry of interference colors is
examined in» gr'eat detail. Concepts expressed in previous work27 30, 31

are developed[ further. Color charts for surfaces Vof specified reflectivities

(]
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are presented as part of a graphical representation of white—light

interference. Also, results of computations of.the optimum angle of

incidencebare pfesented graphically for bothtnpnochromatic and white-light

interference. A more exact analysis of inteffefence for a specific

£i1m and substrate can be obtained with the computer programs given in

the Appendix. The‘present7ana1ysis of White—light interference clarifies

uncertainties in the‘calculations of Turney27 and Bnown;30 Computer‘-

programs in the'Appendix are both revisedvand corfected versions of

prog:ans27 used hy both of these investigators. - |
Experimental verification of calculated color series has been under-

taken by Brown, who made severalkindependent thickness neasurementsi.

of the same dielectric films/on metal surfaces. A few film thickness

- profilés measured by different techniques,'however, showed some

disagreement; The present work has uncovered errors that are sources

| of much of the disagreement‘ Also, colorinetrically determined thickness

profiles of cryolite films on chromium and aluminum have been compared

with ellipsometrically measured profiles; The agreenent is generally .

- very good.. The‘experimentally observed angles of incidence at which the

interference colors appeared most saturated'were'conpared with the - |

calculated values. Agreement between calcuiated and observed optimum

Iangles is very good. |

| An investigation of the thickness profiles. of thin films of aqueous

fsolutions on vertical electrodes was undertaken as a continuation of

v._nprev1ous work 20 27 Agueous potassium hydroxide solutions were: used

as the liquid film material while optically polished platinum was

used- as the metal substrate. The nunber of valid experimental results -
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was very lirhited. Only the results for. the drainage of two pbtassium
hydroxide 'solﬁtions are reported. Contrary to the prévious work, fllm
drainage '_éontinued at times much longer than 1 day following the
iowering of lthe méniscus. Viscositiés rruéh 'gr_'eater_ than those of the
bulk solutions must be assumed in order to obtain agreenent between

‘ experlmental and theoretlcal thickness proflles durlng drainage:

. o
L]
o N
-
-
-
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_ . II. OPTICAL INTERFERENCE IN THIN FIIMS
v Optical 1nterference is a useful technique for. determlning the
| thickness‘of ‘thin films. It affords minimal dlsturbance to a film and
at thevsame~tine it allows one to measure the thickness over an extended
region,f In mbnochromatic»interferenoe, the interference fringes alternate
between dark and light regions ~ In white—light interference, one may
observe contlnuously changing colors as the thickness changes White-
light 1nterference has a distlnct advantage over monochromatic
interference in that the eye‘is much_more sensitive to a,change in color
than to a change in shade. Also, different interference:orders with |
| nnnochronetio light appear identical, while with'white'light they can
be distinguished. The:fbllowing paragraphs are presented to introduce
the development of thevequations and the application of the theory. |
.Ihe'basis for interference lies in the sinusoidal wave nature of

hlight in'which'any number of superimposed waves of the same wavelength
' but arbitrary phase can combine vectorally to produce a resultant wave
.of the sane wavelength Its amplitude varies from a value of zero to-
one with a value equal to the sum. of the amplitudes of the 1nd1v1dual
waves. Consequently, the amplitude of the resultant wave at each
anelength-throughout the spectrum can be establlshed. Thin film.-
interference is a special case in which reflection and refraction of
light waves at the interfaces of a film produce multiple waves fromva |
v'single, polarized_and monochromatic incident wave in a.beam'of light

| that is tenporally and_spatially ¢oherent. Phaseb differences among
'_.these_multiplevvaves can be described'quantitatively;-thev stem”from

phase changes due to reflection at the interface between one ﬁedium and



another.as well- as from differences in optical_oéth length traveled by
each wa&e. The amplitude of the reflected and refracted waves at each
~ interface ere quantitatively described, too, in the equatiohs for the
anmplitude refiection and_transmission coefficiehts. An infinite number
of monochrOmatic light waves of known amplitude and relative phase v
thus compriSe the multiple—beam'model for interference in thin filnsl
Although the 1n01dent waves enter the film at different dlstances from
the point of exit, their 1nterference represents the thickness very close
to the point of exit because of the very small thickness of the film.
The use of white light es'the source of incidehtflight'ehhahces
the value of the interference technique; but interpretation of fringes
requires more computational effort It should be noted that a fringe
is a dark or bright region in nonochromatic interference, while in
white-light interference it is a colored region that can”be clearly
' distinguished from an adjacent region of a differeht hue. In order to
. use a light source for colorimetric analysis, one must know its spectral .
intensity distribution. The intensity distribution of the reflected
beam can be calculated by applying the interference equation to each
wavelength.  As the thickness of a film on a substrate is Varied, the
intensityvof every resultaht monochromstic wave passesvthrough miniﬁa
and maximaiat‘film thicknesses characteristic of each wavelength. Thus,
the wavelengths that are dominant in the spectral intensity distribution
change with film_thickness. Wavelength intervals in the spectrum are
represented by different colors. As the dominant color changes with
film thickness the hue of the interference color. chahges As opposed

to monochromatic 1nterference, sequences of hues within each color



order'can'be observed. This particular fact p01nts to the advantage of
u31ng a white—light source, which is that absolute thicknesses can be
measured w1th a greater degree of certalnty._ Snnilar white—light,
interference colors can result from different film.thicknesses. However,
the spectral energy distribution of the refle'cted light‘ is different.
An approach that can be more clearly defined is to use a color theory
that can quantitatively represent every color. Each color is considered
to be composed of three primary colors, all of which vary in'magnitude‘
through'the:spectrum. A beam of light with a known:Spectral intensity
~ distribution can be assigned a color according to the fractional content
of the primary colors. . | | | | .'
'Ihe ability of an observer to identify interference f‘ringes.‘f‘rom
- a film—substrate combination is of critical importance in determining
film thickneSSes. In monochromatic interference, fringe contrast depends
on the intensity variation with film thickness. A measure of “the fringe
contrast is the Michelson fringe visibility, which is calculated from
the maximm and minimum intensities. 'ln white-light interference, the
ability of an observer to identify a hue dependS‘on the color”Saturation..
Both the fringe contrast and color saturation are dependent on the opticalf
constants of the film and substrate, the'polariaation of light and the
angle of incidence and are highest at the "optimum'angle.of'incidence,"
.The optimum angles to observe monochromatic and white—light interference__
-frlnges do not necessarily coincide. | |
Spectral analysis at selected points along a film is another method
_of'determining the thickness. The interference spectrum is measured

as a ratio of reflected to incident intensity through the spectrum. Of
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special interest are the wavelengths at which the maxima and minima of
intensity eccur. At the npnechrbmatic optimm angle oflincidence,
complete‘destructive'interference can occur and the minimum intensities
are ‘zero. | - |

A. Sign Conventions and Definitions

Phase'changes due to reflection at interfaces between two media
necessitate the consistent use of a sign convention for the direction
of the positive electric field vectors. Although it is not crucial

which sign convention is used, it must be reflected in the equations for

the amplitude reflection(r) and transmission(t) coefficients. A reflection

coefficient is the ratio of the electric field amplitude, E", of reflected
light to the electric field amplitude, E, of incident light, while a |
transmission coefficient is the ratio of the electric field amplitude;
E', of refracted light to the amplitude of incident light. Subscripts,
n, on amplitudes, phaSe changes and coefficients:may represent either
the interface.at’which transmission and reflection occur or the polari-
zation of light. The subscripts, s and p, refer tc light polarized -
perpendicuiar,and parallel, respectively, to the plane of incidence;
The plane‘cf incidence is one which contains the propagation vector for
the incident, reflected and refracted waves. These terms are more
clearly defined in Fig. 1. The propagation directicn is defined according
to the angle.it nakes with the normal to the interface. These angles
are fepresented_in Fig. 2. The incident and refracting dielectric media
have refractive indices, nodand nl? respectively.

A convenient way of expressing the amplitude and phase of a 1ight

wave relative to a specified reference light wave is through the use
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PROPAGATION
DIRECTION

(0)

ELECTRIC FIELD
~ STRENGTH

~ PLANE. OF INCIDENCE

\; INTERFACE

(b)

g

XBL 752-5811

Flg 1. (a) Electric field strength of linearly polarized light at fixed time
and as a function of space. (b) Positive electric fileld vectors for
incident (Eg), reflected (E§) and refracted (E}) waves for light
polarized perpendicular to the plane of incidence (¢) Positive electric
field vectors for incident (E4), reflected (EE) and refracted (Ep) waves
for light polarized parallel to the plane of n01dence
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Fig. 2.

XBL 752-5812

Propagation directions defined by angle of 1ncidence (¢),
ref‘ractlon (') and ref’lection e". -
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of complex numbers. 32 The amplitude, E , and relative phase, 6h, of a
1ight'wave are both contained in the complex amplitude ﬁﬁ where
-E = E eian |
n_ n

Eﬁuation-(l) is written in the cbmplex_notation; A referehce'phase, Gr,

is an arbitrary quantity and can be taken equal tOIZero, The time

‘dependent phase, wt, equals the product of the angular frequency, w,

 and time, f, “The spatial dependent phase, ﬁt?, equals the dot product

of the propagation vector, X, and .the position vector, ;. The quantity,

1, is the imaginary unit /-1 in the compiex plane. The use of the complex

notation is‘nnst quickly understood, when it_is shown that the addition
of two vectors in the complex plane is eQuivalent‘to the trigonometric

addition of the corresponding waves. Te general form of the equation

 that describes a light wave incident onto an interfaéé is

o ' -
- 1 (wt+Sp-kex) _ 2 _ . A
Eh Ehe = Encos(mt+6r k x) + iEngln(wthr_k 3): . (1)

A complex reflection_coefficient, ;n’ is defined as being the ratio

of the complex amplitude of”refleCted light to the complex amplitude
of incident light. & is the phase change due to reflection. A phase

“change caused by a difference in optical path length_tfaVersed by'

interfering waves is designated by § without a subscript.

n . '

n . > >
| Enei(wt+6r—k X)

BN 18, . - , |

“F_°© , L - @

n . : .
iGn
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For unit incident anmplitude, Eqg. (2) represents the amplitude and phase
of reflected light. Since transmission haSvno,aSSOciated phase change,.
a complex transmission coefficient, tn, equalslthe real coefficient,
tn, which is the ratio of E' to E " For unit incident amplitude the
transmission coefficient, ¢ n? is. the amplitude of a refracted light

wave. Both tn and rn are always’positive numbers.

B. Reflection and Transmission.Coefficients

The amplitude reflection coefficients for a dielectric—dielectric
interface for light polarized perpendicular(s) and parallel(p) to the
plane of incidence are given by the Fresnel equations 33 The terms
within the absolute value-signs are the complex quantities, rn. A

negative r Signifies that the phase change 6 in Eq. (2) is_l80°i

(n radians), ‘since elTr = -],
1" - ' . .
. =.E§_ ) nocos¢ nlcos¢ _ |-sin(¢ - 6" (3)
s E n cosp + n,cose'| ~ | sin(¢p + ¢')|
S 0 1 :
] - ' :
.- EE. ) nlcos¢ nocos¢ _ ltan(s - ¢") W)
p E n.cosp + ncosp'| ~ |fan(p + ¢')
The anplitude transmission coefficients are
- fé_# 2nocos¢ | o )
1 . )
] | ES nooos¢ + nlcos¢. v ‘ _
' .{. ’ i a :
ty = ;2'= n cizgcisi cos¢’ - : (6)
T M T

Directions of reflected and transmitted waves at an interface have

been defined in Fig. 2 by the angles they make with the normal to the

interface. For reflection, the angles of inCidence and reflection are equal.
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 ¢=¢_" 3 , B : (7)
For refraction, Snell's law is obeyed.

ngsing = 1s1n¢' - ,v - t' '.. o (8)

The angle of incidence at which the reflection coefficient for
p;polarized iight‘becomes'zero_is called Brewstef's angle. At this
angie,-thé sum of the’angles of:ihcidence and.refraction is equal to 90°.
t Under this’ conditlon, the equation used to calculate Brewster s angle
¢ , can be derlved from Eq. (8)

“Ih:agreement-With the preseht convention, the.reflection.coeffic;ents :
\are_taken to be positive. _The phase changes upon reflection from a |
dielectric have a value of 180 or 360 (or 0) degrees. Wnen light is
incident‘from'a dlelectric medium Of'refractive‘index, ud;:onto a |
dielectric medium of higher refractive index, n,, it undergoes a phase
| “change upon reflection as shown in Fig. 3(a). At Brewstef's°ang1e,'the
anplitudevof the reflected p-polarized light is zero, and the phase
change at higher angles differs from that atvangiesulower than Brewster's
angle.by'180°. However, when no is greater than N, the phase ohanges>
are as shoWn in Fig. 3(b). The difference of 180° between_the phase
changes in the two cases'cahvbe derived from Egs. .(3)vand (4). If ny

is substltuted for n, and ¢' for ¢, the terms within the absolute value

0
signs retain the same magnltude but are opposite in sign.
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(o) ._'l —

360
lss
S(deg) | o
" 1s0—2= '
()f' ] 1
O 30 60 90
& (deo) ¢ (deq)
: deg : S ;
| - - (b) O 30 60 90
LI I
360
e Se
| 3p
S(deq)|
180

oL 1 .||‘|)'

0 20 40 a8 0 20 40 a8
| ¢'(deqy | o ¢lldeq)
- - XBL 752-5813

Fig. 3. Amplitude reflection coefficients for internal and external
o reflection from a dielectric film and associated phase changes.
Diagrams are based on refractive indices 1 (air) and 1.35 (dllute
"~ aqueous solution). sing = 1.35 sin¢'.
(a) external reflection, n, > n,.

(b) -internal reflection,n, > n,.

0

o
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The reflection and transmission coefficients of Egs. (3) through (6)

- are related by the'following equations. Since the reflection coefficients

are taken to be positive numbers, the phase'change must be specified.

L C_ aro o C e
‘ts Ty, 1 (fbr.dsl- 360') ty +ry =1 (for & 180°) (10)
-t -1 o —_— = = o
n, tp :.rp l (for 6 360 ) k> tp + I‘p’ 1 (for Gp 180°) (11) |

For the case of reflection from an absorbing medium, the index of

'refraction is complex

where k is called the extinction 1ndex The Fresnel equations can still

v'be used but in a complex form. These can be expressed differently by

the fbllowing equations for reflection from an absorbing medium in

contact with a dielectrlc medium of refractive index, 0.33,3M Their

: distinct advantage is that they are expressed 1n terms of real arithmetic.
' They reducesto the equations. for reflection from a dielectric nedium

when the ektinction index is zero.

" .' : ‘. I c
_ .Es _ A2 + B2 - 2Acos¢d +.cos2¢ ' el
$sTE TV 2.2 — | (13)
S A" + B™ + 2Acos¢ + cos ¢ :
1" e ) . . - s
'r - EE_ =p ‘/Az + B2 - 2Asin¢tang + sin2¢tan2i ' (14)
- = — t
p B 2% + B2 + 2Asingtans + sin‘¢tan-é
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where
A= 425 Vo2 - i - n°sin®$)° + ink° + (n° - 17 - ngsinzq)_)] (15)
an.: o : ’ .
9]
B = _15. \&ng - k2 - ngsin2¢)2 + 4n2k2 - (n2 - k2 - ngsin2¢ﬂ . (16)

Phase changes for reflection from absorbihg media in contact with

a non-absorbing medium héve also been derived.33’3u They are

8, = tan"t 5 ’§B°°S¢ > 0< as< 'rr (17)
: A" + B - cos ¢ . -
A = panrL 5 —2Bgin¢tan<2b ~) o<a<m 18)
A™ + B” - sin"¢tan"¢
ap = b+ 6 | - . (19)
: . 2, .2 2
5 = tan-l - 2Bgos¢£A +2B —2s;n ¢)2 (20)
b A + B - —E-(n + k) cos™¢
n i

0

The application of these equations to a specific dielectric film on an . -

absorbing substrate is presented in Fig. L.

C. Multiple-Beam Interference -
1. Physical Model |

’Figuré 5 represents tﬁe physical model for multiple—béah ihterferenée
in thin films. A series of parallel ahd coherent light anes is incident
from a medium ofvrefractive index, ﬁo, onto a film of refractive index,
n,, at an angle, ¢. The interfaces are mathematically both plane and

parallel to each other. Line segments AB and BC in Fig. 5 represent
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Fig. 4. Reflection coefficients for an absorbing substrate (refractive index=2.07-i(4.40)) in
: contact with a dielectric film (refractive index = 1.35) as a function of the angle of

incidence ¢ or ¢' on the film or substrate. Air is incident medium in contact with film.
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Multiple~beam interference model. The reflected wave 1s the
resultant of an infinite number of interfering waves, each

of which originates from a different incident wave. The
first four interfering waves (Ql,wg,ﬁ3,ﬁu) are shown.
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iigbt waves which_are incident at'an'angle, ¢', onto the lower and upper
interfaces within the film. Thé angle of refraction, ¢;, in the film g
can be caiculated from Eq. (8). A1l light that is absorbed or’tfansmitted
by the substrate is lost and does not enter directly into the equations.

_ ‘Equations fbr multipie—beam interfereﬁce aré,épplicable tq either
polarization; Fof this reason, thé use of tﬁe éubscfipts, s and p, will
be discontinﬁed;‘ Subscripts that denote the intérféce from which a wave
is reflected énd éhanged in phase and through which tfansmission occurs

o will be empioyed. Tpey arevpreéented in Fié. 6.

Since each incident wave is diVidedninto'refleéted and refracted
waves at évery‘interface, the waves emanating from the film which result
| from one incident wave éré:mathématically'infinité in number. - Eééh wave

haé undergone a different number of reflections within the film so that
each one is éharaétefized by its own amplitude and phase. The phase
shift of oneYWave with respect fo'énother is caused not only by phase
changes-atvthé two interfacesvbut also by phase differences.due to the
optical path length difference beﬁween interfering‘wéves.v The difference .
in optical path iength; AS, cah be derived from the geometry of'Fig..7.'
More ﬁhanvone derivation‘occurS-in thé 1iﬁerature.35?36 waﬁes 1 and 2 |
are in phase at points D and A, which are in a plane perpendiculaf ﬁb
the propagation-direction, and in&erféréhce océufs at point C. Wave 1v
travels an optical péth length gi§en by the length of line segment:56_
_ times the refractiVe index,-no, of t@s incident medium. The fractipn of
- wave 2 that is refracted at A travelsi%n:optical path length given by
the sum of the lengths of line segménté.ﬁﬁ;énd BC times the refractive
‘index;_nl; df the film. Geometric.substitutions:arevgiven in>the second
line. fiﬁe symbol for filh thickneés'is "ar. o
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Notations for dlelectric filmrcovered substrate
(a) Reflection coefficients and refractlve indices.
(b) Transmission coefficients.

{c) Phase changes upon reflection.
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Fig. 7. ReAf‘er' to Fig. 5. Constrﬁction to calculate difference
in optical path length between successive inter'f_‘e'ring waves. .



AS = (AB + BC) n, - (EE)InO

fB = B0 = goopr  AC = 2atang’ IC = Alsing
2n1d : _

AS = - 2n dtané’sing

cosé!
According to Snell's law of refraction, Eq. (8), nlsin¢"can be

substituted for n.sind. The equation then becomes

0
| 2n.d . '
R S sing' e
as = cos¢' ad cosé’ (nlsln¢ )
on.d . 2d
_ 1 s 2y 2.4
= 6655—,—-(1 -~ sin ? ) = 55567'(Cos'¢ ) s

and the optical path difference is
AS = 2njdcosd’ . - (21)

The associated phase shift is

' ' 4m. dcosé!' : : _ |
AS ~mmydeose . | ()

I Y

2. Derivation of Equations.

One‘should understand that eaéh member of the infinite ﬁumber of
waves that are interfering at'ea¢h>pointvoriginates from a differénﬁ
incident wave. The amplitude and phase of the interfering waves éan»be
derived from:the geometry of Figs. 5 and 7 and from the definitions in
Fig. 6. Thévcomplexbamplitﬁde-of Just the first four waves will bé'
shown invorder‘to establish the mathematical trend in thé series. Since
v6 in Eg. (22) corresponds to a delay in time as does thé dot pfoduct,

k+x in Eq. (1), it must be preceded by a negative sign.

Y
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W =
1 r3e (23a)
R i(-6+61) .
W, = tar toe - ) :(23b)
L i(-5+5i+52+51—6)’ . A
Wy T Enron e S (23¢)
) O 1(-8+8,#2(8,+6,-8)) | :
ku = t3rlr2r1r2rlt2e | | | - (23d8)
The infinite series of complex amplifudes‘can'be.expressed,in
this manner: | .
W =W, + W, + w3 + W), f « e = w ’
. ' n=1
and .
N 163‘ ‘ i(—6+61) i(—6+61+62) : ,
W= r3e | +_t2t3r1e | 1 +"rlr2e ._(24)
| 0§ (—G48.+6.)
+ (r1r2)2 e 12 + .. .]

The bracketed terms form a converging series and can be replaced by an
equivaleht expression, so that

e163 N t2t3r1e_, . (25)
- i(+6+61+62) _ SR -
1- rlrze :

W=r

73
The phase change, 62, can be eliminated from this equation:by’uSing
and 63, the phase changes for internal and

2
external reflection at the film-incident medium interface. Their

 values depend on the angle of incidence and the polarization. The sign

of'é3 can be either positive or-negative, since  the difference between
and -6 is,either 27 or 4w radians.

3 3



63 =T or 2m | 8, = 63 tm , o | (26)

Tt can be further simplified by EQS. (27) and (28),_the.firSt of which
can be derivea'from_either Eq. (3) or (4) upon eonsideration of the |
propagation directlons of light reflected from interfaces 2 and 3.
Equation (27) states that in a thin film the reflectlon coeffic1ents
-for llght reflected from elther side of the dlelectrlc fllm—1n01dent

ned;um interface are equal.
r,=r, o o g . . - (@7)

Equation (28) is derived by applying the conditions of Eq. (26) to

either Fq. (10) or (11). For s-polarized light, 6., =

3 m (nO < nl)]and

t,-r,=1 and t3 + ry = 1 .

For p-polarized light, 63’= m or 27 and

L wr,=1 am Dt -7 =1
n 3 3 : n, 2 2
0 1 :
or
n
El-t -r,=1 and’ —g-t +r.=1
Ny 3 3 : ny 2 2

With Eq (27) as a condition, each of the preceding three pairs of
equations can be solved to yield the follow1ng relatlonshlp

t2t3 1 ry . - '(28)
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Equation (25) can now be rewritten as |

| : . -1(8-6;)

. 2 . 1
(-9 rpe

3 ' -1(6+6

1 f rlr3e

5%,

_After the two terms are combined over a common denominator, the complex
amplitude is o
is -i(8-38,)
re 3 +.r.e 1

) 5 ) EE . | |
W= : —— . : (29)
—1(6+63—61) o , _ ‘

1 +r.re

13

Equatlon (29) can be converted to a well-known equatlon called the Drude

equatlon36 by maklng the following substltutlons
ié i6
~ - . 3 A = 1
ry vr3e r, =re
The Drude equation is
. fg + ﬁie-ia - e
W= . : (30)
1+ f fe 10 - |
13

The first step in finding the intensity bf reflected light with
respect totunit incident intensity is to multiply the numeretcr and |
.the denominator of Eq. (29) by the complex conjugate of the denomlnator _
| in order to make‘the denominator real. The whole expression for the
amplitude is then multiplled by its complex conjugate in order to derive
- the 1nten51ty. After the terms in the numerator are expressed as the

product of two factors, an intefmediate equation is
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o 1(6+6 ) -
= wW(w¥) = (rg + ri + rar e 3 1 + roroe

| 1(6+6.~5. ) ~1(6+6,-8.)
(1 + r3r§ + r3rle 371 + rsrle 371 >///

' 1(8+6,-6,) —1(846.=8.)\2

1(5+53 1>)"

- The numerator-and dehominator cah be divided by a-factor common to both.
Equation (1) is used along with 1dent1ties between cos(x) and cos(~x)
and between sin(-x) and —51n(x) to reduce the multlple—beam intensity
equatlon to its most understandable form.

2 2.

L. 3 + ry + 2r3rlcos(6&+ 63 - 61)' '(315
L2 > . )
1+ ror) + 2r3rlcos(6 + 63 - 61) : :

It-can be expected that the intensity.calculated fromztﬁe multiple-
beam model ie closely'approximated by considering a limited number of
reflections within the film. Interference of only the first two‘waves
comprises the two-reflectlon approx1mat10n. The sum of the complex
amplltudes wl and w2, in Egs. (23a) and (23b) iSvnmltiplied by_its
'v complex conjugate, Equation (28) is.used again to eliminate the

transmission coefficients.
18 _1(6-6,) 18, L i(6=6,)
- "3 - W | )( 3. (s 2) 1
I (PSG. + rl(} r3) e r3e + rl(l r3 e ‘

2 2\2 2 2\
T3t (1 - P3) Tt 2(? - r3) rgrcoslet 83 -8y 32

™
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Théftwo—reflection intensity eqUatioh, Eq..(32), is valid as an
apprOXimation to the multiple-beam equatioh only when the reflection
coefficients are small compared to 1. Under this condition, the |

"equation becomes

I= r2 + r2 + 2r.r_cos(§ + 63 - 615-' ; ‘ (33)

3 71 13

EnuatiOn(33)udll_be referred to as the double?beah intensity
equation. It is identical to'the numerator.of the moltiple-beam
eqhation; Eq. (31), but only represents the superposition of twovlight
waves of amplitude r; and ry. Tt has no physical meaning in thin
film interference. |

" When only the flPSt n waves in the infinite number of 1nterfer1ng

waves are considered to be interfering, the sum of_the_flrst n_complex-

‘amplitudes in Eq. (24) is multiplied by'its complex COnjugate to
‘derive the intensity. The intensity of reflected light with respect

to unit incident intensity for interference of three beams or more

‘(ﬁ >2) is
n-1 = v n-1 :
_ .2 2\2 .2 2m-2 2 m-1
.Iv—r3+2v(l—.r3)r(r r) +Z (l-r3)r3l(r_l)
| n-2 n-1 2L—é S
cos(m(s + 85 = 60) + 2, | 2 2(1 - rg)Z rl(- i Do
=l | Iem#l - _'

cos(m(8 +-63 - 61))

_Ihe'intehSity'forthe multiple~beam model can be expressed as an
infinite series as in Eq. (35) by employing Eq. (34) with n equal to

infinity. Fquation (35) is of the same form as that employed by

(34
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Kubota29 to demonstrate the effect of considering only a limited number
of réflections within the film when calculatiﬁg the color of reflected

light. For this purpose, however, Eq. (34) is the éorrect equation to

use.
2 2 o - 2 2
e ry + r3 - 2rlr'3 _ 2(1 rl)(; r3)

1 - r2r2 1 - r2r2

13 m=l 173

.(4r1r3)m co§<m(6 + 83 - 61)) (35)

3. Mbnbchromatic Optimum Angle of Incidence

Monochromatic interference fringes should be observed or recorded
under conditions at which the maxima and minima of intensity are in
' highest contrast. Fringes oceur in multiple-beam interference when the
intensity given by Eg. (31) varies with £ilm thickness. For observing
tﬁe interferénce fringes produced by a given dielectric filmon a V
specific metalvsubstrate with polarized light, the fringe contrast
can be changed only by changing the Viewing direction. ‘At normal
incidence, the‘reflection coefficient of the film;metal interfacevis
_much‘greatef than ﬁhat of tﬁe air-film interfacé, so that complete
destructive interference cammot occur and fringe cbntrast.is low;_ Note .
' that at an angle of incidence of 90° the incident light is totally =
_reflected'fromjthe'air—fihn interface and fringe éontrasﬁ is totally
absent. At some angle between these two extremes, the amounts of light
refiected from a film-covered substrate with and without penétratibn of
the film are equal and ﬁhe result is that the intensity minima are

zero and fringe contrast is at a maximum. 3t
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Ligbt polarized parellel and-perpendicular to tne plene of incidence
has.diffenent.reflection coefficients.at eithef.intefface for all engles
of incidence between 0 and 90° For this reason, it'is nnlikely that
the angle of maximum fringe contrast would be the same for p and s
_polarized light. Also above Brewster's angle for the dielectric film
the valﬁes of 63_- 61_1n Eg.. (31) differ by approximately 180° for the
two polarizations. 83‘15 the same for both polarizations, and since the
range ovaalues-ofithe angle of incidence onto the film-metal interface:
. is limited by refraction et the:airéfilhlinterface, the difference'in
the values of 6i for the two polarizations does not depart significantly.
from 180°. The magnitude of the difference cen be.estimated-from Fig. U.
vBecause 180° is the spacing between a maximum and a minimum of 1ntens1ty,
the frlnge contrast for unpolarized light would be 51gniflcantly less
than for polarized light. Observations should be nade-with polarized
" light, because for most filnbnetal combinations the angle at, which the
highest contrast occurs is above Bnewster S angle

A well-established criterion for fringe contrast is the Michelson

fringe v131bility, . 37
_ I _ . -I. @
V='fm—x'_'_—l—il' s ' . (36)
max min - ' ’

where Iﬁa#_and Imin are the intensity maxima and minima of interference
fringes."Thelangle of incidence at which the intensity minima are zero
is the.optimum angle to observe a film. 'The fringe visibility according
to Eq. (36) is then equal to one. When the intensity maxima and minima .

are equal, the visibility is zero. This result occurs at Brewster's
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angle ‘for light polarized in the plane of incidence'and at 90° angle
of incidence for both polarizations.

| vThe equations for the multiple-beam intensity makima and minima can
be derived from Eq. (31). If the intensity is diffefentiated with

respect to 6 the condltion for a maximum or a mlnlmum is that

sin(é + 63 - 6 ) equals zero; That is, § + 63 6 equals zero or a
'multlple of n radians From the second derlvatlve one can determine
that the condltlon for a maximum is that cos(§ + 63 ) = 1 and for
a mlnimum that cos(§ + 63 - 61) = 41. Equivalently, § + 63 - 61 equals
zero or an even multlple of m for a maximum and an odd multlple of m for
a m;n;mum Substltutlon of these values in Eqg. (31) y1elds36v »
Tax = ;lit535’>2 . ' . .(37) :
13 . : '
Cfr. -1 2 , o
= {1 3 ‘ : :
I, =({——2 . . - (38)
min (; - rlr3> o _ _

‘The condition for the optimum angle of ihcidence in multiple-beam |
interference can be readily established by examining Eq; (38) for the
intensity of the interference minima. Wheh the‘reflection coefficienfs,
rl and r3,
the Michelson frlnge visibility, Eq. (36) has 1ts maximum value of one.

are equal the magnltude of the 1ntens1ty minima is zero -and

CONDITION FOR OPTIMUM ANGLE OF INCIDENCE ry = r (39)

A speoific,exanple‘of the variation of the fringe visibility with
direction of obserﬁation'is given in Figs. 8 and 9. The curves represent
(36) through (38). At the optimum angle, the intensity minima are

zero and the fringe visibility is equal to one. If the reflection .
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Fig. 8. Variation of monochromatic fringe visiblllty and intensities of
interferénce maxima and minima with angle of incidence for light
incident from air onto a film-covered (nj = 1. 35) absorbing substrate
(nc = 2. 07 - 1(b.50)). —polarized light. . _
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Fig. 9. See Fig. 8. p-polarized light.
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coefficients at hoth‘interfaCes.in Figs. 3 and. U are combared at_this
angle, they are found to be equal. _

The criterion for the optimum angle given by Muller31'can be
confirmed by 1ntroducing the corditions for a zero minimum of intensity
into the anplitude equation, . (25). The'first and second terms. can
be regarded as the amplitude and phase of the light reflected from the'
_ filnhcovered substrate,without and with penetration of the film. They
both have amplitudes equal to r3 but differ in phase by 180°.

The two—reflectlon intensity equatlon, . (32), can be used as .
an approximation to the multiple—beam intensity,.Eq. (31), when the
reflection coefficients of the two interfaces is small. The conditions:
for a maximum or minimum of intensity are found'by inspecting each
term in the equation. The cosine term is the only one that can vary
with film thickness. As in the miltiple-beam equation, maxima occur

when cos(8 + &, - 61) = 1 and minima occur when cos(§ + 63 - 8)) = -1.

3
However, the condition for which the intensity minima are zero is not
-the same as for the multiple-beam equation; When the minima for the

twoereflection intensity equation are zero, Fq. (32) becomes

rg + (l - P§)2 ri 2(1 - rg) r1r3 = 0-‘, .
After the left side of the.equation is factored, the condition»for a
zero-intensity miminum for‘the two—reflection approximation.is shown
to be |
2
3 3

r =‘(1 - ) 3 '.". - : - (40)
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When fhc.reflection coefficients are small compared to 1, the
double—beam.equation,'Eq; (33), is applicableﬁ It does not physically
represent .thin film interfefencc. Nevertheless, it hés a mathcmatical
similarity to the multiple-beam equation i‘n'vtha"c ‘the conditions for the
interferencé maxima or minima are theisanﬁ'in the two eduations. ‘Also,
in both equaﬁicns the intensity minima eQual Zero when ry and‘r3fére
equal.- This result has.élfeady-been_derived in Eq. (39) for the multiple-
beam model. lit Can be derived fcr the double-beam equation, Eq. (33),
in the samc mamer that Eq. (40) was derived'from the two—reflécfion
approximation;' . |

D. ‘Colorimetfyfof Interference Colors

1. Principles of Colorimetry

The bésis for colorimetry lies -in the'obsérvation that the visual
stimilus of light of any spectral composition can be duplicated by the
proper mixture of three "prdﬁary" colors. Two such mixtures, eacﬁ of
which has beenuselected to‘match a color, will, when mixed additiveiy,'
match a similar addition of the original colors. .

In 1931, the Commiésion Internationale de l'Eclairagc'(C.I.E.)

adopted a ‘color matching system for 2° foveal vision. In 1964, it
Aadopted a color system for an.annulér zohe of thé retina aroﬁnd the
‘fovea that subtends an éngle of lO°-'.38 The former system is used in
this study. iihe systems were chosen to match each color of a single
wavelength,in the spectrum with a specified amount of three radiations.
These ampunts;arevix, §A aﬁd'EA. Figure 10 shows their distributions
on the baSis of equal energy throﬁgh the visible spectrum."ihey are

"~ called the'distribution coefficients for an equal-energy stimulus.
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in spectrum colors. These are disté-ibution coefficients for

an equal-energy spectrum (Wright).3

Fnergy distribution of
standard tungsten source A included. ‘

~Relative energy
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Wright38 has tabulated them for Wavelength intefvals of 5vnm from
380 to 780 nm. Since practical sources of illumination do not’have'
an equal—energy distribution, Wright has tabulated the energy dlstrlbutlon,

(agaln in 1ntervals of 5 nm over the visible range) for three standard
sources A,-B‘and C. . Source A,'a tungsten-lanpvw1th a color temperature
of 2854°Ké repfesentS‘average artificial illumination. Sources B and C
correspond to two phases of daylight. The sbectral energy distribution,

P,, has been multiplied by the tristimulus coefficierits, Xy, ¥y and z,

\?
to obtain'distribution coefficients weighted by energy'values of the
standard illuminants Wright has tabulated these welghted coefflclents
in 5 nm intervals for the 19310 I E. values '

The curves of XA, yx and ZA have been adjusted so that the amount ,
designated by the tristimilus values X, ¥, Z), of the three tristimilus

primaries ((X), (Y), (2)) are equal in a match on an equal—energy stimulus.

The tristlmulus values of a sanple -of llght w1th an energy dlstrlbutlon,

P,, are
'.X = IP, "X, _ | : S : (41a)
¥ = 2Py, N | (41Db)

Z = IP, -z, . | o S (41c)

‘The sunnntlons are intended:to closely approximate-integrations. For
the tabulated intervals, they can be regarded as equivalent. The disf.
tribution of §A has been selected to be identical to the spectral |
sensitlvity curve of the eye, VA’ while the tristimulus primaries, (X) .
and (2), have heen chosen to have zero luminous efficiencies'(they make
- no contributiqns to the luminous’sensation). Vx_is-a'measurevof‘the N

k relative contribution to the luminous sensation that each Wavelength makes
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in an equal—énergy spectrum. The spectral sensitivity curve has a
’ maximum valﬁe of V, = i at é wave1ength' of ébout'555 nm and values of
zero for waveiengths outside the visible range.  Vélues of PX4§A for the
standard‘illuminants have beenvmultiplied in wfight's tables by a
consﬁant factor in order that Y is equal to 100.0. Values of ?A{EA
and PA'EA had to be multiplied by this same factor to maintain the same
" relative amouhtS'bf the primary colors. The peréentage luminance;
vwhich'is defined with respect to the luminance Of the incident 1light for
“'surface coiors, is glven directly by‘the value of Y. In this case, '
- however, PA’ the spectral composition of thé reflected light, is a
product of the spectral - composition of the source and IA’ the intensity
of the reflected light as a function of the waQelength with respect
to unit incident intensity. | |
‘ Color'is described by the three visual responses that a sample of

1light eVokes: hue, saturation and brightness. In the Munsell_system,
color is.specified by what is called its hue, chroma and value.39
Corfesponding ﬁerms in the C.I.E. color system are dominant waveléngth,
purity and.ihtenéity. In the C.I.E. system,color is‘répresentéd by the
amouﬁts Qf thé tristimulus primaries. A method of expfessing the
relative amounts of the primarieé"independent of fhe intéhsity is‘td .

calculate the chromaticity values x, y and z,which are defined as
X I (42a)
L __ o  (42b)

-———Z——%_ L o (42c)



“ho-

~Since the sum of the chromaticity values is equal to one, the hue
and saturation are defined by only two variables. The 1931 chromaticity
diagram is shown in Fig. 11 with the ordinate and abscissa being y

and x, respectively. The coordinates for single wavelengths comprise the

curved section of the boundary or the spectrum locus.. They can be found -

by calculating the'chromaticity coordinates’from_ix, §A and EA at each
wavelength.  Wright has tabulated these‘chrometicity coofdinates.r'A'*
straight line in the lower part.of the diagram’connects the two ends of
the Visible speCtrum; Points‘loeated on this line repreeent nonspectral
colors, which wiil be more clearly defined latef.»

2. Color Mixing

The general shape;of the chromaticity diagram, according to Wright,
is_due in part to the:choice of reference stimuli but orimarily to the
sbape of therspectral'sensitivity‘curve. ‘Ah imbortant characteristic
of the color system is thatuthekboundaries of the diagram are either
concave or straight when viewed from,within.' This etatement.means that
the color resulting from the additive mixture of eny two colors is .
represented by a point either within the diagrem‘or on the boundary.

The additive miXing_can be described by’equations in?oiving the
chromaticity coordinatestf the colors. 'The coordinates are weighted
by the corresponding tristimulus values.39 Let the tristimulusrvaluee ’
of two colors, represented by the chromaticity_coordinates, (xo. yb)

), be X, Y ' , respectively. The additive

and (xy, ¥, 0° 1

mixture of the two has the coordinates, (x, ¥), and the corresponding

ZO_and Xi, Y., Z

tristimulus values are
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Fig 11. 1931 C.1.E. chromaticity diagram with achromatic region five

times actual size around coordinates of standard source A (tungsten
lamp). Hue regions bounded by solid circles and dominant wave—
lengths (nm) at open circles are those given by Kelley. 0 Dpashed

~1ines divide the diagram into a condensed list of hue names.
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X=X, +X o | ‘ o (432)
Y=Y+ Y : | | | - (430)
Z=7 +2. . o (43c)

The sum of the triStimulus values of the twb component colors are

Sov XO_+ YO +'ZO e o B (44a)

S =X +_Yl_+ Zy (Mub)

The chromaticity coordinates (x, y) of the additive mixture can now be

defived.. They are

X, +X Sy%p * Sy

ot 0" =11 o - '
X = = - ‘ (45a)
5,78, T T8 *S) | - |
y ='Y0 Y - S * 5193 o T (ii50)
%S St -

The point, (x, y), lies on a straight line between the two points,

(Xo'= XO/S ='YO/SO) and (xl.= Xl/sl’ v = Yl/Sl)f' This fact can

0°- Y0
be readily_prdﬁed by calculating the slopes and distances between each

pair of points.

3. Hue and Purity

o Segments df the spectrum locus represent hue regions in the
spectrum. Areas of the chromaticityvdiagram are;aiso'defined by hue
names. KElleyuO has presented such a diagram (1931 C.I.E.)_for'thé
standard illuminant C.  The intersections of dividing lines between
hue regions.and the‘boundaries of the diagram are shown in his article
| aiéng with a list of the dominant wavelengths corresponding_to fhese _
regions. The dominant wavelehgth of a region-is the one whose hue is~

believed to most closely represent the hue name. A 1931 C.I.E. diagram
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for 2° foveal vision that. includes the standard tungsten source A for
use in the present study has been shown in Flg ll. As closely as
possible, it. retalns the 1ntersections of the d1v1d1ng lines with the
boundarles of,the.dlagram and the domlnant Wavelengths as given by Kelley.
His curved dividing lines are replaced by‘straight onés that converge on
the white:point A. The dashed lines divide the diagram into a condensed
vnumber of hue regions for photographic appllcations
An achromatic p01nt (white) in the chromatlclty diagram represents

a color that elicits no sensation of hue: The achromatic stimulus will
vary dependlng upon the conditions under which colors are viewed.' A
straight line between this point and one on the spectrum locus is
referred'to as a‘line of constant dominant wavelength. _Any point along

:'thevline represents what is called a spectral color and the intersection
‘r with the speCtrum'locus-naturally represents a spectrum color. The'
wavelength of the spectrum color is called the dominant wavelength.
Points that lie on the straightvline boundary in the lower part of the
diagram represent‘a mixture of wavelengths from both ends of the spectrum;
~They are called nonspectral colors. PointS'between’this boundary and:
the achromatic point are included in this classification. These colors
cammot be assigned a dominant wavelength, since no single Wavelength has
| the same hue, but for convenience it can be specified by a complementary
wavelength. If a line is drawn through the points that represent the
nonspectral color and the achromatic source, the oomplementary wavelength
is represented:by the point at which this line interSects the spectrum
locus. No further distinction will be made between lines of dominant

~ and complementary wavelength.
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Points along the boundary of the chromaticity'diagram represent_thé
purest colors. The achromatic point has a purity Qf zero, since its |
intensity distribution has no wévelength that is dominant. Points}on a
line between the achromatic point and the boﬁndéry have é purity which
is proportional to their distance from the achromatic point. The maximum
value is 1. Color purity is clearly defined in Fig. 12. waever, purity
is only’an.operationél definition; as is dominantrwavelength.. The actual
visual réSponse‘related to_purity is saturafion‘of color, which is a'
sensation of the difference in a chromatic color Sensation and an achromatic
color sensation of the same brightness. If purity increases,though, |
‘saturation increases. It should be noted that é line of constant.dominant'
waveléﬁgth is seldom a line bf constanf hue. In addition, equal puritiés
along.lines of different dominant wavelength do not signify equal |
saturations. 39 _ .

Coldr diScriminétion and an assocliated purity discrimination véry
throughout the chromaticity diagram. The change in chromaticity
coordinates required to detect a just noticeable differénce in color
is not constantl.l1 A purity threshold, defined by #he least perceptible -
purity, exists at the achromatic point and varies for different lines
of constantldominant wavelength. As a conéequence, the achromatic point
should actuglly'be regarded as a small region. Figure 11'shows this
region as five times the actual size. It is based on the just noticeable

difference in color ard is taken to be an ellipse.
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III. ANALYSIS OF WHITE-LIGHT INTERFERENCE :

An ahalysiS'of the phenomenon of white-light interferenoe in thin
films requires extensive use of a computer due to the compiexity Of.the
equations ahd the immense quantity of repetitive_oalculations. A
computerrprogram "HUEﬁ for determining film thiokhesses from white-light
interférence fringes is given in the Appendix. With this'program, one

carlaetermine the angle of incidence at which fringes are most easily

| distinguisheo and”aiSO'calculate the color of light'reflected from a
spe01fic film and substrate combination at each film thickness. Extensive
calculations are presented in graphical form in this section Thus

close approx1mations for specific cases can be found without the use of

lengthy computations.

A. Optimum Angle of Incidence
The ability of an obsefver to distingulsh color fringes in'white—
light interference depends highly on the saturatioh'of the colors. The
angle of ihcidence at which the colors of the reflected 1light from a

thin film are most saturated is the optimum angle to'observe them. The

operational definition that gives a measure of the saturation is the
color purity, which is the fractional distance of a point Within the
chromaticity -diagram from the achronatic point to the boundary of the
diagram. A ' - |

A detailed treatment of the problem-is_not available in the litera-

ture. vKubota'b'2 recognized the change in saturation with angle of incidence.

He stated that in order for the purity of the interference color of thin
dielectric films on metallic surfaces to be sufficiently high, the

reflection coefficients at both interfaces must be nearly equal. For
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this condition to hold, the angle of incidence must be greater than
Brewster's angle. Muller 3L Used the criterion of complete destructive
interf‘erence at some angle of incidence to calculate the optimum angle |
to observe monochromatic 1nterference fringes for some dielectric films
on spe01fic metal substrates. He found this procedure useful in the
study of thin electrolyte films on polished metal surfaces. Turney 2t
studied the problem further in comparing the optimum angles to observe
monochronatic and white-light interference fringes from the same film-
covered surf‘ace He calculated the Michelson fringe vis1bility for many
angles in order to determine the optimum a.ngle. ‘For -the same film and
substrate in White-‘-light interference, he plotted the chromaticity
' coordinates as a funection of optical path dif‘ference. 'lhe phase change
due to reflecti.on, 63' 61, in Eg. (31) was taken equal to zero. When he
compared such curves for many angles of incidence, he established the
optimm angle on the basis of which curve was closest to the spectrum
locus. He found agreement to within 1° between the two methods for a
film of refractive index, 1.50, on platinum. With silver as the substrate,
cOlors were most saturated at angles less than the optimum angle based
~ on maximum Michelson fringe visibility. The reason for this discrepancy
| was not resolved. He concluded that a criterion other than a maJcimwn '
Michelson fringe visibility might have to be used to determjne the
-optixm.xm angle to view white-light interference f‘rihges for a highly
reflective substrate. | | |

The present study endeavors to clarify the relationship between the
optimum angles to observe monochromatic and white—light 1nterference |

f‘ringes. A brief ana1y81s of the problem is suf'ficient to demonstrate
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that they are related. The intensity of monochromatic light, which
is a periodic function of film’thickneés, and the spectral intensity
distribution at‘each film thickness for white-light iﬁterférence'are
Vboth determined by Eq. (31): They fall on the saﬁe'curve with 6 in
‘Eq. (22) as fhe abscissa, alﬁhough the latter curﬁe is limited in
extent by ﬁhevrange of the visible'spectrum. _ihe effeet of the wave-

"~ length debendenCe of the optical constants is assumed to be minor. The
range of & is the sene at all angles of incidence,‘if the optical path
Vdifference is eonsteht; Since the quantity, 63_— 6l,'varies relatively
little from an angie'of.incidence of Obto 905, similar spectral energy

distributibns can be compared at any angle. If the spectral energy |
distributions at these angles are pldtted on'the.eame graph;.the maxima
or minima would occur at the.sane value of § except fbr the.Small
variation of'Gl o&er the range of the angle of refraction in the film..

The value of §, differs by 180° above Brewster's angle from that below

3
for p~polarized light. However, this abrupt differenee does not make
the analysis more difficult. Complete destrﬁctive interferencevat

some angle of incidence has been shown in Section IT-C-3 to be the
criterion fof maximm fringe visibility in monochromatic Interference. |
This same condition‘in white-light interference yields a épecﬁral energy

distribution that appears to be most different from that of the source.

1. Color Purity

. The variation of color purity with angle of incidence in the C.I.E.
chronaticity diagram is analyzed on the basis of constant optical path
difference. A method of representing the mixture of colors in the

| chromaticity diagram by the addition of terms in an_eQuation for the
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spectral eﬁergy distribution is employed. 29 The problem is discussed
first fbr the'relative1y.simple double-beam equatidn,_Eq. (33).v As
explaihed'éariier, this équatién has a mathematical similarity to the
multiple—beam-éQuation; Eq..(31). The intensity derived by use of the
1nmltip1e—béém equation approaches that of the double-beam equation in the

| limit of Veryvsmall ref1ection coefficients. Conditions for the inter-
ference maxima or minima are the same in the two equations and complete
destructive intgrference can éccur only when r3 and rl are equal.

,The'double;beam intensity equation is of the form

I, =cy *efy . ' | (46)

" For this analysis, Cq ard cq are assumed.to be independent of wavelength,
and f, is a function of wavelength only. If P is the spectral energy
‘distribution of the white-light source, the tristimulus values that

correspond to BEq. (46) are

| X = ZPA[CO + o 1% = cyIP X, + ¢ P, f, X, (b7a)
Y= IRleg + o f 1y = eIy + o BB efyeyy o (B7D)
7 = ZPAECO + lel] ?A = COZPA.ZX + QlZPA'fA'ZA - (47¢)

As in Section II-D-2, expressions that represent the addition of two
o points‘in the plane of chromaticity coordinates arebto_be’derived. ‘The

tristimulus.value of the two points, (xo,yo) and (xi,yl), are



—50-

. XO = IP, *X, - - o | (48a)
Zy = TP,z | - (48e)
and
X, = IR f X, ' (49a)
Y, = ERefy ey, S (49p)
Z, = ZPA-fk-zA | . : o (49¢)

“TheSe last two sets of trlstimulus values can be substltuted into
. (47a) through (M?c) to obtain another expression for the tristimulus .

values of the mixture.

X = coXy +c X | o ~ o (50a)
Y = cOYO + ClYl o ' - 7(50b) :
Z=cyly eyl S ’ (BQc)

"No longer are the,tristimulus values of the two component colors simply
~additive. Their addltion is weighted by the values of Cq @ and cl The
chronat101ty coordinates (x,y) of the mixture can be derived w1th the

- use of the definitions in Egs. (44a) and (Mub).

c X + 01Xi _ C S X, + ClSle

(51a)

.= _ %0%0%0_
| coSo teS Sy tegSy
: c Y + clYi ) cOSOyO + Clslyl _ (515}
y s ¥ec.S c.S +c.8 ‘ ®

€0~0 171 o 0 11

The point (xo,yo)'has the coordinates of the white—light source, while
(xl,yl)nay represent a point that is out81de the boundarles of the

chronatlclty diagram because of negatlve contrlbutlons to the trlstlmulus

- ’

I
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‘values. The ehromaticity coordinates of the mixture are weighted averages
of the coordinates of the componeﬁt‘colors. They are weighted by the
corresponding_tristimulus values and the relative values of cg and ¢q.
The point:(k,y)lalways represents a eolor within the:boundaries of the
chromaticity diagram and lies on a straight line exterding from the
aehromatie point (xo,yo). _.

Therline segment definedbby Fgs. (51a) and (51b) is one of constant‘
dominant wavelengfh. Since purity increases with distance from the :
aehronatic point, the condition for maximum purity is the highest ratio

of ¢; to ¢g. It can be seen from Eq. (33) that '

o R 2

o r3 + ry

and '
¢ = 2r1r3

The ratio 9f5§1 to ¢, is

El;: 2r1r3

] 2 2

0 r3 + ry

This ratio'has a maximum value of one when r3 and rl are equal.

(52)

The resulﬁ given_bj Eq. (52) is identical to that giveh by Eq. (39). A
practicai coﬁcluéion-would be that when the reflection coefficients afe :
| lew, the conditien for the optimum angle in white-1light interference-ie
the same when determined on the basis of meximum color purityvor maximum

Michelson fringe visibility.
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For'high reflection coefficients, the multiple-beam intenéity
equation has to be considered. It is an-extensiOn of the arguments
just'presented that the color corresponding to the spectral energy .
distributionvgiven'hy the nultiple—beam intensity equation, Eq. (35),
can be regarded as the addition of an infinitevnumber of colors. This

addition can be acconmplished by adding the tristimulus values of all the

component colors welghted by the coefficients of each term in the equation.

Alternatlvely, ‘the chromatlclty coordinates of the mixture are averages
of the coordinates of the component colors weighted_by both the
corresponding tristimulus values‘and the coefficients of each term in
the equation. With the addition of more than two colors in the plane

of chromaticity coordinates, the angles of incidence at which maximm -

monochronatic (Michelson) frlnge v151b111ty and maxﬁmmn color purity occurv

do not 001n01de An optinmm angle based on maximum color purlty cannot be
calculated ow1ng to the number of terms in HEq. (35), It is interesting
to note thatvthe optimum angle varies with film thickness. Although the
coefficients‘do'not, the colors represented by each.term in the series-
do vary with film thickness. At small film thicknesses, the optimum
angle based on color purity should be noticeablyvdifferent from that at
large thicknesses except when the reflection coefficients are-low;

2. Optlmum Angle Based on Monochromatic (Michelson)
Fringe Visibility

rAn approach to characterizing the optimum angle to view white-
light interference fringes is to use the monochromatic optimum angle
as a basis fOr comparison The monochromatic optimum angle can be

determined exactly. For p or s-polarized light -1t varies only with the
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_ optical‘ébnstants of the filnlénd substrate. Sinbe this optiﬁum angle
is a functioh of three variables, the amount of information that can be
contained in one figure is 1imited.‘ The most convenient way of expressing
the variétibn is’demonstrated‘in Fig.v13. The optimum angle‘is plotted |
as a functibn'of the feal_part 6f the substrate refractive index for
 curves of constant substrate ektiﬁcﬁion indek.' The film refractive index-
and thé'light polarization have to be Specified. Values for this'fig&re
and others were détermined to the nearest tenth of a degreé. To establish
curves of constant extinction index would require a significant amount
of calcUlations, if programv“VISﬁ in the Appendix were used. The amount
~was substantially reduced by using the method of matching reflection
éoéfficiehts at the two interfaces in determining the optimum angle. A
‘totallof Six'figures was produéed-in this manner for s and p-polarized
light and films of refractive index 1.35 (Figs. 13 and 14), 1.50
(Figs. 17 and 18) ard 2.00 (Figs. 21 and 22). The value 1.35 was taken to
- represent the refractive index of dilute aqueous solutions with 1.50
repreSenting én uppér limit. Curves for a film refractive‘index
of 2.0 were'ﬁade for comparison. |
Some aspects of these figures‘should bé noted. In all of them are
- included'sone 5ubstrate refractive indices that are not physically
réalizable. Segments of curves with low values of both n and k were
excluded when they crossed other curves. The figures clearly indicaté,
which curves Were not completely drawn. For p-polarized light,an optimum
éngle'alwayéiekists, because the reflection coefficient at the air-film
' interface varies between 0 and 1. However, an optimum angle defined

by matched reflection coefficients at the two ihterfaces does not always
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Fig. 15. Fresnel reflection coefficient for dielectric medium of
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Normal incidence. Incident medium air.
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exist for s—pola.fized 1ight. Zero degrees ‘would then be considered the
best anglé vof incidence, since it is at this angle that the monochromatic
fringe visibility would be highest (although nof, equal to one). -

Two oﬁher types of curves associated with- the optm angle curves
are included. They, t.:oo,i are for specified film r*éf‘i;'active indices of
1.35, 1.50 and 2.0. Figures 15, 19 and 23 give Fresnel reflection
coefficients as a function of angle of incidence er both s and p-polarized
light. 'Ihesé gi_ve the reflection coefficient at the air-film interface
‘and thus contribute the reflection coefficients at both interfaces at
‘the optimum ahg_le of incidence. . At the optimum angle, the monochromatic
('Michelson): fringe visibility equals one. Figures 16, 20 and 24 show the
d_eperidenc}e of the fringe visibility at nor'mai incidence on the optical
- constants ’of the Substrate. They enable one to accurately sketch the
variation of the fringe visibility with angle of incidence for a particular
film and substrate. _’ Also, they clearvly demonstfa.té the advantage. of |
obser'xrirlgir_ltérference fringes at angles other than normal incidence.

This concept is most jnlporfant for films of low refractive index and
an associated low reflectivity. | |

3. Optimum Angle Based
on Color Purity

The initial attempt at examining the optimum angle of incidence
based on meximum color purity was through Figs. 13, 14, 17 and 18. Points

along the curves in these figures were selected for a comparison. For

several widely different values of the optical path difference, chr'omaticity‘_

coordinates were calculated as the éngle of incidence varied. The angle

at which the coordinates were furthest from the achromatic point was
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consideré_d to pe the optimum angle. From this ‘comparison, it was con-
cluded that the optimum angle varied with the optical path difference.
No exact‘ cufves could be constructed, but vsome definite conclusio'nsl
'wére. drawn. 'I_hé trend in the variation of the optimum angle for white-
- light interference was the same as that for monochromatic inter'fer'ehce.
The cu_:_r'ves,‘v ‘however, were not quantitatively the same. 'The 'mﬁochromtic
' optimm angle was always higher than that based on a maximm color purity.
The differenéé was more marked the higher the optinnnn angle (higher
ref'lecf-ion coefficients). Also, the difference was greater for
‘ ‘ s—poiarized light than for p-polarized light. Higher reflection
coefficients were again the caiiée. When the reflection coefficients
were low, the two methods yie.lded nearly the same optimum angle at
: several Vaiues of the optical path difference.

The next s’cép was to examine the optimum angle in gbeater detail
for a limited number vo'f substrates. Three substrate refractive indices
‘were sel_eéfed td 6btain a wide range of reflection ‘coefficv:ients at the _
6ptimum angie. These obtical constants were int‘en_ded. to repres’ent' silver,u3’gu
' platim.lm%.’uuv and silic_on.us‘ Curves of clfrr'omaticity- coordiné_tes
~as a function of film thickness were plotted vin 1008 increments for film
vthicknesses"between O and 1.5 microns. Several curves wére drawn in |
one 'vdegr'e»e ihcremeﬁts around the n*onochroﬁlatic optimum angle in order
that the optirm:m angle based on rriaxilmnn. color purity could be estinafed
- to the nearest degree. The angle at which the curveé appeared to be
closé_sf: to thev speci;rwn locus was chosen as the optimum angle. Thé

. results are displayed in Table I. Since the curves were visually compared

by superinposing them, the optimum angl_e was often difficult to pinpoint.



‘Table I. Optimum angle of incidence (deg).

Dielectric Film

Refractive Index - . . 1.35 v _
Light Polarization - : ' s P . 8. P ‘8 P
Substrate Complex Criteria*
Refractive Index
0.18-1(3.71) a 89.4  89.3  89.2  89.3 - 8.2  89.3
(Silver) b 88 89 88 88 86 89
c 88 88 85 87 82 88
2.63-1(3.55) a 84 83 80.5 83 68 - 83
(Platinum)? b 83 82 80 82 66 83
| c 79 81 75 81 59 82
4.14-1(0.03) a 77.5  76.5 70 76.5 19.5 76.5
(81licon) 76.5 76 69 76 . 76
76 *k 76

e 74 16 65

* ' . . : ’ '
v ~Criteria a Michelson fringe visibility = 1
b Maximum color purity,'first co1or 6rde;
¢ Maximum color purity, higher color orders

Not sensitive to angle of incidence.

" ¥Value for platinum used elsewhere in this section was 2 07 - 1(4 40).

-89~ '
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At small f11m thicknesses, the curves were not Smooth.' With‘silvér‘as the
substrate;ithéy were rather compact and harder to coﬁpare. NéVértheleSs,
Téole I pfesehts a valid picture}. The variation_of fhe curves with

.angle of iﬁcidence in the first color order wasrsignifioantly different_
from that in the higher orders. It follows that the optimm angle for
the first order and that for the higher orders should be estimated
separateiy. ‘ | o

 Agreement between results based on Michelson fringe visibility and
color'purity is father close.. As stated earlier, the monochromatic
optimum angle is used as the basis for comparison,v It serves as‘an upper
limit; The optimum angle for the firét color order‘différs ffomvit'by no
‘more- than about 2°. This result appears to hold for p-polarized -
light independent of the color ordér.- In the case of s-polarized-light,
the agfeement'worsens for the higher color orders and thé optimum angle is
seen to be gbnerally several degrees lower. The change in color purity
with‘anglemof incidence was observed to be much more gradual in thé highér
colorIOrdefS, thougb,‘than in the first order. An overall view of the table
shows'that for p-polarized light the optimum angle is nearly independent
of the film refractive index.. A comparison of Figs. 14, 18 and 22 confirms
»this observation.- As in Figs. 13, 17 and 21, the optimum angle fof S—
polarized light decreases with an increase in.the fi1m refractive index.
The.description of the optimum angle has been accurate but'laoks

sufficiént detail. A much closer look at both the variation of the color
pﬁrity with angle of‘incidence and the dependence of the ootimum angle' ’
onlthe optical path differerice would be very inStructive. Figures were

devised that would display these'dependencies. They were constructed
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for a film of refractivé index 1.35 on substrates with widely varying:'
opticallconstanbs. In all the figures, the film refractive index was
assumed to be independent of wavelength.  With platinum or silver as

the substrate, the substrate refractive indéxAVaried‘with wavelength

as shown'in Fig. 25 or was taken to be that at an intermediate wavelength -

of'58928.‘ Straighﬁ lines in Fig. 25 were fitted‘ta the data given in
the International Critical Tables. .

‘ Figurés discussed in the previous paragraph are shown next starting
with Fig. 26. Most importantly;-they contain curves of chromaticiﬁy
coordinétes as a function of angle of incidence‘for constant vaiues of
the'optical path difference. Curves of constant angle of incidence aré
aiso_drawn. The duter curve is taken‘to represent the optimum angle
of incidencé, since its-chronaticity coordinates are furthest from the
achfomatic pbint throughout most of the color order. Points that:
represert conStant'intervals of the optical path difference are indicated
by dots éiong'this curve. It appears that cufves sucﬁ as these do notv‘
occur in the literature. However, Kubota®” has preéénted a figure that
is outwardly similar. It inéludéd curves of constant optical thickness
and Curves‘of constant angle of incidence for a film and subétréte
refractive index of 2.20 and 1.50, respectively,rand p-polarized light.
Angles of incidence'included those below Brewster's angle. The purpose
’of'this figure was to follow the change in chromaﬁicity coordinates
with angle of incidence for this type of layer énd to demonsﬁféte'the
chahges of'hue and purity. ‘He‘contrasted the relatiVe-changg of hue
and purity with that for a layer whose refractive index was less than

that of the substrate.
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Fig. 25. Complex refractive index of platinum and silver in
: the visible spectrum. Straight line fit to.data
glven in the International Critical Tables.
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- Figure 26 presents results for a'dielebtric,film'on a dielectrié N
substrate. 'Thié situation contrasts with'interférence in dielectric v
films on metal.surfaces, which is described in later figures. Since
the reflecfion coefficients are 1ow, curves of constant optical path
différencé should be nearly straight. :The‘optimum angle should be low
. and invariant with optical path difference. It agrees very closely to
the monochromatic optimum angle given in Fig. 13. General chéraéteristics
ofvintérfErence in thin films on dielectric substrates-are that color
purity is high and changes slowly with angle ofbincidenée. The fact that
interference fringes can be viewed satisfactorally at normai incidence is
demonstrated in Fig. 26 by the considerable color pgrity obtainable at 0°.

Figures 27 and 28 were constructed for substrates of médium and
high reflectivity. Curves of constant optical path difference are not
straight to the exteht they are in Fig. 26. 'Neverfheless, changes in
purity domiﬁate over any change in hue. The significance of the concépt
of an optimum angle becomes evident for substrates of higher refleétivity.
With silver as the substrate; it would be impossible to observe inter—_
ference coiors.at normal incidence. In the progreésion frbm Fig. 26
through 28,}the fractional change in the color pufity with angle of‘_
inéidence becdmes sharper about the optimum anglé.. Since away[from the .
optimum angle the color purity is extremely low fof a highly reflective
substréte, the concept of an optimum angle gains in importange. However,
the best obfainable color purity ié still quite low.. These three figures
contain curves for just the first color order. Throughout this drder,
the optimm éngle shows little variation with optical path difference.
Wheﬁ the variation of the optical constants of the substrate with

wavelength (Fig. 25) is included in the calculations, the curves undergo




_ j ""J_.‘"".fm sz é 2

=13~

05 g T | LS r{'.-' I —

ol 0.2 03 04 0.5 - 06

XBL752-5694

-~ Fig. 26. Optimum angle of incidence for white-light interference. -

' Chromaticity coordinates as a function of angle of incidence
and optical path difference. Dielectric film (refractive -
index = 1.35) on dielectric substrate (refractive index = 2.0),
s-polarized light, first color order (optimum angle, 44°).
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‘See Fig. 26. Dieléctric film (refractive index = 1.35) on

substrate (silicon, refractive index = 4.14 - i1(0.03))of

‘medium reflectance, s—polarlzed light, first color order

(optimum angle, 77°)
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‘See Fig. 26. Dielectfic film (refractive index = 1.35) on

substrate (silver, refractive index = 0.18 - 1(3.71)) of
high reflectance, s-polarized light, first color order

~ (optimum angle, 88.6°).v
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Fig. 29. See Fig. 26. Wavelength dependence of'optical constants of

substrate (silver) considered for comparison with Fig. 28.
Dielectric film (refractive index = 1.35) on substrate of
refractive index n - ik, where n = 0.155 + 0.0000125 (A - 3800)
and k = 1.76 + 0.000905 (A - 3800). S ’
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slight changes. Compare Figs 28 and 29 for dlfferences. The optiiﬁum
'angles are still nearly equal. | |

The next six figures Figs 30 through 35, are for a platmum
subStrate. For both s and p-polarized 11ght,‘ curves were constmcted.
| for the first and second color orders. Curves that include the variation
of the substrate ref‘ractlve index with wavelength are also presented
for the first color order. A comparison of Figs. 30 and 31 shows the
,diff'erence bet_ween the first and second color orders. The colors in
the se'cond'o.rder are much less 'pure.» The optimum angle is lower but
st1ll remains nearly constant ‘throughout the order. It is broader in
the sense that the fractional change in purity with angle of incidence
is less. One can reach the same conclusions by comparing Figs .33 and
34 for p-polarized light. For the sake of clarity, only angles of
‘incidence above Brewster's angle are shown. | '

+ In addition to the second order in Figs. 31 and 34, some higher
orders will now be considered. Figures 36 and 37 for s and p:polarized
light and a specified film and substrate show the purity of red
interfé'rénce fringes as a function of‘ the angle of incidence. The i
particular red hue 1is defined by a line of constant dominant wavelength.
Compare these curves with the fringe visibllity curves in Figs. 8 and 9,
which give the monochromatic optimum angles The curves have the same
? general shape, but their maxma occur at different ang;les. 'Ihe’optirm,lm
v ang;le based on maximum color purity is lower and decreases from the
first to the third order. Also, the maxima in color purity -become
_' broader in the higher ’orders;

Some general observations concerning the optimum angle can be:

explamed graphically For thls purpose, the curves in Figs. 38
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Optimum angle of inéidence for.white—light interference.:

Fig. 30.°

Chromaticity coordinates as a function of angle of incidence and
optical path difference. Dielectric film (refractive index =
1.35) on platinum substrate (refractive index = 2.07 - i(4.40)),
s-polarized light, first color order (optimum angle, 85°).
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Fig. 31. See Fig. 30. Dielectric film (refractive index = 1.35)
- on platinum substrate (refractive index = 2.07 - 1(4.40)),
s-polarized light, second color order (optimum angle, 82°).
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Fig. 32. See Fig. 30. Wavelength dependence of opticél constants of -

substrate (platinum) considered for comparison with Fig. 30.
Dielectric film (refractive index = 1.35) on substrate of -
refractive index n ~ ik,where n = 1.43 + 0.000308 (1 - 3800)"
and k = 3.03 + 0.000605 (A - 3800). -
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Fig. 33. Optimm angle of incidence for white-light interference.

Chromaticity coordinates as a function of angle of incidence
and optical path difference. Dielectric film (refractive

- index = 1.35) on platinum substrate (refractive index =

2.07 - 1(4.40)), p-polarized light, first color order
(optimum angle, 84.5°). Angles of incidence above
Brewster's angle. : g '
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Fig. 34. See Fig. 33. Dielectric film (refractive index = 1.35)
~~ on platinum substrate (refractive index = 2.07 - i(4.40)),

- p-polarized light, second color order (optimum angle, 83°).

Angles of incidence above Brewster's angle.
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Fig. 35. See Fig 33. Wavelength dependence of optical constants

~ of substrate (platinum) considered for comparison with
Fig. 33. Dielectric film (refractive index = 1.35) on

substrate of refractive index n - ik, where
n=1.43 + 0.000308 (x - 3800) and k = 3.03 + 0. 000605
(A - 3800). .
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Dependence of the optimum angle in white-=light interference
on the color order. Variation of color purity with angle
of incidence. Dielectric film (refractive index = 1.35)

on platinum substrate (refractive index = 2.07 - i(4.40)).

Red interference color, complementary wavelength 506.4 nm,
s-polarized light.
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through 40 were calculated. They all follow the change in purity of an
interferénce célor (red) as a function of the reflection coefficient, r3.
In Figs. 38 and 39, the phase change due to reflection, 85 - 6,, i zero
arnd the reflectién coefficient, rys is specified to equal O.6kand 0.8,
respectively. In Fig. 40, r, and r, are equal. The independent variable
is taken to be the reflection coefficient at the air-film interface,
since the ﬁrinary effect of changing the angle of incidence is to.change
this reflection coefficient. If is the nonlinear relationship between
thesé variables (Fig. 15) that makes the optimum angle sharper for more
reflective substrates. This trend was clearly demonstrated by Figs. 26
.through'28. Other factors that affect the optimum.angie can be better
understood by contrasting the multiple—beam equation with the double-
beam equation inFigs. 38 throuéh 40. As predicted by Eq. (52), the
doublé—beamiqurves have their maxima at a value of r3 equal to the
spécified value of ry. Maxima in the curves for thevmultiple—beam
equatioa occur at lower values of ry- " The relative shifts Qf these -
‘maxima are qualitatively the same as in Figs. 36,and.37. The reason
for the shift.to lower reflection coefficients ié contained in Fig. MO;

As the matched reflection coefficients increase in value, the color

purity decreases. This trend in the color purity is superimposed on the

increase in purity shown by the double-beam curves in Figs. 38 and 39
as the conditibn of* matched reflectionvcoefficiéntsvis approached. A

- decreased purity and a broadehing of the optimum‘angle‘in the higher
orders is exhibited_by both the double-beam and multiple-beam curves.
Thus,‘these characteristics are simply a result of the increase in the

optical path difference.
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Variation of color purity with the amplitude _
reflection coefficient, rz, at the air-film interface.
Amplitude reflection coefficient, ry, at the film-
substrate interface equals 0.6.  Phase change due to
reflection, 63 - 87, equals zero. Red interference -
color, complementary wavelength 506.4 nm.
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Fig. 39. See Fig. 38. r) = 0.8,
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Fig. 40. Variation of color purity with amplitude reflection
- coefficients at both interfaces. Phase change due to
reflection, 63-87, equals zero. Red interference color;
complementary wavelength 506.4 nm. ‘
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4. Optimum Angle Based on Polychromatic Fringe Visibility

Figurevhl contributes a final note to the present discussion of
the optimum angle. A fringe visibility defined by the maximum and
minimm tristimilus value Y varies with the reflection coefficient,
r3 (or with gngie bf incidence for a specific film and substrate). Its
definition is similar to the monochromatic (Michelson) fringe visibility
in Eq. (36). The tristimlus value Y (relative 1uminan¢e) varies.with |

‘the optical path.difference.

Y =Y |
Polychromatic fringe visibility = fin——lon o (53)
. max min.

However, successive maxima or minima are not identical. A maximum
succeeded by a minimum at a higher value of the optical path.diffefence
wasbused in the definition of the polychromatic fringe vi$ibi1ity and
defined a colof order. Figure 41 shows a shift in the maxima to lower '
reflection coefficients fhat is remarkably similar tb that in Fig. 39.
This fesult_indicates that a fringe visibility defined for whife-light
-interférence.predicts the optinhm angle in each color order more

closely than the monochromatic fringe visibility.

B. Color Series
“Accurately determined colof series are requifed for accurate thickness
measurements. The spectfal»enefgy distribution of light reflected from a
film-covered substrate is calculated through the use of Eq. (31). By = |
coupling it with the tristimulus coldr system, one can predict the color

of reflected light at any film thickness.




[ A B e A

Color orders ;|

o
o

Fringe visibility

0‘4

0o 02 o4 06 08 1.0
Reflection coefficient, Ty me'75u-606u

Fig. 41. Variation of polychromatic fringe visibility (pased on
: minimum and maximm tristimilus values Y) with amplitude
reflection coefficient, r3, at the air-film interface.
Amplitude reflection coef§1c1ent Ty, at the film-substrate
. interface equals 0.8. - Phase change due to reflection,
S, —~ 61, equals zero. Red interference color, complementary

 wavelength 506.4 nm.
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1. Dispersion of Optical Constants

Exact caiculations include the variatien of the optical constants
h of both the film and substrate with wavelength. 'They can be'sub—'
stantially reduced, if the dispersion of the optlcal constants has a
minimal effect on the color series. If the refraetive'index'of a
dielectric fihn is high, the dispersion might:haVeAa noticeable effect
on the makimum in the”spectrai en_er'gy'distr'ibu.tion.u8 For dieleetric

films on metal surfaces, Kubotat”

‘considered the effect on the color

- to be small. In the study of'aqueous solutions on metal Surfaces,

vthe effect should be negligible. Figure 42 shows.the refractive index

of aqueous'potassiuﬁ hydroxide solutions throughout most of the visible
spectrum. The variation is within'l%; Dispersien of.the refractive index
of a metal, though, may be significant. Figure 25 has shown the variation
to be nearly linear for platinum and silver. An average value of the
refrective index at an ‘intermediate wavelength of 58928 has already been
used in determining the optimum angle of incidence. Refer to Figs. 28

and 29 at smail optical path differences fbr the most noticeable change.

Tt would be instructive to substitute an average value in the calculation

of a color series. Figures 43 and 44 are curves of chromaticity coordinates

as.a fUnctioh of the optical path difference‘for a dielectric film on
platinum-fbf s and p-polarized light, respectively. .ihe angle of incidence,'
85°, isvnear thejoptimumvangle. The solid.curve was calcﬁiated assuming.

a constant value for the refractive.index of the platimum. Calculation

of the dashed curve included the dispersion'of‘the refractive index. |

They exhibit onlj-slight differences at low values ef the optical path'

difference.
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Fig. 42. Refractive index of aqueous potassium hydroxide solutions
in the visible spectrum. Measureﬁnents made with Bausch
and Lomb precision refractometer, 9 250C.
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Fig. U43.

Chromaticity coordinates as a function of the optical path
difference. Angle of incidence equals 85°. Film of refractive
index 1.35. Solid curve for substrate of refractive index

2.07 - 1(4.40). Dotted curve for substrate of refractive

index n - ik, where n = 1.43 + 0.000308 (X - 3800) and
k = 3.03 + 0.000605 (A - 3800). s-polarized light.
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Color series corresponding to the dashed and solid curves in

‘_Figs. 43 and 44 are presented in Figs. U5 and 46. For a comparison,

color series for angles of incidence of 80 and 75° are also given. The
hue names correspond to the seven names in the Chroneticity diagram in
Fig. 11. ihe*fegion considered white is 1/5 the size shown in Fig. 11.
The color series in Figs. 45 and 46 do not show a significant difference

from each other. Variations at low optical path differences are misleading,

"~ since the colofs are very low in saturation. Color series are actually

limited in the detail they provide. A large range of the optical path
difference is assigned one hue name. The continuocus variationvof the
hue within this range is not indicated but must be inferred. mfomtion
concerning the variation of brightness.and.saturétion 1s absent

throughout the series.

2. Color Charts

| When dispersion of the optical constents is ignored, more generally
valid color series canvbe determined. According tonEq. (31)? the spectral
energy‘oistriontion varies with'ﬁhe reflection'coefficients (r3 ard rl), |
the ohase change due to reflection (63 - 8;) and the optical path
difference, AS in Eq. (21). .If the reflection coefficients are specified,
the variation of hue with the optical patn difference for ﬁalues of
can be expressed in a two;dinensional diagfam. " Turney 27

§, - 8¢

3 1
constructed such diagrams, which he termed "generalized color charts."

' He made a chart for low amplitude reflection coefficients (0.2) at

both interfaces and one for medium amplitude reflection coefficilents (0.6){
A chart for hign reflection coefficients was not made, because it fell

entirely within the white region of the chromaticity diagram which he



index (a) 2.07 - 1(4.40), (b) that varies with wavelength as in Fig. 25.
Reflection coefficients and phase changes due to reflection for par*t (a) are

= 85° ry = 0.862 r3 = 0. 825 63_—51 = 19.23°
= 80° r1 = 0.861 r3 = 0.683 83-81 = 19.49°
¢= 75° ry = 0.858 - r3=0.569 §3-67 = 19.91°
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choSe to be ten tines the size of the region given.by wfightul to represent
the ability ef an observer to perceive a difference.in color. In erder
to determine the color distribution within the eharts, he changed the
quantity, 85 = 8y, in increments of 10° from 0 to 360° and the film
thickneés in increments of 1008. The range of the optical path difference
extended from O to 3 microns. It is at approximately an optical film
thickness of.1.5 microns that the transition from a "thin" to a "thick®
film has been said to occur?SThe,reflection'coefficients were not'assumed
but were calculated for a film of refractive index,bl.BQ; on specific
_ subStrates. Ehe angle of incidence was theuoptimnmAangle fbf each of
the film-substrate combinations based on a ma.)mmjm Michelson fringe
visibility. ’For substrates of refractive index, 2.25 and.2.63 - 1(3.55)
.(platinum),'the amplitude reflection coefficientsbet both interfaces were
0.2 (s and p-polarized light) and 0.61 (p—polarized:light), respectively.
Bnown30 made independent thickness measurements of thin films in
order to establish the eecnracy of the generelized color charts. He .
found that some colors assumed by Turney to fall within the achromatic
region could indeed be observed in practice Upon eomparing color
series from the generalized color charts with photographically observed
fringes,-he found this technique to be in satisfactory agreement with
several otner methods of film thicknesé measurement : Gu28 used the

‘color charts and ellipsomet"jto determine the thickness of aqueous

potassium hydrox1de films on a platinum electrode ‘and found excellent
agreement between the two neasurements.
Even though TUrney s color charts were shown to be useful, they

still lacked sufficient detail. Colors with a very 1ow tristlmulus
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value Y were desighated as "black", but the values of Y fepresented
by this designation were not given. It appears, though, from calculations

made in the presenﬁ study that he used values of 5 and 10% of the maximum
- |

Y value at each § - 61 as the criterion for the designation "black" in

3
the charts for low and medium reflection coefficients, respectively.
The achromatic region was much too large. For this reason, a chart for

highly reflective surfaces could not be construCted; An overall view

of the charts indicated that some color tranSitionsAmight not be represented

correctly. Thus, a recalculation of the color charts was undeftaken.

B A set of eeven color charts is presented in Fig. 47 through 53.
Matched reflection coefficients with values befween_0.2-and 0.95 at the
air-filmand film-substrate interfaces were specified for each chart.
Essentially, the charts were constructed for use at the monochromafié
"optimum angle. Since several charts were made, interpolations between
successive charts'should be-sufficiehtly accurate for thickness
| determinations. The phase change due to reflection is the quantity,

63 - 61 in Eq. (31). The optical path in the film is equiValentvto the
thical path difference,'AS, which can be converted to film thickness
through the relationship inqu. (21). The seven hue names are those
given in Fig. 11. The designation, "white", was éssigned”to chfomaticity
coerdinates fhat fell Within a'region 1/5 the size shown in Fig. 11
around the-achrematic point. - |

These color charte were generated with the aid of a computer program.
The reflection coefficients were input data for the calculations. The
optical path difference was.varied by increments of 1008 from 0 to

3 microns for values of 8; - §, that were varied by 10° increments from
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0 to 36C°. Chromaticity coordinates were assigned a hue name in a manner
identical to that in program "HUE" in the Appendix. Assigning the ‘
designation, "white", to areas of the charts was dbhe separately. 'The
label, "W", designates white areas which may be exténded or narrow (red-
green transitions). For the narrow regions, théﬂietter "W" was positioned
where the‘chromaticity coordinates were closest to the achromatic point.
If the hue éhangéd sharply with the optical path‘difference,_individually
labelled areas of the chérts could not be drawn clearly. Under these
conditions, the hue designations were written in the order the hues
occurred and were separated by dashes. When two hues occurred in a
seemingly random fashion in the same area of the charts, the area was
labelled with the designations of the two hues.Séparated by a comma.

The hue that_appeared to be dominant was listéd‘first. Two aspects of
the labelling may still be unclear. In Fig. 52 tdWard the right side

of the chart, a narrow area with the designation; ﬁP—B—BS", also has

the designation, "W", associated with it. The '"W" refers to a narrow
band extending thrdugh the iarggr area. In Fig.153, one large area
contains both the designations, "R" and "R,0". Along this area, the
amount of "orange" gradually decreases to none.

3. Intensity and Purity Changes in Color Charts

Various aspects of the color charts should be considered carerlly.
The designations for areas of the charts strictly adhere tb.the definitions
of the hues giVen in Fig. 11. Gradual transitions between hues have been
replaéed by Sharp boundaries. Besides not fully representing the change
in hue, the charts neglect the changes in purity and intensity. Some

areas of the chart not designated as "white" may represent colors of
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very lowrpurity. Their locations can be infefred from the charts for
high reflection coefficients. .The "white" areas become much more
expandedvénd.cover,afeas of very low'purity. Intensity variations within
the charts have nqt'beenindicated at éll. Areas of low intensity relatiVe
to the maximum intensity écrbss a chart should not be idenﬁified‘in a
manner that obscures the changes in hue. | | |
Changes in intensity are shown in Fig. 54 by the}variation.of the

tristimulus value Y. Curves are pfesented for 63. —'61 of 0 (or 360)

‘and 180°. The reflection coefficients at both interfaces correspord to

those used in the color charts. Positions of minimum and maximum intensity
were located throughout the charts and were found to be nearly independent

of the reflection coefficient. Dotted and dashed lines commect positions

. of the minima and maxima, respectively. These lines were verified to be -

‘correct at a 8, - 6; of 20° for all combinations of the reflection

o3
coefficients. Low intensity areas of the chart are assoclated with

purples and'blqes. The hue changes rapidly with optical path difference

in these areas as demonstrated in Figs. 26 through 35. Kubota?9 referred

"to this phenomenon as the "sensitive color". High intensity areas in the

charts are associated with yellows. -
- A similar chart is presented in Fig. 55 fbr.monochromatic-inter—

ference. The reflectance in Eq. (31) was calculated for light of wavelength

5700&, becausé the lines conhecting positions of minima. or maxima for

this waﬂelength were néarly identical throughout most of the chart to
those in Fig. 54. Note the increased sharpness of the minima in the

curﬁes for higher reflection coefficients. This effect is easily

attributed to thedenominatorin‘the‘multiple?beam_intensity equation.
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It is responsible fbr.the decrease in color purity_at high reflection
coefficients and the resultant shift of the optimum angle to angles lower
thah the monochromatic optimum angle.
The generalvdifference between intensity variations in white-light

.and monochromaﬁic interference can be'perceivéd'at a glance. In
‘ nDno¢hromatic interference, the inténsity répeats at equal intervals of
the opticai péth difference (one wavelength) corresponding to a phase
shift of 360°. In white-light interference,‘tﬁe magnitude bfAthe variations
of intehsity léssené with_higher valuesvdf the 6pti¢al bath difference.
The underlyiﬁg reason for the differenée is the fact that in white-
light interference the‘optical path différénce dOeslnot uniquely détermine
the>phase in Eq. (22). The resulting spectral eﬁergy distribution becomes
more unifbrm ét_higher values of the optical path difference._ Thus, the
intensity variation showé a general decrease across the color charts.
Variations of the tristimulus values X, Y and Z in each of the charts
reflect a1corresponding general decrease in the color purity with higher
values»of the optical path difference. Figures 56 and 57 show théitrend
toward averéged values aéross the charts. Curves in these figures were
drawn by the plotting facility associated with the computer. Une?enness
in the qufves fbr.the highest reflection coefficients appeafs to be the
result of calculations and not stray pen movementg |

4, Use of Color Charts

Interpolations between color charts in Figs. 47_through 53 and
between intensity variations in them as shown in Fig. 54 can be done
accurately, if the reflection coefficients at the two interfaces are

equal. If the reflection coefficients are not equal but are also not
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widely'different, a color series can again be.deterﬁined fairly eccurately,
but interpolations involving the size ef.the white'erees cannot be made.
_Color series were investigated for a 63 - 61 of 20° and meny combinations
Ofbunequel feflection coefficients and were found to be intermediate
between series for the correspording equal feflection coefficients.
Interpolations were not merely averages, though, of the values of’the
optical path difference at which transitions between hues occurred. The
dependence of tﬁe hue on the reflection coefficients could be expressed
more clearly'in figures eimilar to Figs. 26 through'35; Curves of
constant opticel‘peth differehce and curves of censtant reflection
coefficient,er3, could’be drawn for specified values of 63 - Gl'and ry.

| Theecolor charts,wefe deéigned to provide accurate color series
with a minimal amount of computation. A method wiil,be discussed next
to compute both the reflection coefficients and tﬁe phase changes at the
>iﬁterfaces for a selected angle of incidence and the convereion of the -
~optical path difference to film thickness. Calculations to determine
the reflection coefficient and phase change at the film-metal interfece'
can be almost eliminated by using graphs such as Figs. 58 and 59. The
~ angle of inciaence onto the substrate 1is specifiedeto'be'U5°,'which
correeponds to approximately a 75° angle of incidence ohtq a film of
refractive—ihdex,'lf35; As demonstfated in Fig. 4, the reflection |
coefficient and phase change for metal substrates in contact with .
aqueous solutions are neerly constant aboVe'this.angle;

The calculations can be further reduced, if the'experinentalvangle _
| of ‘incidence is also the monochromatic thimum angle. Curves such as
“those in Figs. 13 and 14 yield the monochromatic’optimum angle for a specific

,fiim ard substrate; The reflection‘coefficients at*the_two interfaces
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are specified to be equal and can be determlned from curves such as
those_in Fig. 15. As before, the phase change 6 19 at the filnhnetal
interface is'given closely by Figs. 58 and 59. "The value of the
reflection coéfficient, rys should be thé same as that found eariief for
both reflection coefficients. | |

The phase chahgp at the air-film interface abbve Brgﬁstér's.angle‘

is equal'to”180° for both polariZations. If the aﬁgie of incidence is

‘above Brewster's angle fdr a film-covered metal surface, the phase change

.due to réflection, 63 - 61, is-greaﬁer than 0 and 180°, respectiyeiy, for
s and p-polarized light. The value of"G3 - & fbr'p-polarizedriight

has been adjusted by 360° to make it.pOSitive;_ If the'reflection:
coefficients at the two interfaces are equal, the color series can be
-determined accurately from one of the charfs or by interpolation betwéen
two charts. The conversion factor from optiéal path'difference fo'film

thickness ‘is a readily calculated quantlty, which is the reciprocal
of 2nlcos¢' in Eq (21).
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IV. EXPERIMENTAL: PROCEDURES AND RESULTS
A. Thin Film Interference Optical Bench

A diagram of the optical bench is shown schematically in Fig. 60
along with a numbered list of components. Figure 61 is a photograph of
this same apparatus. The optical components on the left side of the
figures produce two collimated and polarized beams of light incident onto
a film-covered surface. Those on the right side focus images of captions
and the surface and adjust their positions in the plane of a photographic
film. The left side can be moved along a track about a vertical axis.
The film-covered surface, which is oriented in the vertical position, can
be rotated about this same axis so that the ref‘leci:ed images pass through
the mirror system. The beams have an angular separation of 6°. The
angles of incidence are equal to half the reading (in degrees) on the
semicircular track plus or minus 3°.

The light sources are two tungsten microscope lamps, which are focused
on ground glass diffusing screens. Irises behind the screens approximate
point sources. -'Ihe beams are collimated and polarized with lenses and
polaroid ﬁlters. Light reflected from the film-covered surface is
focused at a point beyond the mirror system, in which it undergoes
reflection from two mirrors. The focusing is achieved with a field lens
placed just behind the film—covered surface and a lens placed in front
of the camera. If the camera lens has a diaphragm, it should be positioned
such that the diameter of the beams is smallest at the diaphragm in order
to avoid vignetting of the images. |

- A set of lenses focuses the image of captions, and mirrors adjust

the image position in the plane of the photographic film. When necessary,
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Fig. 60. Schematic diagram of thin film interference optical bench?7 1. Microscope lamps, 2. Neutral
density filters, 3. Source irises with diffusing screens, 4. Front surface mirrors, 5. Collimating
lenses, 6. Polarizing filter, s-polarization, 7. Polarizing filter, p-polarization, 8. Thin film-
covered surface, 9. Field lens, 10. Mirror system for reflected images, 11. Camera objective,

12. Camera diaphragm, 13. Photographic film plane, 14. Focusing lenses for captions, 15. Capticns.
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Fig. 61.
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CBB 755-3842

Thin film interference optical bench. See Fig. 60 for list

of components. Light from tungsten lamps (left) reflects from
film-covered surface (center) into camera (right). Fiber optic
probes sample light in incident and reflected beams.
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images of a clock and a potentiometer (illuminated with flood lights) can
be included. The clock is used to time experiments involving liquid films,
while the potentiometer records the potential of a metal surface relative
to the potential of a reference electrode. A thermometer is placed next
to the experimental cell.

One of two cameras was used to record images of the interference
patterns. For single photographs, the camera was a Nikon F 35mm body
used with a 400mm objective made from two 800mm achromatic lenses. A
timer on the camera ensured a gentle shutter release. For sequences of
photographs in which the time of drainage of a liquid film was recorded
by the image of a clock, a Bolex H-16 16mm movie camera was used with a
Vario-Switar 18-86mm zoom objective. Frames were exposed at constant
intervals that were set by a timer in a movie control box. The shutter
was gently released by a motor with a crank and a connecting rod to the
camera. Lights that illuminated the captions turned on about 2 sec
before the exposure. The source lights, though, were on continuously.
Room lights were kept off to minimize reflections entering the camera
from optical components. The photographic film for either slides or
movies was Kodak Ektachrome type EF balanced for 3200°K tungsten light.
Intensities of the reflected images relative to each other could be
adjusted with neutral density filters in front of the source irises.

An alignment procedure for the optical bench has been described in
detail by ’I‘ur'ney.27 He has also presented a complete description of
the spectrophotometer, which measures the intensity of light reflected from
the film-covered surface relative to the incident intensity. One

fiber optic probe (1/8 in. diameter) is placed in the incident beam and
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one in the reflected beam. The probe that samples the ref‘lecfed light ié
held in a r'ack ard piriion mount,‘ with which the ver'tical position can be
- scanned. | | |
B. Ellipsometry
' 50

A compénsa’cing automatic ellipsometer”  was used to determine film

thicknesses of cr'yolite films on chromium and aluminim. Principles of .

51

ellipsometry have been explained elsewhere. However, a brief descrip-

tion and a sumary of equations will be presented for the sake of élarity.
Overall 'corrxplex a.mplitude reflection coefficients of a fihn—covered
surface for s- and p-polarized light have been given by the Drude equation,
Hq. (30). These complex quantities are designated by ?s and 'r\p ard the
real amplitudés by r and rp, respectively. Overall phase changes are
designated by Gs and Gp. : ’I‘hey must not be confused with the ihdividual
phase changes at an interface, which are contained in the complex reflection
coefficients . and P. at the two interfaces. v6 is the phase shift

1 "3
due to the presence of the film.

A A -ié .
. r3,s- + rLSe _ 16S
r, == — = r e
S 141 1 e—19
“1,8"3,s
~ ~ -ié
r + e = is
) f, - 3)pl.r14p =pre
P 145 p 36 7P
1,p 3,p

An essenti_’al definition in ellip.sonetr'y is that of p s whic_h is th'_e ratio
~of the cbmplex reflection coefficient of the p—polérization to that of
the s-polarization. In the definition of p, both the phases and the
amblitudes of the two orthogorlél polarizations are taken to .be_ equal

in the incident beam.
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The'quantity, tany, is thus the relative amplitude-attenuation,'and A

is the relative‘phase shift between the two polarizations upon reflection
by the film-covered substrate.

Monochromatic light with a vacuum wavelength of S461R is used. Two
components. of the apparatus are adjusted in_order that elliptically
polarized light incident onto the film—covered substrate is reflecﬁed and
then extinguished as linearly polarized light. Elliptic polarization is
achieved by passing the light through a polarizer and a quarterfwave
plate. The s and p polarizations of ﬁhe incident light must be eoual but
shifted in phase. Extinction of the.polarized iight by the analyzer has
been réaohed upon rotation of the polarizer and analyzer to the proper
azimuth angles. The azimuth angle of the quafter~Wave plate is fixed
during the rotations of the other two components.

The values of P and A can be derived from the azimuth readings of
the analyzer and polarizer, respectively. Two combinations of these
readings can yield the same values of ¢ and A for a giVen azimuth angle
of the quarter-wave plate. This result occurs, because linear polari-
zation of the reflected light can be achieved if the difference in
phase between two orthogonal components equals 180° or 360° (or 0°).
Different combinations of the azimuth readings correspond to what are

called "zones". Another azimuth angle of the’quarter-wave plate
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contributes two more zones. Experimentally determined values of ¥ and A

are four zone éVerages. An average.valﬁe minimizés.the error caused by

a'misalignmént of the equipment and honideality”of the quarter-wave plate.
| | C. Solid Films |

1. -Depositionv-

- Deposition of métal_substrates and dielectric_films was accohplished
by way of vacuum vapor deposition. 'The apparatus used for this purpose
was a Mikros Automatic Valving Vacuum Evaporator (Model VE-10). A
mechanical pump and a diffusion pump performed theipumping. Pressure

“was monitored with a Pirani transducer system and with é vacuum discharge
gauge at succeSsively lower préssure ranges. Even with the aid.of a
1liquid nitrOgen cold trap, pressures were generally'2—SXlO_5 Torr.
Depositing was confined to a bell jar with a 10 in. outside diameter
and a height of 12 in. The base plate had several feedthroughs. A
rotary feedthrough allowed rotation of the substraté in a horizontal
plane. Sourcés could be comnected to one of twovpairs of electrodes,vv
which passed a,current_ofvup to 100 amperes. Thermocouple feedthroughs
were constructed to monitor source temperatures. :The platinum/platinum-

‘rhodium thermocouples were connected to a digital temperature indicator.

Unfortunately, its use was not developed to the point that it became

well-suited to rapid deposition.
. Three by one in. microscope slides were used aé supports for the
deposited films. In order for the metal films to adhere properly; thé

slides had to be thoroughly cleaned. After a detergent cleaning, they

were soaked in a warm solution of sulfuric acid ahd potassium dichromate

for about 5 hr. _At the end of this time, the slides were rinsed with



: }distilled water and soaked in waxm distilled water f‘or an hour ' 'Ihey

were dried by passing dry nitrogen over them ‘ ‘ _
| Either aluminum or chromium was deposited onto the glass slides as

v_.the metal substrate ’Ihe aluminum was in the form of wire 60 mil in'

| : diameter Chromium (99 9% pure), nanufactured by United Mineral and '

‘ Chemical Corp s was used as 325 mesh powder 'Ihe film naterial that o
‘ was deposited onto the metal substrates was cryolite (Na A1F6), which
. ,-is distributed by Ventron Oorp -Alfa Products It has a purity of 98 5%

s

E and a 325 mesh size. S e e

Sources were conposed of either tungsten or tantalum 52 ’Ihese metals
used because of their high melting points Aluminum was'

E : | __..deposited from two 25—30 mil tungsten wires Pieces of aluminum were '
3 hung onto a’ u—shaped bend in these wires 'IWo wires of.' tungsten had to S
-*_-be used, | because the alumimnn alloyed with the tungsten and caused R

pid destruction of a’ source nade from one segnent 5 Tantalum foil was ; ‘

_ Ithe source rraterial for the deposition of both chromium and cryolite
_ | v"]he design of the sources was such as to obtain the highest possible
- temperatures. ’IWO pieces of lO mil thick tantalum sheet were connected

'iﬁ'to electrodes with screws 'Ihey extenr.ied horizontally from the electrodes

'fand had a gap between them. 'Ihis gap was bridged by 2 mil thick tantalum f : L

o foil with a reduced width in the center. | ']he piece of foil was. bent '- ..

o .'_‘;fsection consisted of a boat

‘f',.at two opposing sides in order to connect it by crinping to the 10 mil
tantalum sheet that had similarly ‘bent edges For the deposition of
chromium, the na.rrow section of the foil was flat. Chromium was spreﬁd

. "_‘.out evenly over this area For the deposition of cryolite, the na.rrow
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GlasS.SIides were mounted horizontally on e sténd whose motion was
controlled by a rotary feedthrough in the center of the vacuum chamber.
TWO‘peirs,of electrodes_were situafed on opposite sides. ‘- The source for
;the'aluminum or chromium was connected to one peir of electrodes, while
the boet for the cryolite was.connected fo the other pair. vFor the
depositionAoffcryolite, the slide was oriented so that its long axis was

' parallelnto_and directly above a horizontal line‘extending radially from |
the source. eVertical displacement of the slideifrOm the source was
about U in. '," _'ahd the horizontal displacement of the front edge of the
3 in. slide was about 2 in. Within the physical constraints of the
chamber, this geometry appeared to be the optimum to obtain good'quality

- films with a reasonably large gradient of thickness. When aluminum of
chromiumbwas deposited, the slide remained the same vertical distance

' from the source but was rotated back and forth over it; The giaSs was

" masked invthe lengthwise direction near the edges wiﬁh metal- strips duriﬁg'
the deposition of the metal substrate material. Similarly,lfhe metal
substrate was partially masked, while the cryolite_wée deposited. This e
procedure Was followed 15 case'step-height'measurements were to be made.
Figure 62 is a representation of a film deposited'Onto a. metal substrate,
which is SUpporfed by a'giass slide. Specimen coordinates for use ih
£11m profiles are indicated. | '

The minimum:quantity of material to be evaporated was calculated
from the required film thicknessee and the geometry of the deposition.
Metal layers:of about 1000 thickness were desired_in order to_insurev

~ that they would,be opague. The slide was assumed to be part of either

a hemispherical‘(chromium or cryolite deposition) or a spherical



Fig. 52.

Coordinate system for deposited solid fihns30
layer. 3. Dlelectrlc film.

Glass slide.
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v(alﬁminum débdsition)‘surfacé, whose radius Was,the'averagg distance
from the source to the slide. An amount inbexqess;of this calculated
quantity was;ﬁsed, though, because some matefial Wouid evaporate as the
source was heated to the nélting,tenperature. ' During this time, the
slide was shielded from the soufcé'on the other side of the chamber.
Also, it was assunéd ﬁhat not allvof the atoms or molecules inpinging
on the slide.wound be adsorbed. | |

anitoring the evaporation was done visually.‘ When current was
paésed at.é slowly increésing rate through the tﬁngstén wires, whidh held
the pieces of aluminum, the aluminum initially formed a liquid drop.
It then spread upward in both directions and evaporated rapidly as it
progressed along the wire. As current was'passed through the source
contéining the chromium, the tantalum foil heated until it_glowed red
ahd the chromium then began to disappear.. Depoéition’of the entire
amount of aluminum and chromium occurred within a period of 20 and 45 sec,
respectively. . During the time when the gurrent was high, the pressuré
in the chamber rose significantly. After the depdsition of the metal Was
complete, the slide was removed from the chamber in order to mask part
of ‘the metal. The slide was again mounted in fhe sfand and aligned for
the deposition of cryolite. 'The orientation of the slide was noted -
befbre rotating it to the other sidé of the evacuated éhamber. Upon the
gradual inprease of curreht, the tantalum boat heated.until it glowed
red and thé cryolite bégan to melt. At this point, the slide was quickly
rotated back'to‘its original position and the current was_raised. Again,
the pressufe'in theichamber rose significantly. Thé‘period.of deposition'

vvaried-with the QUantity of cryolite that was evaporated but was-on
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the order of 10 sec.

The metal layers were opaque to ordinary lighting. However, they did.

show pinholes when the room lights were turned off and they we?e held in
_f‘f'ont of a h:Lgh intensity lamp. Both the metal and the cryolite layers
abpeared t_:o be adhering very well. Interference fringes were o_nly |
slightly curved and were symmetrical about the axis of the slide.
| Since the thicknesses of the films on the numeroﬁs _slides varied over a
wide r&nge,l the f‘iims’ appeared to be satisfactory for use in a study of
tﬁe colorimetry of interference colors of dielectric films on metals.

2. Ellipsometric Measurements

Azirmlﬁh feadings of the analyzer and poiarizer were fecorded Vfor' :
different 'location_s along the vertical axis of the glass siides ,‘ which
supported t':he. cryolite film—covered chromlum and aluminum layers. The ¢
and A values .derived from the azimuth readings are four zone averages .51
Positions along each slide were measured at the center of the circular
light beam, which was about 3 mm in. diameter. ‘Ihe: angle of incidence
was 75°. 'Thus, the measured thickness was an average over an ellipsoidal
area (3x12 mm). |

Experimental ¢ and A values are shown in Figs. 63 and 6U. Calculated

curves were 'drawn for metall refractive indices that vary about the averag;é _

value determined in this study of 2.23-1(1.23) for chromium (measured
value for bére chromiwn) and 0.8-i(5.4) for ‘aluminumv. Agreement of the.
experimental wii:h the calculated curves was best for a cryolit__e refractive
index of 1.311.-53 A r"ange_of 1.30-1.33 has been given elsewhereSu for
cryolite films. The computer program I_AYERE'5 was modified to plot the

curves in Figs. 63 and 64. The curves repeat themselves at thickness
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Fig. 63. Experimental values of ellipsometric parameters y and

. A. Calculated curves for cryolite film of refractive
index 1.34 on chromium substrate of refractive index
A. 2.2-1(1.4), B. 2.2-i(1.2), C. 2.2-1(1.0).
VFilm 1 ' ‘
AFilm 2
"OFilm 3

QFilm 4
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Fig. 64. Experimental values of ellipsometric parameters y and A. Calculated curves for cryolite -

film of refractive index 1.3l on aluminum substrate of refractive 1ndex, A. 0.7-1(5.6),
B. 0.7-1(5.2), C. 0.9-1(5.6), D. 0.9-1i(5. 2)
OFilm 5
VFilm 6
AFilm 7

"OFilm 8
QFilm 9
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intervals (29403) which correspond to wavelength intervals (54618) in
the optical path difference. o

3. Interference Measurements

Interference colors of the deposited films were recorded photo-
graphically on pqéitive slide'film. The experimental angles of incidence |

were slightly less than the calculated monochromatié optimumvangles.

_ Observation‘of_the colors aé a function of distance along thé supporting

glass slides was accomplished by projectingvthe photographic images

onto a whité»background. The light soﬁrce for thé projector>mas a tungsten
lamp. Figufes’65 through 68 show the observed color series ahd theb

| calcdlated_series; which are drawn as a function of the optical path
difference.

For each film, the correspondence between an abserved and aalculated
color is indicated by an arrow. Difficultly was encountered in matching
the white areas. In Fig. 66 (film 2), the center of the white area W)
.is nBtched.with a part of the calculated series that is very close to the
white regidn in the chromaticity diagfam. A similar matching OCCurs in
Fig. 68 (Films 8 and 9) but is not indicated by arrows. Slight‘ovér—
exposure of the @hotographic film could causevvery'unsaturated colors
" to appear white. :The transition between white (W) ahd yéllow (Y) or
orange (O) at the beginning of an observed series is assumed to
corraspond to the same tramsition in the calculated series.

4, Film Profiles

AAAAA

film profilés-is given in Figs. 69 and 70 for cryolite films on chromium

and aluminum substrates, respectively. The agreement is very good, whén,
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2.23-1(1.23)), angle of incidence 72°, s-polarized light. (a) Calculated color
series as a function of the optical path difference, AS. Film thickness,

d = 0.530-AS. 63-6 = 25.8°, ry = 0.528, ry = 0. 507 (b) Observed color series
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 Fig. 66. Cryolite film (refractive index = 1.34) on chromium substrate (refractive index =
' 2.23-1(1.23)), angle of incidence 72°, p-polarized light. (a) Calculated color:

series as a function of the optical path difference, AS. Film thickness,
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Fig. 67. Cryolite film (refractive index = 1.34) on aluminum substrate (refractive
index = 0.80-1(5.40)), angle of incidence 86°, s-polarized light.
(a) Calculated color series as a function of the optical path difference,
AS. Film thickness, d = 0.559:AS. 83-61 = 18.2°, r. = 0.956, r3 = 0. 855.
(b) Observed color series as a function of‘ dlstance z, along slige.
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Fig. 69. C_ompafison between colorimetric and ellipsometric thickness
o measurements. Cryolite film on chromium substrate.
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one Qonsider"s the physiological 'dependencé 'of‘ the qolorim’etr?_ic nleasufemnts.
Both f‘igureé demonstrate that a lower thickness limit exists.' for color-
iJnetfic measurements. This limit is Son;eudlat less than 0.1 micron for
films of low  refractive iﬁdex.

Browr130 made comparisons similar to those in Figs. 69 and 70. Hé
included sp'ectf*oscbpic measurements and also measuréments indebendent
of the optical constants of the 'filﬁl'arxi substraté (opt_ical step-height
with interference microscope and profilometer step-'-heigﬁt).  Some of -
his colorimetrically detemjned pfofiles were noticéably different from
those determined with ellipéonetr'y. The discrepancy has been resolved
in the preSe_rjt study. Refer to Section V for further discussion.

5. Optimm Angle of Incidence

The concept of an optimum angle of incidence has been verifiled |
experimentally. The monochromatic optimum angle will be: diséussed
first as an introduction. “Farly in this study, intensity measurements
(relative to unit incident intensity) were made of the light reflected
from a cryolite film-covered silicon substrate. 3 e moximm and |
minimum intensities along the film were found in order to calculate t’he '
Michelson fringe visibility ih Eq. (36)‘, The readings were'éalibrated
with neutral_ density filters. | Refer to Figs. T1 and 72 for a . comparison
vof- experimental values of the fringe visibility wi'ch_ the théoreﬁic;al
curves. At thé'- higher angles, the n;éasurements were limited by the
width of the 'réflected image. For both p ard s polarized 1light, the
optimum angles were closely predicted. | |

Films 3 and 8 (Figs. 69 and 70) were used to observe the optimm |

angle of incidence in white-1ight interference. ‘The observers were the
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author'and a second unbiased-observer, who will:oe_designated by his
initials,-CGS.' The interfefence colorsvwere Judged,either by direct
viewing through a 35 mm camera on the optical benCh or by éxanﬂnation
of color photographs. Photographic color slides werefviewed on a light
table illuminated by a fluorescent lamp or projected onto a white
surface with a tungsten lamp. iCalculated values of'the monochromatic
optimum angle to the nearest degree for both polarizations were 73° and
88° for filhs 3 and 8, respectively. The author observed the optimum
angle for film 3 to be 70° (s) and 74° (p) on the3light_tab1e_and

70° (s) and 72°, 74°_(p) from the projected images on the white background.
Optimum angles observed by CGS on the light tabie were 70° (s) and 7M° (p)

and on the optical bench were 67-1/2° (s) and 72-1/2° (p). All three

sets of observations by the author showed that the optimum angle for

film 8 was 87°. Observer CGS determined the optimum angles to be 87°
(s and p) on the light table and 83° (s) and 84° (p) on the optical
bench. | _

, Observation of the optimum angle was not a simple'matter.. The
interference colors of each film did not belong sntirely to one
interference ofder. Difficulty was encountered in distinguishing between
the effects of color saturation and brightness both in direct Visuais
observation on the optical bench and in exposurss of the photographic
slide film. The optimum angle_Was'easiest to deﬁermine when the photof
graphic slides were side by side on the light table;» Two additional
points should be mentioned. ‘Daylight film was accidently used instéad
of film balanced for 3200°K tungsten light. Thus, thé interference

colors became more yellowish in thelphotographio exposures. The light
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table emp_loyé .a fludresceht lamp whose spectrai éomposition is diff‘erent».
from 6ther white-1light sources. TheSe faétors, .which could affect the
‘interpretation of colors, havebeen fourd to have -1itt1e effect in
determining the optimum a.ngle | _

' Colof_purity- and the cfnng;e of' color purity.with angle of incidence
is at least‘ qualitatiVely the same as that determined through calculations.
The interference colors of cryolite oh aluminum were low. in saturation
even at the O_ptiimm angie, .while those for cryolite on chromium were
very much_hig;her in saturatioﬁ. -Below Bfewster's angle, the colors |
(film 3) were .similar for the s and p polarizatio‘ﬁs. At B_r’ewster_"s angle,
interfereﬁce colors were absent for ﬁhe P polarizétion. A; the angle of |
incidence increased further , the color saturatiqn increased up fo the
' optimum angle 'ét which point the saturation began to décrease.‘ ObServer
(GS commented that for film 3 the optimum angle was_nbr"e difficult to
judge on the E)_ptical bench for the s-polarization than for the
p—polariia’cion. wa values of the optimum 'ar_igles observed on the
optical bench by CGS (f‘ilm.8) are left unexplained.. : |

Overall, agreement between observed and caléhlétéd optimum angles
was very good f‘or both fi]ms_ 3 ard 8 The monochrotratic_ \oth'.m'um angle
was given as Ian upper‘ limit to the optimum angie 'in‘.whi'te—lig;ht-

" interference.  The —observed- dpt:lmurﬁ angle was expected to be no rﬁore
than 2° les$ than the calcu_lated f'or. the .'p—polarization. Nearly the |
same résult was expected for the s-polarization, bécause the reflection
coefficients for film 3 Were fairly low and colors important in deterf—‘

‘mining the optimum angle for film 8 were in the f]rs‘c color order.



D. Liquid Films

1. Expefimenté.l Cell

The experimental cell in which liquid films were formed on vertical
metal surfaces was that used by Turney?7 Side and top views are shown .
in Figs. 73a and.73b. The cell body was made of ohemically-inert
polypropylene. Plate glass was used for cell windoWs even though it_'
would be-gradually etched by potassium hydroxide solutions. The cell
consisted of e_main chamber and a counter-electrode chamber. In the
min chambef, the platinum electrode on which the film was to be
observed was nnunted in the vertical oosition._:Light entering through
ohe window could reflect from the electrode surface:and propagate out
through the_othef window, The platinum couhter—electrode was located
in a chamber connected to the main chamber by'alnarfow passage.

The gas phaée in the cell consisted of nitrogeh that had been
saturated with water vapor by sparging through a solution with theisame
‘concehtration_as that used in the cell. Filling and draining the cell
was aocomplished by gravitational flow of the solution. For film .
o formation, the liquid level in the cell was lowered_Uhtil oniy the
bottom 0.5 _crﬁ of the electrode remained immersed. Connections of the
‘1iquid and gas phases to the surrounding atmosphere were made with dust
and carbon dioxide filters. _

The electrode, which wes 10.5 cm high by M;O.em Wide, was conStructed
of 0.02 in. thick platinum sheet bonded.to a 1/l in. stainless steel
backing. The platinum was optically polished. Except for a small area ’
on top forvelectrical connection to a stainless'steel pin (also used ﬁo

clanp electrode in place), the stainless steel backing was‘coated'with |
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Kynar, a material that is highly resiétant to moét acid or base .
environments. | |
2. Chemical

The electrbde_surface had to be reasonably free of contamination for
the formation of a smooth and continuous film. .A preliminary cleaning
removed dirt and oils from the cell interior and the electrodevsurface.
Oxide'layérs, particles and remaining oils on the electrode were removed
in the final cleaning by evolution of hydrogen until a cdﬁtinuous-filmb
could form on the surface.

Solutions were made form anaiytical reagent'grade potassium

hydroxide (Mallinckrodt) and distilled water. They were vacuum filteredv‘

throuéh a succession of three Teflon filter membranes (Chemplast, Inc.),
the finest of which had a mean pore size of 2-5 micron. A standard
hydrochloric.aéid'solution and phenolphthalein (indiCator) were used

in the titration to deternﬁnevﬁhe concentration.

3. Film Drainage

Drainage of a Newtonian liqu1d from a vertical surface is gpverned
by grav1tatlonal and viscous forces. . The equatlon that gives the film
thickness as a function of tine ard distance from the top of the

€lectrode’ 155

v (pg>l/2 (’25)1/2 ’ | e |

. (.ﬁ
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film thickness

where y =
z = distance from top of'electrode
t=tmé '
u ébviscosity
p = density
' é = acceleration of gravity

Film profiles were determined by interpretation of 1nterference
colors resulting from the reflection of polarized light. The angles of
incidence of'the s and p components were 74° and 80°, respectively.
‘These values are somewhat lower than'the optimum?angies of incidence.
Interference color series used in this study for the thickness
neasurenent of 0.46N and 9.2N aqueous potassium hydroxide films on platinum
are cloSely represented by the series in Fig. T4, which_are'internmdiate
‘ _between‘the series calculated for each concentration. -

At times, an observed series was difficult to judge. Observations
WOuld:have been inproved With higher angles of incidence and a different
‘exposure of the phOtographic film. The overriding difficulty, though,
was the unevenness of the color fringes both on a small scale and on a
large scale. In the upper part of the electrode during drainage of the
9.2N film; the colors observed at_the vertical center line of the surface
were displaced downward.from those on either s1de. |

Nbasured and calculated thickness profiles are shown in Figs 75
and 76. For the theoretical curves, viscosities for_the 0.46N and - 9.2N

_ 57 _

solutions were taken to be 1.0 cp and 3.3 cp, respectively.” The measured

profiles are markedly different from the curves calculated'through‘

Eq. 54. Good agreement'can be obtained, if one assumes a value for the
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Fig. 76. Film thickness p'r'ofilesv'of 9.2N aqueous' potassium'hydroxide
during drainage from a vertical platinum electrode. Colori-
metric measurements. ' :
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viscosity about tw1ce that of the bulk solutlon As opposed to prev1ous

studies, 20,27 f11m drainage continued at tlmes much longer than 1 day.
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V. DISCUSSION

'Ihe present work is an extension of studies conducted by Turney 2.7

and Brown. 30 | ’Ihe multlple—beam intensity equatlon employed by 'IUrney
in the computer programs CHROM and MBINF has been found to contain an
error in _the _slgn of the phase change, 63 - 61.' As a r'esult fllm
thicknesses derived from visual observations and spectroscopy of inter;
ference colors were ,:'anor'rect. Be'cause the phase chang;e, 63 - 61, was
defined diffex"ently in the program CHROM and in the color charts,.
Turney's cOlof charts essentially agree with the pfesent ones. Brown
ellmlnated one of the compensating errors in usmg progr'am CHROM and
possibly mtroduced an additional error. ’Ihe f‘lrst er'ror is rralnly
respons:l.ble for the difference in Brown's calcu_lated- color ser'ies
from those of Turney.

Brown compared £ilm thiclmess pr'of'lles derlved from observations of
interf‘erfence colors with those determined by other measurement techniques.
Close agreement, which wodld be expected at least among those measurements
that depend on the optical constants of the film and substrate, was not
always obtained. The error now found in the programs accounts for this
disagreement. This interpretation agrees with the statement by Brown
that the use o_f Turney's color charts leads to better agreement w1th
indeperdent .thickness measur*.ements than the use-of vhis series.

Thickness profile measurements of an electrolyte £ilm on.a polished
metal substrate have been hindered by local variations of thickness_:_
probably caused by particulate impurities. Preparations for future

work with thin _f‘i]_ms should include _efforts to obtain smooth films
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APPENDICES. COMPUTER PROGRAMS FOR THIN DIELECTRIC
FIIMS ON METAL SURFACES '

Tbe’appéndices éontain three computer programs written in Fortran IV
language for use in thickness measurements with light interference in
thin dielectric films on metal surfaces. The program "HUE" is used to
- interpret white-light interference fringes. "MBINT" (Multiple-Beam
;gpenéity)'is used to interpret either the spectral energy distribution
of a sample-éf reflectedblight in white-light interference or mono-
chrbmatié interference fringes. "VIS" éaléﬁlates fhe variation of the
Michelson fringe visibility with angle of incidence_in order that one
can determine the monochromatic optimum angle of incidence. Appendix I
contains equatiéns that are used in the programs; The three programs are
presented in Appendices II through v alohg with a.description 6f program
variébles,.inputs and samples of output. Two functiqhs, REFRXC(SCALE,
WAVLTH) and RIC(WAVLTH), that are common to the three programs are shown
at the end of program "HUE". Standard Fortran functions and library
subroutihés are nqt described here. The programs were originally based

27

on those written by Turney. However, some corrections, revisions and

additions have been made.
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APPENDIX I.  EQUATIONS IN PROGRAMS "HUE", "MBINT" AND "WIS"
Eﬂuationé in all three programs are expressed in terms of real
ariﬁhmetic. These eQuations have been explained in the text. Some of

them have been modified, though, for'a particular physicai situation.

'The incident medium is taken to be a gas with abreffactive index of one.

Light incident onto the dielectric f11m at an angle, ¢, is refracted

in the film at an angle, ¢'. The angle at which light is incident onto

the metal substrate is ¢'. Refractive indices of the metal substrate

and the film in contact with the metal are n, =n- ik and N, respectively.

Subscripts on variables refer either to an interface or to the two

‘orthogonal polarizations of light, s and p. As in the text, the film-

metal and gas-film interfaces are represented'byfthe subscripts, 1 and 3,
respectively.'
The numbering system for equations in the appendix includes an "A"

for "AppendiX" in order to avoid confusion with the numbering system

in the text. These numbers preceded by an "A" are used both in -

explanations of variables and in comment cards within the programs.

Refer to Eg. (8) in the text. The angle of refraction in the film
is |

w=§m4(LeQQ . o ':' (A-1)

AR

Refer to Egs. (3) and (4) in the text. The amplitude reflection

coefficients at the gas-film interface are

eos¢ - nICOs¢' . '
' - (A-2)

r =

358

cosd + nlcos¢’
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nlcos¢ - coso!

(A-3)

3,0 |njcos ¥ cose’ ,
‘Refer to Egs. (15) and (16) in the text: Intermediate variables . . L {
in the equations for reflection at the film-metal interface are ;
A= ——115 [‘l(n2 - k2 - nisin2¢') + lln2k2 + (n - k2 - nisinzcb' )] (A-4) '
|
B = 1 _[\{(n2 - k2 - n2sin2¢>")’ + Mn2 2 (n2 - k2 - 'n251n2¢')] . (A=5) .
2 1 : 1 _
2n )
1 ‘ _

Refer to Egs. (13), (14) and (17) through (19) in the text. :
Reflection of light at the film-metal 1nterface is descr'lbed by the ‘ |
amplitude reflection coefficients and the phase changes._ R |

_ ,A2 + B2 - 2Acos¢! + cos2q>' ‘ : -
s VN 2.2, v - - (A-6)
2 A” + B™ + 2Acos¢' + cos ¢!
o _ . [4% 4 B® - oAsing'tang' + sin'tane’
P10 - T1 R 5 o> ()
+5P A% + B + 2Asing'tan¢' + sin“¢'tanp’
v g ' - _ .
8) ¢ = tan = 5 ggcos¢ 5 | o
) -~ |A% + B - cos“¢’ (A-8) !
<8, < mradi
0 - 61’8 mradians
S - S ! 1 ’ :
A = tan™H|——etelnd tand . | (A-9)
o A" + B - sin ¢'tan ¢ :

0 < A < tradians



.
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v

coefficients weighted by energy values of illuminant A.

S1p At s | | ' | - (4-10)

Refer to Egs. (21) and (22) in the text. The symbol for film

thickness is "d". The optical path difference in the film is
AS = 2nld'c<5s¢' s ' (A-11)

and the corresponding phase shift is

. Umn. dcos¢!
6 =2" Ag = e N . (A-12)
A A
Refer to Ey. (31) in the text. The multiple-beam intensity
equation forllight reflected from a dielectric filmécovered metal
surface is- ‘
Cpl g r2 + 2r.r.cos(§ + 6, = &) ' o
=3 "1 31 3 17
I-= 55 . ‘ (A-13)
1+ ryry + 2r3rlcos(6 + 63 - 61)_

‘Refer to Eq. (41a) through (4lc) in the text. P, is the product

of the spectfal composition, PA’ of source A and IA in Eq. (A-13).
The products, P -EA, PA-37A and PA-E)‘ are called the distribution

A | _
38X,Yandz-

-are the tristimulus values of light reflected from a film-covered metal

surface.

x = IP,°X, = ZI}\fPA-xA (A-14>
Y =3Py, = IL 0PV, » - (a-15)
7 = ¥P 7z, = LI, P,z (A-16)

AT ATATA



~160-

-

Refer to Egs. (42a) through (42¢) in the text. The chromaticity’

values of a sample of light are

o | - o
CXTYEY Y I - - (A-17)
.Y | )
e o - | (A-18)

—L o ’ | (A—l9).

Refer tQ' Egs. (36) through (38) in the texf. The monochromatic

interference minima and maxima and Michelson fringe visibility are

. 5 .
. r, -1 -
Tnin = <I—17§—> . . (A-20)
' : T3 . : o »
2 o
r +r ,
{1 3 ' :
- I == (A-21)
max (1 + rlr3> . - : _ v
I -1, -
YV = .I&x_*__l.m_.in_ . - (A=22)

max min

ok
.
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A APPENDIX II.  FPROGRAM "HUE"

This program calculates the tristimilus valﬁes of iight reflected
_from‘a‘dieleétfic film on a metal subsﬁrate for_thiéknesses that are
: varied'by inérements. The angles of incidence of the p and s.polarizations
can be the saﬁe or different and can be varied by any increnent.' In this
prﬁgram, the entire spectrum is involved at once andyone cén choose to
include the variation of the opticél constants with wavelength or use
_ the values at an intermediate wavelength. A wavelengthjof15892ﬁ is a
praétical choice, because it is near the middle_of‘the visible spectrum
ard data ére generally available. The input for a variablefrefractivé
index of the film material is either the fefractOmeter scale reading;.
firom whidh:the refractive index can be calculated (function |
REFRXC(SCALEQWAVLTH)), or the refractive index at several wévelengths.
through the visible spectrum; The film refractive index is fitfédv
to a polynomiai expression fhat is a function of wavelength. The library
subroutine, LSQPOL, for a least squares polynomial fit is ﬁotisﬁown;
The variation of the film refractive index with wavelerigth isvplotted
by the Calcomp plotting facility. Coefficients calculéted by LSQPOL
.are Qsed in the fUnctibn RIC(WAVLTH) to calculate'fhe film refractive
index at any wavélength in the visible spectrum. Opticalbconstants'of
the substrate are.fitted'to a lineér function of waveléngth._ Coefficients
- for the linear approiimatioﬁ are input parameters.

EQuatibns'that are employed in this program are Egs. (A-1) throﬁgh
(A-19). Importaﬁf fEaturés of the printed output.afe:the chromaticity
coordinates x and y, the tristimulﬁs value Y and the name of the hueb

of the film as a function of film thickness. For the prediction of the
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hué, the chromaticity diagram is divided into fourrquadrants_with the
achromatié_pbint‘as the origin. The quadrant in which a point in the
diagram lies and the slope of the line'bétWeén this point and the
achrdmatic.point, together, locate the Chromaticity coordinates, x and
y, of the reflected light within a defined hue region. The graphical
Qutput is in the form of chromaticity coordinates as a function of film
thickness'conﬁained within a chromaticityvdiagrén1With'1abe1ed hue,:
regions on.the boundaries. = The labels are at thebdominant wavelengths
corresponding to'the hue hames of the regions.

The intersections of the straight dividing lines bétween hue regions
with the boundaries of the diagram are thése given by Kéllele) for the
1931 C.I.E. chromaticity diagram. His dividing lines are curved and
converge on the‘coordinates‘of source C. Straight lines that cénverge-
on the chrdinates of source.A'are used in this prégram;' A series of
cards_that assigns one of among seven hue names to a particular set of
chromaticity-coordinates is included in the program.k These can be
replaced by éards that assigh one of among nineteen,hue names to the
chromaticity coordinates. The correspondence beﬁweén these'two séts
of hue names is'demonsfrated in Table II. A set 6f cards could be
included to define a white region, but was not. Colors of Jow purity
can be found by inspecting the chrématicity_coordinates; Also, cblors
of véry 1QW inténsity are identified by a low triSfimuluS-vélue Y.

Appendix II contains severél parts. Program variables are listed

first after Table II along with the corresponding symbols and desériptions;

A description of the input is presented next with a list of the cards

for the 1931 C.1.E. chrométicity diagram and source A that do not change
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Table TI. Correspondence between two sets c_f hue names.¥*
1931 C.I.E. Chromaticity Diagram

Chromaticity Coofdinates Preeently Used

. Dominant
_ . Photographic
Hue Name Wavelength (nm) X y Hue Nome
bluish purple 566¢ T 0.189 0.012 :
’ - 0.167 0.008%#% o eeee
purplish blue 45y 0.1521 " 0.0217
' 0.136 0.041
blue 476 0.1059 0.0960 blue
o ‘ 0.082 0.163
greenish blue 485 0.0687 0.2007 )
0.057 0.242%* ————————————
blue green 490 0.0454 0.2950 blue green
: . . ) 0.031 0.364%% ——————
bluish green 495 0.0235 0.4127
‘ : 0.015 < 0.7
green : 508 0.0099 . 0.7120 green
i 0.155% 0.806
yellowish green 545 0.2658 0.7243
S 0.367 0.630
yellow green 565 0.4087 0.5896%% =
0.446 0.551
greenish yellow 573 0.4649 0.5340
' : _ 0.485 0.516 .
yellow - 578 0.4990 0.5000 yellow
v : 0.512 0.486
yellowish orange 583 0.5319 0.4673%% e
: - 0.557 0.443
orange ' 592 0.5863 0.4131 _ orange
o 0.615 - 0.385 :
reddish orange 606 0.6517 0.3U79%% e
] ’ ) ' 0.692 0.308 )
red Y 493¢c 0.700 0.250 red
' .0.656 0.229
purplish red 496¢c 0.602 0.203
' ' 0.548 0.179 -
.. red purple 506¢ 0.457 0.136%* ————————
’ 0.380 0.102
reddish purple - 545¢ - 0.334 : 0.079
o 0.291 0.060
purple 560c 0.253 0.042 purple
’ 0.209 . " 0.022 :
bluish purple 566¢ ~°0.189 0.012
T : 0.167 0.008#% ———————————
- purplish blue ysy . 0. 1521 - 0.0217

i'Ihe nineteen hue names and dominant wavelengths are those suggested by Kfalley.qo
The 1931 C.I.E. chromaticity coordinates represent either the dominant wavelength
or the ‘intersection of dividing lines between hue regions with the boundary of the
diagram. Wavelengths followed by a "c" are complementary wavelengths based on
source C. The condensed list of hue names is for use in photographic work.

Intersections of dividing 11nes between hue reglons (condensed list) with the
boundary of the dlagram. -
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from program- to progranl The alternate set of cards that a551gns one
of among nlneteen hue names to chromatlclty coordlnates appears Just |
pefore the program. Table III, which appears after the program, dlffefs
from.Table II in that the chromaticity coordinates are‘associated with
the 1964 C.I:E. chromaticity diagranL Two sets ef cards,Aeach of which
assigns a‘hue'name to chromaticity‘coordinates,.are also shown. One
assigns‘one,of'among seven hue names and the other assigns one of among
nineteen. They must be used along with the data cards for the 1964
C.I.E. diagram and source A that do not vary from program to program.

These cards are listed next. The distribution coefficients, XBAR(I),

YBAR(I) andeBAR(I), were calculated from two tables in The Measurement
of ColourﬁyaVOf the energy distribution of source A and the distribution
coefficients for an equal-energy stimulus in 508 wavelength incremenfs.
Values of XBAR(I), YBAR(I) and ZBAR(I) nere adjusted in order that the
tristimulus value Y for source A equalled 100.0. The cards and the data.
for the 1964 C.I.E. chrometicity diagram have not been used to obtain
color series.in this study. A sample of the printed output and the

graphical output for the 1931 C.I.E. chromaticity diagram is given last.

Variables in Program "HUE""

Variable - Symbol - ~° Description
A,ASQ o A,A°  Intermediate variables to calculate
B,BSQ - ' B'B2 amplitude reflection coefficients
: ’ ' and phase changes (interface 1),

Bﬁ.(k#)mﬁ(kﬁL

AMN , ¢(deg) Initial angle of incidence .
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Variable,

BQUNDX(N);BOUNDY(N)

CAPX

"CAPY

-CAPZ

CKL,CK2
CNL,CN2

COLOR1 (N),COLOR2(N)

CROPOX(N) , CROPOY (N)

DDEL

DEL(J,l),DEL(J,Z)

DEID(J,1) ,DELD(J,2) -

1,s? l,p

Descrigtlon '

Chromatlclty coordinates on
boundary of chromaticity diagram
that are the dividing points
between hue regions for graphical
output. Refer to Tables II and
ITT and data cards for 1list.

Chromaticity coordinates of

" dominant wavelengths corresponding

to hue names. Hue names are written
at these points in the graphical
output. Refer to Tables II and III
and data cards for 1list.

Tristimulus value, Eq. (A-14).
Tristimulus value, Eq. (A-15).
Tristimulus value, Eq. (A-16).

= CK1 + CK2(x - 3800).

~n = CN1 + CN2(x - 3800).

$ (rad)

3 Che 3,p(rad)

(interface 1), Eq. (A-9)% Lp

Coefficients for a linear approxi-
mation of the complex refractive
index of the substrate, n, = n - ik.

Hue names for regions of the
chromaticity diagram. Refer to
Tables II and III and data cards
for 1ist.

Chromaticity coordinates of spectrum
locus to draw boundary of diagram
for graphical output. Refer to

data cards for 1list. '

COS(PHIPR(J ,M))

Relative phase change, 6 61 s
-3

'Phase change for s and p polariza-

tions (interface 1), Egs. (A-8)
and (A-10).

Phase change for s and p polariza4
tions (interface 3).



Variable

DELT

FIIM],FIIM?
FIIM3,FIIMA

INT
LAMBDA

LOWX(L)

LOWY (L)

oWz

NTOT
PHI(1),PHI(2) -

PHID(1),PHID(2)

PHIPR(J,1)
PHIPR(J,2)

R(J,1),R(J,2)

RSQ(J,l),RSQ(J,z)

RI(N)

—166-

§(rad)

A(R)

Description

Phase change associated with an
optical path difference in the-

- film, Eq. (A—lZ).

Name of film to appear in output.

Relative intensity of reflected
light in multiple-beam inter-
ference, Eq. (A-13).

Wavelength that is varied in 50R
increments.

Chromaticity value, By. (A-17).
Chromaticity value, Eq. (A-18).
Chromaticity value, Eq.. (A-19).

Nurmber of angles of incidence (one
more than the number of increments

added to initial angle of incidence).

Angle of incidence for s and p
polarizations (interface 3).

‘Angle of incidence for s and p
polarizations (interface 3).

Angle of refraction for s and p
polarizations (interface 3),
Eg. (A-1). Also, angle of

incidence (interface 1).

Amplitude reflection coefficient
for s and p polarizations
(interface 1), Egs. (A-6) and (A-T7).

Refer to R(J,1) and R(J,2).
Refractive index of dielectric

film at a specified wavelength
in the input. _ -
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Variable

RL(J,1),RL(J,2)
RSQL(J,1),RSQL(J,2)
SBSTRA1 , SBSTRA2

~ SCALE(N)

SEP

SLOPE

SOURCEL , SOURCE2
STEPS

SX
THK

THKINC

TNA(J),TN :
TKA(J),TK

G

;,.2 I

e
Bse

8 4
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Symbol

r., ,r

3;8 3,p'

2 2

r
3,5°73,p

Ad( dég_)

Ad(deg)

sing'

S ak)
~da(k)

a)
d(R)

e

- tan¢'

- metal substrate, n, =

- Description

: Amplitude reflection coefficient

for s and p polarizations
(interface 3), Egs. (A-2) and (A-3).

Refer to RL(J,1) and RL(J,2).

' Name'of'SUbstrate to appear in
"~ output.

.Refractometef scale reading of

liquid film material (Bausch ard
Lomb precision refractometer with
prism, 749-1).

Separation between angles of
incidence for s and p polarizations.

Slope of line from achromatic
point to chromaticity coordinates
of light reflected from a film-
covered substrate.

‘Name of light source to be printed

in output.

Increment of éhange’of angle of
incidence.

SIN(PHIPR(J,M))
Film thickness.

Increment:of change of film
thickness. '

Initial film thickness.

‘Final film thickness.

_ Real and imaginary parts of the

complex refractive index of the
n - ik.

SX/CX



Variable

WAVLTH(N)

XBAR(T),YBAR(I),

ZBAR(I)
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Symbol

A(R)

‘ PA._;EA’PA.S;A’ .

PA'ZA

"~ Description

Wavelength associated with the

variation of the refractive index -

of the film material with wave-
length in the input.

Distribution coefficients
weighted by energy values of
source A. Refer to data cards
for list.

Input for Program "HUE"

Explanations of thesé input variables have been given in the 1list

of variables. Data cards 8 through 211 do not vary from program to

program. These cards for the 1931 C.I.E. chromaticity diagram and source

A are presented on the pages immediately following.

Card

1

" Variable Units Colum and Format

 SBSTRAL,SBSTRA2 | 1-20,2010
FIIM1,FIIM?, | 1-Ao,uA10

" FIIM3,FILMY
cNL | Dimensionless ~ 1-10,F10.7

3 oNe 1/8 | 11-20,F10.7
‘CKl Dimensionless - _ B 21-30,F10.7
k2 1/R | 31-40,F10.7
AMN Degrees ' 1-10,F10.2
STEPS Degrees ,11-20,F10.é
NTOT | 21-23,I3%
SOURCEI , SOURCE2 1-20,2810
TN 1-10,F10.1
™X | 11—20,F10;l

¥ : N : ' o
Integers must be written at the far right of the field.
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Card Variable Units Colum and Format
THKING 'K - 21-30,F10.1
7 | sEP  Degrees 1-10,F10.6
8 XBAR(T) Dimensionless 1—10,F10.4
YBAR(I) Diménsionless | 11-20,F10.4
ZBAR(T) Dimensionless 21-30,F10.4
9-88 Same as Card 8 | |
89 _COLoR1(N),cQLbR2(N) 1-20,2410
90-107  Same as card 89
108 BORDX(N) Dimensionless 1-10,F10.4
| BORDY(N) Dimensionless 11-20,F10. 4
109-126 - Same as Card 108 ‘
127 _cRopox(N) Dimensionless 1-10,F10.4
| CROPOY (N) Dimensionless 11-20,F10.4
128-192 Same as Card 127
193  BOUNDX(N) Dimensionless 1-10,F10.4
BOUNDY (N) Dimensionless 11-20,F10.4
. 194-211 Same as card 193 |
o12% WAVLTH(N) R 1-5,F5.0
RI(N) Dimensionless - 6=15,F10.5 -
SCALE(N) Dimensionless 16-25,F10.5
213-205  Same as card 212 | |

*From one to fourteen of these cards may be used. If one is used, then the
value of RI(1) is an average value to be used with eveéry wavelength in the-
program. If more than one card is used, it is regommended that as many as
possible over the visible range from 3800 to 7800A be in the input for the
fit of the refractive index of the film to a polynomial expression. If the
refractive index is to be calculated from the refractometer scale reading
with the function, REFRXC(SCALE,WAVLTH), then RI(N) = 0.0. If fewer than
fourteen cards are used, then the last one should have WAVLTH(N) = 0000.
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THESE ADE THE CATE CLPDS FOR TWi 1921 Z.1.F, CHEAOMATICTTY OJacRav ’

THAT DU NGT VARY FRCM PRIGEAM T PROGRAM. (CARLS R=211) -
. CCLUMNS : , , o
1-1¢ 11-2¢C 21-3¢C - :
CARD & Ce7CCh CoN3E | Dats2s _ o o i
- C : Gen011 UL.C00C €.CC%3 . ;
XBAR{1)y YEAR(I) 0.0024 = £,700¢C 2401173 o .
AND ZRAR(TD) C.CC4&7 GeCO1  0,0224 : :
' I 0.7367 P Tul D.0463 S . ‘
CeCl74 £.C004 +C825 , _ Lol
0.0325¢ 0.901% 5.1659 . , <
CaCESH €.002¢ 0.2319
Ce 1374 D0,0039 06283
042268 C.N077 1.0%4
C.3245% 0,0133 1.5840
C.4(55 . 0207 2,002
04022 C.0306  ~ 2.3238
Ce4374 0eN326 2.5484 :
0.5185. (.0387 2.7173 i
0e5232 CeC738 248621 !
0.5C¢7 "0.1052 2.62%4 g
0e46€S0 C.139C 2.853% ' 5
C. 3582 £.18)9% 245581 : : f
02669 C.2375 2.1¢1@
G¢.2128 " (.210A 1.8175 - _
C.1372 Catl04% 1.4575 ' o
0.0799 0.5196  1.1622 ' ’ ’
CeC3e7 Co6813 €.53C8
0.,0135 Ce 8960 0.7545%
e COT0 1.187¢ Tet191
0e0285 = 145398  C.4843 : ‘
£.0S34 1.6518 3.3585 o oo
Ce2127 243855 Ce2627 o ;
Ce 3849 2.7359 n.2012 : : oo
Ca 6069 3,1206 Cel547 : :
0.8631 3.4987 0.1140
1.15€7 3,7996. - C.C86C9
1.4904 4.0618- 0.0555
1. 0e€0 4.2941 C. 0175 , ;
242887 44,4701 Je0285 ‘ i
2.755) 4.0110 7.C181 . '
3.25¢64 4.6974 C.C120
3.7853 4.72%5 N0.31C4
© 4432586 44,7302 0.C052°
448EGq ‘4a6138 0,C099D
5,3546 4,4668 - 0.0C77
507350 - 4.2704 C.00E2 i
641403 4.0379 S.Or5e ' a _ e
€.3513 32,7733 0.CC48 : o :
€.44299 . 3,4R55 U.3037 - : o
643346 3,1780 C.CC1S i
6.0877 2.8622 N.0012 T
£.€365 2.335¢ 0.C013 ;
5.12¢7 2.1901  0,0007 ;
4449C2 1.8523 C.C30N v
3.8779 1.552S  CaCCCO i

i
|
H
|
{

2.,2761 1.2812" C.3CaY



CARE 89

COLORL(N}y COLARZ(N)

CARD 1C8

BORDGX(N)y BCRCY(N)

-171-
COLUMIHS
1-12 11-2¢
2e75CH 1,0244
2. 168 N.3182
17078 Ne6372
1.2141 0.4361
C.o8%2 " C.3h25
0.724%1 02671
0,512¢8 C.1%58
064022 Neléasl
L2677 Jelusl
0,2019 C.0126
0ela29 "0.0515
0. 1047 NDed377
Ce 2750 £.0271
0.0549 Da0194
‘:.‘.-3(;4 . "Jo{)ll"/f
0.0283 0.0047
G168 0.0066
0.0140 0.0050
0.01CL 2.09241
L.C072 £0.0031
0. 0052 0.0021
C.C0C22 0317
0.n021 04001C
Le €021 S.0013
0.CO11 0.00)¢
0,011 0.977¢C
c.Cccn C.0000
c.nocn 0.,0000
REN :

EEDDISH CRANCE
CRANGE

YELLCWISKH CRANGE
YELLOW

CREENTISH YELLOW.
YRELLECW GRFEN

YELLCWISH CGREEN |

GRFFMN

BLUISH GREEN

FLUF GRFEN
GREENTSH BLUE
BlLUF

PUFPLTSH BLUE

RLUISH PURPLE
PUFPLE

FEDCISH PURPLF
KED FURPLE
FUFPLISH RED

C.70C - 04250
G917  Co3479
0.5863 0.4131
£,5319 C.4673
. 04990 Ce5000
0.4€44 0.534C
0. 40E7 0.5896
€.2¢58 . Ca1243

(.CC99 3047120

21-3¢

Se 00N
Ve 20D
C.CCCN
Je200¢
Ce00CO
0.CN00
Cl.l0N0 . .
De QOO -
(AR ok §1a]
Ca Q0O
C. COCO- -
0.9000
Cse COLO
0.0000
Ve GO
C.0CCD
0.3900
¢.nceo
0.0000 .
C.COCO
0.0000 -
C.0N0CO -
Ce COCO
0.9700
C.0000
N,0IUN
C.0000 "
07000



CARD 127

CROPOX(N),y CROPCY(N)

-172-

CCLUMNS

1-10- 11=20
GeN23Y% de4l27
D.%4%54 S0,295¢
0.CO8T 042007
Ue.13%9 2,060
0.1521 ¢.0217
0.186 .12
C.253 Co04?
C.334 C. 079
0.457 0.136
Cel741 0,C050Q
0e1740U 0.005¢C"
Cel7323 CeCN49
0.1726 0,645
(.1722 0,048
01730 C.0048
Cel726 C.NJ48
Cel721 0.0048
C.1714 C.C251
0.1703 J.(N58
C.l689 0.0%66 .
C.1€€69 C.CCR6
0.1644% c.0199
C.le1t “,0138
0. 1566 n,0177
Ce.1510 C.C227
OelugD 0.,0297
€,13%5 0+C399
C.1241 0.0578
C.10%6 (G363
(.0913 0.1327
C.0%€E7 0,2097
0.C45%4 €.2956C
040235 04127
C.CC82 e £334
00039 eb6543
CeC1329 £.75)2
0.0389 GeBl20
UeC743 C.R333
Cella?2 . 0.,8262
0.1547 0.8059
0.1629 C.781¢
Ce2296h 0,7543
0.2€58 0,7243
0e301% C.6923
U.2372 €.6586
0.3721 C.6245
C. 4087 2.5896
0.4441 0.5547
G.4788 0.5202 .
0.5125 C 4466
Coe5448 . 0.4544
Ce5752 C 044242
0.6026 0.3665
0.6270 0.3725
C.6482 Ce3514
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BOUNBX{N},

BCUNCY(N)

CILUMNS

" 1-10

(40(‘(758
Ce08C1
Le €515
0, 70Cn
5, INTG
Ca71l4)
CeT1G0
0.7230
Qe 7260
C.7283
G.730G0
0.7311
Ge 7320
Cal327
0.7334
067340
C.7344
CL.7346
Ce 7347
01741
0e015
0,155
Ne367
Us 44 h
0.485
0.512
Ge557
(. 6152
G662
CebEE
Ce548
0.380
U. 291
0,209
N.167
0.136
0. 0R2
GaC3S7
0.051

11-2C

Je 334C
0,3197
2333
6.2993
22028
Ne 2355
0e23J5
Ce271C
Ne2740

" CL27117

Je.27CC
Ce26389

. Ce2643C

Ce26173
Co28588E
042660
J.2656
C.2654

€.2693

LN
00474
C. 806
Seb20
d.951
J.514A
D480
Cet43
74385
C. 308
Ne229
":'0 170
CelD2
2.6
1,022
INPEARE ]
0.041
0.163
Cel42

D364
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THESE ARPE CARCS FCR THE 1931 CeleCe CHROMATICITY DTAGRAM Ti DETER~-
MINE THE HUE OF LIGHT FRCM THE CHROMATICITY CQCRDINATES, THEY
MUST BE USFD ALCAG WITH THE CATA CARCS FOR THE 1931 Cel.Es CHROMA-
TICITY DIAGRAM AND SQURCE A,. THEY REPLACE THE SECTICN PRECEDING
THE CARD WITH PEFERENCE NUMBER 211 IN THE PROGRAM, THE DTAGRAM 1S
DIVIDED INTC 19 HUE RFGICNS. N

CSUCPE=(LCWY (L) =0.40745) 7(LOWX(L)-0.,44757)
TFC(LOWX(L) oL To0.44757) e0R(LOWY (L)L T,C,40745)) GO TC 1200
IF(SLOPE.LEL04325) PRINT 915, THK,CAPX,yCAPY,CAPZ LOWX (L) LOWY{L) LT

XWZ40

TF((SLOFE.CE.0.325) JAND(SLCPELLEL1.220)) PRINT 919, THK,CAPX,CAPY,

XCAPZoLOWX(L) ¢ LCWY{L) yLCWZyYHC
IF((SLOPFeGEe14220) ¢ AND(SLOPEWLEL249N04)) PRINT 919, THK,CAPX,CAPY,

XCAPZ'LONX(L)'LOhY(L)othZ,YFLLﬂw

IF(SLCPE,GE.2.904) PPINT 91G6,THK, CAPX.CAPY CAPZ.LOhX(l).LUhY(L)'Lr

XWZ,GHY
GC TO 211 o y
1200 TF({LONXIL) eGTo0e44757) eORe (LCWY (L) LT.0,40745)) GO TO 1300
IF{SLOPE.LE.—85.75) PRINT 919 THK'CAPXQCAPVgCAPZ,LONX(L,anNY(L)v
XOhZGHY
IF({SLOPE.GE.-8G.75]). AND-(SLOP eLEe=2.762)) PRINT 919,THK.CAPX,CAP
XYsCAPZ,LOWX (L )4 LOWY (L) yLNWZ,YG
TF({SLOPE«GZe=24T7€62)oAND. (SLOPELEL=14.362)) PRINT 919, THK, CAPX cap
XY yCAPZyLOWX (L) LAWY (L), LOWZ,YHG
IF((SLOFE.CEa=10362)sANCo {SLOPELLEs=04s154)) PRINT 919 THK ,CAPX,CAP
XYy CAPZ4LOWXIL )2 LOUY (L) 4 LOWZ 4G
IF(SLOPE«GE«—0el154) PRINT 919'THKyCAPX'CAPYoCAPZyLOWX(L’vLONY(L)v
XOWZ 4 BHG
GC TC 211
1300 IF({LOWX(L).GT.0.44757)., OP . (LCHY(L)GT.0,40745)) GC TC 1400

TF(SLOPE.LE.O.104) DRINT 9193 THK 4 CAPXCAPY,CAPZHLOWX(L) yLOWY(L),LC

XWZ 4 BHG
IF((SLOPE.CE.O.IOG).AND.(SLCPE-LE.0.423l) PRINT 919,THK,CAPX,CAPY,

XCAPZyLOWX(L)yLCWY{L)»LCWZ,8BG
TF({SLOPECGE«Ce423) AND,(SLOPE.LE.O.668)) PRINT 919, THK,CAPX,CAPY,

XCAPZ2,LOWX{L) s LCWY (L) LCW2Z,CHR

IF((SLOPE.GE.C.668) JAND.(SLOPE.LE.1.176)) PFINT 9194 THK,CAPX,CAPY,

XCAPZyLOMX(L ), LOWY{L),LOWZ BLUE

IF((SLOPE.CE.1.176) dAND,(SLCPE.LE.1.423)) PPINT'919.THK{CAPXoC&PYp_

XCAPZ,LOWX(L)yLCWY{L),LOKZ,PHB )
IF((SLOPEeGEeLle423) oAND {SLGPELLF.1o615)) PRINT 919, THK,(CAPX,CAPY,

XCAPZLOWX(LYLCWY (L) LCWZ,BHP .
lF((SLOPE-GE.1.615).AKD.(SLCPEQLE-Z.ZIB)) PRINT G919, THK+CAPX,CAPY,
XCAPZ,LOWX(L ), LOWY(L),LOWZsP . . )
TF((SUCOPEeCEL2e218) s AND, (SLOPELLEo44518)) PRINT 919,THK,CAPX,CAPY,
XCAPZyLOWX(L)sLCWY(L)yLOVZ4RHP
IF(SLOPE.GE4+.518) PRINT 916, THK ,CAPX,CAPY,CAPZ LOWX(L},LOWY(L),LC
XWZ,4RP
GC TO 211
1400 IF(SLOPE.LE.-2.275) PRINY 919,THK, LAPX,CAPVvCAPZvLOWX(L’oLOWY(L)vL
XOWZ,RP -
IF((SLOPEeCEs=2e275) e AND. (SLOPE.LE.=-O. 8‘6)) PRINT 91G,THK,CAPX,CAP
XYoCAPZ,LOWX{L)yLOWY{L)4LOWZ,PHR -
!F((SLOFE.GE.’O.BSb)oANCq(SLOPE-LEo'Oo407)) PRINT 919, THK,CAPX, CAP

XY oCAPZLOWX(L ) «LOWY (L) LCWZ,RED

lF((SLOPE.GE.-O.QOT).ANO.(SLOPE.LE.—O.IEé))'PRfNT 919'THK.CAPX.CAPV

XY sCAPZ, LOWX (LYo LCWY (L) 4 LCWZ4RHO
IF{SLOPE.CE.-0.134) PRINT 919-THK.CAPX-CAPYyCAPZyLGNX(L)iLONY(L)vL

XOWZ,0
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PROGRAM HUE (INPUTOOUTPUT TAPE 98, PLOT, TAPE 99=PLOT)

THIS PROGRAM CALCULATES THE INTENSITY OF LIGHT REFLECTED FROM A
DIELECTRIC FILMINON-ABSORBING) COVERING A METAL(ABSORBING) SUR-
FACE. THE INTENSITY OF REFLECTED LIGHT IS A PERIODIC FUNCTION OF .
FILM THICKNESS AT EACH WAVELENGTH AND ANGLE OF INCIDENCE. FOR A
SPECIFIED ANGLE OF INCIDENCE AND A WHITE-LIGHT SOURCE, THE SPECT-

© RAL INTENSITY DISTRIBUTION AT EACH FILM THICKNESS IS COUPLED WITH

THE C.T.E. TRISTIMULUS COLOR SYSTEM YO DETERMINE THE COLOR OF THE
REFLECTED LIGHT. THE VARIATION OF OPTICAL CONSTANTS OF BOTH THE
FILM AND SUBSTRATE WITH WAVELENGTH IS INCLUDED IN THE CALCULATIONS.

REAL PHID(ZloPHI(Zl,PHIPR(G[.Z)oTNA(Bl)}TKA(BlloRSQ(BI,ZD'3(81020v

XDELIB81,204RLUBL,2I+INTyRSQL(BL1,2),DELD(BL,2)},LAMBDA,XBAR(BL]),

VS WUN -

18

46

XYBAR(81), ZBAR(81),LOWX(1000),LOWY(1000),LOWZ

INTEGER BHP(Z"PHB(Z.!BLUE(1’05“8(2"86(1.'BHG(Z.QG(lloYHG(Z"YG(Z

X,'GHY(Z’QVELLOH(I"YHU(Z.10(l.QRHO(Z’QRED(l’oPHR(Z’ORP(l’QRHP(Z,Q

xp(1)

DIMENS ION WAVLTH(50) sR1(50) 4W( 503 sRESTDI50),SU114AI (20461 ,B1120),
XTHWVLTH(52),TRI(52),SCALE(50) '
DIMENSION CROPOX(66),CROPOY(661+B0UNDX(19),B0UNDY(19),COLORL{19),
XCOLOR2(19},BORDX{19),BORDY{19) :

COMMON/RICOM/ BI, NO
COHMON/CCPOOLIXMIN'XMAX.YMlN'VMAX.CCXMIN.CCXMAX.CCYHIN'CCYMAX
COMMON/CCFAC T/FACTOR

DATA BHP(1),BHP(2)/13HBLUISH PURPLE/

DATA PHB(1),PHB(2)/13HPURPLISH BLUE/

DATA BLUE(1)/4HBLUE/

DATA GHB(1),GHB(2)/13HGREENISH BLUE/

DATA BG{1)/10HBLUE GREEN/

DATA BHG(1)y BHG(2)/12HBLUISH GREEN/

DATA G(1)/5HGREEN/

DATA YHG(1),YHG(2)/1SHYELLOWISH GREEN/

DATA YG{1),YG(2}/12HYELLOW GREEN/

DATA GHY(1),GHY{2)/1SHGREENISH YELLOW/

DATA YELLOW(1)/6HYELLOW/

DATA YHOU1),YHOL2)/16HYELLOWISH ORANGE/

DATA O(1)/6HORANGE/

DATA RHOL1),RHOL2)/14HREDDISH DRANGE/

DATA RED(1)/3HRED/

DATA PHR{1),PHR{2)/12HPURPLISH RED/

DATA RP(1)/10HRED PURPLE/

DATA RHP(1),RHP(2)/14HREDDISH PURPLE/

DATA P{1)/6HPURPLE/

FORMAT (2A10)

FORMAT(4A10)

FORMAT (4F10.7)

FORMAT(F10.6)

FORMAT (2A10)

FORMAT(3F10.4)

FORMAT(10X,2A10,//)

FORMAT(2F10.2,13)

FORMAT(3F10,1) :

FORMAT (10X, *S POLARIZAT ION#,5Xs *ANGLE OF INCIDENCE I1S%¢2X¢Fé4oly//)
FORMAT(10X+%#P POLARIZATION®*,5X,*ANGLE OF INCIDENCE IS%*,2X,Féel,//)
FORMAT(F5.0, 2F10.5)

FORMAT(10X,4A10,*FILM ON A SMOOTH, FLAT#*,2A10,*ELECTRODE*)
FORMAT (10X, #COMPLEX REFRACTIVE INDEX OF SUBSTRATE IS NC=N-1(K).
XN=CN1+CN2 (LAMBDA-3800.) K=CK1+CK2(LAMBDA-3800.)%)
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45 FORMAT(10X,*LAMBDA IS THE WAVELENCTH BETWFEN 3800. AND 7800, A,
XCN1=*,F10e7¢% CN2=%yF1CeT9* CKL1=%,F10.79* CK2=%4F10.7+//)
47 FORMAT(10X,*REFRACTIVE INDEX OF FILM AT 5892. A IS*,Ff7.4.+//)
48 FCRMAT (20X, *TRISTIMULLS AND CHROMATICITY VALUES ANU HUF OF FILM
XAS A FUNCTICN.CF FILM THICKKESS*,////)
75 FORMAT(1H1,//) .
919 FORMAT(4X 1FTe094XHhF1244410X%X42A10) .
914 FORMAT(®FILM THICKNESS*,8X¢RCAPX* yB8X ,¥CAPY®, QX *CAPZ*, 9Xy *LOWX%* 48X
X.*LCNY*yBX.*LDhZ* 10X %HUEX,/ /)

INPUTS ARE - (1) THE METAL SURSTRATE, (2) THE FILM, (3) FOQUR CCEFF-~
ICIENTS FOR A LINEAR APPROXINATICN DOF THE CCMPLEX. INDEX OF RE=-
FRACTION OF THE MFTAL SURSTRATE, (4) THE INMITIAL ANGLE OF INCI-
DENCE, THE STEP CHANGE AND THE AUMBEP OF ENGLES, (5) THE LIGHT
SOURCE, (6) THE INITTAL ANO FINAL VALUES CF THE FItM THICKNESS AND
THE INCREMENT, (7) THE ANGULAR SEPARATICN BETWEEN THE INCIDENY P
AND S=POLARIZEC LIGHT, {(8) THE DISTRIARUTICON COEFFICIFNTS WEIGHTED
FOR THE. LIGHT SCURCE, (9) THE RSFRACTIVE INCEX CR REFRACTOMETER
SCALE READING FCR THE FILM AY UP TO 14 WAVELENGTHS, (10) BCUNDAR=-
IES AND COLCR REGIGNS FCR THE GRAPHICAL RESULT,

READ 1,SBSTRA1,SBSTRA?

READ Z'FILML,FlLMZ'FILM3,FILM4

READ 3,CNL1osCN2,CK1,CK2

READ 19,AMN,STEFS,NTOT "

REAC S5, SNURCE1,SOURCE2

READ 22, TMN»TVMX, THKINC

READ 4,SEP

NC 310 I=1,81

READ 64 XRPAR(I),YEAR (1), 2EAR(I)
310 CONTINUE '

DC 320 AN=1,19

READ 623, COLORI(N)vCCLGRZ(N)
320 CCNTINUE

DO 386 N=1,19

READ 67,BORDX(N), BORDY{N)
386 CONTINUE

DO 777 N=1,¢6

READ 67,CRCPOX{N) 4CRCPCY(N]

" 777 CONTINUE

(e NaNel

DC 888 N=1,19
READ 67,BOUNDX(N)}BCUNDY{N)

888 CCNTINUE

EITHER 1 OR MANY VALUES OF THE REFRACTIVE INDEX OR REFRACTOMETER
SCALE READINGS FOR THE FILM OQVEP THE VISIBLE RAAGE DF LIGHT SHOULD
BF CN THE INPUT CARCS. .
DO 401 N=1,14 :
READ 18,WAVLTE(N)}RI{N},SCALE(N}
IF (WAVLTH(N) .EC.0200.) GO TC 402
401 CCNTINUE
402 MI=N-1
NC=6 : '
ENTER RI(N) OR HAVE IT CALCULATED FROM THE REFFACTUMETFR SCALE
READING.
NDC 403 N=1,VM]
IF (RI(N).EQ.C.C) RI(Nl-REFRXC(SCALE(N)thVLTP(h))
W(N)=1.0
403 CCONTINUE
IF THERE IS ONLY ONE INPUT CARO, THEN THAT REFRACTIVE INDEX IS
USED IN THE CALCULATICNS AS AN AVERAGE VALUE TC BE USED WITH EVERY
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WAVELENGTH IN THE PRCGRAM, v
IF (MILLT.2) GC TC 4Cé
DC 404 I=1,4MD
WAVLTH{T)=WAVLTH( 1) /4CCC.

CCNTINUE

LEAST SQUARE PCLYNOMIAL FIT T OETERMINE THF CCEFFICIFNTS FOR .THE
PCLYNOMIAL IN THE -FUNCTINN RIC(WAVLTH) THAT. REPRFSENTS THE VARIA-
TION O9F REFRACTIVE INCEX OF ThE FILM WITH WAVELENGTH. THE RESULT=-
ING POLYNCMIAL IS PLCTTED ALCNG WITH THE SEVERAL INPUT VALUFS AS A
CHECK CN THE ACCURACY OF THE METHCD OVER THE EMTIRE VISIBLE RANGE.

CALL LSCPOL{WAVLTH,RI,W,RFSID, Mlv§ 1,A1, B[th)

NC 405 I=1,MI

WAVLTH(T)=wAVLTH(I)#%4C00,

CCNTINUE

XMIN=30CO0.

XMAX=8000.

YMIN=1,20

YMAX=1,40

CALL CCGRIC(5v1Cv6HLAEELSv10 10)

CALL CCFPLOT(WAVLTHaRIyMI,6HNOININ,E,1)

TWVLTH(1)=3800.

N0 30 J=1,41

TRI(II=RIC{TWVLTH(J))

TWVLTH(J+1)=TrVLTH{J)+100,

CCNTINUE

CALL CCPLOT(TWVLTH,TRI,40,4HJCIN,O,1)

CALL CCNEXT

GC TO 4C7

CCEFFICIENTS FOR POLYNCMTAL IN FUNCTIOCN RIC(WAVLTH) THAT RFPRE~
SENTS VARIATICM OF REFRACTIVE INDEX OF FILM WITH WAVELEMNGTH== [N
THE CASE THAT JULST CNE REFRACTIVE INDEX 0R PEFRACTCMFTER SCALF
READING ANC WAVELENGTK IS IN THE IKPLT CARDS.
BI(1)I=RI(L1)}

8I1(2)=0.

RI{3)=0.

Bl(4)=0.

BI(5)=0.

BI(6)=0.

CCNTINUE )

K REFERS TO TFHE ANGLE OF [NCIOENCF WHICH CAN BE CHANGED IN INCRFE-
MENTS . : '
DO 500 K=1,NTCTY )
PHID(1)=AMN+{(K-1)*STEPS-0.,S*SFP

PHID(2) =AMN+(K~-L)*STEPS+0.,5*SEP

PI=3,141592¢€53¢

J REFERS TC THE WAVELENCTFH,

DC 399 J=1,81

LAMBDA=3800e+506%(J~1)

DO 10 I=1,2

CCNVERSICN OF ANGLES FROM DEGREES TC RADIANMS,
PHI(T)=0.,0174522%PHID(I)

EQUATION (A-1)

.PHIPR(J.[)=ASIN((1./RIC(LAMECA))*SIN(PHI(I)))

CCNTINUE

DIELECTRIC FILM REFLECTION EQUATICNS(WITH THE PRESENT SIGN CONVEN-
TION- AT NORMAL INCIDENCE THF POSITIVE P-POLARIZATION ELECTRIC
FIELD VECTCRS CF THE INCIDENY ANC REFLECTFD LIGHT DO NOT COUNCIDE)
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TEMP1=CQS(PHI(1))
TEMP3=RIC(LAMBCA)}*COS(PFIPR(J,1)}
EQUATION (A-2) '
RL{Jy1)={(TEMPL=-TEMP3)/{TEMPL+TEMP3)
RSQLIUJ, LI=(RL(Jy1) ) %%2
TEMP2=RIC(LAMBDAI*CCS(PHI(2))
TEMP4=CCS(PHIPR{J,2))

‘EQUATICN (A-3)

RL(Jg2)=(TEMP2-TFMP4)/{TEMP4+TENP2)
RSQL(J 21 ={FL{Jy2))%%2

SEPARATION OF REFLECTICN COEFFICIENT AND PHASE CHANGE AT GAS-FILM
INTERFACE. M=1 FCR S-POLARTZED LIGHT, M=2 FOR P-POLARIZED LIGHT

DC 153 M=1,2
IF(RL(J,M}) 15041514152
DELD(J,M)=PI
RLIJyM)==RL (JyV)

GC 7O 153
DELD(JyM)=2.%P1]

GO TO 153
DELD(JeM)=2,%P1

LCCNTINUE

IF(MI.EQ.1) GO 70 587

CCNTINUE )

GO 10 561

CGNTINUE

ON THE CCNDITICN THAT CALY CNE REFRACTIVE INDEX OR RFFRACTOMFTFR
SCALE READING IS ON THE INPUT CARDS FOR THE FILVM, THE FCLLOWING
VALUES ARE CONSTANT AND CAN RE SET EQUAL TO THE FIRST SEY OF VAL-
UES CALCULATED FCR LAMBLCA=3800. THIS IS DONE TC AVOID UNNECESSARY
CALCULATICNS,. '

DC 633 M=1,2

DO 632 J=1,81

632

633
591

PHIPR(JyM)=PHIPR(1,M)

DELD{(Jy¥)=DELC(1 M)

RLIJyMI=RLEL, M)
RSCL(J4M)=RSQL (1M}
CCNTINUE

CONTINUE

CCNTINUE

SECTIOM TO CALCULATE METALLIC REFLECTICN CNEFFICIENT FOR S-POLAR-

TZED(M=1) AND P-POLARIZED(M=2) LIGHT. EQUATICN FOR THE VARIATION

OF THE COMPLEX REFRACTIVE INDEX WITH WAVELENGTH IS INCLUDED, -COM-
PLEX REFRACTIVE INOFX=TNA+I(TKA). .

DC 400 J=1,81
LAMBDA=3800.+50.%(J~1)
TNACJI=CN1+CN2*{(LAMBDA=3800.)
TKA(J)=CKL+CK2* (L AMR A=~ 3800.)
TN=TNA(J)

TK=TKA(J)

DO 123 M=1,2

Sx= SIN(PHIPR(J,N))

CX=COS(PHIPR{JsV))

TX=SX/CX

THE FOLLOWING EXPRESSICNS FOR A ANC B ARE FGUIVALENT T0 FQUATIONS
(A=-4) AND (A-5).,
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TFMPI (TN**Z-TK**Z PlC(lAMFCAi**Z‘SX**Z)*#204 #TN**?*TK$*2
TEMP2=TN*%x2~TK&%2~RIC(LAMBCA}%%2#SX**2
TEMP3=2 ,#RIC(LAMBDA ) %*2
ASQ=(SQRT(TEMPL) +TEMP2)/TEMP3
IF(ASQ) 110,112,112
110 A=0. o :
GO TO 114
112 A=SQRT(ASQ)
114 BSQ=(SQRT(TEMPL)-TENP2)/TEMP3
IF(BSQ) 116,118,118
" 60 TO 120
118 B=SCRT(BSQ}

ECUATIONS (A-&) AND (A-T)- REFLECTICN CGEFFICIENTS AT METAL-FILM
INTERFACE AND EGUATIONS (A-8), (A-9) AND (A-10)- PHASE CHANGE AT
METAL-FILM INTERFACE FOR S AND P LIGHT.

120 TF(M.EQ.1) 121,122
121 RSQUJy1)=(ASQ+ESQ-2 0% A#CX+CX¥CX)/(ASQeBSCH2. O¥AXCX+CXACX)
IF(RSQUJ 1)) 12841245124
125 R(Jy1)=0,
GO TO 126
124 R(J,1)=SCRT(RSC(J,1))
126 CONTINUE
TEMPL=2 ,#B%¥CX
TEMP2=AS0+BSQ-C X*CX
DEL{JoL)=ATAN(=TEMPL/TEMP2)
TF(DEL(J, 1)) 127,127,123
127 DEL(J,1)=DEL(J,1)4P1
GO TO 123

122 TEMPL=(ASQ+BSQ=2.0%A%CX+CX*CX)/(ASQ+BSQ+2, 0% A*CX+CX*CX)

RSQ(J,2) =TEMPL¥ (ASQ4BSO=2.0#AXSXHTX+SX*SXSTX¥TX )/ (ASQ+BSO+2. 0%A%RSX
XETX+SXESXHTXRTX ) .
IF(RSQ(J,2)) 128,130,130
128 R{J,2)=C.
GC 70 132
130 R(Jy2)=SQRT(RSQ{J+2))
132 CONTINUE
TEMP1=2,0%B*SX*TX
TEMP2=ASQ#BSQ=SX*SX#TX*TX .
DDEL=ATAN(~TENP1/TEMP2)
IF(COEL) 135,126,136
135 DDEL=DDEL+FI
136 CONTINUE
TEMPL=2 ,O%B*CX
TEMP2=ASQ+BSQ-C X*CX
TEMP3=ATAN(-TENPL/TEMP2)
IF(TEMP3) 145,145,146
145 TEMP3=TEMP34P]
146 DEL(J,2)=TEVP3+DDEL
123 CCNTINUE
1FU(CN2.EQ. 0409 o ANDo (CK24EQL0O. 0) <ANC.(MI.EQ.10) GO 0 565
400 CONTINUE
© 6C T0 596
595 CONTINUE ‘ '
ON THE CCNDITIGNS THAT CNLY CNE REFRACTIVE INDEX OR KEFRACTOMETER
SCALE READING 1S ON THE INPUT CARDS AND THE COMPLEX REFRACTIVE
INDEX OF THE METAL SUBSTRATE IS CONSTANT, THE FOLLOWING VALUES ARE
CONSTANT AND CAN BE SET EQUAL TO THE FIRST SET CF VALUES CALCULA-
TED FOR LAMBDA=3800. T+IS [S DANE TO AVOID UNNECESSARY CALCULATIONS.
DO 'SS7T M=1,2 _ o o .
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DC 598 J=1,61

DEL(J,MI=DEL(L,V)

R{JsMI=R(1sM)
RSQ{JsMI=RSC(Ly¥)
CCNTINUE .
CCNTINUE |
CCNTINUE

SECTION TO CALCULATE THE RELATIVE AMOUNTS OF THE THRFE TRISTIMULUS
PRIMARIES IN THE KEFLECTFC LUGHT ANC -THE CHRCMATICITY CONRDINATES,
EQUATICNS (A=12) THROUGH €A=~19) REPRESENT THF CALCULATICNS IN THIS
SECTION., J REFERS TG THE WAVFLENCTH, L TC THE FILM THICKNESS AND

M TO S{M=1) AND P(M=2) FOLARIZED LIGHT. THE WAVELENGTHS USED ARE

THOSE FCR WHICH THE NDISTRIARUTION COEFFICIENTS ARE KNOWN,

DO 212 M=1,2

PRINT 1l.FILMl.FILMZ.FILM3,FILM4.SBSTPA1,§B§TRA2
PRINT 46.

PRINT 45,CN1,CN2,CK1,CK2
RID=RIC(5892.)

PRINT 47,RID

PRINT 48

PRINT 12,4SCURCE1,SIURCE2
IF(M.EQ.1) 311,312

PRINT 8,PHIC(N)

GO TO 313

CCNTINUE

PRINT 9,PHIC(M)

PRINT 914

‘NO 211 L=1,1000

CAPX=0.,

CAPY=0,

CAPZ=0.

THK=THKINC*(L=1) + TMN

IF(THK.GT.TMX) CC TO 515

DO 213 J=1,81

LAMBDA=3800,+50.*(J-1)

DELT=4,0%PI*RIC (LAMBDA) *THK#CCS(PHIPR(J,M))/LAMBDA

-TEMP1= Z.O*R(JvM)*RL(JpM)*COS(DELT’DELD(JoN)-DEL(JvM))

TEMP2=RSQUJ,M)+RSCL(J,M)+TENMPI]
TEMP2=1.0+RSQ(JyMIXRSQL(J,MI+TEMPL
INT=TEMF2/TEMP3 ’
X=INT*XBAR( J)

Y=INTRYRAR(J)

2=INT*ZRAR(J)

_CAPX=CAPX+X

CAPY=CAPY+Y
CAPZ=CAPL+Z
CCNTINUE
ZUM=CAPX+CAPY+CAPZ
LCWX{(L)=CAPX/ 2UN
LOWY(L)=CAPY/ZUM
LCWZ=CAPZ/ZIUM

THE PRINTED RESLLT 1S IN THE FORM OF THE RELATIVE AMOUNTS OF THE
TRISTIMULUS PRIMARIFES AND THE CHRCMATICITY COCRCINATES AND THE HUE
OF THE REFLECTEC LIGHT AS A FUNCTION OF FILM THICKNESS. PROVISION
CAN BE MADE TO PREDICT WHITE POINTS, BUT WAS NOT. THE SIZE 0OF THE
ACHROMATIC REGICN IS IN DOUBT. TKE GRAPHICAL RESULT 1S IN THE
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FCRM OF A CURVE OF CHROMATICITY CCORDINATES AS A FUNCTION OF FILM
THICKNESS CCNTATNED WITHIN A CHROMATICITY DIAGRAM WITH LABELED HUE
REGIONS CN THE BCUNDARIFS. THES LA3ELS ARE AT THE DOMINANT WAVE-
LENGTHS CORRESPCNCING TC THF HUE NAMES 0OF THE REGIINS,

SLOPE= (LChY(L) Ce 40745)/(LONX(L)-0 44757)
TFC{LOWX(L) LT.0.44757) s0R(LOWY(L).LT,0.40745)) GN TQ 1200
TF(SLOPELLELO.710) PRINT 919, THK,CAPX,CAPY,CAPZ LOWX{L) yLOWY(L),LD
_XWZ,0 : L
tF{SLQOPE, CF 0 710) PRINT 919, THK,CAPX,CAPY CAPZLIWX(L) ,LOWY(L) LG
XW2Z YELLCHW
GC TO 211
1200 TF({LOWX{L) eGTe0e44757) «OR, {LCWY (L) LT.0.,40745)) GO TO 1300
IF{SLOPE.LE+~4.686) PRINT 919, THK CAPX’CAPY CAPZ LOWX(L) LOWY(L),L
XOWZ,YELLCW
IF(SLOPE.GE+~4.£€86) PRINT 919, THK,CAPX'CAPY CﬂPZ LCHX(L) LOWY (L)L
XOWZ+G
GC Y0 211
1300 IF(CLOWX(L)eGT+Co4%757) OR(LOWY(L).CT.C.40745)) GO TO 1400
IF{SLOPE.LE«0+104) PRINT 919,THK, CAPX,CA”Y,CAPZIL”NY(L)'LDMY(L)ILD
XWZ+G
IF({SLOFE. GE Oe104) e ANC o (SLCPFoLF,04423)) PRINT 9191THK'CAPX.CAPY'
XCAPZLOWX(L) LOWY(L),LOWZ,BG
IFU(SLCPEeGEe0o423) e ANDe (SLCPELLESLa423)) PRINT 919, THKyCAPX, CAPY.
" XCAPZyLOWX(L ), LOWY (L },LDWZHBLUE
IF{SLOPE. GE le423) PRINT 9[9.THK.CAFX'CADY'CAvaLONX(L,vLOHY(L,,LO

XWZ4P N
GO 70 211
1400 IF(SLOPE.LE.-28.79) PRINT 919,THK,CAPX,CAPY, CAPZ;LOWX(L)oLOWY(L)vL
XOwZ,P :
TF((SLOPEGE.=28.79) «ANC.(SLOPE,LF,.-):292)) PRINT 919, THK,CAPX,CAP

XYvCAPl.LOWX(L)pLOhY(L)cLCN7.PtD
IF{SLOPE.GE.~0.292) PRINT 919, THK,CAPX CAPYyCAPZyLOWX(L)oLOWY(L) L
XQWZ,0 ‘
211 CCNTINUE
515 CONTINUE
PRINT 75
L=L-1
XMIN=0.0
XMAX=.80
YMIN=0.0
YMAX=,90
FACTOR=100.
CCXMIN=2,
CCXMAX=10,. .
CCYMIN=1,
CCYMAX=10.
CALL CCGRID(1+40+2y6HNCLBLSy1+45,2)
CALL FIXLBL(8+9929=1s=1}
CALL CCLTR(2.910474041,60HCHRCMATICITY DIAGRAM, FILM THICKNESS IS
X THE ONLY PARAMETER.) o )
IF(M.GT.1) GO TC 225
CALL CCLTR(Z..IO 5S¢0y L,EZHS FOLARTZATIGN CF INCIDENMT LIGHT)
GC TO 226 i
225 CALL CCLTR(24+10.5,041432HP~-FOLARIZATICN OQF [NC!DENT LIGHT)
226 CCNTINUE
WRITE{(98,100) PHID(M)
CALL CCLTR(2491Ce34Cy 1)
WRITE(98,101) FlLNlvFILMZ,FILN3'FXLM4pSBSTRAl SESTRAZ
CALL CCLTR{2.,1G.1,0,1)
WRITE(98,102) TMA
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" CALL CCLTR(74251Co75Gy1)

WRITF(98,103) T¥X

CALL CCLTR(7.241C.5,Cy1)

WRITE(98,104) THKINC

CALL CCLTR(7.241C.340,1)

CALL CCLTR(5.5y 4259 Cy5y1FX)

CALL CCLTR{1425¢544+045¢1HY)

nC 899 N=1,19

CCX=2.+BCRDX(N)*10.

CCY=1.+BORDY(N)*1C. '

WRITE(98,623) CCLCR1(NLsCOLORZ(N)

CALL CCLTR(CCXyCCY,0,1)

CONTINUE

CALL CCPLCT(CRIFCX,CRCPCY 166 94HICINGD,0)
CALL CCPLOT (BCUNDX, BOUNCY, 1G4 6HNOJCIN,6,1)
CALL CCFLOT(LOWXoLOWY L s4HJCINy1,0)

"CALL CCNEXT

CCNTINUE

CONTINUE

CALL CCEND

FORMAT(2F10.4)

FORMAT (#ANGLE OF INCICENCE=#F5.1,1X,*DEGREE S*)

FCRMAT (4ALO,*CN A%, 2410 ,*ELECTROCE*)

FORMAT (#INITIAL THICKNESS=%,F€,0,1X,*ANGSTRCMS%)

FORMAT (*FINAL THICKAESS=#,F64Cy 1 X, *ANGSTROMS*)
ORMAT (X*THICKNESS INCREMENT=%,F6,Cy LX,*ANGSTRCMS%)

FCRMAT(241C)

sTOP

END

P

?
|
|
|
|
i
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FUNCTION RIC(WAVLTH) .
THIS FUNCTION GIVES THE REFRACTIVE INDEX OF THE SILUTION AT A
SPECIFIFD WAVELENGTF USING A POLYNCNMIAL COF 6 TERMS,

. COMMON/RICCNM/BIAC

DIMENSICN E(ZC)
REAL A

A=WAVLTH

C=0.,0 -

A=A/4000.

DC 601 K=1,AN0D
C=C+(BR(K)®(Axx(K-1)1))
CCNTINUE

RIC=C

RETURN

END

FUNCTION REFRXC(SCALE WAVLTH)

THIS FUNCTICN CALCULATES THE REFRACTIVE INDEX OF THE SOLUTION FROM
THE SCALE REACINGS OF THE REFRACTOMETER(BAUSCH AND LOMB PRECISICN

REFRACTCMETER WITHF PRISM 749-1), A DIFFERENT PRPISM WOULD REQUIRE

DIFFERENT PRISM CONSTANYS, PC(J), : ‘ '

REAL NPRIS,PC(8),LAMB
LAMB=WAVLTH/4C00.
APRIS=0,0174533%68,0
PC(1)=2.,1C585257¢1

"PC(2)=-1.84€5725657

PC(3)=2.42034151¢€5
PC{4)=-1.634T7815115
PC(5)=0.56025$857C
PC(61==-0.,0773841103

NPRIS=0.

DC 701 J=1,6
NPRIS=NPRIS+PC(J)I*{ LAMBE®(J=1))
CCNTINUE
AMEAS=24,0-(2.0%SCALE}/3,0
AMEAS=AMEAS*0,C174533
ACALC=ASIN{SIN{AMEAS)/NPRIS)
APRIM=APRIS-ACALC '
REFRXC=SIN(APRIN)IENPKIS

RETURN

END
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Table III. Correspondence between two sets of hue names.® ' i
: 1964 C.I.E. chromaticity diagram, ' :
‘ Dominant : Photographic v l
Hue Name Wavelength X oy Hue Name e
— » - : : s
bluish purple : 0.196 . 0.027 : T
‘ . . 0.162 0.022%F | e .
purplish blue Ysy 0.147 0.043 - _
: ' 10.130 0.077 . .
. blue - 476 0.091 0.173 blue . .
- ' ©0.061 0.272 _ N v
greenish blue 485 © 0 0.0b5 0.328'-’ - e |
_ -0.035 0.377%* —_—
blue green : 490 0.021 0.440 blue green ]
_ . : 0.013 0.511%#% o
bluish green . U985 0.007 0.562 o i
e 0.0065  0.616 _
green - . 508 0.038 0.782 green j
0.207 0.766 : -
yellowish green - 545 0.313 0.681 . : S
0.409 . 0.591 - 1
yellow green . 565 . O.hby 0.553%% e
0.481 0.519
greenish yellow 573 0.497 . 0.503
) 0.514 0.486
" yellow , 578 0.527 0.473 yellow
: 0.539 0.461 . )
yellowish orange 583 0.555 0.4l5*# ———
: - 0.575 ~ 0.425 - - i
orange 592 - 0.599 0.bo1 orange ' g
S 0.621  0.379 . , ,
reddish orange © 606 0.650 0.350%% .
o 0.683 0.317 '
red ‘ : 0.687 0.264 : red ;
S : 0.645  0.243" - :
- purplish red 0.593 0.218 .
: , - 0.541  0.193 o .
red purple . " 0.453 0.151%% e : :
o 0.379 0.115 : - . - i
reddish purple 0.335 0.094
' 0.294 0.074 : . L
purple T 0.257 0.056 purple : §
N - 0.215 " 0.036 ' o
bluish purple 0.196 0.027 : o ',
' : . 0.162 - 0.022%% e .
purplish blue - ’4514 0_.1147 0.043
;'Ihe‘ ninetﬁeaq hue names and dominant wavelengths are those suggested ' ' w9
by Kelley. Complementary wavelengths for nonspectral colors are . - 5
not shown here, since Kelley listed them for the 1931 C.I.E. '
chromaticity diagram. The 1964 C.I.E. chromaticity coordinates
represent elther the dominant wavelength or the intersection of

dividing lines between hue regions with the boundary of the diagram.
The chromaticity coordinates for the nonspectral hues had to be
estimated from the 1931 C.I.E. chromaticity diagram in Kelley's
article. The cOndensed list of hue names 1s for use in photographic
work

Inter'sections of dividing lines between hue regions (condensed 1ist)
with the boundary of the diagram ’ _
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THESE ARE CARDS FOR THE 1964 C.I.E. CHROMATICITY DIAGRAM TO DETER-
MINE ‘THE HUE OF LIGHT FROM THE CHROMATICITY COORDINATES. THEY

MUST BE USED ALONG WITH THE DATA CARDS FOR THE 1964 C.l+E. CHROMA-

TICITY DIAGRAM AND SOURCE A. THEY REPLACE THE SECTION PRECEDING
THE CARD WITH REFERENCE NUMBER 211 IN THE PROGRAM. ‘THE DIAGRAM IS
DIVIDED INTO 7 HUE REGIONS., -

SLOPE=(LOWY(L)=-0.40593 )/ LLOWX(L)=0.45117)
IFTTLOWXIL) eLT40445117) 0R(LOWYLLYLT,.0.40593)) GO TO 1200
IF(SLOPELLEL.0.376) PRINT 919, THK,CAPX,CAPY,CAPZ, LDNX(L).LDNY(L'vLO
XWZ .0
IF(SLCPE.GFL.0.376) PRINT 919,7 WK.CAPX-CAPYQCAPZOLONX(L)'LONY(L).LQ
XWZ,YELLOW )
GO ™1 211
1200 TFOLLOWXIL) «GT 40451171 .0R.(LOWY(L)..LT.O, 40591)) G0 TO 1300
IFISLOPELLE.=35.27) PRINT 919 THK,CAPXCAPYCAPZoLOWXIL ), LOWY (L )yL
XOWZ, YELLOW
IFC{SLOPE.GF +=35.27) o AND. (SLOPELE.~04240)) PRINT 919,THK,CAPX,CAP
XYoCAPZLOWX{L Y, LOWY (L), ,LOWZ,6
IF(SLOPC.GE.-O 240) PRINT 919,THKyCAPXyCAPY, CAPZvLUHX(L)vLONV(L’v
XOW2,86G
GO 0 211
1300 IFLCLOWX(LI.GT.0.45117)0R(LOWYIL).GT. 0.40593., GO TO 1400
IF(SLOPE LE.0.069) PRINT 919, THKsCAPXyCAPY CAPZLOWX{L) »LOWY(L),4LO
XWZ ,8G
IF((SLOPE .GE+0.069) sANDo {SLOPELJLE.1:327}) PRINT 919,THK,CAPX,CAPY,
XCAPZLOWX{L ), LOWY(L),LOWZ,BLUE
[F{SLOPE.GE.14327) PRINT 919vTHKpCAPX'CAPY,CAPZoLDHX(L’,LDWY(LlpLD
XWZyP .
. GO 10 211 ’
1400 [F{SLOPE. LE.-139.31) PRINT 919.THK.CAPX;CAPY'CAPZQLUWX(L’ LOoWY (L),
XLOWZ, P
IFI{SLOPEGE +~139.31).,AND.{SLOPE.LE«~0.281)) PRINT 919,THK,CAPX,CA
XPY,CAPZ,LOWX{L),LOWY(L),LOWZ,RED v
IF{SLOPE.GE.-0.281) PRINT 919'THK CAPX, CAPY.CAPZ,LUNX(L"LUNY(L"L
XOWZ,0
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THESE ARE CARCS FOR THE 664 C.L.F, CHROMATICITY DIAGRAM TO DETER=~
MINE THE HUE GF LIGHT FRIM THE CHRNMATICITY COORDINATES. THEY
MUST BE USED ALONG WITH THE DATA CARDS FOR THE 1964 C.I.E. CHROMA-
TICITY DIAGRAM AND SCURCEF A. THEY REPLACE THE SECTION PRECEDING
THE CARD WITH REFERENCE NUMBER 211 IN THE PROGRAM. THE DIAGRAM IS
NDIVIDED INTQ 19 HUE PEGICNS. - :

SLCPE=(LCHY(L)-C.40593)/(L0kX(L)-0.45117)

TFCLOWX(L) aLT.0.,45117) ORL{LCWY (L) oLT.0.40593)) GO TO 1299
IF{SLOPE.LE.O. l 4) PRINT 919, THK'CAPX.CAPYvCAPZ'LﬂWX(L) LORY (L), LC
XWZs0

[F((SLOPE.GE. 0 154) JANC.(SLOPE, LE./.GZB)) PRINT 91° THK.CAPX.FAPY.
XCAPZyLOWX{L) s LCGwY (L) yLOWZ,YHO

TF((SLOPE.GE.0.628) AND.(SLOPE.LE.1.275)) PRINT 919, THKyCAPX,CAPY,
XCAPZyLOWX{L)yLCRY (L) 9LCWZyYELLOW

IF{({SLCPE.CE.L1.215) AND,(SLOPE.LE.3. 755)) PRINT 919, THK,CAPX,CAPY,
XCAPZyLOWX(L) o LCWY (L) 4LOWZ,GHY :

IF(SLOPELGE-3.7551 PRINT 9193 THK yCAFX, CAPY.(APZ'LOHX(L).LONY(L).LO
XWZ4YG .

GO 70 211

1200 IF((LCWX(L).GT.0, 45117).0R (LOWY{L ) LT4Ce40593})) GO TO 1300

IF(SLOPE.LE.~4. 386) PRINT 919, THK.CAPX,CAPY.CApz,LONx(L),Louv(L),L

XOWZ4+YG

IF({SLNPEsGEe=44386)ANC, (SLCPELLE.~1,475)) PRINT 919,THK,CAPX, CAP
XY yCAPZLOWX{L Y, LOWY (L) 9 LOWZ,YHG

IF((SLOPE.GE.=1,475) .ANC.(SLOPE.LE.~0.472)) PRINT 919, THK,CAPX,CAP
XYy CAPZyLOWX(L ) yLOWY L) +LCWZ,G

TF((SLOPE.GE.=0e4T72) e ANC. (SLCPEL.LE.=~TJ.240)) PRINT 919,THK.CAPX.CAP
XY yCAPZ,LOWX{L ), LOWY (L )+ LOWZ,BHG

[F(SLOPEL.GE.-0.240) PRINT 919,THK.CAPX.CAPY,CAPZ.LDHX(L)pLOHY(L)pL
XO0WZ 486

GC 710 211 |

1300 TF{(LOWX(L)eGT,0,45117).0R(LOWY(L).GT.0.40E593)) GO TO 1400

IF(SLOPE.LE.0.069) PRINT 919,THK,CAPX,CAPY, 2 CAPZHLOWXIL),LOWY(L) LD

XWZ4BG
IF((SLOFELGE.e0aC69) e ANDo (SLCPESLEFL0e343)) PRINT 919,THK,CAPX,CAPY,

XCAPZyLOWX(L )4 LCWY (L) LCWZ,GHB
IF((SLOPEsGEL.0.343) e ANDs (SLCPEeLEe1e024)) PRINT 919,THK,CAPX,CAPY,

XCAPZ,LOWX{L),LORY (L) oLOWZ,BLUF
[F((SLOPECCEeL1e024) e AND. (SLCPESLEL1e327)) PRINT 919, THK,CAPX,CAPY,

XCAPZ LOWX(L),LOWY(L),LOWZ,PHB
TF({SLOPE.GEele327) e ANDo(SLOPELLELLa529)) PRINT 919, THK,CAPX,CAPY,

XCAPZ,LOWX(L)yLCWY(L)sLCWZ,BHP
IFC({SLOPFeGEaL1a52G) e ANDo({ SLOPELLEL24132)) PRINT 919, THK,CAPX,CAPY,

XCAPZyLOWX(L )y LOWY(L) yLOWZ,P

IF((SLOPF.CE.2.132)sAND,{SLOPEsLEcGe144)) PRINT 919, THK yCAPX,CAPY,

XCAPZoLOWX(L) s LOWY(L)LCWZ,RHP
TF(SLOPE.GE.4.144) PRINT 9199THK'CAPX,CAPY9CAPZ.LOHX(L)'LONY(L)yLO

XWZyRP
GC 70 211

1400 [F{SLOPE.LE.=24371) PRINT 919,THK, CAPX'CAPY'CAPloLOHX(L).LONY(L)pL

XOWZ 4 RP
TF({SLOPEeGEs=2¢3T71)AND, (SLOPE.LE.-0.835)) PRINT 919'THK,CAPX.CAP

XY yCAPZyLOWX (L) o LOWY (L )+ LOWZ,PHR
IF({SLOPE.GE.=-0.835) . ANC.{SLOPE.LE.~-0.384)) PRINT 9194 THK,CAPX,CAP

‘XY 3CAPZyLOWX (L )y LCWY(L),LOWZ,RED
IF((SLOPE.GE«~0.384).AND. (SLOPE.LE.=O. 158)l PRINT 919 THK, CAPX, Cap

XY CAPZyLOWX{L )y LOWY (L) LCWZ,RHD
IF(SLOPE.GE«-0.158) PRINT 919;THK.CAPX.CAPY.CAPZ.LONX(L),LOWY(L).L

XCWZy0




ok wv

OO0 v vag2088yy .

~187-

THESE ARE THE DATA CARDS FOR THE 1964 C.l.E. CHROMATICITY NIAGRAM
THAT DC NGCT. VARY FRCM PECGRAM TO FRCGRAM. ~ (CARDS 8-211)

CCLUMNS
‘ 1-10  11=-20 . 21-30
‘CARD 8 c.cocl 10,0006 0.0003
' 0.0003 - 0.0000 0.0014
XBAR (1), YBAR(I) 0.C013 €.0002 0.CC%6

AND. ZBAR(D) 0.0042 |  C.0005 0.C160
c.03C8 0.0032 C. 1369
C.0¢58 C.C068 0.3025
C.1192 0.0123 0.5567
0. 1887 0.0197 C. €574

0.2651 0.0295 1.2843
Cs3411 0.042C 1.6840
0.4187 0.0581 2.1C53

0.4839 0.0782 2.4810
0.5242 - 0.1013 2.7482
0,5360 0.1301 2.900¢4
0.5337 ~ C.1654 245574
Ce 5024 0.2130 = 2.S0C6
C.45C0O 0.2706 27524

0.3685 C. 3489 204820
0. 2646 0.4398 2.0606
0.17C7 - 0.,5377 1.6370
C.0622 C. 6677 1.2786
0.0384 0.8033 c.s838
0.0127 0.S877 0.7554
0.0100 1.2120 Ce5747
0.0426 . le4694 = 0.,4402
0.1089 1.7611 0.32°%1

0.,2173 2.0865 0.2501
0.3750 2042659 0.1934
0.5761 2.7418 041435
0.8223 3.,0431 C.10¢0
1.1030 343497 Ce 0747
1l.4221°  3,6332 0.0517
1.7742 3.8588 0.0210
2.1629 4.0491 0.0163

2,6108 4,2338 C.C047
3.0687 4.3822 0.C000
3.6129 4.4713 C.00C0
4.1383 4.5000 0.00200
4.6311 “4.4558 0.CCCO
5.1000 443693 0.0000
5.5740 4.2837 0.0000
55828 4.1582 0.0000
€a24S57 3.6692 0.0000
643732 3.7326 0.0000
6.3505 3.463C 0., €000
661736 3.1632 ' 0.0000
58480 2.8407 0,00C0
5.4039 245123 0.0GGO
4.89838 " 241570 0.00C0
4.2914 1.8785 0.0000
3.,6308 1.5491 0.0000

209961 1.2481 c.0CCO "
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CCLUMNS .

1-10 11-2¢ . 21-3¢C
244392 049950 g.CCOO0
L+5456 0.7803 .0.0000
1.5127 0.6912 0.30G60
1.1531 0.4556 0.C000
Q. 8647 0.3398 - 0.0000
0.6386 0.2498 0.0000
.0.4633 0.1809 - 0.0000
0.2333 C.129¢ C.0000
0.2371 0.0920 0.0000
0. 16178 0.0645 0. 0000
0. 1183 040463 0,0000

Cc.0836 C.0322 . 0.0000
0.0584 0.0230 0.G0G0
0.0413 0.0162 9.00C0
0.0283 0.01095 0.00CO
0.0203 - C.CO74 0.0000
0.0141 0.0056 0.0000
0,0095 0.,0038 0.0000
C.CCo7 0, 0029 C.-0000
0.0049 0,0019 0.0000
0.0C39 c.001C 0.C0CO
0.0030 0,0010 0.0000
0.CC290 G.0010 0.0000

0.0010 0.0000 . 0.C0CO

0.0010 0.0000 0.3309

0.C010 c.0000 ‘0.G0CO

0.0000 c.0000 0.0000

0.,C0C0 0.0000 G. 0000
CARD 89 RED

RECOTSH ORANGE
- COLOR1(N), CCLOR2(N) CRANGE

. YELLCWISH CRANG
YELLCW o
GREENISH YELLOW
YELLOW GREEN
YELLCWISH GREEN
GREEN
BLUISH GREEN
BLUE GREEN
GREFNISH BLUE
BLUE
PURPLISH BLUE
BLUISH PURPLE

PUKPLE
RENDISH PURPLE
RED PURPLE
PURPLISH RED
CARD 108 0.687 0.264
: R 0.650 0.350
BORDX(N), BORDY(N)  0.59% 0.401
' 0.555 0.445
0.527 0.473
0. 497 0.503
0.447 0.553
0.313  0.681

0,038 10,782



CCLUNMNS
1-10 ~ 11-20
0.007 0.562
0.021 C.440
0.,04¢ 0.228
0.091 . 0.173 .
0,147 0.043
0.196 0,027
C.257 0.056
0.335 0.094 -
G.453 0.151
0,593 Cc.218
CARD 127 C.1813 ~ 0,0197
0.18C9 0.C195
CROPOX(N), CROPCY(N) 0.1803 0.0194
0.1765 0.C190
0.1784% 0.0187
0.1771 0.0184 -~

0.1755 0.0181
0.1722 0.0178
0.1706 0.Cl79
0.1679 C.0187
0.1650 0.0203
0.1622 . 0.0225
0.1590 0.0257
0.1554 0.03n0
0.1510 0.0364
0.1459 0.0452
0.1389 €.0585
0.1295 0.0779
0.1152 C.1990
0.,0957 0.1591
- 0.0728 0.2292

0,0452 0.327¢%
0.,0210 Ce4401
10,0073 Ce 5625
0,0056 0.6745
C.0219 0.7526
0.0495 0.8023
0.0859 c.817¢
0.1252 0.8102
0.1lé64 0.7922
0.2071 0. 17663
0.2786 0.,7113
C.3132 0.6813
0.3473 C.6501
0.3812 0.6182
0.4142 0.5858

044469 0.5531 -
0.4790 0,521C
0.5056 0.4904
.0.5386 0.4614
C.5654.  0.4346
0.5500 0.4100
0.6116 0,3884
0.6306 0.3694%
0.6471 043526
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1
1-10 11-20 |
0.6612  0.3388 {
0.£1731 C.3265 . :
046827 0.3173 " !
C.68¢8 G.2102 5
0.6955 0.3045 4 _—
0. 7010 C.299¢ ' _ <
0.7C59 C.2941 V
0.7103 0,2898
0.7137  G.2863 :
0.7156 0.2844 _ Lo
C.7168 ~ 0.2832 :

0.7179 0.2821
C.7187 0,2813
0.7193 0.2807
- 0e7158 £.2802
0.7200 .0.2800
0. 7202 €.2798
C. 7203 0.21797
0., 7204 0.2796

0.1813 C.C197
CARD 193 0.0065 04616
' 0.207 0.766
BCUNDX{N), BCUNBCY(N)} 0.4C9 0+591 -
0.514 0.486 ' é
C.536 0.461 o o
. 0.57% 0.425 |
. 0.621 0.379 i
: 0.683 0.317 |
0.645 C.243 |
0.541 0.193 |
0.379 04115 |
0.254 C.074 |
0,215 0.036
€.162 0.G22 |
0.130 0.077 , "
0.061 0.272 - |
0.03¢ 0.3177 : ;

0,013 0.511
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N=1.35 OIELECTRIC FILM ON & SMOOTH, FLAT N22.07-I(k.40) ELECYROOE
CO®PLEX REFRACTIVE INDEX OF SUBSTRATE IS NCaN-E{K). NsCM1eCN2(LANOOA-3800.} K*CK1eCKZ ILAMBLA=S5800,) .
LANBCA IS THE WAVELENGTY DETWEEN J800. AMC 7800. 4. Crie 2,0708000 CN2® 0.0000000 Cni= «,400(C00 CK2Zw 0.0000000

QEFRACTIVE INOEX OF FILM AT §892, A IS 1,500

TAISTIMULUS AND CHROMATICITY VALUES ANO WUE OF FIL» AS A FUNCTION OF FILW TMICKNESS

]
5
- SOURCE &
S FOLARIZATION ANGLE OF INCIDENCE IS 75.0
. FIL® THICKNESS cAPX capy - caPz LOWX LonY vowz HUE
4 .
M R . ] 109.7467 91,7153 32,8345 JauT6 (]
s 180,.5839 91,5615 as?6 ORANGE
109 100, 3748 91, 3800 77 ORANGE
134 19,1148 91,1099 78 ORANGE
2060 99.7998 90,8051 as79 ORANGE
250 99,4238 90,4393 shusy ORANGE
. 300 98,9780 90, 004€ s468e ORANGE
%0 98,4560 89,4940 oaas? ORANGE
“t0 97.0397 88,0865 «4691 OFANGE
450 97,1208 88,1757 s4e97 QRANGE
590 96,2787 87,3400 +4806 QRANGE
ss0 95.2920 86,3560 +4513 ORANGE
(1] 9 ,1329 85,1949 4528 ORANGE
6510 92,7678 83,8209 28861 ORANGE
708 91,1555 82,1899 +4562 ORANGE
%0 89,2078 80,2885 44598 ORANGE
s00 86,9869 77,9333 L8627 ORANGE
850 84,3232 75,1727 +4678 ORANGE
9090 61.2031 71,8929 1003937 oa738 ORANGE
LLL] 77,6040 68,0321 15.89290 ahe0e ORANGE
1900 73.5326 53,5668 13,7623 Jeni QRANGE
1050 69,0223 58.5517 12,4631 +4929 ORANGE
1100 64,1213 £3,1676 1243038 «4oe8 ORANGE
1159 58,9228 L7.7562 13,2807 Je912 ORANGE
1200 £3,6047 42,8120 15.1196¢ 4806 RED
1250 8.5t 38,9046 17,4017 Le€28 RED
1300 46,1533 38,5408 19.7688 <4398 PURPLE
1350 81,0878 36,0246 21,9823 <4168 BLUE
TS 39,7508 37,3768 23,9261 +3938 8LUE
. 158 40,4462 80, 3396 25,5697 .+ 3803 BLUE GREEN
1500 82,9810 sh.0809 26,9299 3757 BLUE GREEN
1850 - £7,007% 49,3159 280631 +3780 SLUE GREEN
1600 52,0023 56, 3769 20,9832 23883 GREEN
1650 57,6361 59, 3239 29,6890 3922 GREEN
1700 62,0736 63,9223 30.2918 4002 GREEN
1750 88,0143 68,0543 30,7848 .76 GREEN
1800 72,6906 71,6808 31.188¢ chiod GREEN
1850 76,8319 |, Te. 8148 31,8204 06395 GREEN
1390 80,4367 77,4963 31,7924 L4260 GREEN
1950 63,5606 79.7790 32,0148 Ja2r7 GREEN
200 86,1986 81,7172 32.194¢ La3c7 GREEN
2050 58,4623 83,3619 3243392 433 GREEN
2100 90,1932 88,7583 3244520 4354 GREEN
2190 92,0392 85,9454 3245367 24372 GREEN
2270 93,4436 45,9555 32.5958 %387 GREEN
; 2250 94,5433 a7, 8187 32.€308 “4400 GREEN
2308 98,4688 88,5484 3246826 aeb12 GREEN
: : 23850 96,5455 89.1716 32,6318 he22 GREEN
2490 97,2946 89,7003 32,596 cae1 GREEN
2050 97,9129 90,1466 326376 4439 GREEN
2500 98,4762 90,5201 32,4514 hant GREEM
2550 98,9299 90, 8289 32,3354 shbSe GREEN
2601 99,3086 91,0790 32,1884 pryss GREEN
2650 99.6173 91,2753 31,9958 k869 GHEEN
2700 99,8608 91,0214 31.798% Jaa7? YELLON
2750 10,9426 M, 5197 3104681 veiB6 YELLOW
2500 100, 1662 91,5716 3t.1014 L4495 YELLOW
2esh 100,2258 91,8776 30.€51¢ +4508 YELLO®
2900 100,2260 91,5374 3040961 4518 YELLOW
2959 1€0.1618 91. 488 29,5108 48532 YELLOW
3800 10,0236 9143091 28,5691 4569 viLLow
3050 99.8252 91,1188 27.5478 4569 YELLOW
. . 3108 99,5461 90,8606 2643322 +4593 YELLOW
3150 99.1938 - 90,5391 2449287 4621 YELLOW
3200 98,7757 90,1426 23,3775 +4853 YELLOW
. : 32850 91,3068 89,6609 21,7584 4607 YELLOW
- : : . 3380 a7.806% 09,0825 20.1693 L8723 YELLOW
3350 97,2959 88, 3938 18,7864 a758 YELLOW
3800 96,7911 87,5795 17.6802 4790 YELLOM
3050 98,2986 86,6226 1e.957¢ Je810 YELLOK
3508 95,6136 85,5037 16.671) 4839 ORANGE
3550 95,3186 84, 2040 1646300 Ja856 ORANGE
380° LIS 1YY 82,7064 17,3992 ob864 ORANGE
3650 94,1719 80,9887 18,3074 <4868 ORANGE
3709 93,4356 79,8607 19,4590 0868 ORANGE
37850 92,5277 76,8781 26,7838 4866 ORANGE
3800 91,4029 Te.b978 22,1017 +4862 ORANGE
yo%4 20,0212 71,9366 23,4315 eese RED
3901 88,3516 69,2496 24,6951 e RED
39590 86,3752 86,5081 25,0603 o832 RED
4009 84,0081 63,7973 26,9112 ch8tl REQ
K #0850 81,5033 31,206 27,8426 a779 REQ
. S . s100 78,6526 58, 8292 28,6558 4736 REQ
[ %150 - 78,5889 56,7418 29.356¢ +4ETS RED
- . s200 72,3731 55,0138 29,9556 L4600 RED
: 4250 69.101% 53,6983 30,4828 . 4509 RED
N .. u3ee 65,8753 52. 6348 30,4869 et PURPLE
o 4380 82,8124 52,4430 3142601 ‘o288 PURPLE
Tt L eenn €0.0384 92,5281 31.5311 YTy BLUE
Pt $7.6796 53,0774 3147681 Le0eT ELUE
. 4509 £5, 8525 54,0815 31,9580 .3937 BLUE
4850 54,6540 55,4392 3201083 ° <3843 BLUE GREEN
00 Sh.1503 57,1568 32,2172 3773 BLUE GREEN
: 4550 84,3597 59,1519 32,2936 3729 GREEN
AL . 95,2983 61,3587 32,3381 23711 GREEN
arse £6,8807 63,7087 32,3506 +3719 GREEN
«809 5940259 6641351 32,3311 J3748 GREEN
830 81,6172 58,5751 32,2780 .3793 GREEN
%900 b4, 5268 70.9732 32,168 L3808 GREEN
4950 67,6161 73,2823 32.959¢ 43989 ° ong:u
GREEN

%000 70,7701 75,4656 31,8852 +3973



73,8808
76,8625
b4 $36

93,2336

6441610
63,7891
83,7008
63.9307
Sh.aT78
65,3175
86,0043
67.7373

69,2702
70,3536
T2.7760
T4.6695
T6.6756
k4 505

L]

62,3438
Bho1549
85,0718
87,4853
68,9855
98,3653
91,6208
92,7509
93. 7564

94,6195

89,8641

TT.L95T
79.35¢3
81,7388
A2,8620
83.87¢C6
45,0327
86,0394
86, 3C24
87,6340
88,2657
88,7401
89,1807

Th.9102

76,1379
77,3388
78,4930
79,3941
80,6298
81,5901
82,4688
81,2592
83,9579
88,5592
85,0637
25,4696
28,7763
65,9849
86,0955
85,1092
86,0275
85,8821
85,5854
25,2308
86,7916
a8, 2781
83,6867
03,0314
82,3234
81,5709
0. T8N7
79,9756
79,1581
7843300
77,5121
76,7086
75,9263
78,1714
Thoes501
73,7666
73.12%6
r2.5312
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31,6539
31.3711
31,0130
30,5731
30,0404
29,6062
20,8664
2T.08260
26,9064
25,9164
24,9119
23,9280
23.09%0
22,1782
214761
20.9207
20.5287
20, 3127
20,2801

26,0893
2%. 044
26,0813
26,370¢
23,9197

23.5347
23,2207
22.9827
22. 8258
22,7348
22.7737
22,6840
23.0839
23,3623
23,7244
26,1022
26,6062
28,1016
25.6136
26.1296
2646383
27.1308
27.6001
2840616

28,4819

29.8123
29485208
29,1667
20,8204

GREEN
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CHRONAIICITY Dlﬂckﬂﬁl FILM THICKNESS 18 IHE DNLY.PﬂﬂﬂUEiER. iNlYlﬂl THMICKHESS® G QnhsTeONS
S-POLAKIZATION OF INCIDENT LIGHT ) PINAL THICKNESS= 10C2T FHASTRONS
nNGLE.DF INCIDENCE= 75.0 CEGREES . THICKHESS INCREMENT= HC fHR3TICCHS
N=3 ;356 B:!ELE(‘TEIC ) ON N N=?7.C7-104.422 ELECTRAOCE
0.9 Ty T T ~— ~

YELLOWISH GREEN

JELLOW GREEN

V‘ELLDH]SN DRIKGE

Yoo ]

r 1

§ LUISH GREEN RONGE 1

n.4a} - ]

r <4

E£DDISH DRANGE

r 1

r 4

0.3t ]

r P

r 4

0.2t REENISH BLUE ]
.

. ]

PURPLE

+—t—Tr

’BOISN PURPLE ) P

XBL 753-731
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APPENDIX III. PROGRAM "MBINT"
This program corresponds to Turney's program‘"MBINF". It should
be noted that corrections and revisions have been made. '"MBINT"

calculates the multiple-beam intensity of light reflected from a

"dielectric film on a metal substfaté as a function of both wavelength and

film thidkness. The wavelength is changed iﬁ increments onSOK through
the spectrum; while the thickness can‘be varied in any desired. increment.
As in the program "HUE", one can include the vafiation of the opfical
constants with wavelengfh or enploy a value at an intefmediate wavelength.
The angles of incidence of the s and p polariéations cén be. the same
or différenf. | |

All the film thicknesses at which a minimum dr maximum of intensity
occufs for each waveiength can be obtaingdrfrom this program. .A'thickness
differénce, Ad, between successive minima or betweehAsuccessive maxima
can be derived from Eq. (Arll). The cﬁange in the optical path
différence,is‘eQuivalent to a change in phase difference of 2m in
By. (A-12). | |

2n, +ad cosp' = A

A

Ad = 2nlcos¢'

For each wavelength, the difference in film thicknesses at which a

maximm and a minimum occurs is an odd multiple of Ad/2. Thus, in order

.to determine the thickhésses at which the intensity maxima and minima

occur for monochromatic light, it is necessary to know only the vélue

of Ad/2 and the‘thickness at which the first-maximum'dr minimum occurs.

’ L"
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The output ‘from this program can be used to determlne the thickness

- of a film in whlte—llght 1nterference if the ratio of reflected 11ght

to 1nc1dent light is measured throughout the visible spectrum (spectral
analysis). The wavelengths at which maxima and minima occur in the

spectrum are assigned a list of possible'film thicknesses based on the

- program output. One film thickness, corresponding to'thevspectral

composition of the reflected light, is common to all lists. This'approach

is exact only if the refractive indices of the film and the substrate

ere constant. When the optical constants vary with wavelength, mono—
chromatic intensity maxima and minima do not coincide with maxima and
minima in the spectral intensity dlstributlon If the output is extensive
enough to include the thickness of the film in questlon, the spectral
intensity distribution (with respect to unit incident ihtensity) is given
directly for comparison with the.experimentally determined curve. Refer
to the sample output, which follows the program. | |

A 1ist of program variables and a description of the data input |
immediately follow.

Variables in Program "MBINT"

Variable g Symbol : Description

v - 5 o
A ASQ B ALA Intermediate variables to calculate
B,BSQ : B,B2 - amplitude refilection coefficients:

and phase changes (interface 1),
. (A-4) and (A—5)

CK1,CK2 o : K = CKI + CK2 (;\-- 3800).

‘CN1,CN2 _ o n = CNL + CN2 (A - 3800).

Coefficients for a linear approxi-
rmation of the complex refractive
index of the substrate, n, =n- ik.

CX S cos¢'! COS(PHIPR(J M)



Variable

DDEL

DEL(J,1) ,DEL(J,2)

DELD(J,1),DEID(J,2)

DELT
DELTA

FIIML,FIIM2,
FILM3,FILMY

- INT(L)

LAMEDA

PHI(1), PHI(2)
PHID(1),PHID(2)

PHIN

~ PHIPR(J,1),PHIPR(J,2)

R(J,1),R(J,2)

RSQ(J,1),RSQ(J,2) -

-196-

Symbol

A(rad)

8. ,Gl’p(?ad)

1,s
5. 6.
3:8 63,p(rad)'

8 (rad)

M (R)

A(R)
¢ (rad)

¢ (deg)

¢(deg)

¢! (rad)

" Relative phase change, 6 -8

'Descriptioh

(interface 1), Eq. (A-9). l,p 1,8

Phase éﬁange”for s and p polari-
zations (interface 1), Eas. (A<8)
and (A—lO). ‘ . '

Phase change for s and p polarl—.
zatlons (1nterface 3). .

Phase change associated with an
optical path difference in the
film, Eq. (A-12).

Difference in film thickness at
which successive intensity minima

or successive intensity maxima occur.

Name of film to appear in output.

Relative intensity of reflected
light in multiple-beam inter-
ference, Eq. (A-13).

Wavelength that 1s used in increments
of 50R.

Angle of incidence for s and p
polarizations (interface 3).

Angle of incidénce for s and p
polarizations (interface 3).

Nominal angle of incidence between
s and p polarizations (interface 3).

Angle of refraction for s and p

polarizations (interface 3),

Eq. (A-1). Also, angle of

incidence (interface 1).

Amplitude reflection coefficient
for s and p polarizations

(interface 1), Egs. (A-6) and (A-T).

Refer to R(J,1) and R(J,2).
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v Variable -

RI(N)

RL(J,1),RL(J,2)

RSQL(J,l),RSQL(J,2)

SBSTRA1,SBSTRA2

'SCALE(N)

SEP

SX
THK(L)
THKINC .

TNA(J),TN

- TKA(J),TK

X

WAVLTH(N)

Ad (deg)

sin@'
d(a)
Ad(A)

ack)y
a(k)

~ 3

_tan¢'
AR

Descrigtion

Refractivé index of'dielectric
film at a specified wavelength

-in the input.

Amplitude reflection coefficients
for s and p polarizations
(interface 3), Egs. (A-2) and (A-3).

Refer to RL(J,l) ard RL(J,2).

Name of substrate to appear in
output.

Refractometer scale reading of
liquid film material (Bausch ard -

Lomb precision refractometer with
prism 749-1).

Separation between angles of
incidence for s and p polarizations.

SIN(PHiPR(J,M))

Film thickness.

‘Increment of change of film

thickness.

Not- the same as
DELTA. :

Tnitial f£ilm thickness.

final film thickness.

Real and imaginary. parts of the
complex refractive index of the
metal substrate,r%:= n - ik.

SX/CX

Wavelength associated with the
variation of the refractive index
of the film material with wave-
length in the input. - ‘



Explanations of these input variables have been given in the list

of variables.
Card
1

2
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Input for Program "MBINT"

- Variable
SBSTRA1 ,SBSTRA?
FIIM1 ,FIIM2

FIIM3,FIIMY

"'CN1

CN2

- CKl

CK2.

PHIN

" SEP

™N

MK

7*

8-20

- THKINC

WAVLTH(N)
RI(N)
SCALE(N)

Same as Card 7

¥ ' .
See footnote for program "HUE".

Units

Dimensionless
1/8
Dimensionless
1/R

Degrees
Degrees

R

i

R

R

Dimensionless

Dimensionless

Colum and Format

| 1-20,2A10

 1-40,4A10

1-10,F10.7
11-20,F10.7
21-30,F10.7

31-40,F10.7

1-10,F10.6

1-10,F10.6

1-10,F10.1

11-20,F10.1

21-30,F10.1
1-5,F5.0

. 6-15,F10.5

16-25,F10.5

. 4
e e e e et e e e n e s e
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PROGRAM MBINT (INPUT,OUTPUT,TAPE 98, PLOT, TAPE 99=PLOT)

THIS PROGRAM CALCULATES THE INTENSITY OF REFLECTED LIGHT FROM A
DIELECTRIC FILM(NON~ABSORBING) COVERING A MEVTAL(ABSORBING}) SUR-
FACE. FOR A SPECIFIED ANGLE OF INCIDENCE, THE INTENSITY QOF RE-
FLECTED LIGHT IS A PERIODIC FUNCTION NDF FILM THICKNESS AT EACH
WAVELENGTH, AS WELL AS BEING A PERIGDIC FUNCTION OF WAVELENGTH AT
EACH FILM THICKNESS. FROM ONE MAXIMUM OR MINIMUM OF INTENSITY AT
EACH WAVELENGTH, ONE CAN CALCULATE ALL THE THICKNESSES FOR WHICH
THERE IS A MAXIMUM OR A MINIMUM AT .THAT WAVELENGTH. THE VALUE TO
BE USED FOR THIS PURPOSE IS CALCULATED FOR EACH WAVELENGTH, THE
VARIATION OF OPTICAL CONSTANTS OF BOTH THE FILM AND SUBSTRATE WITH
WAVELENGTH IS INCLUDED IN THE CALCULATIONS,

REAL PHID{21sPHI{2),PHIPR(B1+2)+TNALBL),TKA(BL} RSQIB1,42),R(BL42),
XOEL(8L+2),RL{BL,2)+RSOL(8Ly2)¢DELD{8Ly2)s LAMBDA,INT{10),THK{1O)
DIMENSION WAVLTH{50),R1(501, H(SO"RESID(SO),S(I)oAI(ZOob'yBI(ZODv
XTHVLTH{52), TRI(S2),SCALE(S0)
COMMON/RICOM/ 814 NO »
COMHON/C(POOL/XMIN:XMAXoYMIN.YMAX CCXMINUCCXMAXOCCYMIN'CCYMAX
1 FORMAT(2A10)
2 FORMAT(4A10)
3 FORMAT (4F10.7)
4 FORMAT{F10.6)
2 FORMAT({3F10.1)
8 FORMAT(10Xs*S POLARIZATION*,5X,*ANGLE OF INCIDENCE IS*,2X,F4. l-//i
9 FORMAT(10X,*P POLARTZATION®*,5X,*ANGLE OF INC!DENCE IS*42X4Féol0//)
18 FORMAT({F5.0,2F10.5) .
31 FORMAT(10X,4A10,*FILM ON A SMOOTH, FLAT*,2A10,*ELECTRODE*) :
41 FORMAT(10X,*INTENSITY AS A FUNCTION OF WAVELENGTH AND FILM THICKNE
XSS%,///1
42 FORMAT(10X,*DELTA OR A MULTIPLE THEREOF AT EACH WAVELENGTH IS THE
XDIFFERENCE IN FILM THICKNESS BETWEEN®*)
43 FORMAT(*TWO MAXIMA OR TWO MINIMA OF INTENSITY. ODELTA/2.0 OR AN OD
" XD MULTIPLE THEREOF IS THE DIFFERENCE IN FILM%x) '
44 FORMAT({*THICKNESS BETHEEN A MAXIMUM AND A MINIMUM OF INTENSITY.*,/
X/7)
46 FORMAT (10X, *COMPLEX REFRACTIVE INDEX OF SUBSTRATE IS NC=N-1(K).
XN=CN1+CN2{LAMBDA-3800.) K=CK1+CK2{LAMBDA-3800.)%*)
45 FORMAT (10X, *LAMBDA IS THE WAVELENGTH BETWEEN 3800. AND 7800. A.
XCN1=%2,F10.T9* CN2=%,F10.7¢* CKI=%,F10.,79% CK2=%,F10.,7+//)
4T FORMAT (10X, *REFRACTIVE INDEX OF FILM AT 5892, A IS*,FT7.4,//)
75 FORMAT{1H1,//) -
T10 FORMAT(3X,*FILM THICKNESS(A)*,3X,10F10. Ool/)
712 FORMAT(13Xy*WAVE-*}
713 FORMAT (#DELTA(A) *y 3X *LENGTH(AY*,///)
714 FORMAT(1XF6.196XeF5.095X910F10.4)

INPUTS ARE (1) THE METAL SUBSTRATE, (2) THE FItM, (3) FOUR COEFF-
ICIENTS FOR A LINEAR APPROXIMAT ION OF THE COMPLEX INDEX OF REFRAC-
TION OF THE METAL SUBSTRATE, (4) THE ANGLE OF INCIDENCE, (5) THE
ANGULAR SEPARATION BETWEEN THE INCIDENT P AND S—POLARIZED LIGHT,
(6) THE INITIAL AND FINAL VALUES OF THE FILM THICKNESS AND THE
INCREMENT, (T) THE REFRACTIVE INDEX OR REFRACTOMETER SCALE READING
FOR THE FILM AT UP TD 14 WAVELENGTHS. o

READ 1,SBSTRA1,SBSTRA2
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READ.Z FILMLl,FILM2Z, FILMB;F!LM4

. READ 3, CNI'CNZ'CKI'CKZ

401
402

403

[aXsXal

OO OOO

2 XaNeNal

404

405

30

406

READ 4,FHIN

READ 4, SEP

READ 224+ TMNTMX, TEKINC

EITHER 1 OR MANY VALUES OF THE REFRACTIVE INDEX OR REFRACTOMETER -

-SCALE READINGS FJ3R THE FILM nVER THE VISIBLF RANGE CF LIGHYT SHOULD

BE CN THE INPLT CARCS.

OC 401 N=1,14

READ lByhAVLTH(h)'Rl(k)'SCALE(N)

IF (WAVLTH(N) ,FQ,03C0.) GO TO 402

CCNTINUE -

MI=N-1

NC=6

ENTER RI(N) OR HAVE 1T CALCULATFD FROM THE RFFRACTOM‘TER SCALE
READING. .

‘DC 403 N=l,M]

IF (RI(N)EQeCaC) RIIN)I=REFRXC{SCALEIN) yWAVLTH(NI})

W(N)=1.0

CCONTINUE

IF THERE IS CNLY ONF INFUT CARDy THEN THAT REFRACTIVE INDEX IS
USED IN THE CALCULATICNS AS AN AVERAGE VALUE TO BE USED WITH EVERY
WAVELENCTH IN THE PROGRAM,

IF (MI.LT,.2) GO TO 406

DC 404 I=1,MI

WAVLTH(T)=WAVLTH(T)/4000.

CONTINUE .

LEAST SQUARE PGLYNOMIAL FIT TN DETERMINE THE CCEFFICIENTS FCR THE
PCLYNOMIAL IN T+E FUNCTICN RIC(WAVLTH) THAT REPRESENTS THE VARIA-
TION OF REFRACTIVE INDEX OF THE FILM WITH WAVELENGTH, THE RESULT-

ING POLYNCMIAL IS PLNTTED ALCNG WITH THE SEVERAL INPUT VALUES AS A

CHECK ON THE ACCURACY QOF THE METHCD OVER THE ENTIRE VISIBLE RANGE.

CALL LSCPOI(NAVLTHoRI WeRESIC MI,SyleAT, RI'NQI
N0 405 I=1,M]

WAVLTH(I) = hAVLTH(li*éOOO.

CONTINUE

XMIN=3000.

XMAX=80G0.

YMIN=1.3

YMAX=1.4

_CALL CCGRID(5410,€HLABELSy10,4101)

CALL CCPLOT{WAVLTH,RI, M!.thOJOlN.é'll
TWVLTH(1)=3C00.

DC 30 J=1,51

TRI(JI=RIC(TWVLTH(J))

TWVLTHUJ+L ) =ThVLTH(J)+100.

CONTINUE

CALL CCPLOT(ThVLTH,TRT,50,4FJCIN/ O 1)

CALL CCEND:

GC TO 407

COEFFICIENTS FOR POLYNOMIAL IN FUNCTION RIC(WAVLTH) THAT REPRE-
SENTS VARIATION OF REFRACTIVE INDEX OF FILM WITH WAVELENGTH-- IN
THE CASE THAT JLST CNE REFRACTIVE INDEX NR REFRACTOMETER SCALE
READING AND WAVELENGTF IS IN THE INPUT CARDS.

BI(1)=RI(1)

BI(2)=0.

BI(3)=0.

BI(4)=0.

BI(5)=0, -

BI(6)=0.

e
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407 CONTINUE '
PI=3,141562€536
PHID(1)=PHIN-Q,5%*SEP
PHID(2)=PHIN#C.5*SEP
"J REFERS TO TrE hAVELFNGTH.
D0 399 J=1,81
LAMBDA=380C.+50.%(J~1)
DC 10 I=1,2
CCNVERSIGN OF ANGLES FRCM DEGREES TC RACIANS.
PHI(I)=0.0174532%PHID(]) '
EQUATION (A-~1)
PHIPR(JsI1)=ASIN((1e/RIC(LAMBDA) J*SIN(PHI(I)))
10 CCNTINUE :

DIELECTRIC FILM REFLECTICN EQUATICNS(WITH THE PRESENT SIGN CONVEN-
TION- AT NORMAL INCIDENCE THE POSITIVE P-POLARIZATICN ELECTRIC '
FIELD VECTCRS OF THE INCIDENT ANC REFLECTED LIGFT DC NOT COINCIDE)

TEMP1=COS(PHI(1))
TEMP3=RIC(LAMBCA)*COS{PHIPR(Jy1))
EQUATIGN (A-2)
RL(Js1)=(TEMPL=TEMP3)/(TEMPL4TEMP3)
RSQL(JyL)I={RLIJy1) ) %%2
TEMP2=RIC(LAMBDA)*CCS(PKI(2))
TEMP4=CCS{PHIPR(J,2))

EQUATION (A-3)
RL(J+2)=(TEMP2=-TEMP4)/ (TEMP4+TEMP2)
RSQL(J.2)=(RL(J.2))**2

SEPARATION OF REFLECTICN COEFFICIENT AND PHASE CHANGE AT GAS-FILM
INTERFACF. M=1 FOR S=PCLARIZED LIGHT, M=2 FIR P=POLARIZFD LIGHT

DC 153 M=1,2 -
TF(RL(JsM)) 150,151,152
150 DELD(J,MI=PI
CRL{JeMI==RL (JyM}
GO Y0 153
151 DELC(JsM)=0.
GC T0 153
152 DELD(J,M)=0.

153 CCNTINUE

IF(MI.EQ.1) GO TO 587
399 CCNTINUE
GO YO 591
587 CCNTINUE '
ON THE CCNDITICN THAT OANLY CNE REFRACTIVE INDEX UR REFRACTOMETER

SCALE READING IS ON THE INPUT CARDS FCR THE FILM, THE FOLLOWING
VALUES ARE CCASTANT AND CAN BE SET EQUAL TD THE FIRST SET OF VAL-
UES CALCULATED FOR LAMBCA=38C0. THIS IS CONE TC AVOID UNNECESSARY
CALCULATICNS.
D0 633 M=1,2
" D0 632 J=1,81
PHIPR(JyM)=PHIPR(1,M)
DELN(JyM)=DELD(L,M)
RL{JyM)=RL(L,M)
RSQL{J, V)= RSOL(lvN)
632 CCNTINUE
633 CCONTINUE
591 CCNTINUE



OOOHOOO

[aNaNaNaN ]

110

112
114

116

118

120
121

125

124
126

127
122

128

130
132

-202—

SFCTION TO CALCULATE METALLIC REFLECTION COLFFICIENT FOR S- POLAR-
1ZED(M=1) AND P=-POLARIZED(M=2) LIGHT. EQUATICN FOR THE VARIATICN:
OF THE COMPFLEX REFRACTIVE INDEX WITH WAVELENGTF. IS INCLUDFD. COM-
PLEX REFRACTIVE INDFX TNA+T(TKA) . .

DC 400 J=1,81

LAMBDA=380C.+50,%(J-1)
TNA(J)=CNL+CN2*(LAMEDRA-380C,) ..
TKA(J)=CKL+CK2*(LAMBLA-3800.)

"TIN=TNA(J)

TK=TKA(J)

DO 123 M=1,2.

SX=SIN(PHIPRIJy¥))

Cx=COS{PHIPRIJ4MI )}

TX=SX/CX

THE FOLLOWING EXPRESSICNS FOR A ANC B ARE ECUIVALENT T EQUATIONS
(A-4) AND (A-5).

TEMPLl=( TNX®2-TK** 2-RIC{LAMBCA)®:#2#SX*%2 ) %4244, *TN**Z‘TK‘*Z
TEMP2=TN*#2-TK*¥32-RTIC(LAMBDA ) %% 2%SX*%2

TEMP3=2 #RIC(LAMBLCA )**2

ASQ= (SQRT(TEHPI’#TEPP;)/TEMPB

IF(ASQ) 110.112-112

A=0. :

GO TO 114

A=SCRT(ASQ)

BSQ=(SQRT(YEMP1)=-TEMP2) /TEMFP3

1F(B8SQ) 116.118 118 ’

8 O.

GC 1o 120

B=SQRT(BSQ)

ECUATIONS (4-6) AND (A-T)- REFLECTICN COEFFICIENTS AT METAL-FILM
INTERFACE AND EQUATIONS (A-8), (A-9) AND (A-10)- PHASE CHANGE AT
METAL-FILM INTERFACE FCR S AND P LIGHT, .

1F(M.EQ.1l) 121,122

RSQUJIy1)=(ASU+B Q=2 OKARCX+CX*CX) /(ASG+RSC+2, O¥AXCX+CX*CX)
IF(RSQUJ,1)) 125,124,124

R{J,11=0.

GO Y0 126

R(J,y1)=SQRT(RSC(J,1))

CONTINUE

TEMPL=2.%B*(CX

TEMP2=ASQ+8SQ-CX*(X

DEL(Js1)=ATAN(- TEMPI/TEMPZ)

IF(DEL(Jy1)) 1274127123

DEL(Jy1)= DEL(J,I)*PI

GC T0 123

TEMP1=(ASQ+85Q=-2. O*A*CX#CX*CX)/(A<OOBSQ*2 0*A*C X+C X*C X)
RSQ(Js2)=TEMPL* (ASQ+BSQ-2,. O*A*SX‘TXOSX*SX*TX*TX)/(ASQ*BSQ*Z O%A%XSX

XETX+SXESX®TX®TX)

IF(RSQ(J,2)) 128,130,130

R(J'2)=0.

GC TO 132 _
R(J+2)=SQRTIRSQ(Js2)) - .
CCNTINUE ' ’ ) :
TEMPL=2,0%B%SX*TX .

TEMP2=ASQ+BSQ-SX*SX*TX*TX

DDEL=ATAN(-TENPL1/TEMP2)

IFIDDEL) 135,13¢,136

r‘./(-
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DDEL=DDEL +P]

CONTINUE '
TEMFL=2,0%B%CX
TEMP2=ASQ+BSQ-CX*CX
TEMP3=ATAN(-TENF1/TEMP2)
TF(TEMP3) 145,145,146
TEMP3=TEMP3+4P1

DEL(Jy2)=TEMP3I+DDEL

CCNTINUE

TF{(CN2+EQe Qs 0)4AND, (CK2.FQ.0.0)ANC.(MI.EQ. 1)) GN TO 595

CONTINUE

GC Y0 566

CCNTINUE

ON THE CCNDITICNS THAT UNLY €NE REFRACTIVE INDEX OR REFRACTOMETER
SCALE READING IS ON ThF INPUT CARDS AND THE CCMPLEX KEFRACTIVE
INDEX OF THE MFTAL SUBSTRATE [S CCNSTANT, THE FOLLOWING VALUES ARE

.-CCNSTANT ANC CAN BE SET EQUAL TO THE FIRST SET 0OF VALUES CALCULA-

598
597
596

311
312

313

- THK{L)}=THKINC*(L- 1)+TACP

675

TED FOR LAMEBCA=3800. THIS 1S DONE TO AVOID UNNECESSARY CALCULATIONS.
DO 597 M=1,2 '

DC 598 J=1,81

DEL({JyM)=DEL(L,V)

R{JyMI=R(1,4M)

RSQ(JyM)=RSC(1yM)

CONTINUE

CCNTINUE

CCNTINUE

SECTION TO CALCULATE INTENSITY OF LIGHT REFLECTED FRCM THE FILM
COVERED METAL SURFACE AS A FUNCTICN OF WAVELENGTH AT EACH FILM
THICKNESS. L REFERS TO THE FILM THICKNESS, J REFERS TD THE WAVE=-
LENGTH, AND M REFERS TO THFE S~POLARIZED(M=1) OR P-POLARIZED(M=2)
L IGHT. ' - .

DC 212 M=1,2

PRINT 31,FILML,FILM2,FILM3,FILM4,SBSTRAL,SBSTRA2
PRINT 46

PRINT 45,CN1oCA2,CKL,CK2
RIC=RIC(5852.)

PRINT 47,RIC

PRINT 41

PRINT 42

PRINT 43

PRINT 44

IF(M.EQel) 311,212

PRINT 8,PHID(M)

GG TO 313

-CONTINUE

PRINT 9,PHIC({M)
CCNTINUE
TADD=TMA

DO 750 N=1,100
DC 675 L=1,10

TF(THK(L) .GT.TMX) GC TO 515

CONTINUE

TARC=THK(L) +THKINC

PRINT 7104 (THK(L)sL=1+10) -

PRINT 712

PRINT 713

DELTA FOR EACH WAVELENGTH IS A THICKNESS INCREN[NT DERIVEC EITHER



coo

211
213
750

515
212

~20l-

BEING SET EQUAL TO THE

FRCM THE RIGHT SICE CF EQUATICN (A-11)
BEING SET

WAVELENGTH OR FROM THE RIGHT SIDE CF EQUATICN (A-12)
EQUAL TO 2.#P1 RACIANS, .
DC 213 J=1,81

LAMBDA=3800.+50.%(J-1)
DELTA=LAMBDA/ (2. O*RI((LAMBCAD*COS(PF[PR(JvM)))

DC 211 L=1,10

DELT=4. O*PI*RXC(LAMBFA)*THK(L)*CCS(PHIPR(J.N)’lLAMBDA

TEMPL=2 O*R(J'M)*PL(J'ﬂ)*CDS(DELT#DELD(JoM)-DEL(J'M)l
TEMP2=RSQUJyMI+FSCL(I,MI+TENP]
TEMP3=1.0+RSQUJ MI®RSQL(JyM)I+TENPY
INT(L)=TEMP2/TENP3

CCONTINUE

PRINT 714+CELTA,LAMBDA, (INT(L)yL=1,10)
CONTINUE . .

PRINT 75

CCNTINUE

CONTINUE

CCNTINUE

- STOP

END

Hra
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N=1,35 DIELECTRIC . * FILM CM A SHCOTF, FLAT N=2.07-It4.40) ELECTROOE
COMPLEX REFRACTIVE INOEX OF SUBSTRATE IS NCsNeI(K}e WNICAYOTN2(LANADA-3800.). KaCK1+CK2(LAMBCA=3800,)
LA%G08 IS THE WAVELENGTM BETMEEN 3800. ANC 7808, A. CNi= 240700000 CN2= 0,00006000 Cxi= 4,4000000 CX2= 0,0900800

'EFQ‘C'"‘E INDEX. OF FILM AT 5892, A IS 1.3500

INTENSITY 45 A FUNCTION OF WAVELEMGTH AND FIL¥ THICKNESS -

- - ’ OFLTS OR & WULTTPLE THEREOF AT EACH WAVELENGTH [S THE DIFFERENCE IN FILN THICKNESS BETHEEM
THO MAXTMA OR THO WINIMA OF INTENSITY. OFLTA/2.0 CR AN 000 RULTIFLE THEREOF IS THE DIFFERENCE IN FILM
THICKNESS BETWMEEN A WAXIYUM AND & WINIWUM OF INTENSITY. :
. S POLARIZATION ANGLE OF SACIOENCE IS 75,0 , .

he . CFILN THICKNESS (A} . L 100 200 0 ~00 $00 600 ree 838 00

Lo WAVE-
CCELTACA)  LENGTH(A)

ST Jre
. 9172 .3183
9172 .3220
9172 .3200
29172 +3378
3172 +3407
9172 +3613
9172 L3757
! £91%2 3907
Janrz L4064
J9172 4228
«9172 k38l
9172 L4550
9172 4714
9172 e 068
+9372 .5022
9172 J5172
9172 5318

9172 585
9172 +5589
. 9172 snr
972 45840
9172 5958
9172 .6070
T2 6177
.9172 L6279
9172z L6377
9172 L6469
Jo1r2 6558
9172 L6602
9172 6723
2018.3 +9172 L6793

|

2862.0 su00 9172 o872
2889, L2 <9172 692
2915.8 $500 <9172 .7909
2902.3 (1311 9172 J7072
29680 se00 9172 J7133
f - 2995,4 L1 9172 7191
. R 1021.9 5700 9172 J287
: 088,46 580 w9172 J7360
30789 - 5800 9172 L7350
MM sase L9172 7399
3t27.9 5919 1’z «9130 Wb
.6 S50 . .9t72 +9138 JT490
(3111 <9172 9138 L7333
6038 9172 <9139 JT5T6
€100 9172 .9139 7613
6150 9172 +9139 L7681
5200 $9472 49140 . oT688
6250 9172 <9148 7723
6390 9172 ~9183 2756
€=y 9172 <0181 L7788
. [T <9172 +9161 020
6480 L9172 +9181 J7850
eeagy .9172 «afet a9
117 ] $9172 9182 7906
6¢00 .9472 “5162 .7933
5689 9172 . 9162 7959
i 8708 9172 29163 J7984
#7850 9172 +5143 .8008
6800 172 +9143 8032
tesy .9t72 €163 L8056
89%Q 9172 »Gibk . 8076
6980 9172 v9166 .0097
7008 29172 +9164 8113
Tese 9172 «9146 L8138
T100 L9172 9148 3157
. 7150 S92 +9148 L0175
: 7200 9172 9148 48193
7250 9172 <9188 L0211
. ) 7390 29572 <9145 18228
: 7350 917z 49146 L8208
. 7400 9172 +9146 .8260
- 7450 9172 <9186 .8276
- > 7500 Jo172 +9108 .8291
- 750 .9172 «9108 L8306
¢ . T€00 29172 ~9167 .8320
7650 9172 J9187 .8334
7700 9172 +9147 L8367
§118.7 1738 9172 1034 . 8360
L8373

“13%,2 7800 29172 9167
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APPENDIX IV. PROGRAM "VIS"

This program‘calculates the minimum and maximum intensities and
Michelson fringe visibility for miltiple-beam interference in a thin
dielectric film on a metal substrate. 'These quantities are calculated
through'Fhs;"(A—20), (A-21) and (A-22), respectively, for angles of
incidence that can be changed iﬁ any increment.'iThe criterion for the
optimum angle of incidence for monochromatic light is that the fringe
visibility is equal to one, or equivalently the minlmum 1nten51ty is
equal to zero. The optlmum angle varies with wavelength only because
the optical‘ccnstants of the film ard substrate are functions of wave-
length. " Thus, a single wavelength is part of the.input along.with
coefficients: for a linear approximation to the real and imaginary parts
of the refractive index of the substrate and either the'refractive '
indlces or refractometer scale readings of the film at several wavelengths
through the visible spectrum. Further details on the calculation of |
the optical constants have been given in Appendix II.

A 1ist of program variables ard a description'of the data'iﬁput
vare presented first. A-sample.output follows the_progranh |

Variables in Program "VIS"

Variable " Symbol ~ Description
A,ASQ | , A,A2 Intermediate variables to calculate
B,BSQ B, B2 amplitude reflection coefficients and
phase changes -(interface 1), Egs. (A-4)
and (A-5).

AMN ' ¢ (deg) Tnitial angle of incidence.

=2 I i}




.
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B0 v g 2086

Variable Symbol
CKL,CK2
CN1,CN2
CX cosd'’
FIIML,FIIM2,
FILM3,FILMY
LAMEDA - A(R)
MINT(J,l),MINT(J,z) 'Imin
MXINT(Jfl),MXINT(J,2) T ox
NTOT
PHI ¢(rad)
PHID ¢(deg)
PHIPR ¢' (rad)
R(J,1),R(J,2) . 'rl,s’rl,p
RI(N) ny
RID n1
RL(J,1),RL(J,2) r3,s,r3,p

. n

g
Deséription
k = CK1L + CK2 (A - 3800).

CN1 + CN2 (X - 3800).

Coefficiénts for a linear approx1mat10n
of the complex refractive index of the
substrate, né = n - ik.

COS(PHIPR)
Name of film td be printed in output.

Single wavelength to be used in the
program. _

Minimum intensity in multiple-beam
interference for s and p polarizations,
Eq. (A-20).

Maximum intensity in multiple-beam
interférence fbr s and p polarlzatlons,
. (A-21).

Number of angles of incidence (one more
than the number of increments added to
initial angle of incidence).

Y'Angle of incidence (interface 3).

Angle of incidence (interface 3).

Angle of refraction (interface 3),
Eq. (A-1). Also, angle of incidence
(interface 1)

Amplitude reflection coefficients for

s and p polarizations (interface 1),

Egs. (A-6) and A-7).

Refractive index of dielectric film
at a specified wavelength in the input.

Refractive index of dielectric film
calculated from function RIC(WAVLTH)
at wayelengxh, LAMBDA. _

Amplitude reflection coefficients for
s and p polarizations (interface 3),
Eqs. (A—2) and (A-3).
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'Variéble Symbol

SBSTRA1, SBSTRA?

SCALE(N)

STEPS Ad(deg)
SX sing'
TN, TK | n,k

™ . tang'

VISIB(J,1),VISIB(J,2) V

WAVLTH(N)

Description '

Name of substrate to appear in output.

" Refractometer. scale reading of liquid

f11m material (Bausch and Lomb precision
refractometer with prism, 749-1).

Increment of change of angle of incidence

SIN(PHIFR)

Real and imaginary parts of the complex
refractive index of the metal substrate,
n,=n- ik. S

SX/CX

Michelson fringe visibility for s and p
polarizations, Eq. (A-22).

Wavelength associated with the variation
of the refractive index of the film
material with wavelength in the input.

Input for Program "VIS"

Explanations of these input variables have been given in the list of

variables. L
gggg_ : Variable
1 SUBSTRA1, SBSTRA2

2 o FIOIM,FIIM2,
FIIM3,FIIMY

3 _ CN1

CN2

CKl

CK2 -

o ' AMN

| STEPS

Units  Colum and Format
1-20,2410
1-40,4A10

Dimensionless . i-lO,FlO.?
1/R S 11-20,F10.7
Dimehsionless . 21-30,F10.7
3 . 31-40,F10.7
Degrees ~ 1-10,F10.2

Degrees . 11-20,F10.2

s



Card Variable |

5  LAMEDA

6 WAVLTH(Y)
| RI(N)
 SCALE(N)

7 to 19%*%*  Same as card 6

=209~

Units

R
R
Dimensionless

Dimensionless

Colum and Format

21-23,13%
1-5,F5.0
1-5,F5.0

| 6-15,F10.5

16-25, F10.5

Integers must be written at the far right of the field..

#%
See footnote for program "HUE". - If one card is used, then the value
of WAVLTH(1) should be equal to LAMBDA in the input. :
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PROGRAM VIS ¢ INPUT,QUTPUT, TAPE 98, PLOT, TAPE 99§PLUTO

THIS PROGRAM CALCULATES THE MICHELSON FRINGE VISIBILITY FOR LIGHT .
REFLECTED FROM A DIELECTRIC FILMINON-ABSORBING) COVERING A METAL
(ABSORBING) SURFACE. THE INTENSITY OF REFLECTED LIGHT IS A PER-
I0DIC FUNCTION OF FILM THICKNESS AT EACH WAVELENGTH AND ANGLE OF
INCIDENCE. THE MAXIMUM AND MINIMUM INTENSITIES AND FRINGE VISI-
BILITY ARE CALCULATED AT ANGLES OF INCIDENCE BETWEEN ZERO AND
NINETY DEGREES FOR MONCCHROMATIC LIGHT. PROVISION IS MADE TO IN-
CORPORATE THE VARIATION OF OPTICAL CONSTANTS CF BOTH THE FILM AND
SUBSTRATE WITH WAVELENGTH.

REAL RSQ(IOO'ZDoR(lOOoZlvRL(lOO'ZI.LAHBDA,HXINT(IOO:Z) NINT(IOO'Z)
XeVISIBU10042)

DIMENSION WAVLTHIS0),RI{50}),W(50),RESID(50),S(1),A1(20,6),BI1(20),
XTWVLTH(52), TRI{52),SCALE(S50) ; '
COMMON/RICOM/81,NO
COMMONICCPOOL/XMINoXMAX,YMIN'YMAX.CCXMIN'CCXMAX.CCYHIN.CCYHAX

INPUTS ARE (1) THE METAL SUBSTRATE, (2) THE FILM, (3) FOUR COEF-
FICIENTS FOR A LINEAR APPROXIMATION OF THE COMPLEX INDEX OF RE-
.FRACTION OF THE METAL SUBSTRATE, (4) THE INITIAL ANGLE OF INCI-
DENCE, THE STEP CHANGE AND THE NUMBER OF ANGLES, (5) SINGLE WAVE-
LENGTH TO BE USED IN THE PROGRAM, (6} THE REFRACTIVE INDEX OR RE-
FRACTOMETER SCALE READINGS FOR THE FILM AT UP TD 14 WAVELENGTHS,.

1 FORMAT(2A10)
2 FORMAT(4A10)
3 FORMAT(4F10.7) .
31 FORMATI10Xy4A10,%FILM ON A SMOOTH, FLAT®,2A10,%ELECTRODE®*)
29 FORMAT(10X,*MAXIMUM AND MINIMUM INTENSITIES ALONG THE FILM AND MON
XOCHROMATIC FRINGE VISIBILITY AS A FUNCTION OF ANGLE OF INCIDENCE*)
28 FORMAT (10X, #FOR BOTH P AND S~-POLARIZED LIGHT*)
46 FORMAT(10Xy®*COMPLEX REFRACTIVE INDEX OF SUBSTRATE IS NC=N-I(K).
XN=CN1+CN2(LAMBDA-3800.) K=CK1+CK2(LAMBDA-3800.)%) ‘
45 FORMAT(10X,*LAMBDA 1S THE WAVELENGTH BETWEEN 3800. AND 7800. A,
XCNI=%2,F10.7y%  CN2=%,F10.79* CK1=%2,Fl10.7+* CK2z%4,F10.7,7/)
40 FORMATIL1OX*WAVELENGTH IS*,F6.0,1X, *A%)
41 FORMAT (10X, *REFRACTIVE INDEX OF FILM [S*,FT.4) ’
42 FORMAT (10X, *COMPLEX REFRACTIVE INDEX OF SUBSTRATE- N="F7.496x"K
X=®.F8.4y//7/)
32 FORHAT(9XQ*ANGLE‘)18Xo‘MlNlMUH‘vZSXo*HAXlHUH‘o23x'*VlSlBlLlTV‘,//)
33 FORHAT(Z7X0‘S‘)lSXy‘P*pl5X"S*'lSXp*P‘!lSXv*S*olsX'*P*'//'
34 FORMAT(10XsF5.296F16.5)
22 FORMAT(2F10.2,13)
44 FORMAT(F5.0)
18 FORMAT(F5,0,2F10.5)
READ 1,58STRA1,SBSTRA2
READ 24,FILML,FILM2,FILM3,FILMS
READ 3,CN1,CN2,CK1,CK2
READ 22, AMN, STEPSNTOT
READ 44,LAMBDA
EITHER 1 OR MANY VALUES OF THE REFRACT'VE [NOEX ‘OR REFRACTOMETER
SCALE READINGS FOR THE FILM OVER THE VISIBLE RANGE OF LIGHT SHOWLD
BE ON THE INPUT CARDS.
DO 401 N=l,14
‘READ 18, WAVLTHIN) JRIINI,SCALEIN)
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IF (WAVLTH(N) .EC.0000.) GO TO 402
CONTINUE: '
MI=N-1
NC=6

ENTER RI{N) OR HAVE IT CALCULATED FROM THE REFRACTGMETER SCALE
REACING.

DC 403 N=1,MI - ‘ '

1F (RI(N)4EGCe0a0) RI(NI=REFRXC(SCALE(N) sWAVLTH(N))

WIN)=1.0 ' : .

CCNTINUE - :

IF THERE IS CALY CNE INPUT CARD, THEN THAT REFRACTIVE INDEX AND

_WAVELENGTH IS USED IN THE CALCULATICONS. IT CORRESPONDS TO THE

INPUT. WAVELENGTH{LAMBCAY),
1F (MIJLT.2) GC TO 4C¢

DC 404 1=1,MI
WAVLTHCI)=wAVLTH(1)/74CCO.
CCNTINUE '

LEAST SQUARE PCLYNIMIAL FIT TO DETERMINE THE CCEFFICIENTS FOR THE
POLYNOMIAL IN THE FUNCTICN RIC(WAVLTH) THAT REPRESENTS THE VARIA-
TION OF REFRACTIVE INNEX OF THE FILM WITH WAVELENGTH. THE RESULT-
ING POLYNCMIAL IS PLOTTED ALGNG WITH THE SEVERAL INPUT VALUES AS A~
CHECK CN THE ACCURACY aF THE METHCD NVER THE ENTIRE VISIBLE RANGE.

catL LSCPOL(NAVLTHvRIvkoRES[D.M[pS-I'AI:ny6)

NC 405 I=1,MI -
WAVLTH( I ) =wAVLTR( 1) #4C00.
CONTINUE

XMIN=3000,

XMAX=8C00,

YMIN=1,3

YMAX=1.4

CALL CCGRIC(5,10,6HLABELS,10,10)

CALL CCPLOT{WAVLTH,RIMI,6HNOJOIN641)

TWVLTH(1)=3800.,

DC 30 J=1l,41

TRI(II=RICETRVLTH(J))

TWYLTH(J+1)=TwVLTE(JI+100.

CONTINUE ' :

CALL -CCPLOT(TWVLTE,TRIF5044hJNIN,Cy1)

CALL CCEND

GC TO 4C7

COEFFICIENTS FCR POLYNCMIAL IN FUNCTION RIC(WAVLTH) THAT REPRE-
SENTS VARIATION OF REFRACTIVE INDEX OF FILM WITH WAVELENGTH-- 1IN
THE CASE THAT JUST CNE REFRACTIVE INDEX CR REFRACTOMETER SCALE
READING AND WAVELENGTE IS IN THE INPUT CARDS.

BI(1)=RI(1)

BI{2)=0.

BI(3)=0.

BI({4)=0,

BI1(5)=0.

BI(6)=0.

CCNTINVE ' :

PRINT 314FILM1,FILM2,FILM3,FILM4,SBSTRAL,SBSTRA2

PRINT 29 . i

PRINT 28

PRINT 46

PRINT 45,CN1,CN2,CK1,CK2

PRINT 40,LAMBDA

RID=RIC(LAMBDA)

PRINT 41,4RID -

TN=CNL1+CN2*(LAMEDA-3800.)
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TK=CKL+CK2* (LAMETA-3800., )

PRINT 42,TN,TK

PRINT 32

PRINT 22 ‘ R

J REFERS TO THE ANGLE OF INCIDENCE WHICH IS REING CHANGED IN

INCREMENTS., :

DC 213 J=1,NTCT

PHID=AMN+ (J=-1)*STEPS

CCNVERSICN OF ANGLES FROM DFCREES TO RADIANS

PHI=0.0174533%PHID e o v .
EQUATION (A-1) B

PHIPR=ASIN({14/RIDI*SIN(PHI})

DIFLECTRIC FILM REFLECTICN EQUATIONS(WITH THE PRESENT SIGN CONVEN-

TIGN- AT NORMAL INCICENCE THE POSITIVE P-POLARIZATION ELFCTRIC - S

- FIELD VECTORS OF THE INCIDENT AND REFLECTEC LIGHT DC NOT COINCIDE)

152
153

110

112
114

" 125

124
126

TEMPL=CCS{PHI)

TEMP3=RID*COS(PHIPR)

EQUATION (A-=2)
RLIJy1)=(TEMPL=-TEMP3)/(TEMPL+TEMP3)
TENP2=RID*COS(P+I)
TEMP4=COS(PHI PR}

ECUATION (4-3)
RL{IJy2)=(TEMP2-TEMP4L)/(TEMP4LATEMP2)

SEPARATICN 0OF REFLECTICN CCEFFICIEMT AND PHASE CHANGF AT GAS-FILM
INTERFACE. PHASE CHANGFE IS NOT NEEDED IN THIS PRUGRAM,
M=1 FOR S-PCLARIZED LIGKHT, M=2 FCR P- POLARIZ&D LIGHT

DC 153 M=1,2 .
IF(RLEJM)) 152,153,153
RL(JyM)==RL(J,yM)
CCNTINUE

SECTION TO CALCULATE METALLIC REFLECTION COEFFICIENT FOR S-~-POLAR-.
. 1ZED(M=1) AND P-POULARIZER(M=2) LIGHT. EQUATICN FOR THE VARIATION
OF THE CCMPLEX REFRACTIVE INDEX WITH WAVELENGTH WAS INTRODUCED
EARLIER, CCMPLEX REFRACTIVE INDEX= TN+I(TK)

SX=SIN(PHIPR}

CX=COS(PHIPR}

TX=SX/CX

THE FOLLOWING EXPRESSIONS FOR A AND B ARE EQUIVALENT TD EQUATIONS
(A-4) AND (A-5), ,

TEMPL=( TN®%Q2-TK*%2-RIDKK2RSXX%2) X%k 244 X TNRkX 2R TK#%2
TEMP2=TN*¥2-TK¥#2-RIDk* 245X *%2

TEMP3=2 R IC*%2

ASQ=(SQRT(TEMF1)+TEMP2)/TEMP3

TF{ASQ) 110,112,112

A=0.

"6GC 70 114

A=SCRT (ASQ)

BSQC=(SQRT(TEMPL)-TEMP2)/TEMP3 )
EQUATIONS (£~6) AND (A-T7)- REFLECTION COEFFICIENTS AT METAL-FILM
INTERFACE FOR S AND P-PCLARIZED LIGKT,
RSQ(Js1)=(ASQ#BSQ-2.D%LRCX+CXRCX)/(ASC+BSC+2. 0¥ AXCX+CX%CX)
IF(RSQUJIN1)) 125,124,124

R({J,1)=0.

GC 10 126

R{Jy1)=SQRT(RSCLI,41))

CONTINUE _
RSQ(J92)=RSCUJy1I%R{ASCHBSQ=20%AXSXETX+SXASXRTX#TX)/(ASQ+RSQ+2,0%A
Xk SXRTX+SXRSXRTXET X)
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IF{RSQ(J,2)1) 128,13C,120
R(Jy2)=0.

GC TO 132
R(J'Z”SQRT(RSQ(JpZ)l
CCNTINUE

SECTION TO CALCULATE MAXIMUM ANND MINIMUM INTENSITIES OF REFLECTEC
LIGHT ALCNG A TAPFRED FILM AND THE MICHELSON FRINGF VISIBILITY AS
A FUNCTION OJF ANGLE OF INCICENCE. EQUATICNS (A-23), (A-21) AND
(A=22) ARE USED. AGAINs M=1 REPRESENTS S POLARIZED LIGHT AND M=2
RFPRFSENTS P-POLARIZEC LIGHT.

DC 250 M=1,2

MINT(JoM)=((REIyM)-RLEJ4#)}/ (1,0~ R(Jp")*RL(JoN)))**Z
MXINTUIoMI=((REJoMI4RLIIZ M) I/ (Lo CHROIZMIRRL (LS4 M)) ) %22
VISIB(JyMI=(MXINT(JyM}=-MINT(J, M)D/(NXINT(J:N)*MINT(J.M))

CCNTINUE

PRINY 344PHID, MlNT(Jyl)leNT(JoZIpMXINT(Jpl’oMXINT(JyZ)'VlSlB(Joli
XoeVISIB(J,y2) s

CONTINUE

STOP

END
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N21.35 O[ELECTRIC FILM ON & SMOOTH, FLAT Nz2,87-1(h,40) ELECTROOE
WANEMUN AND MINIWUM INTENSITIES ALONG THE FILP AND MGNCCHROPATIC FRINGE VISIEILITY AS A FUNGTION CF ANGLE OF INCICENCE
FOR BQTH > AND S~POLARIZED LIGHT
COMPLEX REFRACTIVE INDEX OF SUBSTRATE IS NCsN-1(K), NsCRi¢CN2(LANBOA-3500.) -K=CK1¢CK2(LANBLA-2800.)
LAMECA IS THE WAVELENGTH BETWMEEM 3800. AND 7800, A. Chs §,0700000 CN2= 0.0000000 CK1® ~.400C(00 Cx2= 0.0000000

MAVELENGTH IS 3892 &
REFRACTIVE INOEX OF FILM IS 1.3540
COMPLEY REFRACTIVE INDEX OF SUBSTRATE- Ne 2,0700 Ke  4sh808

ANGLE MININUN rAXINUP . VISIBILITY

- s P S L4 S [
54668 'Skt «71901 J71901 vadeel
+Shbht +8546839 71905 f «73097 213643
«54643 250837 «71916
58066 +56836 + 71938 !
56650 «54630 «T1961

L ... 54686 T J5a626 « 71994

o +56663 +54818 72035

254670 «54E10 72086
+54679 256001 o72168
58689 +56591 «72203
13414 +S6580 o227
JB6T12 +54569 72352
JEAT2N V56857 J72438
256737 2SSk oT2531
313430 +54832 72831
«ShTON +56519 72739
1344 «Su80% 72056
56792 54492 72977
+Sh806 oSeh80 «73107
56020 +5hbb8 oTI206
5683y +54e56 +73389
«SaBaS «Shesb «73841
256857 » Sha3r 732600
254867 +Shi 29 73867
+ 56876 Shb2e +Th041
+5688) »S0420 oTh222
. S6888 «Sh019 B LITE
«58890 »Shb21 «Ta607
+5a890 +54426 74810
»56887 +Sha3N 75024
+54880 Shin? 78237
L5687 «Shkbs T5662
V56055 Sha86 275693
< S4e36 +3481) »7%932
JSL8L1 2ShSHT 76178
«SaT00 +50887 aTbal
56703 “SAB3N «76691
+56899 50089 276958
+Sh0MT +50752 oTP232
«56S86 +54825 J77513
S 56817 56907 oTTE01
5638 +55000 «78096
«563468 «55104 78398
RiYi1) 55221 78706
#SA131 255350 79022
5ebe) 25549 «T934s
+5385%9 + 55653 + 79673
+ 53700 55820 +86009
+53523 56021 80353
+53327 58231 «80700
«53110 56062 +81055
S2872  ° T.56713 «81418
252609 +856986 + 81786
«52320 +87283 -82161
+52603 287036 82543
«516%6 +5625% 82931
51276 +55438 ) 83328
»50860 +5h882 +83725
+50008 53679 «04132
49908 +52732 «Babiie
- 49366 251735 +86963
ChBTTH . +31688 © «65388
J68128 49578 +85819
2bT823 28410 86256
«H6853 ATL77 » 86699
2h5816 45873 +87167
<4899 colegh «87601
«b3ot0 3013 +88064
J02809 188k ~88526
Je1619 239861 «88997
240318 + 38098 897N
38897 +362862 +8995%
37366 36270 +90hu2
«ICBLS 32172 90936
+33739 229941 «91432
+317%8 27867 «91938 .
.29538 ¢ +25046 926kt
£27113 «22378 +9295)
s26068 19858 «93470
+21%98 . +186808 «93591
186088 «13%07 96517
«18180 »10398 «95067
211883 .ar220 958582
»08083 «Qa257 «98120
«06890 £04783 98663
01660 00377 97210
.goa3e «07476 97761
«01508 06308 +98315
»09859 215432 298876
»36290 1219 «99435
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