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ABSTRACT

An analysis of the fivst-order effects of compoment jmperfections
and azimyth errors in an automatic, self-compensating ellipsometer is
presented. Twenty-three parameters in a linearized theory are used to
compute the ellipsometer parameters A and ¢ from polarizer, quarter wave
compensator, and analyzer azimuths. These parameters are evaluated
using 56 experimental measurements. The effectiveness of the corrections
i5 recognized by a substantial decrease of the differences between 3-zZong
measurements. The theoretical dependence of the magnitude of errors on
the ortentation of the polarizer, analyzer, and quarter wave plate was

experimentally verified.
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HOTATION

Analyzer azimuth {(degree}. As a subscript,
refers to the component.

Quarter wave plate azimuth {(degree}. As a subscript,
refers to the component.

FCI-C

Electrical field vector perpendicular to plane
of specimen suwface.

Electric field vector parallel to plane of specimen surface.
Refers to measurements made with Favaday cells.

Glass core Tn the polarizer Faraday cell azimuth.
Refers to component as a subscript.

Glass core in the analyzer Faraday cell azimuth.
Refers to component as a subscript.

Refers to measurements made without the Faraday cells.
Refers to measurements made without windows,

Polarizer azimuth [degree). As a subscript,
refers to component.

P-FCI

Rotator matrix describing erientation of principle
frame of reference for a compoment.

Reflection coefficient in dirvection pevpendicular
to specimen surface.

Reflection coefficient in direction parallel to
specimen surface.
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Transmission matrix for component J.
R(IT; R(-3)

pescribes non-jdeal effect of component j on
the electric field intensity (degree).

Describes non-ideal effect of component j on
phase of the electric field.

Entrance and ex1t window azdmuths. As a subscript,
refers ta components.

Refers to azimuths of component J.

Relative phase shift due to reflection from
specimen surface {degree).

Specimen mispositioning error (degree).

Deviation in A due to comporent imperfections.
Daviation in pj due to imperfections in component j.
Deviation in ¢ due to component imperfections.

Error in azimuth of component j.

Phase of electric field vector in x-directfon.

Phase of electric field vector in y-dirvection.
Coupling constant for Ij errar azj.

Coupiing comstant for Py error apj.

Wavelength aof Tight, angstroms.

Angle of incidence (degree).
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Relative transmittance for component j.

Specimen reflectance ratio, = frs

"p
Relative intensity parameter due to reflection from
specimen syrface {degree).

Frequency of 1ight.



I, BACKGROUWD AND THEQRY

EV11ipsometry is used t0 study the surface praperties of materials
tmmersed in an optically transparent wedium. The two quantities of
interest in ellipsometry studies are the changes, due to ref]ectiuﬁ
from the surface, in the relative amplitude ¢ and the relative phase &
of two orthogonal components of the electric field vector which descrike
the state of polarization of the probing Tight beam.

When the comporents of the ellipsometer contain imperfections,
their effects on the phase and amplitude of the 1ight must be included
in the interpretation of ellipsometer measurements. Imperfectigns in
the ellipsometer are assumed to be either calibration errors in the
graduated azimuth circles of the polarizer, analyzer, and quarter wave
plate, deyiation from quarter wave retardation, or flaws in the optical
components due to strain-generated birefringence and polarvization-
dependent absorption.

The purpose of this analysis is to obtain a set of equations for
§ and A which compensate for the compenent imperfections. This analysis

extends the word of Azzam and Bashara1

on ervor corrections for a manual
compensating ellipsometer to the use of an avtomatic self-compensating
ellipsometer, The self-compensating ellipsometer uses Faraday cells to
rotate the plare of polarization, thus enabling the ellipsometer to
follow rapid ¢hanges in the state of the surface. The Faraday cells

add two more imperfect components to the analysis, which results in more
errer terms in the equations for ¢ and A. The Faraday cells are assumed

to be both birefringent and dicroic, thus producing both relative phase

and relative attenuation effects.
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A, Components of the Ellipsometer

The components of the ellipsometer are arranged in the following
sequance (Figure 1): polarizer P, polartzar Faraday cell FCI, quarter
wave plate C, entrance cell window WI, specimen S, exit cell window MR,
analyzer Favaday cell FCR, and analyzer A, The abbreviations used to
represent each component (P, FCI, etc.) will also be used in other
contedts: as subscripts to designate to which component a parameter
refers; and to represent angles of rotation. These latter usages will

be introduced in the following sections.

B. Rotated and Standard Coordinate Systems for the Measurement of the
Kulling Angles

There are two possible coordinate systems for the measurement of
the nulling azimuth angles of the analyzer and polarizer. In one system,
the nulling angles are called standard azimuth angles and are denocted by
a and p {for analyzer and polarizer). In the other, they are called
rotated azimuth angles and are denoted by A and P.

The twe coordinate systems are defined by the experimental set-up,
specifically by the positioning of the specimen, which in turn depends
on the nature of the experiment. Figures 2 and 3 1llustrate the two
different experimental set-ups. If the spectmen plane is horizontal
(Figure 2), then the coordinate system is standard; if the specimen
plane is vertical, the coordinate system is rotated (Figure 3).

The orientation of the orthogonal components, Ex and Ey, of the
electric field vector is defined relative to the plane of the specimen,
The E_-axis is parallel to the plane of the specimen, and the positive

¥
Ex-axis iz in the direction of a vector in the plane defined by the



oM LIGHT SOURCE

COLLIMATOR

POLARIZER (P)

POLARIZER
FARADAY CELL (FCI}

QUARTER WAVE
COMPENSATOR (O3

ENTRANCE
CELL WINDOW (WI)

[J SPECIMEN (3)

EXIT
CELL WINDOW C(WR)

ANALYZER
FARADAY CELL (FCR}

ANALYZER (A)

TELESCCPE

- PHOTOMULTIPLIER

XBL 774-8330

Flg. 1. Components of the automatic self-compensating ellipsometer.
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Fig. 2. i i i
g Horizontal specimen orientation defining standard coordinate system
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Fig. 3. Vertical specimen orientation defining rotated
coordinate system. Azimuths p, a, and q referred
to as (capital) P, A, and Q in text.



incident and reflected beams. Rotating the specimen plane counter-
clockwise from a vertical position (rotated system) to a horizontal
position{standard system) therefore rotates the Ex-Ejr coordinate system
by 90° (in the counterclockwise direction).

Though the azimuth circle of the polarizer can be moved, the
transmission axis of the polarizer remains fixed with respect to the
azimuth ¢ircle. The same 1s true in regard to the transmission axis of
the analyzer. The azimuth angle of the polarizer is measured counter-
clockwise from the positive El axis to the transmission axis of the
polarizer (indicated in the figures by a heavy double pointed arrow),
and the azimuth angle of the analyzer is measured counterclockwise
from the pasitive EJL'I axis to the analyzer transmission axis (see
Figures 2 and 3).

Because the two coordinate systems are related by a 90° rotation,

the polarizer and analyzer azimuth: in each system are related by:
P=opz080°,

A=a= 90" .

In keeping with the rotaticn for the analyzer and polarizer
azimuth angles, the setting of the quarter wave plate is denoted
by ¢ if the nutiing angles have been measured in the standard
system or by € if the nulling angles have been measured in the

rotated system, and

C=c¢x8G° .
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Some derivations and results given 1in this paper do not depend
on the coordinate system used to measure the nulling angles. For that
reason, wniess otherwise woted, A, P and C will be ysed throughout this
paper to refer in general to the analyzer and polarizer azimuth angles
and the setting of the quarter wave plate in either coordinate system.
If the resuits depend on the coordinate system used, both sets of

results will be given,

C. Zognes and Groups

The values of ¢, the relative amplituwde, and A, the relative phase,
are not measured directly, but ave calculated from the nulling azimuth
angles of the analyzer and polarizer respectively. The ranges of

and & and the nulling azimuth angles are :

P 0% -90° a.A; 0° - 180°

a: 0% - 360° p,P: 0% -180°

Though the value of A depends explicitly only on P, the equation
defining the ideal value of & in terms of P is pot the same for all
values of 4. Im fact, the defining equatien for A depends also on the
range of A and on C, though neither A noe £ appear in the equaticn.
For this reason, it is convenient to distinguish 16 categories called
somea tp which a measurement, consisting of a value of P, C and A can
belong, The 16 zones ave defined as follows: The range of A s
divided into two subranges, 0°-90° and 90°-180°; the range of P is
divided into four subranges, 0°-45°, 458°-90°, 90°-13%° and 135°-180°,



and the value of C is limited to two possibilities, 45° and -45° (135°).
Taking all possible combinations of the subranges of A and P and the
value of C yields 16 zones. Moreover, the zones are grouped into four
larger categories called groups, which depend on the range of A, It is
a conyention that the groups which correspond to a certain rvange of A
are lettered and that the four zomes, which comprise one of the lettered
groups, are numbered according to the vange of the polavizer azimuth.2
However, the numbering of zones is not the same for rotated polarizer
azimuths as for standard polarizer aximuths. Table El gives the
definition of groups and Table E2 the definition of zones.

The ideal (uncorrected) value of ¢ and A for each zone, as well as
the corresponding ranges of the polarizer and analyzer azimuths for both

the standard and rotated azimuth system, are given in Appendix A.

D, One-Zona and Four-Zone Measuraments

A one-zome measwremamt consists of a value of A, P and C. The
value of C may be either 45° or 135° and is set before the nulling
angtes A and P are found. A one-zone measurement may be taken on
either a bare, unchanging surface or on a surface that is rapidly
changing., After the nuliing angles have been measured, the zone to
which the triplet (C, A, P) belongs can be found from Table I which
contains the zone and group divisions. The triplet will balong to
one and anly gne of these zones, hence the name one-zone measurement.
Once the corvract zone is determinad, the 1deal values of ¢ and 4 may

be calculated using the appropriate formulas.



TABLE E1. Definition of group lettering

Graup Range of A

A

B
C
D

Dﬁ_m‘ﬂ
90°-180°
180°-270°
270°-360°

TABLE E2.

L m——

Definition of zone numbering

fane

Range of Range of
standard rotated
azimuth p azimuth P

F ) P —

0°-45° 20°-135°
45°-90° 135%-180°
90°-135° 07-45°
135%-180° 45°-90°
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A four-mome meaawrement is actually four one-zone measurements that
a11 belong to the same group, but fall into the four different zones
within that group. Since each set (C, A, P) defines a value of ¢ and a
value of A, a four-zone measurement is only meaningful if taken on an
unchaénging surface so that the four one-zone measurements all define the
same values of ¢ and A. Ideally the values of ¢ and A calculated from
the four one-zene measurements should be the same. This is rarely the
case, however, and the conclusion drawn is that the components of the
ellipsometer contain imperfections which affect the measurements. The
assumption that disagreement in the four-zone measurements 1is a result
of imperfect components is central to this analysis. because the aim of
using the corrected equations {to be derived in following sectigns) is
to improve the agreement of the four one-zone measurements.

Givén below is a Tour-zone measurement and values of W and &
caiculated from the idea)l equaticns in Table 1. For comparison, the

corrected values of v and A are given.

E. Theory
The analysis of Azzam and Bashara uses the Jomes Calculus to

describe the optical effect of each component on the state of polariza-
tion of the 1ight as it passes through the ellipsometer. The Jones
Calewlus, invented in 1930 and 1941 by R. Clark Jﬂnes,3 uses a matrix te
rapresent an optical device such as a polarizer or retarder and a vector
to describe the state of polarization of a beam of light. The passage

of the 1ight through a component correspends to multiplication of the
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Four-zane measurement made on bare zinc

Zona C a P

Bl 135" 37.68° 5.23%
B2 45° 40.06° 84.03°
B3 135° 142.70°  95.35°
Ba 45+ 145.09° 174.42°

Ideal values of y and A calculated from
four-zone measurement

Zone P a°
Bi 37.68 100.46
B2 40.086 101.%94
B3 37.30 100.70
Ba 34.91 101.16

Corrected valuss af y and A

Zone 17 A

Bl 37.473 100,422
B2 37.509 100.632
B3 37.47¢ 10G.392
B4 37.457 Y00 742
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vector representing the light by the component's matrix. The effect of
imperfections in a component is treated as a first-order Taylor series

expansion about the fdeal component value.

F. The Jones Calculus

To define the spatial arrangement of the ellipsometer, we use a
right~-handed rectangular coordinate system with %, y and z axes. The
components of the ellipsomater tie along the Zz axis which is perpendi-
cular to the planes containing the componants. When the axes of a
component are parallel to the x and y axes, the component Is said to
be in 1ts principal frame of reference. In this case, the Jones trans-
mission matrix of either a partial polarizer or a retardation plate

is given by Ei¢H, where N equals

whare

-—
I
1]

axp [-1 {2nd/X) {"x - ikx]]

exp [-1 (2md/2)} ("y - iky}]
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and d is the thickness of the plate; XA is the wavelength of the light in

a vacuum; n, and n, are the principal indices of refraction in the x and

¥

¥ directions; and kx and ky are the principal extinction coefficients in

the x and y directions.

For a partial polarizer the principal indices of refraction are

equal, n, =n, = n, and the Jones matrix has the form if¢Hp where

(vs)

N. =

P ]
0 F}I’

ei¢ js the absolute phase factor and Fx and PF are the principal

y

transmittances in the x and y directions, respectively. If the absolute
phase of the two components of Jight is of no interest, then Mp may ba
used alone as the matrix representation of the partial polarizer. This
form of the Jones matrix is called the standard matrix.

For a retardation plate, the principal extinction coefficients,

kx and k ., are both zero and the Jones matrix has the form E1¢ "R’

efT 0
HR = 0 E_iT and 1 = &/2

where § is the retardance. As in the previous case, the absolute phase

Y

factor e'? may be omitted so that the standard matrix of a retardation
plate is Np. Appendix 2 of Reference (4} 11sts the standard Jones

matrices for commonly used optical devices.
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For this analysis the standard Jones matrix is further simplified
by dividing each entry in the matrix by the entry in the upper left-hand
corner of the matrix, and then dropping the divisor. The representation

of the partial polarizer 1s then

(1 0 )
T, = ;
P 0 o

where Pp i3 the relative transmittance for the poiarizer, nyPx.

For the retardation plate,

T = k]

where Pp = 9'15 is also called the relative transmittance.
Using this simplification, each component of the ellipsometer has
the same diagenal form when in its principal frame of reference. Thus,

far the jth component,

whers pj is the relative transmittance. However, if the component is not
*
in 1ts principal frame of reference, then its Jones matrix Tj is related

to the Jones matrix Tj by
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*

Tj = Rfw) T.j R{-w)

where R{w) and R{-w) are the rotator matrices

cosw  Sihu cosip  ~-5inm
Biw) = and R{-w) = )
-5inMw COSsw sTnw  cosw

The angle w measures the amount by which the coordinate system associated
with the component has been rotated with respect to the fixed x-y
coordinate system.

The farm of the Jones vector that will be used in this analysis

is just

where EK and Er are the scalar components of the electric field vector

along the x and y axes. Ey and E, are further defined by

M
]

Rx exp[i{ex + 2uvt)]

m
n

Ay «\’.*'J»u::l:'i’[e:'Ir + 2avt)]


file:///sinw

=-16=-

where Ax and Ay are the maximum values of Ex and Ey, and € and E? are

the phase components of Ex and Ey at time t=0. In preblems not

jemut

concerned with time, the time factor e can be dropped so that

m
L}

A, exp {iEx}

m
I

Hy exp f1Ey}

Subscripts an E, Ex and Ey will be used to desicnate through which
component the light has just passed.

Hith the major elements of the Jones calculus defined, we can now
express the optical effect of the sequence of ellipsometer components

a5 2 chain of matrix multiplication:

3
* % * * LI :
£ = TaTecr TR s Tur Tc Trer RE-P) :
¥/ final ¥/ initial

X

Two points should be noted in connection with the matrix multiplication
given above. First, because the Jones vector representation of Vight is
limited to polarized light, the first use of the Jones vector is to
describe the state of polarization of the light after it has passed

through the polarizer. Therefore, the Janes matrix for the polarizer
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*
TP does not appear in the matrix chain through the counter rotator matrix

R(-P) dees. Secomdly, the Jones matrix for the specimen is

T, =
0 1
where Py 1s the specimen reflectznce ratio.

G. Component Imperfections Treated as First-Order Series Expansians

For the purpose of this analysis, the relative transmittance of an
optical component contains the measure of the imperfection within that
component. For a small dmperfeciion in the jth component, the relative

transmittance P is given by

o
!:'j = Pj+‘5ﬂj * (1)

where p; is the ideal relative transmittance and Gpj is a measure of the
imperfection. Since the imperfection way affect both the intensity and
the relative phase of the light,

+ 1 tEj . (2)

5 % Y

vhere t1j measures of the effect of the imperfection on the intensity and

t2j measures the effect ¢h the relative phase .
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Due to calibratian errors the true azimuth angle Ij (this refers
to C, A or P) may vary from the measured azimuth I; by a small deviation

ﬁIj:

o
o .+ .
Z; = Ij+ 6L (3)

When the 1jght flux transmitted by the analyzer is a minimm, the
value of Py the ratio of the complax reflaction coefficients [rp;rs}

for the specimen, 15 given by equation (4):

A f(Ej, pj] (4)

Tha first order Tayler series expansion of (4) about Py and Zj is

pg = T(Zjp;) +,]-Z vj 82 + JZ Vo, %oy (5)

The coupling cnnstanps Yzj and Yoi determine the way in which the azimuth

error Ezj and a component fmperfection ﬁpj couple ohto an error in P

The zeroth-order appreximation £o Py given by

I::‘;Jr = 'F{Ejol F’jﬂ} ¥ EE"]
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is the value of Pg when the measured azimuths are substituted into the
error-free ellipsometry equations in Table I . The corresponding
corrections ¥ P and A, & and 84, are found by taking the logarithmic

differential of s ™ tanp eiﬂ.

8p.fo, = 26p/siny + isA (7)

The expressions for &p and 84 are therefara,

il

& Lsin2y Reldp /o)

i

SA Im {$p,/p,)

H. Birefringence in the Polarizer Faraday Cell

The coupling constant: for the pelarizer, analyzer, quarter wave
plate, and entrance and sxit cell windows, as well as the corresponding

corrections to ¢ and A are derived in Referance 1. It can be shown that

Y has th f 4% Y. . The derivation of the constant ¥
pFER a5 g Same Torm pHR pFI_:I

is presented here; the procedure will fivst be outlined and the algebraic

steps and simplifications will follow.

For the purpose of determining Yo o tha other components are
FCI

assumed to he ideal; therefore
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The imperfection in the glass core of the Faraday cell is assumed to
affect both the intensity and the relative phase of the Tight beam so
that

=t Tt

%pcr = fircr T tarcr
The measure of the imperfection Spp.; s embedded in the Jomes matrix

for the Faraday cell:

1 ©
T .. (FCI) = R{FCI} R(-FCI) (B)
FCl o
PrCI
where
= peny + (¢)
Prc1 = Prer * Sepgy

The result of the chain of matrix wmultiplications (from right to left),
*
TS Tt TFCI « acting on the incident beam, is the vector {E y 5]
The ratio nf the components of this vector defines the specimen reflactance

ratio:

- %55
P (D)



This ratfo contains the term $Pre g which has been carvied through the
matrix multiplication 1ike a constant. Using algebraic simplifications
and trigonometric identities, the single-term expression for by given in
equation (D), can be separated into two terms, one of which is multiplied
by 5ﬁFE1' Comparison of this to equation (A) yields expressions for

pg and YPppp- These exprassions are then substityted into the equation

for the logarithmic differential of P> which in this caze is,

L4 3p
Gps _ PECT FCI ()
1) ps

whera b in the denominator of the term on the right hand side has been

approximated by its ideal value o, and

Soper = tipcr T Y Tarea

When the resulting expression of equation (E) is separated into its real
and imaginary parts, it yields the corrections to ¢ and 4 that must be
made to compensate for the jmperfections in the polarizer Faraday cell.

The details of the matrix multiplication are given next.

The Tight beam leaving the polarizer is described by a Jones vector as,

g_P. = {11 pp}
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For the purpose of determining Yrepr Pp T (1, because in the 1inear
analysis, component iwperfections in the polarizer do not affect the
analysis for the Faraday cell. On passing throwgh the polarizer Faraday

cell, the Jones vector bacomes

E

Ecer = TpoROPF) Ep

= {cosP*, PrCI sinp*)

vwhere P* = P-FCI

After passing through the compensator,

E. = T RU-CY) Eggp
(10)
= [F], Fy)
where,
F] = cosC* cosP* - Prcy sinC* sinp* [11a)
F, = p (sinC* cosP* + poy casCk sink*) (Y1b)

and C* = FCI-C.
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Upon reflectign from the specimen, the light is 1inearly polarized

sg that &4 = @ and

p. = = tam. (12)

The Jones vector is given by

E - TSR{'C) E.
(13)
= {Ex.s‘ EE’S}
where
T = .
5 0 1
and
Ex,s = pS{F1cnsE - Fzsint], {14a)
Eys © {F sinC + FycosC) . {14b)
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For extinction {or flux minimum}, the value of ¥ 15 given by & = 180°;

substituting this into equation {12) gives

p. = =tanA,

Combining this fact with the following definition of Py s

where equations (14a) and (14b) have been substituted for E, . and Ey <

yields the following expression for 0!

«tanhlsinG cosC* cosP* - OFCI sinC sin* sink* + uccnsﬂ sinl* cosPr + D, Proy cosC cosCr sinpw)

{cosC cosC* cosP* - PEC cosl sinC¥* sipfv - Pe sip sinl* casP* - Be PR sinl cosC* sinpr]

«taph[tant - Prel tani tanC® tanP¥ + Be tanl* + Be Peel tanpr]

- Pepq tanP* tanl¥ - p. tanl tanC¥ - p. poy tanC tank+]

-tanh[tanﬁ{l-chI tant* tanP*) # pﬂitant* * pppp TEnft]

[1 - beep tanC* tan*) - p. tanC (tanC*™ + po; tanP*}]

tanA [tani + P, {ranc* + Pre tanb*3/(1 - Ppey tant* tanf*1] 16)

O tantftant* + Prpy tanF*}f{l-pfﬁI tanC* tanf*} -1
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Assuming that the ideal relative transmittance for the Faraday cells is
one, we ¢an make the substitution Prer = 1 * 80gpy in equation {16)

t¢ obtain,

. tanC + pt{tant* + tank* + 8Pgcr tanp*)
. tand

_ * * * ¥
. 1 - tanC”™ tanP™ + 8peep tanC™ tanP

Pe 7

{17}
(tanC* + tanP™ + SPpcr tanp*)

p. tanC -1

c (1-tanc* tanP* - §p_., tanc* tanP”)

The terms,

* *
pc[tanc + tanP*) + Pe ﬁpFCI tanP

in the numerator, and

(1 - tanC* tanP*) tanC* tanP*

= SPeer

(tanC* + tanP*} + Soper tanP*

in the denominator
(1 - tanC* tanP*}-GpFEI tanC* tanp*

are hath of the form (x + g, }/{y + g}, which may be expanded as,

E

v

L] [ — = _'I'Ill'x_ -+

azx (18)
(Y + ¢,) 3
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This expansion is valid for ¢ << 1, which is the case for small vaives

af ﬁﬂFEI'

The numerator term i5 expanded as follows:

p (tanc* + tand™) + o 0pcr tanp* _ p.(tanC™ + tanP™) . % $ppy tanP™
{1 - tanC* tanP™) - 80pcy tanC* tanp™ (1 - tanc* tanp™) (1~ tanc* tanp®

pE{tanC* + tanp*) 80per tanC* tanpP*

{1 - tanc* tanP*]z

Using the tiigonometric identity tan(a+g} = (tang + tanﬂ}/ﬁ] ~ tangtang),

and combining the second and third terms, the expression becomes

* * *
pcitant tanP" ) + pc Sppcptank

(1 - tanC*tanP*) - 6ppop tanC* tank”

P ﬁpFEI[tanF*-rtanC* tanp™ t&n[C*-tP*]]

= p_ tan{C* +P*) +
c (1 - tanC* tanP™)

(19)
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The expansion of the term in the denomipatoy is;

(tanC* + tanP®) + - tanp* tanC* + tanpP™

(1 - tanC* tanp™) - e tanC* tanp* {1 -tanC* tanP*)

* ¥ ® * *
SchI tanP R {tanC” - tanP”} 6chItanE tanP

(1 - tanC* tanP™) (1 - tanC* tanP*)Z

+

SorarltanP® + tanC* tanP* tan{C* +P*)
= tan(C*4pY) ¢+ —rel (20)

(1 - tant™ tanP™)

The result of putting the expansions of the numerator and denominator

terms into equation {17} is another expression of the form of equation {18).

x *}] * [] "‘tﬂﬂc*'ﬁahw* +P*}]
[tan +p tan{C™ +P"}] +p Sppp tank™ —
¢ ¢ TFLI (1 -tanc* tanP*)

1 +tanC*tan(¢* +P*)]
tanC tan{C*+P*}-1] 4 p_8p . tanCtanp™ L
Lo, { =11+ o (1 - tanc* tanp)

tandh

tanC + pctan{ﬁ*-*P*} . pcﬁpFﬁltanP*[l + tanC*tan{C*+p*) ]

o tanC tan{C* +P*}-1 {1 - tanC*tanP™}[o tanC tan{C*+p*}-)

[tanC + pﬂtan{ﬁ**P*}] [pcﬁpFCItanE tanF*(] +tanc*tan{c*+P*})]
(1 - tanC*tanP™®) (o tant tan{¢* +P¥) -‘1}2
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Combining the second and third terms and replacing [C*+P*) by

(P-L) gives,

)

tanC + pctan(P =C)

tanA

+

p tant tan{F -C) - 1

pcﬁchItanP*[1+tanE*tan{P-C}] [pctanCtan(P-E}-l wtant(tant-+ﬁctan{P-C])]

(1 - tanC* tanP*) [p_tanC tan{c*+P*) - 1]°

tanC + p_tan{P-C) pcﬁpFCItanP* se¢” C[1 +tanC* tan(P-C}]
pctanl: tan{P -C) -1 {1 - tanc* tanP™) [pctant tan{P-C) - l]2
(21}

Comparing the last expression to Py = p: + TFCISPFCI shows that

o tanA[tanC + pﬂtﬂh{P-E]]
P ~ {22)
pctanC tan{P-C) - 1

~tanh p _ tanP™ sec”C[1+tanC* tan(P-C}]

N =
FCl (1 - tanC*tanP*) [p tanC tan(P-C} - 172
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The expression for Ypgp S be simplified as foilows:

-tanﬂp%sec2C[1 + tanC* tan(P-C}]
(1/tanP*-tanC* ) [ _tanCtan(P-C)-11°

Yrgl

-tanﬂpkﬁec2E[1+51nﬁ*51n{P-C]fcnsE*cns{F-E]}
{cosF*fs1nP*-51n£*jcusc*][pctanﬁtan[P-E] -112

-tﬂnﬂpESEczt s inP*[cosC*cos{P-C) + sin{P-C)]

L[]

cas{P-C){cosP*cosC* - sinP*sinE*]{pctanctan{P-E} - 1]2

{24)
-tanAiESEtEEsfnP* cos {C*=(P-L))

cns{F—E]cﬂs{£*+P*][pctanttan{F-E] - 1]2

—tanﬂpbsececsinF*cuaP*

cOs {P-E][pttanﬂtan{P-C} -112

-tanh pcseczﬂsecziP-E}sin2P*

2[p tanCtan(P-C) - 11°
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The fractional error of p due ta birefringence in the Faraday cel)

cOre is

¥
PrCI

where EﬂFEI = tiper ? 1tEFCI‘ Ideally, the quarterwave plate affects only
the phase shift measured by & and not  the intensity of the beam and under
this condition | = 46°, A=90° and pca - =i. When, in addition, C = n/&,

equation (22) gives,

-tanA[1 -1 tan(P-n/4)]
[i tan({P-w/4) + 1]

_ tanA{l + tan? - i tan P + i)
B (1 tan P - 1 + 1T + tanP}

_ tanh{cosP + sinP - dsinF + i cosP
= " (1sinF - JcosP + cosP + sinP)

-tanA CHE 1E-;P}
TP,

(e

-tanA e'izP(1 L 1)

™—

. {26a)
-t tanA e'12P
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Stmitarly, for ¢ = -n/4, equation (22} reduces to

p; - i tana ¢ %P

{26b)

We can now use equations (24), {25), and {26) to solve for $PEcr

and 6&F

cl’

First, for C=%/4 and Pe = -1,

Teel

=

i tand sec {F-——}—} sin2p*

T tan(P - ) + 112

t tanA sin 2P"

cosi(p - I J[ i{tanP - 1] ]E
T7L00 + tanp) +1

% tanA sin 2P*{1 4+ tanP}Z

p
(% ¢05P+—$—sinP) CtanP(i +1) + (-1 + 17

2
i tanA sinEF*[{E“Pc;S%i"P}

. . 2
. 2‘[{] -1}lcosP-r1s1nP}]
L{cosP +sinP) Y

?i tanA sin2P*
(1 _112 E12P

«tanA sin2P”¥ E'IEF

~tanh e” 2P (sinZP cos2FCI - cos2P sin2FCI)

(27)
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For p=p
[+

Yect .
L= -i{sin 2P cos2FCI - cos2P sin 2FCI) (28a)

and for ¢ = -w/4, p=p ,
L. ]

Vel

i 1{sin2Pcos2FCI - cos2P sin 2FCI) {28k)

Equation (25) becomes

(EE

p)FCI = #j{sin2P cos2FCI - ¢os2P 5in ZFCIH’HFCI + ﬁgrm} (29)

for C = tu/4, and the corrections to A and ¥ are given by

8 = Inl(ﬂﬂ

D)FCI = Fi{sin2P cos2FCI - cos2P sin2FCI) t]FCI {30)

and
Sy = L sin 20 Re -%F

FCI

= +ksin 2A{sin 2Pcos 2FCI - 2P sin 2FCI} torcl {31a)

for those zones in which sin2y = sinzA,
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For those zones in which sin2@ = -s5in2A,

i F X 5in?A(sin2P cos2FCI - cos2P sinZFCI) tZFC[ . {31b)

kWhen the error terms have all been derived, they are added together
ta give the total correction to ¢ and to A, Care must be taken that
the parameters appear with the corvect signs; the signs depend on the
setting of C and the range of A and the range of P. The result is that
32 equations are needed to characterize A and 32 more are needed to
characterize . Sixtean equations, one for each zone, are used when the
nulling angles have been measured in standard azimuth angles, and the
other sixteen are used when the nuliing angles have been measured in
rotated azimuth angles. The eguations for § and A are written out in
full in Tables Ila and IIb {Appendix A). Tables Ilc, IId, IIla, and
ITIb contain the signs of the parameters in the equattons far ¥ and A
for 211 groups.

IT the 1deal-value equations for & {Table I) are solved for 2p and
the resulting aexprassfon substituted for 2p into the corrected equations
for A, the final result is a set of equations for p. Replacing Za in the
equations for | with expressions in terms of the ideal value of  yialds
a set of equationsz for a. If the same sort of substitution is made for
2F in tha equations for A (for rotated azimuths), the resulting set of
equations for P are identical to those for p. The same 1s true of the
equations for A; they are identical to those for a. The equations for A

and P are ysed in linear combinations to solve for the parameters. The
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procedura will be outlined in the naxt section.

Tables IVa and I¥b show the complete equations for A and P for
group B. The analysis also includes intensity effects in the amalyzer
Faraday cell. This invoTves use of the coupling constant YECR? having
the same form as yp, derived in Ref. (1), and dppep = typep® 1topcp:
{‘SMFER and [ﬁw}FER are found as in equations (30) and {31}.
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IT. EVALUATION OF THE PARAMETERS

A Introductiaon

Nineteen parameters have been used to characterize the component
imperfections, window bivefringence, and azimuth angle evrors. Eight of
the parameters appear only in the equations for 4 and are solved uging
the equations for Az, AE, Aﬂ and Aﬂ‘ The other parameters, with one
exception, appear only in the equations for 4 and are evaluated using
the P1 equations. The exception is &C which is {n all of the equations.

The expressions contained in this section are those that were used
to evaluate the parameters. Some alternate expressions have aiso been
indicated if there s 2 choice between determining a parameter from
measuvements made on either a dielectric or a metal. In general, the
exprassions presented are the simplest. A discrepancy of nearly half a
degree 1n the value of %pep 5in2FCR  did not accur between dielectric and
metal measurements; the value for the metal measurements was chosen.

The equations for A and p in terms of the azimuth angles are
different for each group of zones. As a resuit, the definition of &
parameter depends on the group in which the measurements occur, Once
defined, howsver, the parameter does apply to other zomes, The parameier
definition does not depend on the use of standard or rotated azimuths

for the measurement.

B. Experimental Procedure

Inspection of the complete equations for ¢ and A in Table IVa and
I¥d show that the magnitude of the corrections depends upon ¢ and 4.

By the appropriaie choice of the specimen and the arrangement of the
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ellipsometer, this functional dependence on ¥ and A may be used to simplify
the expressions. For reflection from a dielectric, 4,=0° and { =457,

Measurements were taken in each of the four zones for the group
determined by the experimental value of A. It will be shown that the
appropriate averaging of the azimuths A and P for the zones isolates
certain component parameters. Isolation of parameters is also achieved
by making fﬁur-zone measurements with and without various components, I3
should be noted that when the Faraday cells are removed, manual ellipsometer
measurements are necessary. These were performed by monitoring the output
voltage from the photo-multiplier tube, and determining the minimum inten-
sity by averaging azimuths for A and P which give equal voltages on each
side of the minimum,

The ellipsometer was first placed in the straight-through positien.
With Faraday cells in place, the calibration circles of A and P were
adjusted to give minimums for A being perpendicular to P. The calibraticn
circle for C was adjusted to give the smallest average deviation when set
parallel to A and P, The Faraday cells were removed, and a four-zone
measurement was made.

The ellipsometer was then aligned to reflect at 75° from a surface
facing up. Aljcnment was performed by aute-collimation from mirrors om
a prism accurate to 16 seconds of arc. Without the Faraday cells,
multiple four-zone measurements were made from a clean, uncoated glass
prism. The specimen was realigned for each four-zone measurement, to
aliow the azimuth angle &8 to be averaged to zerc in the analysis of the
data. With the specimen fixed, the Faraday cells were inserted at a

fixed orientation. One four-zene measurement was performed. The
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procedure for the dielectric was repeated for a metal surface. Finally,
four zone measurements with and without the cell windows were conducied

for reflection from the metal specimen.

C. Expressions for the Parameters

The following subscripts have been used to identify the set of
meazsurements used in the calculation of each parameter:
S — measurements made while the ellipsometer is in the straight-
through position,
D — measuraments made using a dielectric as a specimen,
FCLNFC -— measurements made with and without the Faraday <ells im place,
respectively,
W.NW — measurements made with and without the windows in place,
respectively,
The windows are always used in combination with the Faraday cells {though
the Faraday cells are sometimes used alone}, and in the context of this
paper, FC, NFC, and MW will all refer to measurements made on efther a
dielectric or metal specimen, In addition, the notation { } represents
the aveérage of multiple measurements of the quantity inside the brackets.
Whenever 4 and ¢ appear in the expressions for the parameters, they
refer to the four-zone average calculated from the set of measurements
that is being used to evaluate the parameter. If the measurements are
taken with the windows and/or Faraday cells in place, correction terms
must be added to the four-zone average for A, For measurements made with
anly the Faraday cells the carrection term is tzrﬁREGSZFER; for measura-
ments made with hoth the windows and Faraday cells in place, the correction

term 15 the sum of tZFEchstGR, tzwrcnazul, and tzHRcuszwﬂ.
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The correction terms are the same for all groups. Table V contains the
formuias for the fuu}-znne averages for A and ¢ for each group and the
correction terms for the four-zone average of A.

Because most of the parameters do not depend directly on other
parameters, the order in which the parameters gre calculated is not
important except in a few instances. Some of the tevms for the Favaday
cells ar windows involve a four-zone average of 4. Therefore they
indirectly depend on togp €08 2HI, tEHH cos 2WR, andfor tZFER cos 2FCR,
terms which appear explicitly only in the 2quations for 4. The expressions
for these paramaters are given first.

From measuraments made on a dielectric:

for groups A and C
= YL(-Py+P,-Py#Py J oy - (-Py+P,-PydP, ) e {32b)
for groups B and D .

The terms tEHICOSEHI and tszcusEHR always appear as a sum in the
equations for A and P.; therefore it is not necessary to solve for each

parameter individually. From measurements made on a metal:

togp €05 I +ty 0 cOS 2UR = KL(Py-PytPy=Py) - (P -PyPp-Py )] (332)

for groups A and C,

;5[{.|:IIT+|:v2.|:v3+|tv4},“I -{-P1+P2-P3+P4}H“] [33b}

for groups 8 and D .

The next ten expressions are for the parameters that appear in the

equations for ¢, (from measyrements made whiTe the ellipsometer is in
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straight-through position):

G, +8A, 90° - k{ﬁ1+ﬂz+ﬂ3+ﬂ415 for groups A and D, (34a)

SEC-EAC 0ge - k{ﬂ1+ﬂz+ﬂ3+ﬁdjs for groups B and C,  (34b)

From multiple measurements made on a dielectric with neither the Faraday

cells nor windows in plage:

sin2y cosapSC +8A. = 90°- RA+A A4, )
for groups A and D,

90° - %{A1+A2+A3+ﬂ#}n {35b)
for groups B and €.

51"2¢H cosﬁuﬁﬁc -Eﬁc

Combining the appropriate form of equations (34) and (35) and solving
far GEC gives
[A1+AE+A3+A4E - A FA AL

ﬁEﬂ = for a1l groups .
4(cosA, 51n2¢n-1] (36)

The value of Gﬂc may now be substituted into equation (34) to solve

for Gﬂﬁ.

Gﬁt = 90° - k{ﬂ] +A?-tA3-FA4}5 -6Cc for groups & and D, (37a)

GAc = -90° + ¥{A1'*Ag'*ﬁgf*ﬁ4}s'kﬁcc for groups B and C.  {37h)}

From measurements made without Faraday cells on 2 dielectric:
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(A, -8, -A,+A,}
tEP = 12 3 3 for groups A and B ,
dsin 2y

_ AR HAS - Ay)

for groups C and 0 .
d5in 2y

From multiple measurements, without Faraday cells, on a metal:

{ '&"I +h3} - 1807 - Z{sinZp cnsﬂﬁtc - GHC}

t
16(3,3) sinZg sinA

-{A2+ A, 3+ 180% +2{sin2y cnsaacc - GAC}

4

t
16(2,4) zin2y sind

for groups B and C. For groups A and D,

- Ay +Ag3 +120° - 2(5Tn2p cosA 6C_+ S, )
Ye0,3) sTney sink

{ AE +A4} -180° + 2{sin2y cosA S +6A )
t = . ] | <
1C{2.4) s1nP sInd

If the measure of the quartar waveplate in zones | and 3 is q=

a +_ L
or =135, then t]C = t]C{I,S] and t]C = t]t[2,4]' Otherwise,

* -
Y = Yicez,s A e T Ye,ay

(38z)

(38b)

{39a}

{3%b)

{39c)

(394}

a5°
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From measurements made with the Faraday cells on a dieiectric:

FlA HAFALHA o = (A AL HAAA, ) ]
cos 2FC1 172 "3 "4FC 1772 "3 "ATNFC

{40a}

t
2FCl 2sin  Zy cosA

for groups A and D,

: -[{A]+A2+ﬂ3fA4]FC-{A1+A2+ﬂ3+nd}FEI] (40b)
#sin 29 cosh

for greups B and C.

Fram measurements made using the Faraday cells on a metal:

<in 2FCL ~L{A ARG R ) o = (AgHAGHA LA, )y o 3 + 2t o COSZFCT{sTn2ycosa )

H

t
2FCI 2sin 20 sinA

{d41a)}
for group A,

-[{A]+AE+A3+A4}FE -(A]+A2+ﬂ3+ﬁ4]HFE] -EtEFCIcnstEI{51n2¢casﬁ)

2sin 2P sinA

for group B, (41b)

[{A]+A2+ﬂ3+A4}FE -(A]+A2+A3+A4}HFC] "ztzFEICQSEFCI{51"2¢EUSﬁ]

Zsin Z¢ sing

(47c)
for group C,
[(A]+u2+n3+n +A2+A3+A4}HFE] +Et2FCIcusFEI{51n2¢cnsﬂ}

2sin 2y sind

alre ™ A

(41d)
far group D.
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From measyrements made with the Faraday cells on either a

dielectric or metal specimen:

(A -Ro-Bgbhy oo - (A -Ag-Agkhy by
2sin 2y

cos 2FCE

tFeR (42a)

for groups A and B ,
N I 2 I M A B

= (42b)
259n 2y

for groups C and D ,
and

(Ap-AgthAs-Agdeg - (A-AstAs-Adyee
cns 2y

tipog Sin 2FCR (43a)

for groups A and C ,

{-AyrhAg-Agthy ) pp - (ApRs-Aarhy yre
2eos 2y

(43b}

for groups B and D .

From measurements made with both Faraday cells and windows in place

oh a metal:

“L{A A HAS ALy - (RyHARP AR Dy ]
25in 2y sinA

sin 2Wl

1t

oul {44a)

for groups A and B ,

2+.A3+ﬁ4}H

25in 2y sind

[A1+A '{AT+A +A. A

)

for groups € and D .
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The next six expressions are for the remaining parameters that
appear only in the equations for A. Because the terms tp and 5Pc
always appear as a sum in the eguations for 4 and P, they are evaluated
a5 a single term. From measurements made without the Faraday cells in

place, on efther a dietectric or metal specimen:

tiptaP, = 8C +90° - % (P 4P, 4P, #P,)  for all groups . (45)

1P c

From measurements made without the Faraday cells, on a metal:

t Al U Pp P! (46a)
= an = 2
2¢(1.3) sind 20{2.4) $ind
for greups A and C,
(Py-Py) (Py - Py)
t = 23 3 d t = £ 2 (46b}
2 an Fd
¢(1.3) sind Cz,4) sina

for groups B and D,

From measurements made with the Faraday cells on a dielectric:

tapcr STN2FCR = % tangw[{P1'P2'P3+P4}FC"{PI'PE'P3+P41HRCJ {47a)

for groups A and B,

for groups C and D.
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From measurements made with the Faraday cells, on either a dielectric

or matal specimen,

sin2FCR = ¥ tanEm[(P1-P -p +P {P]-P2 p +P {48a)

#)MFE
far groups A and B,

torcR Vrc”

= % tan2g((-Py#P,+Po-Py ). - {-P PP - (48b)

PRERIUTT
for greups € and [.

From measurements made with the Faraday cells, on either dislectric
or wetal specimen:
(Py#Po=Po-Py)cr = {Py#Py-Po-P

)
cos 2FCI = 47REL

t for all groups. (49)
1FCI 2 cosA

Fram measurements made with the Faraday cells on a metal:

[Py-P,-P +P4)Fc"(P1'P -p +P4}HFC]-rthFERsinEFER{cot2¢}
ZsinA

t]FEIsin2FEI =

{50a)
far groups A and 8,

[[p ~P,-P +p4} -{p1ﬂpE-P +P4)MFC] etyrops1nZFCR{cotZy)

2sinA
{50h)

for groups C and D,
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toupSin2ZWR = % [(P-Py-PtP ) = (P =PuePotP )] {51a}

for groups A and B,

X [['P]+PE+P3'P4}H"('Pl+pz+P3'Pﬂ}MH] (51b)

for groups C and D,

Now that al)l of the paramaters have been defined, the spacimen mis-
positioning error can be determined. For groups & and 0,

3

k (R* - ResA®) - 8in2y cosh 8C_ - GA
gt = £, ¢

(52a)
cos2py + siny cosp

and for groups B and C,

= + .
k (R -ResA™) + sin2y cosa 5C_ - 6A
cos2p - sin2P cosh '

The sign refers to the setting of the quarter wave plate. If q=45°

or Q=135 far zones 1 and 3, then ResA™ = Ay+A, and Resh™ = Ay +hy

3

Otherwise, ResA+ = A.+A, and ResA” = A, +A.. Tabie YI cantains the
L. | i 3

corresponding expressions for B which are different for each group.

Ftnally, we have for the azimuth angle arrovrs,

*

5Tt = 60, + st (53)
s = &P, + 8R% (54)

At = SA_ + (cos2p)ég™ (55}
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where the errors 6Ac, 6Pc, and ﬁﬂc in the calibration circle azimuths

are given in aquations (37), {45), and {36).

Hote that, for the purpose

aof calculation, the combinatiens t]P**ﬁPi-ﬁEi which appear in the

equations for A and P are equal to t1p-+ﬁPc - 5C

C ]

Table YII contains the numerical values of the parameters calculated

for our experiments.

0.

Index af Parameter Expressicns

Parameters that appear in the equations for ¢ and A:

tZFEIsinEFCI e e e

t cos2FCR . . . .

1FCR

t]FCRs1n2FCR e e

tEHIsinEHI .....

equation (37)
gquation (36)
equation (52)
equation {55)
equation {53)
equation {39}
equation (38)

aquation (44)
equation (41}
equation (42)
equation {43)

equation (44)

Parameters that appear in the equations for A and P:

squation (36)
aquation (44)
aquation (4%)
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tlFCICGSEFEI
t1FCI5in2FCI

tEFCchstER

tZFCR51"2FCR

tzulcuﬁzwﬂ
tEHRCOSEHR

tEHRﬁinzﬂﬁ

equation
equation
equation
equation
aquation
aquation
equaticn
equation
equation
equation

equation

(52}
(53)
(54}
(46}
(49)
(50}
(32)
(48}
(33)
(33)
(81)
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ITT. RESULTS AND DEISCUSSION

A, Parameter Values

The magnitudes of the twenty parameters {Table VI[, Appendix A)
indicate that the quarter wave pliate has the largast imperfecticns.
Intensity effects give & maximum erroy of 1.72 degrees {t;c = -3.45°) in
the determination of the relative amplitude ¢, while shifts in the
relative phase give a maximum error of 0.43 degrees in the determination
of 4 {t;C = -0.43°}. Errors in the divided circle readings are next in
importance, with 8A, and 6Cc combining to give a maximum evror of 1.1
degrees in Y. The holders for the retarder and polarizing prisms would
allow correction for these effects by the rotation of the components.

Both velative phase and relative attenvation effects are present in
the Faraday cells. The largest parameters are for the analyzer Faraday

cell (t sin 2FCR = 0,242, torcr cos 2FCR = -0.253}. The windows of

1FCR
the stagnant cell exhibit minor birefringence, with only tEHI sin2Wl =
-0.228 being significant. However, the windows of the ultra-high vacuum
chamber have & much larger effect {tzwlcusEHI + tEHRcuSEHR = -1.54,

tEHI sin2WI = 0,632},

B. The ¥Yariation of Imperfection Effects with ¢ and A

The complete equations {Table 1., Appendix A} show that the corrections
for component imperfections have a trigonometric dependence on § and A.
This results from the use of the rotator matriz (p. 15} to orient
the principal reference frame of each component. Figures 4 and 5 indicate
this dependence. The computer program discussed in Appendix € was used

to correct experimental measyrements on the anodic dissolution of zinc
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in alkaline solution. Ffqure & shows that over a small range of & and ¥,
the corrections rasult in a parallei shift of the curve calculated by
assuming idzal componants. Figure b shows that over large ranges of A

and y, the magnitude of the corrections vary and may even change sign.

An approximata corraction procedure discussed in Appendix B shows explicitly
the variation of the corrections for component imperfections with the

orientation of the polarizer, analyzer, and quarter wave plate.

C. ¥erification of the Thaory

Attempts were made to vertfy the theory used to derive the parametric
gquations by correcting 4-zene measurements on materials covering a range
of A and w vaTues. The measurements on Cd, Ag, Cu, and Zn were randomly
chosen from a Targe number of experiments conducted over a period of five
months foltowing the calibration of the ellipsometer. The measurementis
on ﬂgED and Cd0) samples prepared from compressed powders were made fourtaen
months after the calibration. For comparison, &, and ¢, calculated
assuming ideal components, and the range of the corrected A and ¢ values

are also presented.

The corrected 4-zone measurements indicate that the calibration
procedure gives an excellent account of the effects of component fmper-
fections in the determination of the relative amplitude parameter .

Qver ranges of 4 values of G.34 to 101.82, and y values of 22.84 to 43.05,
the maximum spread in corrected ¢ values is 10.06 degrees for the Ag,0
sample. For the metal specimens, even better results were obtained,

with the maximum spread being +0.025 degrees. The corrections to the

retative phase A at first appear less accurate, with the Targest spread
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Corrected 4-7one measuraments.

Material

Cd 0001
Single crystal

Ag 100
Single crystal

Cu, off axis
Yingle crystal

n 10710
5ingle crystal

Ag polycrystal

176.44
93.33

93.22

86.20
175.96

101.59
1.7
78.05

167.65

£3.64
173.99
95,72

03.52
3.24
86.49
175,72

a q
40.72 45
24,47 45
182.05 135
3B.36 135
Average:
45,75 a5
139,69 a5
137.38 135
43.49 135
Average:
39.16 45
144, 37 45
142,27 135
3711 135
Avarage:
39.52 45
145,592 45
143.59 135
37,19 135
Averagae:
4436 45
141.056 45
1368.72 135
42,20 135
Average:

ﬁo A ¢b 1]
a7, 60 96.48 40.72 3813
97.12 9686 35.53 35310
Ok, 66 95.74 37.96 35.14
95,12 95, 45 3B.3% 38.13
95. 88 Oh.63 38.14 38.13
+, 74 +#1.20 =2 .60 +0. 02
Bi.5A Az2.45 45, 75 43.05
RZ?.A4 B2.37 40. 3 43.06
B2_.40 B2.86 47 66 13.05
#81.92 az.27 43.49 43.07
82.A3 82.39 43.05 13.06
+0.82 +0.10 12,72 +0.01
Gb. BZ bh, 75 Jn.1a 37.39
66 .58 Bh. 726 35,63 37.39
bb.1 Bh,Z7 3r.73 37.40
65,3 Bh.BE 37.11 37.40
bb. 20 Bh. 3% 37.&0 a7.395
. 76 0, 34 .77 +{], 05

102.72 101.61 39,87 3587
102.02 101.7% 34.08 36,77
101.44  101.53 6.4 36,79
101.08  10%.40 37.19 36.77
101.82 101,57 A, 20 36. 80
+0. 82 ], 15 2, 27 +0. 025
82.96 al.es 44.46 41.75
B3.5¢ B3, 25 35,95 41.569
B2.98 B33.06 .28 11.73
81.44 81.78 42 .20 11.75
82.73 B2.48 11.72 &1.72
1,04 .735  £2.76 £0.03
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Corrected 4-2one measurements (continued)

Material P A Q 4, A b, v

Ag,0 powder 140.65  67.80 135 11.30  T11.95 22,20  22.87
50.60 113.45 135 11.38 12,13 23.45  22.83
43.18  113.65 25 9.64  9.50  23.65  22.94
129,91  67.95 45 10,78 9.83  22.05  22.94

l0.62  10.87 22.84  22.89
Average: 598 41.26  40.79  +0.06

Cd0 powder 134,56 50.87 135 0.88 0,12 30.13 30.35
44.62 120.48 135 0.76 0.12 30.48 30.323
45,16  120.33 45 0,32 0.37 30.23 3.1
135.20 *9,67 45 0.40 0.75 30.33 30.32

059 0.3 30.32 30,33
Average:  ,p'og  40.41  0.19  $0.02

Pb0, powder 129.09 62.49 135 11.82 .15 27.51 28.24?
38.70  118.87 135 12.60 11.87  28.87 28.22
50.%6¢ 118.3] 45 11.92 17.99 28.31 28.22
140. 70 61.86 45 11.46% 11.72 28,14 28,22

194 1.70 28.21  28.22
Average: .4 ke 40055 40,70 0.02
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for the metal samples being #0.74 for the polycrystalline Ag surface,
while the spread In corrected 4-zone measurements increases over the
range af uncorrected values for the two compressed-powder oxide samples.

An explanation for the range of the corrected 4-zone values of A is
anisotropy of the specimen surface. For the idealized plamar, isotropic
surface, A and § would not depand upon the zone of measurement. However,
structural irregularities such as surface roughness, strain«induced
birefringence, or crystalisaraphic orientatfon would lead to directionally-
dependent optical properties of the surface. Evidence supporting aniso-
tropy 1s that the range of corrected values of 4 is greatest among the
single crystal specimens for the off-axis Cu surface. Also, it is
certain that the oxide samples were strained by the elastic contraction
of a protective brass ring following compression at 50,000 psia.

Anather result which should be emphasized 15 that averaging of 4-zone
measurements does not eliminate the effects of imperfections in the
determination of the relative phase & (Table ¥, Appendix A). The residual
8Yrar  Topop €08 ZFCR + €50, cOS ZNL + 0 cOS ZWR  remains. This suggests
that the glass rod with fewer imperfections is used for the amalyzer

Faraday cell.



-55-

IV. CONCLUSIONS

The application of parametric equations to the calibration of our
aytomatic ellipsometer indicates that the quarter wave plate cantains
the largest gptical imperfections. The Faraday celis used for self-
compensation contain both dicrofsm and birefringence. The windows of
the ultra-high vacuum system exhibit significant birefringence.

The effectiveness of the calibration procedure remains uncertain due
to the possibility of surface anisotropies in the specimen being measured.
The results of corrections te the determination of the relative amplitude
parameter ¢ suggest an exceptional accuracy of $0.02 degrees. The
consideration of surface anisotropies will be necessary to obtain a more
definitive verification of the calibration procedure.

The calibration was performed for the monochromatic Hg 5461 A line.
It is expected that the 20 parameter values determined by the analysis

will be functions of the wavelength of Tight.

This work was supported by the Divisfon of Materials Sciences, Office
of Basic Energy Sciences, U, 5, Department of Energy.
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APPENDIX A
Table I Zone assigonments and ideal values of g and 4.

Table Ila {omplete corrected equations for ¢ for Group B
{standard azimuths).

Tabie IIb  fomplete corrected equations for A for Group B
{standard azimuths).

Table Ilc Signs of the parameters in the corrected'equatinns for @
for a1l groups (standard azimuths).

Table Ild Signs of the parameters in the corrected equations
for A for al1 groups (standard azimuths).

Table ITla  5igns of the parameters in the corrected equations
for ¢ for all groups (rotated azimuths).

Table IITb  Signs of the parameters in the covrected equations
for & for all groups (rotated azimuths).

Table IVa Complete corrected equations for the analyzer azimuth
{standard azimuths).

Tahle Vb Complete corrected equatfons for the polarizer azimuth
(standard azimuths).

Tabhla IVc Signs of the parameters in the corrected equations
for the anaiyzer azimuth fer all groups.

Table I¥Vd Signs of the parameters Tn the corrected equations
for the polarizer azimuth for all groups.

Tabte ¥ Four-zone averages for ¢ and a.
Table VI Expréss1on5 for "R".
Table ¥YII Yalues of the parameters.

Table YIIT  Complete equation for standard analyzer azimuth for
Zone £1.
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STANDRRD AZ[MUTH AWGLES ROTATED AZIMUTH ANGLES
ZONE i a 4 L= [ [ F b [ hE ot
Al b = 458 f @0 — 1807 459 809 - Zp 190% - & €. - 135° o* = 944 135 | 170° = 2P 90% - &
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XS Lak® - 1ag* GF = 4Or 1iL® 2p = T3t a g5* -  Of" bos - 1B~ LEN iF - g4* A - J0F
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faai § r #u" = 135* 68 - TS 45* 450% = Fp 180% = & 0% = 43" 0° = 207 13s5* 270 - ZF af® = A
st} 135% = 1807 Qe = L83° 133* iD= 9p¢ 11 = & ? 45% = FR* % - a5t P+ ag® ag® = &
i
=38 pE - 4E° 407 - 1ER* 1lige p + XFHe 1B0% = & i 409 - 135" I T 458 aF +  a0e 90" - &
o2 45% - Qe 6% - 1AL 45% 4E69 - 2P 190 - & 1x5% — 1g4¥ 0% = g0°F 135° 630% - 2P S0 = A
o3 Sp% = 135+ L - 135¢ 2p « Qge a o® - dLv 0% = 1EG" 45" 2F + 270° A = BQ*
4 1%5° = 1RQ® g% = Gnt 45¢ £30% - 2p '} ] 457 = 80* 0% = 1g0° 13%* 150° = 2P R — Ell:]"i
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ConpLETE ComrmEcTED Fouations For W kom Grour B

I —
TesLe 11a [ TaeLe [la
(HULLYNG ANGLES MEASURED IW STAMDARD AZIMLFTHE]
IONE
H1 m g+ EA & G0 zinfa gindp = & tlc_ 2in}a coBlp - tzp zinlm = k tZici conlPCT aln?e =indp + 4 Lifai 2tnIFCI ainla coadp
- & tl!cr coa2FCH sinda + K tltnr Iin2FCR coaZa + & tzui s1n2iI sln2a coslp
: - + . .
B2 = a + th + 5C sin2a minip - & L tinZa coslp + tzp ginla - & tzfci 2o B0 2in2y aiplfp - & tlfci =indFCI pinla aocelp
* h ror coEdFCH gip2a = & i rer BIiNnZFCE cosla = 3 oni £indWI sinza cosip
B3 = 180* - a - §& = iC BinZa sinZp + 4 tlc- FinZa Susip + tgp winZa + 4 top.y “0s2TCI sinda FinZy
- % Eorci BinIFCT xinda aoslp + b tror ooEIFCR alinda = 4 Y fer s5in2PCE - § Lowi 5in2WI £in2a cosZp
B4 = 1907 = & = §A = 6C Einde indp + 4 t1=+ glnia comdp - tiP sinfa + h t,, ) COSIFCI Bina sinip

+ bty #indPCD Binda sosdp - & k.. c0s2PCR sinda + % ¢ £in2PTH + 4 tous aindWI =inta co=lp

LEer
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TanLe I1B CompLETE ComrreCTER EalaTions rFor 2 ror GRoue B
(MULLING AMGLES MEASURED 1N STANDARD AZTMUTHMS)
TONE
g1 8 = 80° + Zp - ZEC 4 P + 2up = o " CUSIP + tyg., COSZPCL €GNRp - k). . SANZECI cosip
ZlniIFOR cotla + tZHi =oaWl + tzwrcuaﬂﬂk - {Ewr aindHWE cokia

E2

+ Eaper coaiFCE - tapor

.
. cosdp = LTI eog2FCI sinde + LI $4nIFCI eosip

L= 270° =~ 2p + 260 — ISP = Ztlp - t2
tgp . FiDIMCR zotla + b . coEdWI + b, corlHR -t BipZWE ootla

+ thcr cogdFCR -
] b= 2p — WO - ZEC + 2P + 2tlp - 1-.2c mosdp 4 tl!ci coedFCL £indp - tlfci eindFCI coBlp
+ b, COBIFCR - Lo SENIPOR Sotde + by ool + £y, SOATHR - to, B LlNAWE Sotla
Bd b= 50% - 2p 4+ 28C - IFP - 2tlp - tEc sntip = L] cosxIFCE 9inhdp 4 ik sindFCI cosip
+ Ggp,. OOSEELE « Lap . FINACCR ootla + Tay COFID 4 £ o EREIWE - Lo o 81a2WR cotla

Hota: 40 — (P = lECc + &4} - t&?c + ER}

= ﬁCc - ﬁPE
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S16Hs OF THE PARANETERS 1 THE CorrecTen CavaTions For'dd For aLL Groups

(RULLING ANGLES MEASUREED IN STANDARD ATIMUTH ANGLES)

Taere 1lc

&2 winda X T L 1:zF x| 4 topo; moE2FCI X | % £, 8indECI X Yty ¥ L T bty $imdWr X
Ein2p aimla coeip | sinia ginza eintp ginta coRZp poxlFCR gindy | =inIPCR oafla Bin2a =ozlp
r - - * - + +
+ + - - + - -
- - + — + - -
- - - + - + +
* - - - + - + +
- + - - + - -
- * + - + - -
- + - + - + +
+ - - o - *
¥ - - - - * -
- - - - - - -
- - + + + - -
bl - - + - + + - +
b2 - + - - - - - + -
oy ([ + - + - + - - + -
i T ;£+ - + -+ + + * - *
L

_-I-g.-



Slans oF THE PARAMETERS IN THE ConrecTep EquaTions For £\ ror aLL GRoups

TepLe Hp TaniLe {Ip
CHULLING AMSLES MEASURED IN STANDGRD A7 IMMTH ANGLES}
Lank 250 22F |2¢ tZG x tlfci L tlfc: x tzfcr ¥ tzfl:‘r ¥ tE'N'i ® t?.wr X t?-'Wl' X
ip eatip coalPCT finkp £1n2FCI coeip eos2POR =inlFCR cokla eoE Wl cos2WE sin2WF cotZa
Al ¥ - - - + + + - + + -
AZ - * * - - - + - + * -
A3 + - - - + + - - + + -
Ad - + + - - - + - + + -
Bl - + + - + - + - + + -
B2 + - - - - + + - + + -
B3 - * + - * - * - + + -
B4 + - - - - + + - + + -
ci * - - + - - 4+ - * * -
&2 - + + + + + + - + - -
3 + - - + - - + - + + -
4 - + + + -+ + + - + + -
il - + * + - + - - * - -
o2 * - - * ¥ - + - - * -
B3 - + ¥ + - + - - + + -
o4 + - - + + - + - + + -
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Sleng oF THE PampameTers N tHE Correcrep EquATIONS FOR 14J For ALL GROUPS

{WIFLLING GHGLES MEASURED IN ROTATED

AZIMUTH ANGLES)
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$10M$ OF THE PARAMETERS IN THE CORReCTED EQUATIONS FOR A% FOR ALL GROUPS

TasLe [1{p TaeLe 1118
(NULLTNG AWELES MEASURED IH ROTATED AZIMUTH ANGLES)

zone I 260 260 | 2ty | F2e K| Tages X Freet ¥ | taeer ¥ | Speer ¥ [ Gy X G X1 fpe X |
| coszP | cosfPCL $LnIP | £ln2PCT oosZF | cos2PCR | $inZPCR cotlh | LW | cosIWR | sinlHE cotlh

bl + | - - + - - * - + + -

L2 - + + + + + + - + + -

A3 + | - - + - - + - + + -

a4 - - * + + + + - + + - /

Bl - + +* + - + [ + - + + -

EY,s + | = - + * - + - * * -

B2 - + * + - + * - - - -

B4 + - - + * - - - + + -

ol 1 - - - + + + - - + -

cz - * + - - - + - + + -

c3 * - - - T + + - + + -

=L} f - * + - - - + - + + -

ol - - + - + - + - - + -

o2 + | - - - - - ] + - ] * -

ol =- | * * - + - + - + + -

Ird + - - - - + + - + + -
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ToeLE I¥a I f TaBLE I¥a
COMPLETE CORRECTED EQuUATIONS FOR THE AHALYZER AZIMUTH
CMULLIRG ANGLES MEASURED LM STANDRRD AZ IMUTHS)
TONE
81 - p = EB + A2 sindy cosa + T Eln- aindy mind + tzp sindy - § taroi coadFCT ein2) coad
-k LT $AnIPCL £indd oind 4+ % Eyyer soslPCE =indy - & byfer $inZFCR ool = 4 kg . sinfWI sinly ednd
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TanLe T¥e | Taere [Ye l
CoMPLETE CORRECTED FoUATIONS FoR THE POLARIZER AsIMUTH
(MULLING ANGLES MEASURED IN STAHDARD AZiMUTHS)
L
Poak {2-90%) 4 80 - BF - &y +k t, T gin 4+ 4 & coRIFCT tos 4+ § &), $1n2FCT sin 4 |

o
1

1p

- % tapn, TOSIECE + L afer gindFCR cokdd = L o cos WL - % o SREIWR + ¥ty . FINIWE covdf

L {27044 + 40 - B

¥ 307 44

Lk [450%=a)

+

=ik,

% t2fcr
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SIphs OF THE PapAMETERS IW THE CoRRECTED EousTioms

TagLe e FOR THE AMALYZER AZIMUTH FOR ALL GROUPS TaeLE e
I {NULL NG AMGLES MEASURED IN EITHER STANDARD OR ROTATED AZIMUTH AMGLES}
| |
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CMULLING AWGLES WEASURED [N EITHER 3TAMDARD OR ROTATED AZIMUTH AMGLES]

Slons OF THE PARAnETERS 10 THE CoRRECTED Dauafions

FOR THE_POLARIFER AZIMUTH_FOR_ALL BROUPS

| Taere [Vo
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TABLE ¥ Tapre V¥
Four-zowe BveErases ForYF anp A
STANDARD AZTMUTH ANGLES ROTATED AZIMUTH AMGLES
GROUP
i i & W R
. A -1 [-:1+3|2—313—u4:| + M| -4 {91_92*'5'3_?-:] e -4 Eﬂl+ﬂ=-&3-—nqj -4 ﬁPl—sz?a-F4J + hr
]
- +% l;-al+n2—n3—aq} + 94" ; +h 4p1-pj+93-pi] 140" + A +5% ml+h2—.h3—h4} l + % 1P1*P2+P3—F4:| + LEDT + A
c + 4 i&l+52"&3-44} + Qe -1 1Py = *0ymp,] 14G* + A by {J‘-‘ul+ﬂ2-33-.’.d} -1 ﬂPl—P2+P3-PI:I + IEO* + &s
il L ial+az 4y g4:n + 90 i -y [pl Bptiy p‘l 1609 + Az 5 i11+12 13 14!1 +% {Pl Bo+P, P{] + 3609 4 Ao
]
For Fmasursnents made withoat Faraday cells apd windews, d4c = 0
For raasurenents mads with Pazeday =ells, withowt windeows, Ao = Cogep o d PR,
For medaursenenta made with Paraday oelis and windows, do = tzf-:r cos2PCR + th:i. 1=K 2 ) G L. cos2WH.

-Eg—.



TagLE ¥ Taere Y1

ExPrESSI10M FOR "B”

E IONE

1 + +

;Al. Al F = + tlfcr £in2FCR cosld + sindiy [tifci cag2FC] cosh = zimnd{ LT tzfci FIRIFCL * Ly 2indWI) )
1a2. a4 o= - Eyfgy SLHEFCR qogdy + aindw [tzfci T3 2P0 mad -~ sanﬂ{—tl¢- + %op.y FARIPCD + to.. BIRINHI)]
A
J - -
Bl, B3 B = - tltcr Lini™R cosld + sinlil ['tEfci cof2fME] ool - gind {-tlc t tasni %inlFCE + L Fin2WI}]

B2, B4 BY =+ Sy fer $inifFCR coslv + sinig I_tzfci 2oE2FUI ool - gind o t1=+ t oty Finlfcl + ol EFinawi} ]

£1, 202 B o=+ tifor BindFCR cosip + pindy [k coedFEl coslt - pind [~& giniFtl - & Binawil]

e~ ®afed
uosZFCT cosd - sand (#ty,. = L

2fei

[t o | E == tltcr SLINZFCR cozdy + sinze [-t SIRIFCI = ¢ FinZHI) 1

25l ZEei

bi, b3 R = — 4. TROIECH oosdd + Finly [ topey FeEATEI coxd - Find {+tlﬂ- = Sopad 3in2FCT = Equd FingWI)

b2, b4 B’ =+ k. 8indPCR cosid + sindd [ cop2fCl cosd - pind -t - $inItCI = £ EindWIi]

2fci = Lotoi

-ui-




TasLe YII

t1fei

1.088
l.1z28
1.353
0,021

- 3.45
- 1.65
- 0.42
- 0.l6

cos2FCT = -

titer

Cos2FCE = -

tlfcr FInZFCR = +

tates

ein2FCI =

tifci cGsIFCT = -

Fafer
t
for

Stagnant

CcE2FCR = =
einlFCR

VALUES OF THE PARAMETERS

-11-

TaeLe VII

27
3

B&
33

0.1102
0.0414
0.0078
4.2415
0.0443
0.1424
0.2525
0.0742

Cell Windows

(IM DEGREES)

+ Correspords to O =
-~ Corresponds ko O = 1357

VYacuum Chamber Windows

tzwi SOEINI +

2wr

cosiWhk = 0.0050

tlwr sin2WR = &.0172

Eowi

sin2Wl = - 0.2281




TeeLE Y116

CompLETE EQUATION FOR STANDARD ANALYZER AZIMUTH For Fowe H1

TapLe VIII

B - (EASHER soslp) + [ECa+GR) Fin2p cosd + b tlc. Fhrdp sink + Ly, BLAZH = El toge, TOEEFOL Bindy ooRld

- i * i 1 -
Ji irca SLn2P0Y xindp xind + &L B fer COaPCR 2indy L ks

Al 2 2PCR cas2p — 4 tkﬂl

Py meagtvepentd bade whils the sllipdow=ter is io the= strajight-through pesiticn {ne specuimen)

Withowt the Faraday 2ells or the cell windows.

Sipplitications

From ks

1. o terns fox the Faraday cells or fell windows.
. sB =1

3. 8% = 0% v pemd® e 1, alnnt = @

d. Py w 457 % gindp® = L

E!IJ.L'EIEDt!- mady pEing & dislecstiic af & gpeecifen

A
H.

Wikthou® *he Faraday <9lls or call windows.
with the Faraday cells, without che call windows. i

h. Simplificaticns

1. o terns for che Faradsy ecewlls or eell windews,
P. A% m 07 *= As® = 1, SiNAT = 0

E. 5Simplificaticns

Trom

A,
H.
L.

1. Mo terws for tha eeli windoWws.
2. AT w }F o= pagh® e 1, AlDAY w1

azucemeots made ok n poliahed metal as a cimap

Wikthoue the Faraday cslls o cell wisdows.
With the Faraday cells, wlthout the cell windows.

Be-dgced E‘I_lﬂt.iﬂl‘l
Aom o= ﬁMiGCL'.‘+E2P

Radyuzad Eguetion

A=y - &k o+ 42

sindy =

Reducad Equaticn

A moy - B+ EC
TR By
-k t1.E|::
=4 Tifer

With bath the Faraday celles and the cell windows (somplete equationl .

foduced Ejuation
Aw = A + 0T Sln2y cosh + tz:_:r SiREy

h. Simpilficatdons
— He: tmrm: far the Faraday celle or cell windos.

B. Bimplificatiome
= Wo kermy For the c+ll wibdess

+ L =

Baoly +
so=IF3T
oo XFCR
BlnZFCR

Fednced Equation
R =y = fA + 5 ¥indy coFn - ttp Aindy
EinZy aind

+ 1y tLe-
=4 fapy
bt
Pyfor
flfer

[T gl i

cos2PCY
sin2pes
coxld IFCR
Bin2FCR

sindWT sind simg

tip zinla

tap FHEF
sindf
Einly
CoBiy

ls Sindp aing

sinZy coAl
£inZw eing
Sindyp
ol g

-2£-
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APPENDIX B. AN APPROXIMATE DETERMIKATION QOF ¢ AND 4

Once the parameter values describing component imperfections have
been determined, experimental azimuths may be transformed to the relative
phase & and relative intensity parameter ¢. The specimen mispositioning
arror 38 {equation 52, p.45) is the only correction term which varies

between experimznts. This term affects only ¢, and has the magnitude

[68] = |88 [cos 24 + sin2a sin2p]|

whaere 4 is the angle of incidence. For the corrected 4-zone measurements
on €d (p. 52), |sp] = 0.213, 0.236, 0.108, and 0.109 degrees.

A graphical correction procedure may be used if reduced computation
time justifies the uncertainty in ¢ introduced by neglecting &8. Computer-
genavated plots are constructed for each set of the 20 parameter values,
with §8 =0. The corrections to A& and ¥ due to component imperfections 34
and & are presented as functions of the pelarizer and analyzer azimuths
p and a. Figures Bl and B3 show tha corrections for q=45% Fiqures B2
and B4 show the corrections for g =135°. The parameter values in Table YII
{Appendix A, p. 71) with the stagnant call windows have been used. The
covrection terms 84 and S are added to the values of & and ¥ calculated
by assuming ideal components.

It should be noted that graphical procedures introduce human error
in the reading of the plots. For data acquisition systems with computa-
tional capabilities, a form of the computer program in Appendix C

should be used.
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0.5 i
O —
‘_‘u. — —
b ]
=
<]
¥
<]
S -
s
o
b
]
O
a=b
Lines of conskant analyzer azimuth, o
-2 L | I ! 1 I
0 60 20 180

Folarizer ozimuth p {deg)

HELIT T390

Fig. B1. Correction to A due to component imperfections. Quarter
wave compensator at 45%, specimen mispositioning error 68 =0.



niho

q=135°

a=85

Correction to A, 34 (dag)

L
e

Lines of constant analyzer azimuth, a

i | ] | I l I
0 60 120 iI80

Polorizer azimuth p (deg)

RBLT T =297

Fig. B2. Correction to & due to component imperfections. Quarter
wave compensator at 135°, specimen mispasitioning error
&R =0,
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T T T T I
q=45°

3 p = puiorizer azimulh

p=0,980,180
| p=15, 75,105,165

p* 30,60, 120,150

p=15,75,105,165
p=0, 90,180

Correction fo ¢, 8y {deg)

| I | | I
0 &0 20 180
Anolyzer ozimuth a idegq)

XBLT J4=1294

Fig. B3. Corraction to y due to component imperfections. Quarter

wave compensator at 45°, specimen mispositioning error
8 =0.



Correction to ¥, By (deg)

wff=

T T T
q=135"°
o] o
p=0,90,180
-

5 p = pelarizer azimuth

O p=5,45,75,105, -
135, 165
_ p=30,60,120,150 -
-5 _
Polarizer azimuth, p -
p=0,90,18C
-.O -
l | | | I | I 1

8] 60 120 180
Analyzer szimuth o (deg)

KRLTTh=3 103

Fig. B4, Correction to ¢ due te component imperfections. Quarter

wave compensator at 135%, specimen mispositioning error
=0 . '
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areEnDlx €. eroGRa COMPER

The computer program COMPER calculates values of the relative phase
& and the refative amplitude parameter ¥ using the error analysis outlined
in this report., In addition, the corrected values of A and § may be
displayed graphically by the CALCOMP plotter.

The program is structured to interpret sets of one-zone measurements
from experiments on changing surfaces. Before initiating the syrface
changes, a 4-zone measurement should be taken on & reference state of the
surface, to allow calculation of the specimen mispositioning error &8
{equation 52 p.45 ). From this 4-zone measurement, the ResA (p. 45}
and the 4-zone averages of A and y (Table ¥, Appendix A) must be calculated

and entered as input data to the program.

Input Variablaes

INUMBER is the number of data sets in the input file.

HPLOT controts plotting on the CALCOMP plat. If WRLOT=1.,
a graphical display of ¢ vs. A is given. If WPLOT=0.,
plotting statements are ignored.

TITLE ,RANGE are 80 character alphanumaric labels for the output.

THDCAT indicates the specimen orientation. For INDCAT =1,
the specimen is vartical and the measured azimuths
are in rotated form. For INDCAT =03, the specimen
is horizontal and the measurad azimuths are in
standard form.

MO is the number of data points in the set.

C is the gquarter-wave plate setting (elther 45% or 135%),
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DELTAY i5 the 3-zone average of A,
PSIAV is the 4-zone average of |,
RESA = H.2+H.4 for q=45° or Q=135%
=’ﬂ-|+ﬁ3 for q=135° or Q=45f‘.
PHI is the angle of incidence (degree}.
A{L}, (1) are the analyzer and polarizer azimuths for data

point 1 (degree}.

A Sample Data Set

Column; 0-2 to-19 20-29  30-39 40-48 50-59 60-59 70-79
INUMBER  WPLOT

TITLE -
RANGE -
one
set INDCAT NG ¢ DELTAY  PSIAY RESA PHI
AT} P(I} AlT+1)  P{I+1)  A{I+2) P{I+2) A{I+3} P(1+3)

Afd+1} P(J+1} etc., through NO number of points

Note: Fixed-point variables (first letter is I-N) must be right-justified

in its column.

The computer program with sample output follows.
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FROCRAM COMPLE LINEUT , DUTAUT TAPE 90, FLOT . TAPES G=FLET)
COMMONACCRCOL A MLN o XHAS » YHIN (Y Hb £y Z2XHL N GO XHAN COYHIN GO YR YL
CONMON/GOFALTAF AG TDR

DIMENSION TITLECEk, RANGL (8}, PSICCLOQ0Y, DILTAGOLBOM)
OINHEHNSTIN PI1(L00UT s DELTALIOOWN y JCLGAECH s PLLOOUQD

INTEGER HG

READ 100Gy THUHAF MP_ 23T
FCRBAT (I3.F1G. O}
ITRACK = @

INUMAY IS TrE MUHMBER OF OATA SETS TO BE READ IMs ITRA&CKE IS UERD
0 ke EF TRECK LF THL NUMBEFR OF OATA L T5 THAY HAVE BEEN AUl
THRGJIGH Thr FRGGRAY.

IF WRALOT=1.+,A PLOT OF THE COWRECTED VALUES I5 GIVEM BY
THE CALCOMP PLLTTE=. IF WPLOT=0.. HO PLCT,

ThL VYALUES OF ThE COMETINT PARAMFTZKE THAY LPPEAR [N THS FIJATIOKS
FOR 551 AhD OEL1 A ARE 55T,

DELAC = =1,.084
BELCC = t.128
TP = 0.

T2P = W21
TICPF = = 3,027
TICFKF = =14e%3
T2LP = «.uZBE
TZCH = =.1838

IN THi FOLLOWING YARTAOLE NaMES, I AMWO R ARE AQBREVIATIONE FOR
THGIOERCE AWND REFLECTIONs FESFCCTIVELYY 3M AMD (5 ARE ADBAEVLA-
TIONS FOR EIME AMD COSINL. F AEFERS ThL ToHi FARADAY CELLS. AND
W REFEGRE TO ThE GLASS wIWDOWS GF TRE FLOW CELL.

THE YARIABLL MAMNES Sud BE LHTERPRITED AL FOLLOHE ==»-

T2ShWI STEWAE FOR T2WTISIHZNI ~=~= TZSHWR FOR TZWESIHZHR
TLLWFI FOF TLIFISINZFL ==+~ TIINFR FOR TLIFRSIMEFR
TICSF] FOR TAFIGOSEFT +=== TIQLFR FOF TAFRCOSZFR
T2SHFI FOR T2FISINAFI =w== TE3MFR FOR TEFREINZFR
TECSFI FOR YRFJILOSZFL -r== TZO5FR FOR TZFROOS2FR
SCEWIR FOR THE ZuM OF TZWICIESAWLI AMD T2WRCCSZHR.

TIQ05FE = =2 1102
TESHFI &= =201+
FLGSFR = ~a 0078
TLINFR = . 241L
TECSFI = 40wkl
TIENFI = = luch
T2CSFP = =, 2L2E
TZSHFR = 41742
TASHRT = =, 2781
TZS5HWF = L0172
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SCSWIE = 406

THE HEXT Flys VwRIAMLES, WHICH LRE PARYT OF THE CALCOMP SUSROUTIME,
PROVIDE FOR 2 Ls BY 10 INCh GRID FOR PLOTTIRG DELTE AGAIWST PSI.

FACTOR = iD0. ’
CCAKIN = 4

COXHAY = Lk,

LCYHMIN = .G.0

LCYHAAL = LT,

THE 0ATA FDR THE EXPERIMENT IS READ IN.

REAT 740, TETLE. RANGE

FCEMAT r(aALersadl16n

READ 300, IWCCAT, HO. C. CELTAY. PSIAY, RESA., PH]
FCRFAT AT9,I10,5FL0.0)

THGCAT IS ST T 1 IF Thbk TNPLT A BHD F YALUEE FEFER TO THE
ROTATED AZIAUTH ANGLES. IT IS 55T TO 0 LF THE A 4HD P WA LUES
REFER Ta STAMIART EZIMUTH ARGLLE,

WL 15 THE HUMPER OF DATE FGLHYS.

C IS5 THE OUARTEF WAWE PLATE ANGL. {EITHER &5 QF 13% DEGRELI).

DO 20 I = LaNhid

READ AJGy ACIV P C]d  AET+1 1P IT+1) (A2 420, P T 42F, A {1+3),PA{I¢+2)
CONT INUE

FORMAT CFOe0eiF b, O

LX) v L XS L X} EY ) e s L1 -y (Y]

THE FOLLOWIMG wARIAQLFSy T1Cs T&Cs Is HAVE Twl FOSSIBLE VALUES
NHIGH JRPLNG OM THE FALUE OF Ca €1 GOMTROWLS THC + AND - SLGNS
IN THE EXFRESSLOH FQR Fu)

IF {{INOCATERe Gl w b0 (CorQenlaly GO TO 25
IF ((IMOCAY Qe 11 o 210 £C, 10,135,230 50O T 26

Tit = TiGH
Tel = T°CH
I =1

GC Ta 27
TiC = TiCP
T£C = TZ2GF
1 = 2

THE ¥ARIABLLS Jr Ky BHD L CUNTROL THE + AKD = SJGKS IH THE EXFRES~
SIGNS FOR R ENC OFLB, THEIR vALJES CEPENLG ON THE GROUFP THAT
DELTAY BELONGTE T0.

IF ((DELYAV.GE Qa0 AND{DELTAV LR ,9we) ) GO FO 32

IF ({DFLTAVGL e 003+ AND IDELTAV LE LD kY GO TO 34
IF ({DELTAVLGE.L8 .} AHMD, (DELTAV,LES270.F) GO TO 36
IF IDELTAVGLa #70a ) o AND IDFL AV, LZ4 SEDe}) GO TO 52

=]
o
L2
o

=]
-

[ -0 ol R T
1]
=N O -
(2]
]
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rx..ormrX

THE SUBROUTIND Lk CRAD CHANGLS OF GREQ Me ASUREHENTS TO A0 IANHE.

CaLL QL SRAD{PHI
CALL DFGRADIFSIEY}
ChLL CEEREDIDLLTAYI

SINE AWO COTINE FUMGTIONS WHICH AFPEAF WCRE THAW ONCE [h THE
EXPRESSTONS Foh R £WU DELE AFE CALGULATED.

CSZRE] = COS{2.*P5INY]

SHEPSI = SINLZ, *F3T4WD

COSDEL = LOSIOL LTEY

SINDEL = EINIDELTAW?

e 'y wy e y .y ey LT e 'z

R or SHZOST" {1 b8 b *COSOEL*TICSFTI » SINDEL® (C(=1F"*} #(T25NFI+T
GSHWI) + CO~L11** k4131 *TACH) & [1=33*%11YCSEPSI*TLISNFE

QDELE IS THE A2IAUTH CORNFETION RWE.D.

OLLE = {46 = RESAI/ce # E(=L)¥* (Dol )} YShEPSI*COSDELYDEL S ~ DELOEY
CATEd=13" ) *ENZ ST 2050k # CuS12.*FRr1I}

OFLE = JZLCC + DL LU
OLLF = KELPC + DF L4
DILA = LELal + of LA*¥COEL2.*FHI)

LE L3 L il ey +E L) L] i iy

THE FULLDWIMG LOOP CALCULRTCS DELTADy P5IGe DELTA, AKD PS T
DO 30 I = 1.HC

THE EQUATIONS FhOE DELTLA, &SI, ODELTAO, 4nD FSI0 ARE WRITTEM IN
TERMS OF THE STAHDA%RE AZIMUIH ANGELLESs 1F THE IRPLT & AND F
VALLES Ar) ROTLYED AZ7IHUTH ANGLES ~== IF IHODCAT u 1 === THEY
HUST BE EXFRECGZED TH oM EQUIVALENT STANDARD AZIMUTH ANGLE FORMa
THE ZUBRIVTIKRL CONYRT HAKES ThHE TRANSFORMATION FROM ROTATED
ANGLES Ta STLNDAKD BHGLES.

IF ITIHDZAT.2U.L) CALL CONWETLALF. T

THE FILLOWIMG IF STATEMEMTS OETESHINE THE ZONE ANC GROUP OF THE
IMBUT BET OF ¢ £MD P AMGLES, & AMO N FRE ASSIGRED CEWTLIN
IKTROER wALUES DEPENDIMG OH THE RamMaL GF F AWD As  Le A LINEAR
CONAINATION OF H A0 H GI WS TH: LINE HUMBER OF THE SORRECT S:T
GF FQUATIONYS FOR L LTL&0 ad0 PSIC: THE FIRST EIGHY SETS OF
EQUATIONS ART FCR © = Afy INOLAT = 0 OR O = 13%, INDCAT = 1,
THT SYCOMEC €IGHY S5TS ARE FQF C = 135, INOCAT = C GR C = 45,
IHOGAT = L,

IF [OFTL) W00t el (PITILE B, b1 M = 1
IF (rPEeZ bz edbel ad 400 (PLINulCadOudl H = 2
TF (0PI bl P AND (P L) LFal11% 1) H = 3
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IF 1[P|I|lﬁiilﬁriliﬂ1ﬂlinll}oLiilEulii H = 4
IF C0AIT haGad o o) (AT I4LEL 2.1 N = 1
IF CHAGEbaG a0 b dND bR TIJaLEw1B0a)T N =
L = 2% ¢« H - 2

IF IIINIJC.&T.E{L1'.1'\!{2‘-”:-!“;‘5;1! L x l- L] -B

IF {ITHNCEAT S QoG e A0, (Lo EQeldiad)r L = L + B

Eﬂ TD ‘llzfsrhfilhinﬂ|Qilﬂiliilalijll*liffiﬁ] L

F

an ¥R iy ¥x L1 e LY ] e 'Y ] A

IGROUF 15 ASSIGHLD THT vYALUES 1. £¢ 3 Of & IF & ANO P FALL INTU
GROUP Ay By Co OR O. R: SFECTIVELY.

serer GIOLP 1

PETIOCIN = A(I)

DELTAGIL) = Z7U0e = Z,"P(I}
IGROUP = 3

GO TO 50

RS GuduP AL

PSI04{I) = 130G. = A(I}
DELTAC({I) = 9B, = 2,*R{]I
TIGEDUR = 1

GO TO 59

s s GRAUP §2

FEIOILY = AMID

QELTAQIIN = 270 = 2.*FL])
IGROUP = 2

GC TO 8D

FUANE GLOWP D2

PSIOLIL = 1804 =~ PEI)
DELTAQIL) = 550. = 2,7*P{1}
IGROUP =

60 T0 58

¥ra¥E GuOUP A3

PEIQ(LY = ALLR

BFLTALCIY = 270, - 2,%FiI)
IGROUP = 1}

eC TQ 5¢

TAEET GROUP C3

PSIOTIY = 18u. = B(1)
DELTAOLIT = &R0 = 2, *PLL}
IGROUA = 3

GC T4 %0

ENREE CIDUP D%

PSIOCL} = RIT)

DELTAOLIY = £30. - 2.%2(1)
IGRoUr = &

GO T 5%

sEEdY GCA0UF B

PSIQCLY = 180+ = AL}
BELTADCLY = Lhil. = 2.%P(L}
IGROWE = E

GO TO 50

weerd GROUP D1
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11

12

13

1L

L5

1&

ED

PSIO(IF m ALL)

OELTAGIL) = 90, + 2,¥PIT)
IGROLP = 7

GE TQ S0

T FER Gﬂaup Dl

PSIO(IY = 18G, = A(I!
DELTACILY = 24%>(]1 + 278,
IGEOUP = 4

G0 TO 50

*ERRY GROUP (2

PSIOILY = ALDD

DELTADILY = 2,%FiI} 4+ 9.
IGROUP = 3

G0 TO 56

LA EL R ] muup ﬁa

PILIONTY = 150U, = A(I}
DELYAQILIE = 2,%2[1) = 9D,
IGRODUP x 1

Ge TO S0

vaxve GRIUP 03

FEI0IIY = AIL)

DFLTRO{I) = 2,%C11 + 90,
1GROUP = &

6C 10 56

sanrd CHOUR B3

FIIGLI) = 180« - ALT)
ODELTAGLIT = Z2L5FL]Y = o0,
IGRIUP = R

GO TO 5§

Eaaey GIOUP Ak

PSIOIIF = RIID

DELTAQIIY = Z4"PLI} = 270,
IGROUP = |

GG TQ %9

CEEVE GROLF Gk

PSIQII) = 380, = ALT}
DELTACIIY = 2% ()) =~ 94,
IGRIUP = 3

LA * 5 ’k L] ]

- Ty Y s (¥ "> e

ACTY AND PLI) ARFE CONWERTED T& RADIAM HEASUREMENT. HOTE, HOWEVL R,
THAT ¥4 AW0 xXP ARE ACTUALLY THICE THE RACIAN EQUIVALEATS OF A{T)

AtD PCT),

KA = [ASOSI=1.01%21{T)] /3D,
XP = (ACOSU=La)*FLIF) 790,

SINZ, GOSINE. AKD COTANGENT TERGY WHIGH APPEAR SCWERAL TIHES IN
THE EQUATIONS FUR PSL AnD OCLTA ARE COMPUYED.

Cos2a = CO3taal
TIMZA = SIN(XA)
COS2P = GCSI{XP)
SIMEP = SINIXP)
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COTZA = CUI(XAXSSINANA)

e s Y . v LY an ¥ e '

DELTALTY AHD P3201) ARE THE CORRECTED (FOR COMPOMENY IMPE RFEC=
TIOHS) WALUES 2F DELIGQLLY AND FIIO(I).

TrE YEREADLLS JF, K7y JGy KGa LGy MGy MG, AND K CCNTROL THL + ANMD
= SIGnNS IN THL EQUATIOLS FOR PSITL) ANC DELTASIF. JZ+ K4 AHD W
DLPCMD ONLY Ok THE JOHE, WG DEPCHDE CALY ON THE GROUP, AHND ThE
QFRES wARIAALL & (2 PEMD Gh JGTH THE GROMIP AHD THC ZONC .

IF C0IGHOURLE e lY @R LJGEQUFLER. )T GO TG 5

I6 = &
KG = 1
60 10 54
oe ¢ = 1
K = 2
CL IF f0IG A QUP.Ely 1140 (TGMOUPLEOWA)Y BCG TO T6
i = 2
LG = 1
WG = &
GL TO %6
- JB = L
LG = ¢
NG = 1
S8 IF ((IGROUP Lo L} enKy (ISRCUPE24=21 GO TO &0
HG =1
MG = ¢
GO 1O 61
=11) HG = 2
MG = 1
€1 IF J{MakDedl 2R, (ML EQ,uty GL TN o2
JI oz F
Je o= J6 o+ 1
GO TO 6
£g J2 21
EL IF ({h.Eﬂ-ihL-E.(H.EDtEI} GO TO EG
KI =2

HG = G + }
Kb = ¥iz ¢ 1
G0 TO &9
371 ®F =1
B8 IF LiM.EQellsUR, {M.EQ.2Y 6L TO TH
HI: HG + 1
I = IG +» 1
LG = LG + 1

T OOELTACTY = QELTADIT) + [(=21**IGE¥2.%(TLF+DELPFL + $1-1F*Fh) *T207C
COS2F + H{=1 k" {1Gal ¥, *O0ELC + SCSwIR + T2LSFR = COTZARITISHWR+T
CINFRY + ((=LL**LG)*TICSFI*SINZF ¢ (=1 0¥FHGI*TLI5NFI*CO52P

PEILI) = PSIOCTY # SINZAP{((=11%*JGI*TZF & SIKRZP¥({{=1p®¥KZ)P*T2.5F
CIfg, + (=10 ¥ W Z4L1)*DILC) ¢ COSE2* (=L * (U2 41V (TZSNFI FI5NN]
1 & Ti=10%%gG" 14N /F20) + [i=1)"FHGITGELA # ((~1)¥% GI*(TACEFA*SIM
C2RYZZ. # (C=LAY¥ (Gl ) I FiTISNFRYCOS 2R /2,

30 CONTTHU.
ITRACK = ITRACK + 1
TFAHPLOTLE WY GO T3 £510

e TH LA ¥ LA rE L3 g L ‘= L
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THF FULLDHING SECTION CIHiAIME Yre TAL-CCKMP PLOTTER COUMANQS.

XMIY = Yal.
KMAY = 0,
YRIN = 1404
THAY = .

DU 9 J = 1ah0d
IF IRCLTALJILToXMIND MHIN = OzLTALJP
IF {DELTACIY JOTanbn) XH4X = DELTA (I
IF {oSTrJb LT ¥HiNI YHIN = /L] LJ)
IF (PETEJ).GT .Y i) YHEX = HSI LN
IF {UFLYAD (23 LTa kAN KHIn = DS.FAOCLJY
IF [SELTAOCLILGT, WHAYY XHAX = DELTAOLL)
IF (PSIO{d) 4L TaYHIM) YHIA = F3ID{J)
IfF (PS5I00JYaGTerbRY YHax = PSIdCJ}
CONT [HLe
SEMHIH TvIM
SAMAE = XMLX
SYMIN = fYIN
SYHAK = YMEX

]

THE X (QELTAY SCALE IS 12 LHCHES L34G, WITH 2 SMALL SUVARES TO
THE TM{H. THE ¥ IPETF SCALE IS5 1§ THCHES LONG, 4130 WITH 20
SMALL SOUAREL YO THE THCH.

NFACTR = 1.2
YFACTF = i.u
ESCALE = (HvAX - FHIN)/24D,
YSOALE = I¥MAX = ¥MIYIAPUG,

SCALEF = Ou
IF IXSCALS WP W FLGATCIFTXNAWSCALE N 1) XSCALE = WSCALE + d. 005
IF C(YSCALE,FUFLOATCIFIX IYSCALENF) YSCALL = YSCALE + 4,005

THF Se3POUTINE GSChv:. CBLCULATLS A& COMLKIDHT URIT OF HEASURE FOR
TH. ZHALL SOUEF 5 OHN TRl GFAPH.

EMID = txWIH # ZBAXYISZ,.

YHIOD = [YHIY + WAX)F2,

IXMID = TFEX(XM D W.5h

IF {MGOCISMID . 21+0Ek) IXFID = IXKID + )

IVHMID = [FIXIYMID .51

IF tHUG{Y YHID .2 BE-Q) IYHIG = IYKID + 1

TALL GECALCIXSCALL +SCALEF 4XFALTRY

MHIM = FLOATIIXHION - S2ALCF

KHAY = FLOATLIXHIDY + SCALEF

IF {ASMFIHLGF X FIN s AND. ASXMAALLE JXHAY ) G TO Yu
CALL FXSCALIXSCALLD

GO TD 72

CALL GSCRLE (YSCALELSCALEF YFACTR)

YMIN = TLOATIIYHILY = SCALCF

YHMAX = FLOAT(IvMID} + SCALEF

IF [(ISYMINLGE.YFINYLAND. (SYMANLLE.TH4AX)) GO TR 76
CALL FASCALIYSCALE )

GO YO0 7

MIM, MHAXR, YHMIN, YHEX ARy TH, PPER AND LOWER LIMITS OW THE
VALU:S OF DELTA SHOD P31 wWHICK WILL BE FLOTTLO BY CAL=GONP,

HEITE 49,401]
FCRHAT (1H=z}
CALL CCGRID{1,f 4+ HHOLALEy 1454l
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CRLL FIXLBLisSe2e=1a=1)

CALL COLTRIGE3s =030 v SHDELTAI

CALL COLTYFOL, 14+0. dall o2y JHPSI}

CALL CCLTREZ2uZF 40,5 0ol y3HTHT JOCAL vwALUFE OF DELTA QHD PFSI ARE R
CEPRLS  NTELD)

CELL COLTRI2: 2540+ 5201y 470 BY A 2LUS, ThHy CORRECT:O WALUES 3Y &
C DIAMONG. )

CALL LOLTRIZ.25,9,75,.0,2,T7 TLE .20) .

CALL COLTREZ.E5 4 9B 40424 FANGE yBud

CALL COPLCTIDELTAPST oNT g BHPCIOIN (G 4L

CALL COPLCTIDELTACPSID HO eHNOJUIN, 23,11

CALL CCLTRAGOXMAN ¢0awbelotH }

CALL CCHEXT

e LR ) L3 1 ¥ L ) 4 ¥y )] v

THE LASYT STCTIOK CGHTAINS THE OLTFUT COFMANDS AKD FORMATS.

BED CONTINUE
PRINT 101, TITRI s #ANG:
101 FCRWATI#1,3840/8510)
PFREINT 201.C
Z01 FORMAT (%L*,*THT QUASTES HAVE PLATE AZIMUTH I3 ¥ FuuGe® DEGRELE %I
PHI = (PHJ*180, FFACGS Iw1, )
FRINT 2(1, PHI
L FORMAT {¥G®,*THL nHGL. OF JHCIQzHOE IS5 *,Fd.3,* DEGReES.%)
FRINT &4Lls OFLE
L FERHAT (¥g*,¥THt AZ[MUTH CORRECTILCN EIMFOR IS *pFa.3,™ DEGRLES .}
IF (INHDCAT.Z0.0r FalWT 501
IF {INDCAT.EQdelY PRINT 03
BBl FCRMATI{*O0%, %4 AMD P 2FFz® TO TH. STAHGARD AZIHUTH ANGLES GF THE Ah
CALYZE®R ANC POLATTZ =y RISPLCTIVEL Ye®)
BU3 FCRMAT{*0*s+*h AND & FFFER TO TH, ROTATeL AZIMUTE ANCLES OF THE AMA
CLYTER AND FOLAKREZLR. RESP.CTIVELY.¥)
PRINT & 1 HD
GIL FLRMAT (*Q%,*NUMBL® OF JATA PLINIS ~-= ¥,I41
FRINT i1
704 FORHAT (™C¥ i 1oMe YAt LLIX o ¥ Py 9X Y JELTA* G X Y OELTAQY B X ¥PS I $AN "P3
cICe)

IF INDCAT = &y A AGUD P Ak COMYERTED BACK TO ROTATLD AZIMUTH
AHGL~ 5,

00 80 I=1.,MD
IF VINDCATL.EQaL]l CALL CONYE 1(h.F, ]l
PRINT &0ty ACIF, PITY, ODELTA{LY, CELTAOQLCIN, PSI(IIl, FRROLIN
48 CONTINUE
801 FCRHAT ("R% s GX:BAFE T p4X) FB. 3
IF LITRACK.HE LIWUMARY GO TO 111
IFINELOT4ERuLe) CALL GGIML
itop
EhD
SUBRDUTINE GECALLIZCALEI I+ SCALLF +FACTRE
IF ISCALET.GE.Q.9) 50 TQ &5
IF (SCALETWLF0.0%9) 3Q4LF = SCALZI¥L100.
IF A rSCALET LGEa D b 3F o AHD, (SCALLT LT 0.9 SCALL = SCALEI%2D.
ISCALE = IFIXASCALEY + |
IF (SCALEW\E3eFLOATIEFIROSCALEN Y1 ISZALE = LFIXK{SCALT)
IF C(ISCALLLEQa1r I, CX5CALLLECE810 GO0 YO 75
IF {AHODCTSCALL ¢2¥a N u b} TSCELT = ISIALL + 1
IF (ISCALL.EQ.SY ISJALE a2 &
TS OIF (ISCALE.GTa2.) b0 ISCULELEW2430F GU TOD A%
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IF 4SCALEJaLT+0.09) SGALLF = (FLGATOTISCALE FI*FACTR
IF LOSCALeT ol o Ca (U)o AN, ASEAL I LT 0 .90 SCALFF = {FLOAT {IZCALE ¥V
C*LD.*FACTR
BE IF (f30hL. .Gl 0.9 0. (SCALL T Lbats 0)) SCALEF = IFLOAT{ISZALE NRY
CACC«TFAZTR
IF fSCALUTLGTwle0) SCALEF = 150 *FACTF
G To o
85 IF {5CBLET+LTeunk®)} SCALIF = ZWE*FALTH
IF CiSCALMT, GE s b B30 8D, ¢5CAL: T LT . 0.9) ) ECALEF = JE.*FACTR
95 RE TURM
END
EUAROUTINE COMYETIA,P, I}
DIMEWSIGM ALL1a00), S4{1000}
IF {PeIM) GTudac o) 24IM) = PUIND - 184,
IF LAATINK,GE.F0u Y, nMDe (A CINY LI, 1804 0) LU TO 24
ACIMY = A{T4} + 0.
GO TO 2&:
20 ACIM) = A{TMI = S0.
26 IF CAPUTHY oG a9 0al b0 AP LINI 1T 180,01 GO TO 28
PUINY = FP{IMI + 90,
GC TO éé
8 PIINMY = P(Th) - 3D,
22 RETURN
EnD
SUEBROUT I EGREDIX)
X o= AACIS (=170 F130 .
RL TURK
£n0
SUBROUTIME F¥IGeLe3CELLT)
IF 45CALET+6T.0.1) ZSCALFT
RF TURN
EhQ
SUBROUTINME FIXLALIMALNYL+KST fL elERLHYT )
COMMOMNACEPOOL A X MIH, X4AN . YHIN  YMA K COMMI b COXMAN JCCYMIN, CCYRAX
COMMONACCFACT FRRC T0F
HNYPaNEX E HYPF=HTY
HXP=HMIN"{MXP,TI § hy2=MIN (h¥P.7) £ FACT=KS]ZE/FACTOKE
WFCTR=1.0 & YFCTR=1.0
CCRINT=ACOKHA X-CEXMIN /N1 T COVYINT2ICCYMAN-CCYRIND FNYL
¥INT=ABS (XMAX=XMIKISNXL 3 YINT=A9G(VYMaX=YHIN}/NY]L
Tz 0% ACT § SF=TWG*FACT § WOPEX=1 § HEFRY=1

ECaLe I + W11
SCALLT + Osl

E=A¥IS NORMALIZATIJnasansana

YRYsAMEXT (ABSCX FINL RBS{AMAR I I+L . 0E-10 & KM=104 0" " HXP
IF#iHNP.ED-ul.Dh.[[ﬂHP.ST;ﬁI.ﬁﬂD.t#i#.GE;HH.DH-
2 IXINT.LTwllutad e 05«1080 3 JORL CINEPL LT 0. AHD.
3 IXINT LT OXH~1,0E=10F) 11G0 TD <&
TF (NXP, LT .0 NDPI K==HXP
KXF=F ® GO IO &;
S8 Z=ALUGLG (WHYE & Z=s3T1GHN({AQRS(ZY4da Qs -8He2)r § MAPaZ
IFtZ.LT.6L.0INERaNYP=1 & KFCTR=10. (**HYFP

¥ AXIE NORMALIZATIOH ) senunanus

€0 Y= AHANL (ROSLYFIND 4 AQS4YHAKT T #LQL-10 & YM=10.4%¥y¥Ye
TF CIHYP F OO o OR ITHYP GT 0w ALy IV GE . THLAOR,
2 (YINTaLTaldul-LaGi-107 1 4QRLCINY? 41T 0 aAHD.
F AYINTLTa0rH=1.00~10)) 3360 YO &3
IF (HTPeLToCHLEPEYz=NY P 4+ HYP=C 3 G0 TO BO
£3 I=ALOQGAwiwrrw) & Z=TIGHITABS 12041 0E-80¢ ) § MYP:T
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TF(ZaiTa0uikYPzNTFP2)] § YFCTR=1Le G**NYP
AINT=2INTARFCIR 4 YINT=YYIATAYFCTR B YHF=YHIN/YFLTR

TEET TH *=LEAL LS FLfF tON=-IMNTIGLA SALUE Sevatvennan

X XPINAXFLTI=RIET % XM=EMLRAXFCT=*L. CE~2

KeXeXINT § IF (%, 6Tunb) G 7O €3 § AXN=ABEIN)
THP=LASIFLOGT {INT (204 0.2 V=0K) & L5ITHWP.LE 1. 0E=8) GO TI b
GO T 4t

HLEPRX=0

TEST THD ¥W-LABI LY FOR NIM-IMTEGER ¥ WLUESqarsrranan

YHxYHAAPIFOTR4La 0L =1 § F=YMINAYFCTR-YINT

Y=Y+ YINT T IF(Y.6T.¢40 50 TL £9 F 4v=ABS(Y)

THP=ASS IFLOAT{IHT 1LY+ 5.3 0=0Y) & LF{THP.LE4+ ladE=8} GU TO BA
GC TO T

NOFEYaD

LABEL THo X=hXIiswisnnanan

CCX=COXMIN B COErv=CCvMin-1u, P*FACT 7 X=XrIH/AFCTR
IFAN.ET. M0G0 TO 9

CALL FIXKXIUINTEFPF MG NPINOFREIZ X1

H¥D=HOUO INC, 2}

IF UHML .. el b T ACT YL A, 5 NLk w5}

TF AHHGANE e QY N T PO~ F ALY { Fa S YIRE= 3+ Tu O]

CALL COLTRINT yCCY 30.XST2E 4MTEMP y HF]
COXzCOXeOnMEINT §F XK=x+AINT % GO To T~

LABEL T < Yol XISuwwuwsonnas

CCY¥=CoYMIN-TF

¥z ¥YHF

IFIY 4 GTy¥MIRF TUTL.

CALL FIZKIL{UTEHO ARE WP, NOPFRY Y

IF 1Y WO ¥HFYLCY = L0+ TF

COX=CoXMIR=SF 2N

CALL COLTRICCHN pCOY oo X520 o MTIEAP p =]
IFIYur O ¥MHFYCCY¥=C0Y-1F

CCY=CCY+CCYZET & YzY#YINT § GQ T4 493

Eng

SUBROLTINT FIXEL (LT HPyHC NP hOF=Xy kK]

LIMENWSTUN WFFETLILY

DATE MHOLOA spt BT B fut SL33 Tt 23S TP A0 . 99909/

DATE WHILDAATXFRFFTIrSTev 7278 FWWHHLLGIALA30G00000LGOOD0GO0 KBS
DATA RMPOLDS/HEASYAIGAGEU s GOODLOUEY «HHELDSATTE/+hZERDA4H 0 F
Ee¥X § AGX=ARZ XY £ LF{AX,LY.1.T=7F 50 70 79 & NOPL=1
IF(AXWG: a1ed} GO TO TE £ hN=F § w0 IO FE1

TROAY G o L DIROFLzHOPL (AL (L1 0 (A N+, BE-1 01

HH= B =0PL

ENEIUT . 1107 P e HTFIRL

FCRFATIILG)

JEMEa*{1HTPANDLUHDL D% )

HEHT sHHOL DL OR, JL K

ERCOO: 0 L0 4MNFHMT (NTI M2} X

TETAY G wTHR e ORe Wl 3o 00100 TO 73

NTEHPzHTE#E L LHD. MHILDE

TFIX G O IATE MP=I TE MR, Oka NHCLLD 4

IF IR e LT+ QuDVETE AP 4y ToHP L, OF, HHILD

MC=NOPL | HE=HDPL+]

EF(NDAF sbNabalne Fot QDo 00 FETUR # MI=HOPRE+1 & NC=HC+H1
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NP =NEP #N1

RF TURE

WTLHP=WFIFRO 4 hPog 4 MOz
¥ TORM

END
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ZM IN 9.5 % £0F

CONSTART POTENTIAL €z =1,2 YOLTS ¥5 MG/HGD

THE QUARTEFR WAVE PLATF AZIMUTH IS5 45. DEGREES.

THF ANCLE OF INCIDENCE IS ?5.004 DECRETS,

THEL AZIMUTH CQFRECTION FRPOR IS =+ 029 DEGREES,

A AND £ REFER T THE STANDARD AZIMUTH ANCLFS CF THE AMALYZUR AND FOLARIZER
NUMBER DF TATA FOINTS == 1D

A P DEtTA DEL 140 P3I PEI0

39,980 L% -%] | 1L E34 LL2. 700 37314 3c, 940
39.6%0 A5. 830 97« 218 "9 300 3be AT 39630
38,580 88,130 22+ B D3 93 TN 35.Tih d8.560
3t.410 85.93L £8.991 G L4l B b 90 3T ild
3&, 380 L4050 FG. 953 87100 13.527 36.380
35,680 92,37e LLTR R U BBy &0 et 35,680
b .900 93090 624 BTE az. 820 32137 3 4a9G0
e 350 33,970 8l.9%9 B2.2Q0 il I 360
33.920 G4, £O0 79, LB2 B0.624 Il.203 33,920

33.550 th.280 TB. 204 79,440 30, BAT ji.Nan
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APPENDIX . THE GROUP DEPENDENCE OF THE SIGNS
OF THE PARAMETER VALUES.

The parametric equations describing component imperfections were
derived for Group B (Tables IIa and IIb, Appendix A). Many of the terms
in the equations are multiplied by trigonometric functions of the polarizer
and analyzer azimuths. Allowance for the sign changes of sin2P amd
c0s2P {vectors b and a in Figure D1} must be made in applying the
derivation to Groups A, €, and D.

The signs of the parameters for all groups (Tables Ilc and IId,
Appendix A) were obtained by using Group B as a standard. A5 an example
(Figure D1}, the terms multiplied by sin2P change sign in zones C1 and
4 from the equation describing BZ., Similarly, the terms multipliad by
cos2P for zones A) and A3 have tigns opposite those in the expression for
E2. The same allowance was made in obtaining expressions Tor calculating

& and ¢ from votated polarizer and analyzer azimuths (vertical specimen).
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T3
N

Zone C1

1/

Kb

Zone B2 Zone D4

XPL774=3202

Fig. D1. Group dependence of the signs of the parameter values.
Yector components a and b represent sinZP and
cos2P.
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APPENDIX E£. MEASUREMENTS USED TO
DETERMINE PARAMETER VALUES.

For the followtng experimental measurements, the notation NW and
NFC refers to the absence of windows ané Faraday cells. Five sets of
4-z0ne measurements, with re-alignment of the specimen between each set,
were made on the dietectric and metal surfaces to aliow averaging out
the specimen mispositioning evror 8. The horizontal surfaces faced up

and the angle of incidence was 75°.

I. Sirgight-through Position; HW, NFC

q & p Zone
45,00 134,97 45.01 Ad
45.00 44,94 134,92 A2

135.00 44.97 i35.88 Al

135.00 134.96 44,93 A3

IIa. PReflection from a dielectric surface; NW, NFC, ¢ = 75°.

q a 1} Zane
45,0 116,26 45.78 A3
45.0 64.02 135.78 AZ

135.0 63,98 133.92 Al
135.0 116.26 43.94 Al
135 116.21 44,03 A3
135 64.07 134.05 Al
L 64.03 135.65 A2

45 116.47 45.47 A4



45
45
135
135

135
135
45
45

45
45
135
135

ITh.

135
135
45
45

ElTa.

135
135
45
45

ITa.

a

116.
63.
64

116,

116.
6.
64.

116,

116.
64.
64,

116,

21
%4
0%
37

&z
12
08
40

40
03
12
42

Raflaction from a

a

11&.60
64 .35
6d.26

116.58

-95.-

{continued)

p

45,
136.
134.

41,

43,
133.
135.

§6.

45.
136.

133

-

§4.

76
79
06
49

96
98
47
02

8b
00
85
00

Ione

Ad
A2
Al
A3

A3
Al
A2
Ad

Ad
AZ
Al
A3

dielectric surface; MM, ¢ =75,

P

44,13
133.98
135,99

45. 84

Reflection from a metal surface;

a

62.70
122.53
120.28

60. 16

p

B6.84
176. 46
92.93

3.52

Ione

A3
Al
A2
Ad

WY, NFC, 4 =75°,
Zana

B4
B2
Bi
B3



T

[Ila. ({continued}

g a p Zone
a5 60,53 3.57 B3
45 120.16 93.26 El

135 122.29 176.85 B2
135 &2.67 86. 38 84
135 62.56 86.77 B4
i35 122.40 176.73 B2
45 120.27 93.00 B1
45 60.43 3.29 B3
135 62.56 86.98 B4
135 122.44 176.67 B2
45 124, 31 93.21 Bl
45 60.38 2.83 B3
45 60,20 2.44 B3
45 120,50 92.25 Bl
135 122.64 177.24 B2
135 62.46 86.92 B4

[IIk. Reflection from a metal surface; MW, ¢ =75°

q @ o} Zone
135 62.36 B7.45 B4
135 122,47 177.29 B2

45 120,34 92.10 Bl

45 60.14 2.38 B3

I1Ic. Reflection from a metal surface; ¢ =75°

135 62.11 87.75 B4
135 122.06 177.85 B2
45 119.94 91.47 Bl

45 59.92 2.06 B3
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