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INTRODUCTION

Thin films have been measured by many methods.

Some of these are basically similar to the method we have

used. Tolansky's1 method is an example of this. He employs

the interference of monochromatic light, multiply reflected

in or on the thin film to be measured. Other methods show

little or no similarity. Rothen2 depends on the difference

in ellipticity between light reflected at other than normal

or grazing incidence from steel plates and similar plates

coated with thin protein films whose refractive index is

near 1.495. His accuracy offit.5 A.however is exceedingly

high. Host of these methods have limitations upon the type

and/or thickness of the film which can.be measured. Usually

they present difficulties in measurement, in calculation or

in accuracy. By removing as many of these difficulties as

possible, we have derived a method which will accurately de—

termine the thickness of any thin film by a simple measure-

ment.

We have made use of the Edser—Butler3 bands with

surfaces arranged to give a very high resolving power. These

bands are the bands observed in a spectroscope when parallel

white light which has passed through a thin etalon is examined.

The etalon is essentially a para11e1~sided air film, prefer~

ably bounded by high reflecting surfaces. When white light

passes into this system, constructive interference takes

place only for those wavelengths which, after multiple re-

flection, leave the boundary of the air film at the same
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phase. The intermediate wavelengths interfere either partial—

ly or totally, depending on the phase difference for each re—

flection and the number of effective reflections. The number

of reflections quite naturally depends upon the reflecting

power of the surfaces. Thus as the reflecting power increases,

the selection of the wavelengths for which constructive inter-

ference occurs becomes more critical so that the ability to

detect these wavelengths becomes less difficult or, in other

words, their resolving power becomes greater.

Usually the transmitted light is observed in a

spectrosc0pe where the Edser-Butler3 pattern of bright lines

on a dark field may be used to measure the wavelengths for

which constructive interference occurs. These wavelengths

may be used to measure the thickness of the film in the fol—

lowing manner.

Ifug is the order number or the total number of

wavelengths in the double thickness of the film,'g is the

effective thickness of the air film and A is a wavelength

of constructive interference, we can write

2d a nX.

For successive bands toward the blue or shorter wavelengths,

we can also write

2d 3 (n + l)x‘ and

2d a (n + 2)A1 etc.

Although'g could be determined by solution of any two of

these linear equations, the type of film which could be

measured by this method would depend on its optical proper-
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ties for light must pass through the film. The only alter—

native is to attempt measurements using the light reflected

from the air film or etalon.

If energy is to be conserved, the pattern in re—

flection must be complementary to the Edser—Butler3 pattern.

The dark lines in reflection and the bright lines in trans-

mission would correspond to the same wavelengths so that

the equations above would hold for both;patterns. The thick-

ness of the etalon as determined by these equations would

not be the actual thickness, for phase changes occur upon

reflection? Even though these phase changes can be meas-

ured and the actual thickness determined, this would compli~

cate the calculations.

Further we have yet to show that the reflected

light gives any advantages. To do so, let us construct the

etalon like this:
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With a full reflecting coating on the lower

surface of the air film, light would not enter the film

to be measured so that its Optical properties need not
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be considered. The only limitation is that the surface of

the film must be smooth - a condition which is not a product

of the method of measurement. The thickness of the air film

may be determined on and off the step and the effective

thickness of these two positions is the actual thickness

of the thin film, for the error due to the phase changes

upon reflection are the same for both measurements and there—-

fore cancel when subtracting. It is interesting to point

out that as long as the wavelength measurement is made to

the same place in the intensity pattern,.g need not be an

integer but may correspond to the order number of that por—

tion of the pattern.

As mentioned before, the accuracy of this method

depends upon the high resolving power resulting from the

multiple reflections within the etalon. The EdseraButler3

bands which result from this can be shown to have the inten—

sity pattern of the Tabry-Perot Interferometer5 where the

change in order number is due in this case to a change in

wavelength, rather than a change in'g. The resolving power

5 of this pattern may be calculated from the chromatic re-

solving power as given for the Fabry-Perot pattern?

>\ n

IIIJZSX~|-.|er1|

where AA is effectively the uncertainty in the knowledge of

_>_\_. Using Rayleigh's7 condition for determining A)\ or An,

it can be shown thatb

R I- 2.98 nrf—e-(l - r)



5.

Where.£ is the reflection power. If in a particular case

the order number is 20 and.£ equals .89 (which is equivalent

to an amplitude reflection coefficient cf 94%), then

R = 2.98 (20) .94-e .11 ‘ 509

If the wavelength is 5000 A, the thickness of the etalon is

a e & up: i (20) 5000 = 50000 A»

And the accuracy to which we might empect to measure the

wavelength is

= 5000 e 509 =3 9.8 A

Heissner8 in his articles on Interference Spec~

trosOOpy gives further physical meaning to the expression

for resolving power in this manner

R a (effective number of rays)(order number)

where the effective number is a simple function of the re—

flection power

Neff a 2.98 13% '9' (1 - 1‘)

Hence the multiple reflection in the etalon acts much as

a grating where the number of rulings is controlled by the

reflecting power of the surfaces. This method of obtaining

resolving power does not have the mechanical difficulties

encountered in the production of a grating.

The uncertainty in the knowledge of the wave—

length for which constructive interference occurs when

the transmission pattern is observed agrees well with our

measurements. However in reflection this uncertainty is

much less. This is due to the asymmetrical pattern and

other factors which we will justify later.



 



METHOD OF MEASUREMENT

The optical path used was
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where A is a ribbon filament source of light

B is an achromatic collimating lens

0 is a group of parallel rays from a point on the fila-

ment

D is a totally reflecting 45° prism

I is a heat absorbent glass which reduces the thermal

effects at the etalon

I is a half silvered mirror inclined at 45° to the

light rays .

G is the etalon with the full reflecting lower plate.

The mount for the prism was supported by three pointed screws

passing through the base plate on which rested the etalon.

This allowed the front surface of the prism to be adjusted

perpendicular to the light at the proper height. Since the

table for the prism and the base plate for the etalon were

parallel to within .0005 inches, no adjustment was needed be~

tween these two elements. To direct the reflected light toward

the spectrometer, a fifty percent reflecting mirror was mounted

on a swivel table just above the etalon. I screw whose direc—

tion of motion was perpendicular to the surface of the table

was used to adjust the mirror to a 45° angle so that the reflectd

light was horizontally directed toward the spectrometer. As a

great deal of heat was radiated by the source of light, a filter

of’heat-absorbent glass was placed on the table just below the

prism. This materially reduced the amount of heat absorbed by

the etalon. It was convenient when studying the transmission

pattern of an etalon to place the etalon an the filter table
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and complete the optical system with a full mirror placed on

the base plate.

CONSTRUCTION OF THE ETALON AND ITS SURFACES

To clean the optical surfaces of the etalon we used

acetone, concentrated HNO}, and then rinsed with water. It

was found that if the surface was washed with a wetting agent

which was then removed by rinsing with conductance water, a

surface ideal for coating was obtained. Aluminum coatings

were evaporated onto these plates from heated aluminum beads

in the usual manner. During the evaporation, the thickness

of the coating was controlled by comparison with a series of

Wratten Neutral Filters which varied by factors of two from 3.12

to 50$ transmission.

The step we measured was aluminum. It was placed

on a portion of a full reflecting surface by shielding other

portions of the surface with the microscope slides on which

the surface was allowed to rest. The first millimeter of a

step formed in this manner shows a gentle downward slope. We

have no explanation to offer for this effect, but it does not

appear to extend to the major portion of the step.

The etalon is formed using three pin.points of soft

wax to separate the high reflecting surfaces. Although such

surfaces brought in contact usually have an air film between

them of 100,000 A or less depending on the pressure applied,

the system is very unstable and useless for our purposes.

When the two reflecting surfaces are brought together upon

the wax, there is always a wedge present between the surfaces.
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In.monochromatic light, this results in a dark line pattern

with the lines parallel to the axis of the wedge. Pressure

must‘be applied to deform.the wax and obtain an etalon whose

sides are parallel. The adjustment for this condition is much

more critical if the apparent thickness of the etalon is a

multiple of the wavelength being used. The reason for this

will follow from the method of adjustment. To adjust to this

separation, one of the dark bands in the field must be chosen

to remain in the field. The remaining bands are removed by

pressing down the thicker portion of the etalon and increasing

the narrower portion of the etalon by lifting that portion of

the upper plate. As the etalon becomes parallel, the band in

the field will gradually curve to form a closed circle; for

only the rays reflected directly under the eye will pass

through the etalon normal to its boundary; the others will have

their angle of passage increased as they are reflected further

from the normal to the eye. This is the familiar Fabry-Perot

pattern which may be observed visually when the eye is com-

pletely relaxed (fringe pattern in focus at infinity).

It was found necessary that the etalon thickness be

a near multiple of the wavelength of the monochromatic light

used for adjustment because at an etalon thickness of 50000 A,

as is commonly used in this method, a change in order of one

due to the obliqueness of the reflected light would form a nar-

row dark ring 7.5 cm in radius. we could not hope to have one

of these rings on an inch square unless an effort were made to

adjust the thickness of the etalon to the proper value. The
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FabryePerct etalon has many such rings because the order number

and the effective thickness of the etalon is thousands of times

greater, and hence a unit change in order corresponds to a much

smaller angle of obliqueness. However with this ring in the

etalon, very critical adjustments may then be made so that in

the absence of wedge, the same diameter ring pattern follows the

eye as it traverses the etalon. The step film offers a hinp

drance to this method, especially for small plates where the

step has been placed at one edge, so that reasonably large

plates with the step in the center give greater satisfaction.

At best this adjustment is by no means simple, for if the etalon

is to be stable, the strain at the three points of support must

be equal. Further thermal problems in etalon adjustment were

the effects due to hands, room and absorption of light. These

effects were decreased with the aid of a mount which added to

the thermal capacity of the system and allowed pressure to be

applied to the etalon without direct human contact.
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Were it essential to remove these errors more exactly,

a quartz spacer such as used in the rabry-Perot etalon could be

employed. The spacer could be of a reasonable size if this cons

struction were used.

Evauw
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This would be a specialized.piece of-equipment but

its construction is quite possible. A further refinement of

the equipment should employ a method by which the adjustment

for a parallel etalon could‘be made on the etalon table.

we were limited by having only plates an inch or

less in width. Greater stability and ease of adjustment could

be obtained using two-inch plates, preferably circular, for

they give a more uniform stress when used in the holder des—

cribed above.

Wedge errors may be greatly reduced by taking meas-

urements just on and off the step film. Since for short periods

of time it was found that wedge errors could be less than 20 A

over the whole plate, a measurement over a short portion of the

plate should not exceed 5 A.

The heaviest reflecting surface used on the upper

plate consisted of an aluminized coating showing 3% transmission

or approximately 90% reflection, for which the resolving power
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appeared to continue to increase.

MEASUREMENTS AND METHODS OF CALCULATION

To obtain the desired accuracy, various methods of

calculation were employed, each of which had advantages of

simplicity or accuracy in the determination of'g or‘g. In

the section following, we will enumerate their advantages.

Consider the following data which was obtained with a Con~

stant Deviation Spectroscope, for the characteristic points

in the reflection pattern of a 15% transmission top coating

for an etalon thickness of 66,000 A.

Order number Wavelength Order number Wavelength

n 6665 A n + 5 5327, A

n+1 b349A n+6 5123A

n + 2. 6058 A n e 7 4933.5 A

n + 3 5791.5 A n + 8 4758.5 1

n + 4 5552 A

METHOD A. The equations which hold are

11),: 2d, (11 4. 1))‘1 :3 2d, (n + 2)>\9_ I: 2d, etc.

These equations are of the form my a c where'g is the order

number and z.is the wavelength. Since by the notation above,

,3 is a constant, this equation may be considered linear and

the method of Least Squares can apply to improve the accuracy

of the results.

Let c1, 02, c3, ——-- be the observed thicknesses

of the etalon for each wavelength measurement. Then the re-
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sultant errors or residuals, if.g is the apparent double thick-

ness, can be written

(Cl-C), (Ca-'0), (03‘0), as... ”/O’fl ,flz as...

The first condition of Least Squares is thatzyg =10 or that

/9 +/Q '5/5 -t..... a O

The second condition is that the sum of the squares of the re—

siduals shall be a minimum, or what is mathematically equi—

valent in this case, the rate of change of the sum of the

squares of the residuals is zero. Ast is known to be a con-

stant, we write

3 z _
E£ZIDJ

— 0

gmfimmm «mom—c)“. J
o

and we can write

/\f 4 AI/q + )2/AL.* .“ . = O

From the data above the residuals become

flashes n—‘c

fl=e3u9 114- 6349-0

/@."0058 n + 12116 _ 0

Hence

The summation of the residuals becomes

50557.5 n + 188023 a-c B O

For the second condition we write

M a (bbbS)2 n -. 6685 c

As a 0:349»2 n + (we)? - (are c

M." (6058)2 n + moose)? ~ 6058 c
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The summation of the weighted residuals then becomes

287,402,368 n + 988,509,710 - 50557.5 0 a 0

Solving these simultaneous equations for g andlgn we obtain

n = 19.940298

0 a 2 d a 132,905.07. A

d = 66,453.04 A

Assuming that these values are certainly more accurate than

the determination of any one wavelength, it is of interest

to divide.g‘by the appropriate order numbers, n, n plus 1,

n plus 2, etc., to estimate the uncertainty of our meas—

urement of wavelength. For this set of data, errors range

from.~ 2 A to + 1.9 A so that the probable uncertainty of

our measurements is 1:2 A. Subsequent sets of data treated

in the same manner show errors not exceeding:t.9 A. Al-

though the etalons were smaller for these sets of data, high~

er reflecting'power and particularly smaller wedges brought

about the increase in resolving power.

The probable numerical errors of the values of‘g

and‘g, as obtained by this method, with equal weights assumed

for each pair of values, may be shown to be8

i

an- .6745 [ m'Z/oz ]
 

(mLa)(m'£)\" - iris)

 

l

2,0”): 3:
ac . 06716 [(m'-2)(M‘Z>' ._ ZX'ZA) :]

where n' is the number of independent readings.
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Upon calculation for this set of data, they become

an .. 6.659 x 10".?

a0 n 15 A

When this is applied to the effective thickness, the probable

error 131:8 A. If two such calculations were made to deter-

mine the thickness of a step, one would be safe in assuming

the thickness of the step to be known to 25 A. This calculan

tion is cumbersome and its importance lies in an accurate de~

termination of the order number.

METHOD B. As mentioned before, the order number and separap

tion can be determined between any two of the linear equations

stead

(n+a))\.=2 d

whereug is any integer.

Solving between these for g

.. xx
d"%awwi

If there are six bands between >\ ’3 6300 it 1 A and Xe: 4500t1 A,

ass. 6 1'51 otl’bosnos
2 (150013)

with a maximum possible error of

.0159 ~ .208 - .1334 =- .17011:

Using the value forlg to determine the order number

nx as 2 d+)\- Egg-(£6491 = 19.22

with a maximum possible error of
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.1701 + .0159 . .188fi

This method although simple does not give the accuracy hoped

for. Its value lies in a rapid determination of the order

number to a reasonable error of .21».

METHOD 0. Consider two bands with the same order number,

having wavelengths measured on and off the step. Let 5 be

the thickness of the step.

nAon - all”n

nxoff = adoff

Subtracting the first from the second

n (Xoff -A°n) ‘ 2 (dOff "' don) . 2'

nAka 2s

The accuracy of this equation may be greatly improved by ap-

plying the order number as calculated by either of the methods

given above. The choice depends upon the percentage accuracy

of the knowledge of the shift in wavelength AA.

The data of a step of 260 A with a separation of

76,000 A with a 151» transmission top is as follows: (The

order number was calculated by the second method above).

Wavelength Wavelength Shift in

.Drdar_nnmhsr...nn_sian__ ..211_sisn_.;za:alaasih .21 .3

23.9299 N _ 6508.5 6530.5 22 526 263

24.9299 ' 6249.0 6270.0 21 52t 262

.9299 6008.0 6029.0 21 5st 272

2 .9299 5783.5 5803.0 19.5 525 262

27.9299 5578.5 5591-5 19 530 265

28.9299 5385.0 5403.0 18 zgz 261

29.9299 5207.0 5223.5 16.5 4 2n7

30.9299 038.0 5055.0 17 526 26

31.9299 877.5 4894.0 16.5 527 26
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The average value of _s_, the thickness of the step, is 262.0 A.

Since by comparison the error in AA is the only effective er.

ror, we may use the Gaussian Distribution Ourve to determine

the probable numerical error in 3. The expression for this is

tin fdev t n frm heme.8453 Wsinr

where _n' is nine, the number of independent readings. This

method is simple in calculation and yet very accurate. It

is interesting to point out that if we divide, 25 by the ap-

propriate order number to determine the values for A)“ the

greatest disagreement between measured and calculated values

is .9 A. This accuracy is obtained because the errors due

to drum calibration and calibration curve of the spectrometer

are negligible over the short range of A)“ In fact if the

spectrometer is in reasonable adjustment, a calibration curve

is not needed to determine the corrected wavelengths in that

for a small value of AA, the differences remain the same.

Although the above data indicates an accuracy

greater than we expected, no calculation by this method has

shown a probable error greater than 5 A. Slightly greater

accuracy can be obtained by weighting the determinations of

g by the corresponding value of A)“ This is effectively the

method of Least Squares with an assumed value for _n which is

more accurate.

METHOD D. The above method of calculation shows its physi--

cal significance if we consider any two orders just on and

off the step.
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Order Off On

number step step

X

h A

A} . A l

n+4 A3 A4

For these lines we can write

n x1: Zdon

(n + 1M3 = Edoff

(n + 1)), = econ

then between the first and last equation

nxa= (11 +' 1)>\4

which can be written

1 =.§ .

x1 x”, n+1

Multiplying by Es, we have

”a N “'1.

By subtraction between the first and last equation, we have

23 = n . 28

1

-M
 2:

NA
1

And likewise between the middle and last equation

éLgx-x

n+1 3 4

Substituting and simplifying, we have
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s Wm >‘ 2 Aa-oAq.

Now iii-3% is just the fraction shift of order n + 1 between

Xiand X4 when the step is removed. X1 is the effective wave-

length of the radiation and 2 is the usual factor for the

double distance light must travel. This indicates that just

as in Tclansky's1 work the fradticnal shift of the pattern

due to the step must be measured, but that in our case a wave-

length must be measured to determine the effective radiation.

The accuracy of this measurement does not rely on these meas—

urements, but on an accurate determination of the order number

and a measurement of the shift,[§)\. Further it has the ad-

vantage that many measurements may be made with comparative

ease and the thickness averaged between these.

It is readily seen that a Least Squares determinatiai

could be obtained from the series of equations nA), 3 2s,

(n + DA),| :3 2s, (n + 2)AX&; 2s .... The inaccuracy in

(3),is so large that the method is virtually useless.

ANALYSIS OF HEASUREMENT

The actual thickness of the step excluding the

wedge error has been measured to certainly less than 5 t.

The wedge error has been shown to be 5 A or less, so that

the actual error inthe measurement of the step does not ex-

ceed 10 A. With this accuracy, variations in the surfaces

of the optical plates become detectable. All of the errors

mentioned can be lowered, but with the proper equipment the
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last two can be virtually removed with no great loss in the

utility in the method of measurement.

From our observation, the accuracy of these measure—

ments in numerical error decreases very slowly for larger

steps. A 5000 A step then can be measured to virtually the

same accuracy as a 260 A step.

These measurements are average thicknesses over

very small areas of the etalon. The area may be approximated

from the dimensions of the spectrometer slit for we have at-

tempted to use parallel light in this experiment. The width

of the slit was .020 mm and the effective length should not

exceed .5 mm as all measurements were made at the tip of the

indicator in the field of view of the spectrometer.

If a wedge of 3000 A per inch is deliberately

placed upon the etalon, the pattern as formed in the spec-

trometer has a markedly lower resolving power when the axis

of the wedge is adjusted parallel to the length of the slit.

Over the .020 mm width of the slit this corresponds to a

change in separation of 23 A. Now this change is doubly of;

fective as the light must travel this distance twice so that

the resolving power corresponds to 12 A surface variations

in the surface of the Aluminum films. Because of the impera

fection of our source of parallel light, the effective width

of the slit at the surface of the etalon may be 100% in error.

However it is quite reasonable to claim that surface varia-

tions on the Aluminum films cannot exceed 25 A for films

1000 A or less in thickness.
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It has been found that surfaces in thick commer-

cial films of the same type show irregularities much greater

than this. Although the thickness of the coat may be a fac-

tor, more probably it is due to the method of deposition.

Even on aged films of 1000 A or less, surface irregularities

have been found which may indicate migration.

CONSIDERATION OF THE ASYHMETRIOAL PATTERN

The resolving power cf the reflection pattern has

been shown to be markedly greater than would be expected.

This is in part due to the asymmetrical pattern formed by

the etalon when observed in reflected light; an asymmetry

which has been easily detectable in monochromatic and white

light. Its production is not entirely due to the full re-

flecting lower surface since the asymmetry does not disap—

pear fcr a partially transmitting lower film.. For an ex—

planation of these facts, let us consider the drawing on

the following page. Though light was normally incident, it

is convenient to construct it unrefracted and at a large

angle.

It follows that if the second reflecting surface

were to transmit rays 1, 2, 3, #, ...., the intensities of

B', 0', D', E', .... will be correspondingly less. Hence

as the second surface becomes full reflecting, the intensi-

ties of B', 0', D', E', .... become correspondingly greater.

If the analogy to the grating is continued, the resolving

power in reflection becomes correspondingly greater. rur-
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ther, any alterations in the phase change due to higher re-

flecting surfaces will be the same for all rays and may be

considered part of the effective thickness of the etalon.

It appears then that the lower surface is not responsible

for the asymmetry noted in the reflection pattern.

The asymmetry must be explainable then as the re~

sult of conditions at the first surface. Theoretical coup

siderations by Stratton9 and Jenkins a Whitelo indicate that

for an integral order number, ray A; will not be in.phase

with rays B, 0, D, .... . The phase difference will be

shown to be dependent upon phase changes due to reflection

at the glass—Aluminum boundary, reflection at the air—Alumi-

num'bcundary, and changes in the order number I. With opti—

cal constants for A a 5893 taken from the International

Critical Tables, the phase changes upon reflection become

respectively 21° ”0' and 33° 50'. These are true only for

full reflecting films, but we will apply them as they ap-

proximate the phase changes for the more complex case of

transmitting films.

To relate the factors above to the phase differ-

enee'between rays A and B, let the phase of the incident

light be eidw for any frequency which allows rays 3, 0, D, ..

to interfere constructively. For clarity, let a, b' and b

indicate in radians an advance in phase reflection at the

glass-transmitting Aluminum, air-transmitting Aluminum and

air-Aluminum reflections. Then we can write for ray.A

afloat - a)
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If'n is the order number corresponding to the effective

thickness of the etalon, b and b' absorbed as part of the

thickness, we can write for ray B, since its angular dis—

tance in the etalon is b' less than 21Tn,

Bum; + b' - 21m)

Consecutive rays will then differ in angular distance by

the factor 21Tn. They can be written

e“not - l4-‘ITn + b')

61(L0t " 61TH + b') , etc.

If now the incident phase is taken as

Rays A, B, 0, .... have simplified phase conditions given by

gum - [a + ‘0‘!) )

91(wt ~ 211' n)

ei(c)t «'41Tn)

It follows then that the phase difference'between A and B

is 2Trn -‘(a + b'). Within the accuracy of our knowledge

of a and b', this phase difference remains independent of

wavelength. Since phase changes a and b' can be shown to be

of the same nature, they are addative.

The Vibration 0nrve11 method of determining the

intensity pattern formed by rays A, B, 0, D, ...., although

not adequate for this situation, does give insight into the

physical nature of the etalon. Its graphical solution of
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The problem allows one to watch the effect of the phase as

it determines the intenSity pattern.

Let the fractional amplitude coefficients of the

first surface be a.for reflection and v for transmission.

Similarly let v be the fractional reflection coefficient

for amplitude at the second surface. Assuming incident

light of unit amplitude, the amplitudes of rays A, B, 0,

D, .... then become a , c-v‘, ar‘v“, 431—3 wt, .... respective—

ly. Rays B, C, D, .... differ in amplitude by the factordv;

the only term of which we are free to change is a., the re-

flection coefficient of the first surface.

I Let us assume values for these coefficients which

may be suitable for a 50% reflecting top coating; .1 - .HS,

Y - .11-5, 0" as .90. These values, although appropriate on

the basis of amplitude considerations, are questionable when

the energies of A and A" are added and compared with the

incident energy. Conversely, when energy considerations

are employed to determine these amplitude coefficients, a

similar lack of agreement results for amplitude consideration.

Though the vibration method is not adequate to the problem, we

will continue because of the physical significance illus-

trated by this method. The amplitudes for the rays A, B, 0,

D, .... then become respectively .45, .1821, .0787, .0340,

.0147, .0063, .0027, .0012, .0005, .0002, .0001, .... .

Because of the symmetry in phase which exists be-

tween rays B, C, D, ...., we will evaluate the amplitude

for these separately and add their resultant vectorily to
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ray A, using ray B as a reference. To determine the amplitude

for fractional order numbers, we will use order numbers vary-

ing by steps of .1.

For n- 1 ...., rays B, 0, D, .... will be in phase

and the resultant amplitude is merely the sum of the individ-

ual amplitudes, or .3205. For n n 1.1 ...., the rays B, 0,

D, .... differ in phase by 3bO°-+—10, or 36°. Constructing

graphically to find the resultant amplitude

Scan: I “ SOC”
F

. ”)#}x\

. / E

REsULTau'r 3361‘} / "

/

93°
90.

B

 

The amplitude then is .2614 at a positive 210 20' with re—

spect to the direction of ray B.

For n = 1.2 etc., the rays B, C, D, .... differ

in phase by 72° and a similar construction gives .1882 at

25° 40' with B. Similarly

grderAnumber Resultantéamplitude Phase {11311.2
w

  

 

n = 1.4 .1338 11° 20!

n a 1.5 .1271 0°

11 = 1.6 .1338 ~11° 20'

n = 1.7 .1504 «20°

n 3 leg .1882 “250 “-0.

n - 1.9 .2614 «210 20'

n = 2.0 .3205 0°
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These indicate a symmetrical bright line pattern.

When the phase difference 21Tn — (a + b') between

A and B is used to determine the amplitude of A, B, C, D,

E, ...., we have

 

.dier numbgi Amplitude Intensit A litude 2

n = 1.0 .68 .472

n = lsl all e506

n I! 1.2 s ”'0 .410

n = 1.3 .517 .268

n ‘ lsq' e441 .195

n = 1.5 .382. .146

n — 1.6 e342 9117

n = 1;? .306 .094

n = 1.8 .293 .086

n = 1.9 .426 .182.

n I- 2.0 .687 .472

n ‘ 2e]- .7718 .506

n = 2.2 .640 .410

As can be seen the pattern repeats itself as we go to higher

orders. This is another condition for Which the vibration

curve breaks down, for the resolving'power was Observed to

increase with the order number.

If the values above are tabulated in a graph, the
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This intensity distribution agrees very well with the ob-

served pattern. The sharp change in.the pattern corresponp

ding to an order number of 1.92 is the characteristic point

from which all of our measurements were made and agrees

with the order numbers calculated earlier in the paper.

However the intensity pattern more closely resembles that

of 23% transmission coating. The discrepancy evidently

lies in our inability to assign appropriate values for the

amplitude coefficients. The presence of a black minimum,

even for a 13% transmission top coating, shows that the

effects taking place within the etalon are not as simple

as the Vibration Curve might indicate, for according to it,

the first reflection should mask the higher order reflec-

tions.

We have justified the higher resolving'power in

reflected light as caused by two effects, a larger number

of effective rays caused by a full reflecting lower surface,

and an asymmetrical pattern which presents extremely high

resolving power at the portion corresponding to .92 of an

order. The asymmetry has been shown due to the phase dif»

ference between rays A and B, C, D, .... . From the Vibra-

tion Curve, it follows that if A were in phase with B, C,

D, ...., a symmetrical bright line pattern would result;

if A were 180° out of phase, a symmetrical dark line pat-

tern would result; and at values between these, the pattern

becomes asymmetrical. It is difficult to see from the

first condition above how any pattern could exist if the
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surfaces of the etalon were perfect reflectors and trans-

mitters unless as a result of the finite width of the effec-

tive area of the slit and/or the interference within the

etalon, conditions are more analogous to a grating than we

suspect.
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