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ABSTRACT

Romig's millimicroh displacement transducer (1267)
is calibrated by a variable spacing Fabry-Perot inter-
ferometer, ‘this calibration permits absolute esrth-strain
measu;emants to an uncertainty of 1 percent.w

Ontical flats plane to A/50 are mounted on a svring
varallelogram, Thermal expansion of a steel tuve deforms

elogram, smoothly displacing one of the optical

[ad
o
v}
iy}
A}
=
jof]
.-—J
L-d

flats. The resulting inténsity of the 5016 X He line,
chservad thréugh a pinhole at the central zone of the
interference pattern, produces a sharp peak on a pen
racorder each time the plate moves a distance A/2. Thus
the displacement of the plate can be read directly from

the chart. A thecoretical analysis of the pcak width based

e

on the work of Chabbal (1958) agrees with the observed

unecectainty,
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Page Ho,.

34

53

LRRATA

T s A

In egs, 16, 17 and 18, Am is replaced by =—,
Thaerefore eqg, 19 should read

(19) Am = o h(Ag)?
and eqg., 21 should read

(21) pp = £(A,bm/h)

Ty
© H

rst l:ne, the quantity 3 mn (3x)07 A)
raplaced by 1% mm (3/2 x 107 O).

On the right side of eq, 22b, rerlace S (u-m) by
D (u-m)

On the sixth line of sec. c-2, sec., ¢-3 should
be replaced by sec, b-3

On the fourth, fifth and sixth lines, An is
replaced by %E. Therefore aq, 28a should read

(28a) ame 2h(49)2
(o)

and eq. 28b szihould read
. . ey
(28b) pp—f(AmlO/Zn)

On the ninth line, h = 3 mm is roplaced by

h = )3 mm, On the thirteenth 11n0, the quantity
1% mm is replaced by 3/4 mm,

In cg. 30, Am, sihculd be calculated using an air
gap of thickness 3/4 rmn instecad of 1% mm, ience
tie nalf width Am; should be calculated to be
less than 0,035 order.

On the twelfth line, the second sentence should
read, "rhe Dcovpler, Airy and Pinbole effects...
broadening." On thne 2lst line, rcplace the
gquaniity % nmm by % rmm. The orgquation on the last
line sheould then read

pp = 3.5 in, (5016 o g o1
~ 2x%x107
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Page Ho., Corrections
59 On the second line, replace Y mm by % mm, .

On the fifth line, replace the quantity 0,024
order by 0.0l order,

Lines 6 to 9 should be replaced by the follow-
ing phrase, "which is less than the half widths
of ecach of the Surface Defect Functions so that
the gsurface defects now constitute a larger
sourca of broadening than that of the Doppler
effect and the Pinhole effect,"

On tne eleventh line, the guantity 1) mm is
replaced by 3/4 nm,

On the nineteenth line, the quantity % mm is
replaced by % 1m,



ERRATA

Page No. Corrections
37 On the right side of eqe 22b, replace S(ue~m) by
D(u-m).
LL On the sixth line of sece. c=2 replace the words

SeCe C=3 by the words sece b=3.

45 In figures 11, 12, and 13 the scale of the x-axis
L6 is incorrect. The order numbers 0.01 and 0.02 nmust
Ln be replaced by the numbers 04,05 and 0470 respectivelye
50 The corrections to be applied to Fig 15 are exace

tly the same as those applied to Figs 11, 12, and

13 (see corrections for pages 45, 46, and 47).

o

53 On line 14 replace the eguation b=0,05 4 by the

equation b= 0,04
Delete lines 15 to 18 (including eq 30) and re-
place bty the following:
"The Doppler width Am in fractions of an ore
der number is derived from ege 11

(30) Mo =2 kAA o
Ao
For b=0.,04 \ the Doppler width is calculated
to be about 0.05 order."
Please note that because the incorrect Dovppler
half width (b = 0,07 order) is used to defirne the
Source function 3(m) in the text of the thesis,

further corrections involving S(n) are negessitated
(see corrections for pages 5S4 to 5d).
54 On line 10 replace b = 0,07 order by b = 0405 order.
54 Delete the second paragravh in section c-=4 and rew
56 place it by the following paragraph:
"The computed Instrumental Function W(m) is
shown in fig 55 compared witn tae functious
A(m)*F(n) and A(m)e It is observed that the
contours of A{m)*F{m) and W{m) are identinal
at the peake. Thus the Airy and PFinhole eilscis
constitute the main sources of peak Lroad eninf.
By using a smaller pinhole and a smaller air

gap hy the broadening may be diminiszied to

such an extent that the Airy width will domi-
nate the peak brecadeningi then use of higner
reflection coefficients will reduce the Jiry

the Surface Defect functions
t

reak width so trat
becone the limiting facters in peak broadening.!

5}

55 The functicn A{m)*S(r) in Tig
16 must be replaced by I L
function A(m)*S{u)e

"

rooa
o i
93 Nf

o

’,.u [41]

incorrect. Fi
z the correct
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171

Corrections

Because S(m) as calculated in the text is incor-
rect, Fig 17 should be deleted (including all -
references to Fig, 17)e

Fig 18 must be replaced by Fig 55 which shows
W(m) as caleculated using the corrected function
S(m).

On line 2 insert the following sentences after

the sentence ending with "0.004 order.':
"gSince water vapor constitutes less than two
percent of the atmosphere by volume, then
under laboratory conditions in the Denver
area, the index of refraction will be decreased
by an amount less than 10-0 from that of dry
aire If trhe humidity change does not cause the
water-vapor content to exceed the two-nercent
figure, the corresponding refractive index
change will be less than 40=0 causing the
peak to shift by 0.006 orders!

In sec b=2, the last sentence which reads, "Thus

the order Change e o o « o « o ¢ o« ¢ ¢ o & o o

e o o « o« o wWill not be considerably affecteds",

should be deleted.

On line 21 replace the figure 0,002 by the figure
0,001 so that the sentence reads, "Examination

of each of the resultant DPeaks o e e o o o o o

e o« o o« « o Of the peak is about 0.001 ordera"

At the end of sec b=3 add the following paragraphs
"Since the peak width is less than 0.03 order,

the broadening due to transmission of extraneous
lines is negligibles, On the other hand the gpeak
shift of 0.001 order is not negligible pecause it
must be added to the peak shift caused by reirac=
tive~index changes. Thus for a scan of 15 orders,
the total error contributed by the peak width
(0,002 order) and the peak shift (0.011 order)

is 06013 order so that the relative uncertainty
calculated by the least=square method still holdsl."

On line 7 renlace the phrase,''merge above the nag-
nitude at one half the peak", by the phrase, 'merge
at about Oll of the peak magnitude.'

Replace Fig 51 by Fig 56
Delete the entire paragraph beginning with the

phrase, "Another important result « e o e o o ¢
and replace it by the following paragraph:

1"
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Corrections

"Another important result to come out of the
error analysis (Che V, sec b=2 and sec b-3)
is that the peak shift contributed the lar-
gest error for the specific interferometer
useds, Refractive=index variations caused

by pressure, temperature, and humidity chan-
ges accounted for the largest portion of the
peak shifte If the interferometer is overated
at a constant temperature (20°9C for instance)
so that water vapor constitutes less than

wo percent of the air by volume, then the
most serious source of error, humidity chan-
ges, can be kent within acceptable bounds,.
For more accurate calibrations the nresent
interferometrer can be made less sensitve to
the index~of«refraction changes by decreas-
ing the plate spacing.’
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ADDITIONAL COMMENTS

lMost of the conclusions stated in sec, c¢-4 of ch, II
were based on the use of an air gap of thickness 1% mm,
iiowever, due to an error of a factor of % in the calculation
of the pinhole diameter and in the half width of the Pin-
hole Function (see Errata, p. 49 and p. 53), the half widtn
of the Source Function is one half of that calculated in
the text (see eq. 30 on p. 53). Hence, the interferomete}
is not as sensitive to the temperature at the source as was

reviously demonstrated. In ch. V, sec. C, the recorded

i)
e

and the theoretical fringes are compared., The theoretical
frince W(m) was computed from data based on the Scurce
Function having a half width of 0,07 order, Illovever, as
shown in the section on Errata, the Source Function has a
half width of less than 0,035 order so that the theoretical
fringe plottgd in fig. 51 is narrower than that of the
recoxded fringe., One may then conclude that there may be
other anpreciable sources of broadening in the interferome-

ter, yet to be accounted for,

Maxrch 4, 1968
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Y. INTRODUCTION

‘Until recently quantitative studies of earth strains
have been handicapped by the lack of a sufficiently accurate
method for calibrating the transducer of the strainmeter.‘
This thesis will describe a continuously recording inter=-
ferometer that has calibrated the transducer to one part in

one hundred.,

A, The Strainmeter and Its Calibration

The continuous observation of rock strain over long
periods of time has taken on importance in the study of
earth tides, long period waves from seismic disturbances,
and earthquake prediction, A strainmeter that measures
earth strain was first successfully built in 1935 by Benioff
(1959), In recent years interest in this instrument has
been renewed with its installation in a deep mine in
Ogdensburg, N, J, (Major and others, 1964). Since 1964

several of these strainmeters have been installed and
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operated iﬁ California and the Denver area by the Colorado
Schcol of Mines (CSM),

The strainmeters used by CSM consist of a horizontal
length standard, built of quartz tubing, which extends over
a distance of lCO ft. One end of the guartz tube is buried
in a cement cap that is attached to bedrcck., On the free
end of the quartz tube is mounted a single capacitor plate
placed between a pair of parallel capacitor plates of a
transducer bolted to a cement pier, Any expansion or con-
traction of the rock in the 100~ft distance which the
strainmeter spans will move the central capacitor plate
relative to the ocuter capacitor plates, This novement un-
balances a capacitance bridge and generates a signal voltage
that is read out on a continuously running pen rvecorder,

leasurement of earth strain by the extensometer reguires
the measurement of two (uantities: (1) Measurement of the
strainmeter span with a steel tape to about a l~percent
accuracy, (2) Measurement of the displacement of the central
capacitor plate relative to the outer capacitor plates of
the transducer, Because the accuracy of the strain measure-
ment is limited by the l-percent measurement of the cuartz
tube length betwsen two points on the ground, it is desir-
able to know the relative movement of the central nlate to

1 percent also. The calibration is achieved by displacing
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the transducer capacitor plates a predetermined distance and
observing the corresponding output.

Two methods have been used to calibrate the strainmeter
transducer in installations run by CSM, The earlier cf the
two calibrations was performed by displacing the quartz
tube with a micrometer screw and observing the movement with
a microscope containing a micrometer eyepiece, 7This method
has several drawbacks. For example the smallest movements
that could be observed were about %u; and to cobtain a
reascnably small relative uncertainty, movements from 6 to
10y had to be produced., Two things were wrong with the fore-
going methoed, First such movements went beyond the linear
range of the instrument, and second they were 6 to 10 times
the expected measurement range of the strainmeter, The

presence of an operator next to the transducer caused dis-

o

placements in the transducer due to thermal disturbances
and strain and tilting of the cement pier., Neverthaeless
15~percent calibrations were achieved, and it was determined
that strains of about %u in 100 ft were associated with the
earth tide,

The second method now used at CSM provides a bhetter
calibration of tha strainmgter. In this method the conven-
ticnal transducer is replaced by a device that uses a

o4

O30 ) I:'e 17"19)

N

differential screw (Ilansing Pessarch Corp., 19



and a parallelogram (discussed in more detail in ch., III),
This unit (Ronig, 1967) provides a small "known" mcvement
for the strainmeter and is read out on the transducer record-
ing system as a voltage change, The screw is nominally
rated by the manufacturer to produce a linear displacement
of 250y in., per revolution, The movement transmitted to the
transducer capacitor plates is 1/10 of the movement produced
by the screw at the driven end of the parallelcgram. Remote
operation of the screw, through a motor and a worm gear,
causes the capacitor plates to rove with a velocity of abéut
g% in, per min, Figure 1 is a drawing of this transducer.
This transducer has proven to be precige, but its
accuracy is not known. For example, as the transducer
plates are displaced, the load exerted by the hinged par-
allelogram on the screw increases so that the displacement
of the plates way not be a linear function of the screw dis-
placemant, One may also question the ability of the
parallelogram to transmit 1/10 the motion of .the screw to

the capacitor plates, Consequently it is desirable to

[

determine the movement of the plates in terms of a funda-

mental length standard,

B, The Wavelength of Tight a

s L RS pes N K AT e g e

s a Length Standard

A o PN L RV T AT AL U LG

One methed of calibrating displacement measuring instru-

ments 1s to provide a known controlled movement with a
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device that has already been calibrated. A second method
utilizes a length standard to measure an unknown input dis-
placement directly,

The strainmeter transducer is an example of the first
approach where a "known" controlled movement is used to
calibrate the strainmeter, Because it is easily built and
relatively inexpensive, the strainmeter transducer is being
used at all sites operated by CSM, This paper describes the
second method, the use of a length standard, the wavelength
of light, to wmeasure the unknown displacement directly,

In 1960 the International Conference on Weights and

Measures adopted the resolution that the meter is to be defined

as equal to 1,650,763,73 wavelengths of the orange red
line of Krgg (Francon, 1966, p. 270). The previous defini-

tion of the meter, the diétance between two inscribed lines
on é platinum iridium bar kept in the archives in Sevres
France, became obsolete because of the advantages inhcrent
in the measurement of the wavelength of light, Accuracy in
wavelength measurements has veached one part in 108 (Wildhack
and others, 1965, p, 130, 131) (the unknown line is measured
by comparing it with the standard orange red line of Kr86).
Iength can be measured with the wavelength standard with an
accuracy of féur parts in 107 (wildhack and others, 1965,

ps 6, 7), and the precision in this reasurement is 50 times
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ﬁetter than the precision in measuring the meter between two
inscribed lines (Francon, 1966, p. 270). Furthermore the
wavelength of light is indestructable; and finally, the
access tec light-wave standards is easier than access to the
primary platinum iridium standard, only one of which exists,

Neot all spectral lines can be used as length standards,
In recent years three specific wavelengths have been con-
sidered as possibilities in defining the meter, These are
the red line of Cd, the green line of Hgjggsas well as the
orange red line of Krges To be selected as a length
standard, the line must be a single, isolated line which is
narrow and sufficiently intense.

Many lines are excluded because they exhibit compléx
strucoure due to the presence of several isotopes of the
same element, Furthermore wavelengths emitted from sources
consisting of a single isctope having an odd mass are
excluded because of their hyperfine structure,

Cnce the condition that the source be a single isotope
of even mass 1ls satisfied, additional experimental condi-
tions must be met to reduce line broadening due to the

Doppler and pressure effects, These conditions require a

Hh

light sourxce containing gases o

[te}

large atomic mass at low
temperatures and low vapor pressures, An exanple of such a

light source is the Krae lamp described by Englehard
2
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(1957, p, 19). The lamp is operated at the

triple point of nitrogen (120°K and a few hundredths of a
torr of pressure). Under these conditions the wavelength
scale has an uncertainty of less than one part in 108 at
any point on the scale, To display the wavelength scale,
the Febry-Perot interferometer is used because of its high

resolving power (Meissner, 1941, p. 405).

C. "hoice of the Fabry-Perot Interferometer

The logical choice of an instrument to calibrate the
strainmeter transducer is the Fabry-Perot interferomcter
because it will produce sharp narreow fringes required for
accurate length measurements,

The interferometer consists of two gléss plates that are
partialiy silvered and set parallel to each other, Figure 2
is a schematic diagram of the interferometer, In its opera-
tion monochrematic light from a source S illuminates the
optical system so that the light rays will be propagated
thf@ugh the system normal to the optical flats Fy and F,.

A pinhole is placed at the focal point of the first lens

Ll so that all rays passing through the pinhole are bent by
the lens, perpendicular to the flats. When the light enters
the gap between the flats, the rays will be multiply

reflected between the silvered faces and partially
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transmitted to the second lens IL,, which focuses the light
onto the photocell D. (Although the rays are normal to the
plates, they are shown in fig. 2 to be inclined at an angle
to the normal of the flats in order to demonstrate the mul-

tiple reflection of these rays between the flats,) The

10

interference between many beams produces sharper fringes than

two-beam interference, as will be shown in ch., II, sec., b=-2,

When the spacing is exactly equal to an integral number of
half wavelengths, the rays emerging from the flats will

interfere constructively so that the intensity measured by

the photocell will be a nraximum, If one of the flats is

displaced several half wavelengths, a sequence of preaks will

o

e recorded, A scan through each peak represents a half

wavaelength (A/2) of movement,

With the extreme accuracies inherent in length measurce-

menkts through interferometry, it is not surprising to £ind
that this tool has attracted the attention of seaveral
investigators, Blayne and Gillman (1965) adapted a Fabry-
Parot interférometer to measure the position of the guartz
iube of the strainmeter with respect to the ground. They
then anplied these measurements to the calibration of a
conventional strainmeter transducer, A laser source was
used in conjunction with a multiple beam interferometer to

sample earth strains at distances of ten meters (Vali and
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others, 1965). Finally a third author (Kane, 1966) proposed

the use of fiber optics and interferometry for the measure-
ment of earth strain., One of the chief advantages here is
“the low cost of building such & strainmeter,

In the above interferometric applications, the inter-

ferometers were employed directly in the measurement of

earth strain, Because the screw operated strainmeter trans-

11

ducer 1is the secondary calibration device for the CSM strain-

meteors, the interferometer described here is operated at a
scparate installation as the primary calibration device,

Until recent years Fabryv-Perot interferometaers (called

etzlons) have been almost exclusively constructed with fixed

spacers separating the Fabry-Perot plates, Few mechanical
scanning interferomaeterxs had been built bhecause of the dif-
ficulty of producing accurate parallel motion of the plates
(Born and Wolf, 1965, p, 330), Nevertheless the movable
Fabry-Perot interferometer presents certain advantages in
its application as a length transducer, It allows one to
avoid the conventional photographic technique which employs
the method of exact fractions (Candler, 1951, p. 217-220)
for calculating the plate separation, This method is both
cunbersome and tediocus to use, On the other hand the var-
iable spacing interferometer permits one to read the dis-

placament of the plate directly fvom the chart because a
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scan through a recorded peak represents 1/2 movement of the
plate,

In recent years several articles have appeared describ-
ing mechanical scanning interferometers. For example Slater
and others (1965) describe a rugged magnetcstrictive
scanning Fabry-Perot interferometer to be used in space
research, and Bruce (1966) describes a feedback system used
to maintain the plates parallel as they are displaced, One
of the earliest designs that solved this parallelism problem
was that of Kline (1952), Indeed Kline's interferometer ﬂas
already been adapted by Bottom (1964) in the measurement of
strain, Kline's basic design has now been applied in the
construction of the Fabry-Perot interferometer which is used
to calibrate the strainmeter transducer. In the remaining
porticn of this thesis, the theory and construction of the
interferometer and its application as a primary calibration

device for strainmeters will be described,

12
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IT. THEORY OF THE FABRY-PEROT INTERFEROMETER

In this chapter the theoretical laws describing the
cparation of the "ideal"” Fabry=Perot interferometer are
developed, From these laws are deduced three advantages
that this instrument offers as a displacement transducer.
They are:s

(1) The Fabry-Perot interferometer records sharp narrow
peaks when illuminated with monochronatic light,

(2) The relationship between the position of the recorded
veaks and a displacement of one of the interferomecter
plates is linear,

{3) A photocell can be used to monitor the intensity change,
In the final portion cf this chapter the conditions

under which the "real" Fabry-Perot interferometer operates

are examined, and an analysis of the resulting uncextainties
is made. The accuracy of the interferometer absclute length

scale is calculated, and suggestions are offered on how to

reduce the calculated uncertainties if a greater accuracy

o}

13
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than is now available in the present instrument is required.

A, Intensity Distribution of the

Transmitted Interference Pattern

The Airy Formula describing the transmitted intensity
distribution through two parallel plates is derived in most _
texts on optics (Rossi, 1957, sec, 3-10). Nevertheless the
standard development of the Airy Formnula is reproduced below
in order to present to the reader a handy means for future

reference,

a-1l, Development of the Airy Formula

In the rigorous theory describing the interference
phencmena observed with parallel plates, the incident radia-

tion 1is represented by the real part of the complex qguantity

(1a) E = EB© i(wt-y)

where E is the incident electric field vector (E is identif
fied as the light vector) (Rossi, 1957, p. 378).

Eg is the amplitude of the incident ray,4

w is the angular frequency in radians/sec,
t is the time in sec,

&, is the unit vector defining the direction of the electric
field which is always normal to the direction along which
the light disturbance is propagated.

Y is the phase angle where y = 3§2L + § and Ao is wavelength

o
in vacuo of the incident radiation. n is the refractive

index of the medium through which the light travels. The
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quantity 1 is the geometric path over which the ray
travels, and the guantity ny is known as the optical
path s. § is an arbitrary phase angle.,
The vector property of E is not essential to the devel-
opment of the Airy Formula. As is the practice in most
optic texts, the unit vector E; will be dropped with the
understanding that the resulting expression is still a vector

perpendicular to the direction of the light beam, One thus

has
i(wt-y)
€

(1b) E = E0

To begin, a single ray described by eq. 1lb is allowed
to fall on two parallel plates that are assumed to be
identical in their optical properties (see Fig. 3). The
material separating the plates has a refractive index n
which is assumed to be constant in the initial development,
Furthermore the material composing the plates is assumed to
have a greater refractive index than that of the medium
between the plates, Assume the plates are of infinite
extent with the spacing h, In the final simplifying assump-
tions, absorption of the incident enerqgy is considered
negligible, and the first ray incident on the second plate
in Fig. 3 is allowed to have an arbitrary phase angle § of
Zeroc,

The resulting amplitudes of the rays emercing from the

parallel plates are first considered., If t is the fraction
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Second
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Figure 3. HMultiple Reflection and Transmission of Light

Rays Through Two Parallel Plates.

Figure 4. The Path of the Intexrfering Rays in the
rabry~-Perot Interferometer,

16
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of the incident amplitude transmitted through either plate,
and r is the fraction of the amplitude in the gap reflected
at either plate, the resulting amplitude of the rays

emaerging from the plates takes the form

2 .
. rz(K 1)E

2 2 2 2y
TEO' TrEO, TrEO’ TR o

One notes from fig., 3 that a ray incident at the
second plate in the gap will be divided into two parts, one
transmitted directly through the second plate and one twice
reflected between the plates, The latter ray is subsequently
transmitted partially by the second plate into the surround-
ing medium, where it interacts with the first transmitted ray,
A phase change results as a consequence of the additional
ortical path that the reflected ray must traverse before it is
superimpcsed on the first ray. Also, due to the reflecticn,
a phase change of 7 will be imposed on the electric field
vector at each plate, but the resultant phase change 2n for
the double reflection adds nothing to the total phase angle.

Thus each emerging ray will have its phase increased

from that of the previous ray by the amount ¥ = %ﬂs. Conse-

o
quently the light beam leaving the parallel plates can be

represented as being compesed of an infinite number of liaght
vectors

(2) E_1letwt

i (Wt , Qe i{wt- (K=1)4¢
5 i(wt-P) PJOTzrz(z\ l)gt{m ( Yyl

2 2
) EOT r g e eoe



T 1164 18

When the Principle of Superposition is applied, the

total amplitude transmitted is
. L] .
2 ' -
(3) E =T Eoel”t 5 (rzE*lw)K 1
K=1
Ecd. 3 is a geometric series, and since r<l, the result is

4 E =
“ 1-rlg-i9

The resulting intensity distribution is computed by multiply-
ing eq. 4 by its conjugate E¥*,

b 2
T F
EeE* = 2

1-2r?cosu+ (r?)?

2 I
- T 2 ' (o)
r= {1~ r} 4r? 2
r 1425 .sin® ¥
(I-12)2

Because the intensity is directly proportional to the

amplitude squared, I, and I, which are the intensities

O

ohserved to enter and leave the parallel plates, are each

2 and EeE*=E2,

respectively proportional to the quantities Eo
Similarly t? is the fraction of the incident intensity

transmitted through each plate and is called the transmission
coefficient T, Analogously r2 is called the reflection coef-

ficient R, Hence the expression for the intensity distribu-~

tion becomes

(l”"R) 2 1+_E,.;1,:B}v{r)m* Sin2 3‘!‘)‘
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where
. 2m s
XS

In the absence of absorption, one has from the Conser=-
vation of Energy Principle
R+ T =1

whence eq. 5 transforms into the Airy Formula

I
(6a) I = Z
R . 21
e 4
(172 Sin %

In the final step of the derivation, the phase angle
Y is computed, and the intensity distribution I is shown to
depend on the plate spacing h,

In fig. 4 one constructs the wavefronts AA' and BB',
which represent the phase condition of the light disturbance
at the time instants t and t', when rays AB and CA'B just
leave the gap and enter the second plate at points A and B!
respectively. In the time At=t~t' required for the dis-
turbance to travel from positions AA' to BB', the reflected
ray must traverse the geometric distance,

1 = AC + CA!

To compute the distance 1 a perpendicular is constructed
from the plate surface AB' at A so that it meets the line
B'A' at D, If ¢ is the reflecting angle, then the angle

ADB' = ¢, From the geometry of fig. 3 AC = CD whence 1

19
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becomes:
1 = CD + A'C
1 = 2h Cos¢’
The optical path difference is then
(6Db) s = 2nh Cosd
so that the phase angle becomes
(6c) P o= %E nh Cos¢
o
With eqg, 6c¢ the derivation of the Airy Formula is now
completed, and it is noted that I is indeed dependent on h,
The observation is also made that,when ¢ = 2mm (m = integer),

the intensity transmitted will be a maximum and equal to the

incident intensity I,

If high reflection coatings are used at the plate

surfaces, the interferometer will record sharp narrow peaks,

as will be demonstrated in section b-~2., High reflectivities

are produced inexpensively by coating the plates with metal
films. With these coatings two of the suppositions used to
derive the Airy Formula no longer hold, Section a-~2 con-
siders how fhe Airy Formula is to be modified when metal

films are used,

a-2, Corrections Apnlied to the Airy Fornula

Metal coatings used as reflecting surfaces introduce

two conditions not previously considered, First the phase



T 1164 21

change due to reflection is not exactly w, and second, an
appreciable portion of the incident intensity will be
absorbed by the film,

A phase change w + o/2 is produced at each reflec-
tion, and the phase change is found to depend on the angle
of reflection and the wavelength, The correction to be
applied enters into the phase angle (eq. 6c) which then

becomes

(7) Y o= AT oh Cos¢ +a = Y+a

N ‘

Because the interferometer is to be used with mono-
chromatic radiation incident normally on the parallel plates,
the phase angle @ will only serve to shift the position of
the fringes by a constant amount changing the effective
spacing h between the plates, As a displacement transducer,
the interxferometer measures differences between consecutive
positions of the plates, and therefore no error will be pro-
duced because of the phase shift,

The correction applied to eq. 5 when absorption is con-
sidered is obtainad from the Conservation of Energy Principal
where

R4+ T+ A = 1
and A is the fraction of the intensity absorbed by the film

so that eq. 5 becomes
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I
(8) I = (1 = A )2 Q
1-R '
1 4+ 2R = Sin? v
(1-R) 2

Equation 8, a modified form of eq, 6a, shows that the effect
of absorption is to reduce the transmitted intensity by the
factor {1~ %fﬁ)z . This makes the position of the peak more
difficult to locate but does not change the position of the
peak,

The corrections described by egs, 7 and 8 will not
affect the form of the intensity contour and consequently
eq, 6a will continue to be used to describe the interferometer

as a displacement transducer,

a=3, Fringe Geometry

It is noted in eq, 6a that the phase angle YV, eq. 6¢c,
determines the intensity distribution of the transmitted
interference pattern, If the interplate spacing h is held
constant and the interferometer is illuminated with mono-
chromatic light of single wavelength A,, the angle of
inclination ¢ will determine the zones of equal intensity
(fringes) ., Eguation 6a does not specify any particular
geconetric configuration under which these zones of equal
intensity will form. ITnstead the geometry of the fringes
depend on the auxiliary lens system which is symmetric about
the principal axis of the optical system, Thus the inter-

ference pattern will be projected as a set of concentric
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rings whose centers, occurring at ¢ = 0, lie at the inter=-
section of the principal axis with the image plane, The
geometry of the transmitted interference pattern is illus-
‘trated in Fig. 5. The radii p of these rings can be
determined by tﬁe equation p = fTan$ derived from the

geometry of Fig., 5 where f£f is the focal length of the lens,

B, The Fabry-Perot Interferometer

as a Displacement Transducer

By changing the phase angle ¢ in the Airy Formula,
the intensity I may be varied., Since ¥ contains the para-

meter h, which specifies the position of the plates, it is

23

ocbvious, then, that to design a displacement transducer, one

must vary I (and thus Y) while maintaining all other para-
meters in ¢, i.e. Aot
theoretical study is made of the form that the intensity
distribution will take when only h is varied., From this
study the benefits in usihg the interferometer to measure

displacements are discussed, and the accuracy of these

measurenents is computed,

¢, and n, constant, In this section a

b=1, Linearity of the Interferomecter Length-Measuring Scale

e e e

The Fabry--Perot interferometer provides a length-

measuring scale that is linearly related to the spacing of
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the interferometer plates as can be seen if one examines

eq. 6c, which is restated for convenience,

(6c) Vo= é.;m nhCosé

(@)

By the use of monochromatic light and by restriction of
the field of view to a small spot on the interference pattern,
the quantities A, and ¢ can be kept constant., It is also
assumed that the refractive index, n, of the medium between
the plates does not change., Hence it follows that the phase
angle ¥ will then be a linear function of the interplate
separation h, From section a-1 it was noted that fringes of
maximum intensity will be produced when complete reinforce-
ment of the superimposed rays occurs. This conditicn takes

place when (in eq, 6a)-

(9) Y = 2mrm (m = integer)
Substitution of eq. 9 into eq. 6c yields the result

(10) mAO= 2nhCosd
where the quantity m, called the order number, is directly
proportional to h., Equation 10 is the basic operating
equation of the Fabry-Perot intérferometer. It describes
the condition when two consecutive rays, emerging from

parallel plates, will interfere constructively if the optical

path difference between the rays'equals an integral multiple
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of wavelengths,

The physical interpretation of eq, 10 may be further
simplified by making the medium between the plates air
(n = 1,000) and monitoring the intensity change at the
central zone of the interference pattern where ¢ = 0, Hence
eq. 10 becomes

(11) h == .I.;«?“.O

Now if the thickness of the gap is an integral multiple
of half wavelengths, the peak intensity will be transmitted
at the central zone, Thus the oxrder number m can be used to
define the wavelength scale provided by the intexrferometer,
e, when the separation distance of the plates is increased
or decreased by a half wavelength, the order number will

change to m+l or m~-l respectively., The uncertainty in this

193]

cale is due to the finite width of the recorded peak, To
minimize the undertainty the peaks are made as narrow as.

feasible,

b-2. Production of Sharp Narrow Peaks - Half Width and

Peak Width

In sec, b=l it was remarked that a broadening of the
recorded peak would reduce the accuracy of the wavelength
scale, It is-in this situaticn that the Fabry-Perot inter-

ferometer displays its overwhelming advantage because it is
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able to provide a wavelength scale exhibiting.fringes having
sharp peaks. To realize this advantage eq. 6 will be
examined with respect to the fringe width as a function of
the intensity distribution,

The parameter used commonly to specify narrowness of
the fringes is the half width, b, It is defined as the width
of the fringe calculated’between points on its contour where
the intensity 1is one half the peak intensity (see fig, 6 where
the Airy intensity distribution, eq. 6a, is plotted against
the order number m),

It is more useful to express the half width in units
of order number rather than radians, First a general expres=-
sion for the fringe width at any intensity I will be derived.
If Am represents the fringe width in fractions of an order
number between two points on the fringe contour at intensity

-

I , the phase angle at which the intensity T occurs is
Y o= 27 (m E )

Putting the quantity 4R/(1-R)? equal to F (the reflection

finesse) eq. 6a is rewritten

I = To

A mATCSe BT M

1 + F Sin?

¥
2

Solving for ¥ and then Am one has
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I e

$ = 2 sin”! {2}

s I.-I -

(13a) Am = 2 sin™' {22}y
U F I

when I = %I, the half width, b, is
(13b) b = 2 sin"! L = 2 gip-t 128
m v T 2 R

If one now allows R to approach unity, b becomes

smaller, indicating a narrowing of the fringe., Another

use=-

29.

ful result occurs when high reflection coefficients are used,

The "background" (the récording level between peaks) dinin-

ishes rapidly as the reflection coefficient approaches one.

When using metal films to obtain high reflectivities,

one must also consider the loss of transmitted intensity

to absorption. In addition monochromatic light is usual

due

ly

obtained by filtering the input radiation, This filtering

further reduces the available intensity., It is found that

R = 0.8 will be about the highest reflection coefficient

available in metal films which give large enouch transmission

coefficients (T = 0.1) (oral communication with J, V, K1

ine,

1967, CSM) to yield an observable interference pattern by

photoelectric means,

To calculate the half width at R = 0.8, one has from

eq. 13b,F = 80, whence
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and finally

b = 0,071 order

In this paper a new quantity is introduced called the
peak width, It is designed to describe the increase in
uncertainty in locating the point of maximum intensity when
the fringe is broadened near its peak, The peak width p is
defined as the width calculated between points on the fringe
contour where the intensity equals 0.98I, (see fig., 6).

Therefore from eq. 1l3a

-1 0,141
Pl

(14) p = 2 sin
s

for R = 0,8, F = 80, the peak width is

p= 0,011 order
With a peak width of about 1/100 ordér, it is seen that
about a l-percent uncertainty will exist between consecutive
divisions of the wavelength scale. This is the limit of the
accuracy to be expected for the ideal Fabry—-Perot interfero-

meter when a coefficient of 0.8 is used.

b-3, Detection of the Intensity at the Central Zone

Since the central zone at ¢ = 0 appears as a spot
rather than a ring and since such an integral order contains

about the same energy regardless of the angle ¢, (Jaquinot,
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1954) the central zone will be the most convenient place on
the interxference pattern from which the intensity change
due to a movewment of one of the plates may be monitored by
a photocell, Also at the central zone, the factor cos ¢ in
eq., 10 is unity, If in addition the medium between the

plates is air, a displacement of one of the plates will be

31

read out directly as a sequence of recorded peaks, where each

represents a half wavelength of movement, Finally the central

zone is conveniently isolated by centering a pinhole on the

.

optical axis so that only radiation normal to the Fabry-Perot

plates will be passed to the photocell,

b-~4, Design of the Pinhole

When an optimwa pinhole diameter is chosen, cerxrtain
conflictiné conditions must be resolved, It is desirable
that the diameter sheculd be small to limit the rang=2 of ¢,
and yet if it is too small, the intensity transmitted
through the hole will be reduced, The correct sized pinhole
will transmit maximum intensity provided by an integral
order at thé cantral zone, However any larger pinhole will
bedome disadvantageous bacause the transmitted line will he
broadened without an increase in the peak intensity.

Of the first two conditions the lower limit on the

d

e

ameter can be determined experimentally when the intensity

tranzmitted through the pinhole is just detected by the
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photocell, ©On the other hand in determining the upper limit
on the diameter, one must consider the finite angular width
20¢ subtended by the pinhole where the order change monitored
by the photocell will be a function of A¢ as well as the
displacenent Ah of one of the interferometer plates., Conse-
quently the upper limit on the size of the pinhole will be
ascertained when radiation is just barely transmitted at its
cuter rim as the order number at ¢ = 0 gces beyond an
integer, Figure 7 illustrates transmission of radiation
through the pinhole when plates are allowed to scan throuéh
1/2 order alternately transmitting maximum and then minimum
intensity.,

In the third condition the Doppler effect causes the
light source to emit radiation having a fiinite bandwidth Ac
(g = 1/2). There%ore in addition to the angular width sub-
tended by the central aperture, one must also account for any
broadening of the fringe due to the presence of other com-
ponent lines having wave number o different from that of the
presumned radiétion 9, by an amount Ag,

In the development below the conditions of a finite
range of ¢ subtended by the pinhole and radiation of a finite
bandwidth Ac transmitted through the pinhole are used to
calculate the optimum pinhole diameter,

At the center where ¢ = 0 one has from eq., 10
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(15) m = 2hoo
At the outer rim of the pinhole the resulting order

due to variations A¢ and Ao is

XS
(16) n-4m = 2h(00+AG)(l~ —~

where A¢ is small., Subtracting eq. 15 from eq. 16
(17) Am = h{c p¢’~240}
From eq, 15
(18) Am = 2hAc
Equation 17 then becomes upon substitution of eg, 18
(19) Am = %o_hs¢”
From Fig, 5 the diameter of the pinhole may be determined in
terms of the focal léngth, f, and the pinhole radius pp

(20) p_ = fAd

p
Then solving for A¢ and hence pp one has

(21) = £ (2A Am/p)

Pp
To specify the order change to be transmitted by the
pinhole, Am is arbitrarily chosen such that, when the central
portion of the aperture transmits peak intensity, the outer
rim will transmit 1/10 peak intensity. Thus one has by

eqg, 13a

Am = 2 sin”l@_gg%

Am 0.2 order

1
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If one assumes a plate separation of 3mm (3 x 10°
o
wavelength AO of 50616A, and a focal length £ = 3,5 in.,

radius of the pinhole is

2 x 5016 x 0,2 %
( x 0.2
3 x 10

n

Pp 3.5 in,

pp = ,020 in,

In the following section, the broadening effects

the transmitted peaks introduced by the pinhole of 0,87~

diam, will be examined, It will be shown that these i
ening affects, although increasing the uncertainty in
determining the least count of the wavelength scale, wi:

nevertheless be small enough to provide a sufficiently

accurate scale tce calibrate the strainmeter to 1 percerni,

¢ Sources of Uncertainties in the

Fabry-Parot Interferometer

In the ideal theory it is shown by eq. 13 that + =

fringe transmitted through the instrument will be bro:.. =

as the reflectivity decreases, However when evaluatin:
performance of the actual instrument, one must also cc
additional line broadening effects not predicted by the

ideal theory:

35
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(1) The Fabry-Perot plates are not per-

(2) The plates are not perfectly paral’-

The plates assumed to be of infinit
are of finite area in practice,

(3)
(4) Introduction of a pinhole, although

effects of (3), contributes its ow:
(5) Lines emitted by the source are noi

One may treat these effects in th~

(1958) who introcduces "Disturbance Func’'

to describe the loss of resolution and -

of the Fabry-Perot interferometer,

Function, describes the effects on the .-

when the plates are not perfectly smoot!

parallel,

ing in the transmitted line when the pi:r

radiation transmitted over a finite ran:

due to the use of finite sized plates, =
cecur as one moves out from the central

plates (Sluis, 1956), One observes that

plate images worsens for larger angles o

zero at ¢ = 0,
therefore be negligible and will not be

In a similar fashion one

Function, S{o), to describe the fringe L.

by the source,

D(o; .

The Pinhole Function F(og) dew -

SO aliross

The broadening effects -
sidared

introduce«

Since the order change .~

36
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wavelength variation is used to describe a diéplacement of
one of the plates, the Disturbance Functions will be
expressed in terms of the parameter m rather than 0. One
thus has |

S(m) = Source Function

D(m) - Surface Defect Function

F(m) - Pinhole Function

In order to analyze the effects of these broadening
disturbances upon the Airy Function A(m) defined hy eq. 6,
one uses linear filter theory. In this mathemalkical system
one aéproximates the interaction between the Disturbance
Functions and A(m) by supposing that the resulting output is
a superposition of component outputs produced by correspond-
ing input disturbances, This resultant output, called the
Instrumental Function W(m}, is calculated by using the
proéess of cpnvolution where

(22a)  W(m) = A(m) D (m) +F (m) *S (m)

and

(22b)  A(m)+D(m) = IA(u)S(u—m)du

sihilarly - .
(22c¢) A(m) *D (m} =F (m) = I J A(u)D (M-u)F (m~M)Adu dM
) =~CQ

Equation 22a is integrated to determine W(m). However

)

such a calculation may become laborious, 2MAn alternative

37



T 1164 38

nethod is to utiliée digital data processing techniques that
have been developed in the petroleum industry to solve such
problems, A standard computer program written by Mr,
Russell Gray was used to determine the resulting broadening
effects on the Airy Functiqn. The results are described in

the following sections,

c-l. The Surface Defect Functions and Their Convolution

With the Airy Function

In this section line broadening due to any deviation
of the plates from perfect flatness and parallelism is
investigated) otherwise it is assumed that the interferometer
functions perfectly., To describe these effects Chabbal
(1958) allows one plate to be perfectly plane while the
second platé carries the surface defects (see fig, 8},
Letting any point on the imperfect plate lie at a distance
h from the perfect plate, Chabbal then introduces the
function

(23) D(h)dh = ds
where D(h) describes the influence of the sgrface defects
upon transmission of radiation of 0, through the plates,
When dS, which represents the surféce area on the imperfect
plate lying between thicknesses of h + dh/2 and h - dh/2,

transmits o, so that 2h(Cos¢)o, = integer, D(h) will have a
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maximum yalue. When no radiation is transmitted, D(h) will
have a minimum value,

Assuming ho'is the thickness corresponding to maximum
D(h) , Chabbal then defines the increment x = h-hg so that
eq., 23 now becones

(24)  D(x)dx = as

Equation 24 is significant because it serves to describe
completely the surface defects of the plates, When the plates
move a distance x, the limits of the incremental area dS§ are
defined to lie in a range of dx, which is the incremental
component of the motion of the plates normal to the perfect
plate, The intensity distribution over the entire area of
the plates may then be charted to describe»pictorially the
surface irregularities as discussed by Chabbal, For the pur-
poses of this paper, it will suffice to consider only how the
summation of these incremental areas dS transmitting radia-
tion 0, changes with the scan, Tor example, if the plates
were perfect, such a scan would produce.lines of zero width,
as depilcted in fiag, 8,

To describe these surface defects, Chabbal assumes that
one may approximate their effects as the superposition of

three functions, These are introduced as periodic variations

O

in the surface contour. In descending order of period cne has
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(1) Parallelism Function - D_(x) = A small angle o describes
the deviation of the plages from parallelism, If c is
the horizontal deviation when the imperfect nlate makes
an angle a with the perfect nlate then

(25a) Dp(x) = (1 B—r—’) : for 5 = x 23

W

where b = %n c. Dy(x) is sketched in Fig, 1l0a,

(2) Sphericity Function - Ds(x) - The surface is snherical
with maximum deflecticns, a, where

(25b) Ds(x) % (a constant) for 0 < x < a

+

Ds(x) = 0 for x <0, x> a
where S is the total area of the vnlates. Dg(x) is
sketched in Fig., 10b.

(3) Roughness Function = D, (x) - The surface roughness is
. 7 . . .
assumed to be a Gaussian distribution where

-4an(-]’5‘.)2
(25¢) Dy (x) = -if'- (Ln2) * ¢

Dg(x) is sketched in fig, 10c.

Since an order change occurs as a result of irregular-

ities in the plate spacing, one has by eq. 11
(26) Am = —-

The functions in eg. 25 are expressed in the more

convenient parameter, m
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(b) Dg(x) =1 for 0 < x < a

Ds(x) = 0 for x < 0, x < a
(27)

-41In2 (AN 2
(c)  Dglm) = ¢ b
where the functions in eq., 27 are the normalized forms of
eq. 25,.

Today optical flats are commercially available at
reasonable prices with specifications on flatness to A/50 of
the green line of Hg (5470 E). If one assumes a maximum
deflection for sphericity, a, and a horizontal deviation, c,
eech with a magnitude of 2/50 and a half width for the
Roughness Function of 3A/100, the corresponding half width in
fractions of an order number of each Surface Defect Fuaction
can be calculated by using eq. 26, However for the function

D.{m) a half width b = ,02)X is used instecad of b = ,0173X so

e

that the half width Dp(m) in units of order number has been
cverestimated, ©One thus has

0,044 order

fi

ror Dp(m) b

i

For Ds(m) b 0,044 order

0,022 order

i

Fo

(a1

Dg(m) b

43

FEach of the above Surface Defect Functions are gonvolved

with the Airy Function of half width 0,071 order and peak
width 0,011 ordexr, and the broadening of the resulting con-

volution is illustrated in figs, 11, 12, and 13, and con-

-

@]

¢t

parad he corresponding broadening of the Airy Function,
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The widths measured from these figures are

For Dp(m)ﬁA(m) b = 0,080 order p = 0,013 order
For Dg{m)*A’(m) b = 0,084 order p = 0,015 order
For Dg(m)*A(m) b = 0,080 order p = 0,011 order

c~2, The Pinhole Function and Its Convolution With the

Airy Function

Line broadening due to the pinhole is next investigated.
The extreme case of such broadening is first considered,

Tmagine a pinhole sufficiently wide to transmit a large range

of ¢ so that, as one of the plates noves, intensity of a ring
of integral order will be transmitted at every instaut, The

photocell will detect a constant intensity at all times and
continuously recerd a straight line (see sec, c¢-3 and fig., 7).

If one now contracts the pinhole to the diamete:r (e.q,
the diawmeter calculated in sec, b-4) where the range of ¢
covered by the pinhole is such that a ring of integral order
will not be transmitted, peak intensity will be reduced,
Consequently the broadening function that is formed will be
rectangular, and its width will be related to the pinhole
dia@@ter as shown below (sce also Eig. 14) .

To determine the corresponding order change due oﬁly

to the pinhole diameter (the interferowmeter is otherwvise

assumed ideal), one has at ¢ = 0.
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m = 2hog
and at the outer rim where the pinhole radius corresponds to
an angle change A9}

m~-Am=2ho  (1-8¢2/2)
so that Am becomes
(28a) Am=hA¢2/Ao
and the pinhole radius is
(28b) p,=f(AmA /h)

Again assuming h = 3 mm, A5 = 5016 f, pp = 0,020 in,
and £ = 3,5 in., one may calculate Am to be 0.2 order which
is much larger than the Airy half width., It is desirable to
reduce half width to 0.1 order by decreasing the plate
separation h to 1% mm, Then by use of the normalized Pinhole
Function having a half width of 0.1 order, the resulting
convolution illustrated in Fig. 15 yields a half width and

peak width of 0,120 order and .020 order respectively.

c~3. The Source Function S(m) and Its Convolution With A (m)

Monochromatic light is an idealization and is not found
to exist in nature, Much of the wavelength spread found to
exist in "monochromatic" lines is due to several broadening
processes, These include natural broadening, Doppler broad-
ening, pressure broadening, and broadening due to self

absorption,
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Broadening of monochromatic lines due to high pressure
is difficult to Calculéte (oral communication wiﬁh J. Cooper,
Joint Inst. for Lab. Astrophysics, Boulder, Colorado, 1967).
But informed opinion (oral communication with J, Coover,

J, V. Kline, CSM, 1967; and written communication with H, P.
Larson, Purdue University, 1967) is that vressure broadening
is small at 7 torr (1 torr = 1 mm Hg), the pressure of the
source at room temperature (written communication from A. D.
tlacKay Co., MNew York City, 1967). ‘his assumption will be

shown to be justified when the half width measured from the

—

~acording compared favorably with the half width of the

t

instrumental function (see ch, V, secs. A and C).

Natural width occurs because atoms emit wave trains in
vulses degrading the monochromaticity of the line., As a
rule the Doppler width is much larger and easily masks the
natural width. Natural widths in freguency units are pub-
lished by the Natural Bureau of Standards (Wiese and others,

o
1966)., The natural half width in A can be calculated from
the expression
AOZ

AR Y
C

Ar= =

where Av is the half width in frequency units, Substituting

. : = 9 1alo0

in the appropriate values Aj = 5016 A, ¢ = 3 x 10 cn/sec,
7 .

and Av = 1,3 x 10 ilz., the natural half width becomes-

(@)
AN = 1 % 107'2 cm= 1 x 10™% A
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The Doppler effect results from the motion of atoms
towards and away from the observer due to thermal agitation.,
If radiation of frequency v, is emitted by these atoms, it
will be perceived by the observer as a radiation of fre-
quency voiAv. It is thus seen that the Doppler effect will
be greater at higher temperatures and lower molecular masses.
Candler (1951, p. 16-19) shows that the intensity distribu-

tion due to the Doppler effect is Gaussian in A where
2
~mc® A= 2
SR { mx..,._,)

(29?1) I = IO € o)

0
and if b is the half width in A

(29b) b = 2A0(2k1n2/MHCZ)%(T/M)%

k = Boltzmann Constant M = the atomic mass of the gas
= 1,372 % 107'°% ergs/X in amu

c = the velocity of light My = Mass of the hydrogen atom
= 2,998 x 10'tn/sec in J-

1.668 x 10 2% ¢g/anu

it

m = MM, - Mass of the
molecule in g T = Temperature of the emitting

., O

gas 1n K
Equation 29b becomes upon substitution of the above numerical

values

1 O
(29¢) b = 7.14)_(7/M) “x 1077A
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Equation'29a may be re-expressed in terms of fractions of an
ordexr number Am and the half width b
41In2 (Am)?

5

{294d) I = IO £

The difficulty involved in calculating the Doppler
half width is in obtaining the temperature of the emitting
gases at the source, Temperatures in Geissler tubes may
range as high as 2000% but it has been suggested (Cooper,
oral communicaticn, 1967; Larson, written communication, 1967)
that a temperature of about 300%C be used in this calcula-
tion, .

If a helium discharge tube is operated at seven torr

and a temperature of 300%2, then the Doppler half width is
7

it

b = 7,14 x 10" 'x 5016 x (600/4)% X

b

R

e}
0.05 A
To determine the half width in fractions of an oxder number,
one has from eq., 11

(30) Amg = 2b x h/A% <0.,07 order

where Army is the Doppler half width in order number,

Self absorption occurs because the emitting gases will
appreciably reabsorb their energy emissions at resonance
frequencies, It is found that broadening increases with the
length of the emitting gas column, For example, Kline (1952)

shows that self-absorption broadening of various lines in
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the infra-red range of the helium spectrum becomes appreciable
when the helium~discharge lamp is observed "end on" (the line
of sight is along the axis of the discharge tube). However
the broadening appears small when the lamp is observed with a
line of sight that is normal to its axis, Tentatively based
on this observation the self-absorption width will be assumed
to be small so that the broadening at the source will be
characterized only by the Doppler width,

The normalized Airy Function and Source Function which
uses b = 0.07 order are convolved and the results are summpar-
ized in the graph of Fig, 16, It shows that the resulting
contour has a half width of 0,120 order, The peak width is

increased from 0,011 order to about 0.02 order.

c-4, Conclusions

In this last section the total loss of accuracy result-
ing from peak broadening will be considered, In addition it
will be shown how the Fabry-Perot interferometer might be
uséd to produce displacements to the desirved accuracy,

The peak widths of the broadened functions determine
in the above secticns indicate that the Source and Pinhole
Functions contribute the largest part of the brcadening at

the peak, Fach of these functions approxzimately doubles the
PE 3

Ailry peak width, whereas the Surface Defect Functions widen
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the peak by about a factor of one half, It is thus instruc-
tive to estimate the broadening resulting when the functions
A(m)*F(m) and S(m) are convolved, The outcome of this
operation is displayed in Fig. 17, where the half width is
0.150 order, but surprisingly the peak width remains about
the same as that of A(m)*F{(m) at 0,025 order. Finally the
resulting Instrumental Function W(m) illustrated in Fig., 18
shows that the half width and the peak width have values of
0.160 order and 0,025 order respectively. Indead it is
observed that the contours of W(m) and A (m)*S(m)*F(m) are
almost the same,

The conclusion to be drawn is clear., The Doppler and
Pinhole effects constitute the main sources of peak broaden-
ing, In order to improve the accuracy of the wavelength
scale, this broadening must be reduced. Although the Doppler
effect at the light source is difficult to eliminate, the
Pinhole Function may be reduced by decreasing the thickness
of the gap h between the flats and by using a smaller pin-
hole. For example the pinhole half width may be reduced by
a factor of 10 (b = 0.01 order) by using a plate separation
of ¥ mm (1/2 x 107 f). Then by eq. 28b the pinhole radius

may be calculated to be

5016

6‘:—167 X 0.03.};5
e OX

Pp = 3.5 in. {
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pp = 0,011 in,

In decreasing the spacing of the plates to 1/2 mm, the
interferoneter would also be made somewhat less sensitive to
the Doppler effect for by eq, 30

Amh = 0,024 order
which is of the same size as the half width of the Roughness
Function; and since the latter is Gaussian as well as the
Source Function, the broadening effect on both peak widths

1s.abcut the same,

If the pinhole diameter of 0,040 in. and interplate
spacing of 1% mwm is retained, then according to Fig, 18
the Instrumental Funétion peak width of 0,025 order will
yieid a 2.5~percent error per wavelength scale division,
Howaver, if one allcws one of the plates to scan at least
three orders, the desired l-percent measurement}with the
wavelength scale will be achieved, and a scan of 10 to 15
orders will further reduce the uncertainty,.

—~

the suggested pinhole diameter of 0,022 in, and

=
Ih

plate spacing of 1/2 mm is used, the bhroadening efifects of
the Source and Pinhcle will be diminished to such an extent
that the Alry peak width will now dominate the peak broad-
ening, If further inmprovement in the accuracy is desired,
higher reflection coefficients provided by dielectric films

may be used to reduce the Airy peak width so that only the

59
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éurface Defect Functions will be the limiting factors,

In the above discussion it has bheen assumed that the
parallelism between the plates can be kept to within the
flatness tolerance of the plates, The problem of parallel-
ism bhecomes especially acute if the plates are moved., In
the following chapters this problem will be examined, and
the loss of accuracy due to degrading of parallel motion

when one of the plates is moved will be calculated.
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III. INSTRUMENT DESIGN

The optical system to be used with the interferometer
sheould transmit all available intensity from the filtered
1igﬁt source to the photocell and select only those rays
incidént normally on the Fabrwaeer plates,

The optical system has two pinholes and three convex
lenses, two of which are of equal focal length, The arrange-

mant of these optical elements are shown in fig. 19. The

fixst lens 11 having the odd focal length focuses an image
is

of the extended sourxce onto the first pinhole, which
centered on the optical axis and lies at the focal point of
lens I,, When the Fabry--Perot plates are adjusted perpen-

dicular to the optical axis, the light rays will be incident

th

ocuses the licht rays

P

normally on the plates. Iens Iy
emarging from the plates, onto a point cn the optical axis
where the second pinhole has been placed, The photocell

3

positionad behind this pinhole receives the light passing

through the pinhole., The second pinhole is needed hecause
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it prevents'transmission of scattered light that would other-
wise incréase the "background" between the peaks, and pos-
sibly prcduce spurious peaks.,

In the mechanical construction of the interferometer
a driving system must be designed that will move one of the
Fabry-Perot plates parallel to the other with a motion that
is both slow and smocth., Measurement of displacement requires
that only one interferometer plate be moved while the other
is held fixed as shown in fig. 19,

| The strainmeter transducer has already been described
in Ch: I. Therefore only those features éf the transducer
that contribute to the design of the interferometer as a
calibrating device will be considered here.

The sensing element of the transducei consists of two
parallel capacitor plates'between which is placed a single
capacitor pléte of the strainmeter (see fig. 20a). The
capacitors C6 and C7 formed by the plates of the transducer
and the strainmeter are variable and are each part of an
I~C resonating circuit that is driven by a 1.5 Mc. oscil-
lator., Any movementvof the central plate will change the
resonating frequency of both tank circuits and produce‘a
change in the rectified voltage“output that can be related
directly to this movement,

Both the optical flat and the central capacitor plate
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are mounted on the moving element of the parallelogram as
shown in fig. 19 and described in more detail in sec, C of
this chapter. Both transducer and interferometer record
simultaneously any movement of this element., Comparison of
the two records will yield the scale factor of the trans-

ducer,

A, Basic Problems in the Instrument Desiqn

The above description of the ideal form of the instru-
ment stressed the functions to be performed by it without '
regard to error occurring while in performance of these
functions, Below is outlined a number of limiting factors
that must be considered in order to transform the ideally
conceived instrument to a practical operating instrument,

(1) Material is not rigid and is therefore subject to
strain, crecp,; warping, and vibration,

(2) TFriction causes erratic motion when fine smooth motion
is desired.,

(3) Temperature changes cause expansion and contraction of
the material.

(4) Fringes transmitted through the interfercmeter may be
broadened by the following disturbing effects:

a) Surface defects in the geometry of the optical flats

b) "Monochromatic" light of finite bendwidth trans-
mitted through the interferometer

c¢) Finite size of the pinhole

d) Nonparallelism of the optical flats
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(5) Motion of the central capacitor plate may not be
parallel to the motion of the Fabry—-Perot plate along
the optical axis.,

(6) The refractive index of air is not exactly one, and it
may vary dua to fluctuations in atmospheric pressure
and temperature,

(7) Light intensity may be reduced as it is transmitted
through the optical system,

In the folleowing sections a description of the construc-
tion of the calibration system is presented. In most cases
the effects of the limiting factors cited above have been
reduced through specific design features incorporated in the

instrument,

B, The Optical System

A deccription of the optical system employed is pre-
sented below, This system is comnosed of two parts, the

monochromatic light source and the interferometer, These

are illustrated in fig., 21, a schematic diagram of the

optical system,

The Iight Source

The light source should emit a spectral line conform-

ing to the specifications cited in ch. T, It should also he
v - 13 13 O - .
reasonably priced and readily available, The 5016 A line has

been chosen because of its use as a secondary standard

(Texrrien, 1960, p. 95-107). This line is sufficiently
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isolated from its nearest neighbors in the helium spectrum,
and calculations show that the peak width due to the Doppler
effect is sufficiently narrow to be used as a wavelength
scale (see ch, 1II, sec. c-3). A, D, MacKay Co., New York
City, manufactures helium discharge tubes that are reason-
ably priced.

The light source is encased in an aluminum tube whose
inner walls have a mirror-like finish, The aluminumr tube
sexrves two optical purposes: it blocks off extraneous light
from reaching the photcocell and doubles the intensity when
the light source is placed at the center of the tube so that

the image of the light source is reflected onto the zocurce

da

=h

tself,

¥

Ienses

In general images formed by a lens will be defoxwmed,
Since the pinhole lies on the optical axis and the source is
monochromatic, only spherical aberration of the pinhcle image
will be important, Reasonably priced lenses that are cor-
rected for éhromatic aberratioﬁ (called achromats) are also
approximately corrected for spherical aberration. Several
achromats of about l"in{ diam were purchased from Edmond
Scientific Co,, Barringtcn, N, J, Convex lenses having focél
lengths of 44.5 mm and 93 mn were used. The 44,5-mm lens

was utilized in the light source unit while the two 93-mm
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lenses were utilized in the interferometer,

The Filter

An interference filter of the Fabry-Perot type is
being used to filter the 5016 f line. A Bausch and Iomb
filter was originally used but was found to transmit He
lines at 587S,£ and 4470 X at about %6 the peak intensity

o)
of the 5016 A line. Subseguently a custom-made filter was

purchased from Spectrum Systems Inc,, of Waltham, Mass,,

~3

with the {ollowing specifications: The filter transmits a
1 ) 0] - O
monochromatic line at 5016 A at 45~ to 55=-percent peak

. O . R .
on and a half width of 30 A, Transnission of side

Fadd

transmiss

pands are reduced to less than —k.. of peak traansmission,
100

The physical dimensions of the filter are 1 by 1 in. (see

fig. 22).

The Fabry—-Perot Plates

o X

Two optical flats were purchased from Perkin Elmer
Corp. of Noxrwalk, Conn, The specifications state that the
two optical flats use an aluminum reflection film which

. 4 . . - o ..

permits l0-percent transmission of the 5016 A line, The
surfaces of the plates are flat to within A/50 with an
overcoat of 3i0 for protection from humidity. The flats
are made from borosilicate glass with a l-in, diam and 0,375

in, thickness,
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C. Mechanical Construction of the

Fabry~Perot Interferoneter

The mechanical functions performed by the interferometer
include:
(1) Changing the plate spacing smoothly and slowly.

(2) Adjusting the plates parallel and maintaining the
parallelism while one of the plates is moved,

(3) Simultareous movement of the capacitor and Fabry-Perot
plates,

Unless otherwise stated, the material used to construct
the interfercometer was an aluminum alloy 6061-T6 selected
because it machines well and is relatively inexpensive. 1In
those parts of the instrument requiring accurate flatness,
i.e., the parallelogram, stock was used that was f£lat to 0,001

ng parts of moving devices were constructed of both

e

in. Mat
brass and aluminum (e.g., sliding plates, threaded holes,
threaded rods, etc,) because of the tendency of sliding
aluminum surfaces to stick together, All leaf spring used

was made of phosphorous bronze.

c~1, Adjustment and Motion of the Interferometer Plates

The most common means of producing parallel motion is
that of the slide, If parallel notion is to be accurate and
smooth, the slide will fall far short because of the expense
involved in machining an accurate sliding surface and because

of the inevitable presence of stick and slip friction,
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Instead, a device that is being used more frequently is the
parallelogram (Kline, 1952; British . ., ., 1963), It con-
sists of two plates coupled together by reinforced leaf
spring in the form of a parallelogram as shown schematically
in fig. 19. Cmée the plates are adjusted accurately parallel,
they will remain parallel when they are moved. In addition
no stick and slip friction will be present since it moves by
bending instead of sliding, A feature that makes this device
practical as a micron displacement transducer is that small
movaments up to 0,4 in, without derangement of the fringes
may be produced when the plates of the parallelogram are
adjusted to £.0002 in, (Kline, 1952, p. 39) at all four
corners., The actual construction of the parallelogram is
illustrated in £ig., 23, If the upper plate bends as the
parallelogram is moved, the upper plate will not nmove
parallel to the base plate, The two ribs spanning the upper
plate are designed to reduce this bkending. The spacing

between the top and bottom plates was adjusted at all four

H

corners to within 0,001 in. This adjustment was found to be
adequate with movements up to 150p in. in the assewmbled
instrunent,

The mounting for the interferometer plates consists
of a cell to hold each optical flat and two supporting.

brackets to provide for adjustment of the Fabry-Perot plates

(see figs, 24 and 25). In the cells holding the optical
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flats, Teflon washers and gaskets are used to prevent direct
contact between the glass and metal surfaces. The brass
jacket which fits over both the flat and cell has three
spring strips (see fig. 24) which provide gentle but steady
pressure to hold the flats fixed within the cell,

The supporting bracket in fig, 25 is constructed from
angle stock and is reinforced at the sides by triangular
plates to minimize any bending or warping. Tha adjusting
mechanisms include a hexagonal washer, one face of which has
been nmilled at about a one-degree angle to the second facé,
The washer is inserted between the cell and the bracket.
with the cell pushing the washerxr against the bracket, a
coarse pavallel adjustment between the flats is obtained by
a rotation of the washers. A finer adjustment is produced
by two 4-40 Allen head screws pushing directly against the

rs 1

cell, Each screw is placed at right angles to lines AC andg
CR passing through the pivoting screw at C, Hence nressure
applied by screw A will produce a vertical rotation of the
caell ebout axis BC, Similarly screw B will produce a
horizontal rotation about axis CA, Cn the second mount, two
spring strips ave fastenad onto the cell as shown in fig., 25
so that now screws A and B will push against the springs,
producing a finer controllad adjustmenththan that produced

on the first mount., The springs raduce the torque to bend

77
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the holding screw which gives the plate a smaller rotation
for a given movement of the adjusting screw, The completed

parallelogram is shown in fig, 26 and fig, 27,

c-2, The Drive System

The requirements to be put on the drive system are that
the moticn it produces he slow and smooth, Because the
least count of the wavelength scale is about 10u in. and the
drum speeds of the chart recorder vary from 3/4 in, per min
to 12 in, per hour, it becomes desirable to produce move-
mants at about 10M in, per min, With these slow velocities
the recorded peaks would be sufficiently far apart so that

the position of the peaks could bhe easily determined,

below were tried, but due to the cecarse, uneven motion pro-

duced they were rejected, Both devices made use of a com-

nevcial differential nmicrometer screw rated to produce

‘Q’

linear movements of 250u in, per revolution, First screw
drive using this micrometer with a worm and gear assewbly
was tried, but due to appreciable fricticn developed hetween
the gears, this arrangement is not recommended,

The second arrangemant using this micrometer screw
was suaggested by Dr, John V, Kline. For this particular

arrangement a precision 10:1 spur gear assembly transmitted

rotational motion from a 1 roi clock motor to the screw., In
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this mounting the‘motor was allowed to ride ffcely on the
spur gear that was fastened to the body of the screw, This
gravity coupling was able to absorb any eccentricity of the:
gears. The linear motion produced in this instance was

25y in. per min, The unusual gquietness of the clock motor
accounted for the almost smooth motion transmitted to the
plates, Unfortunately friction developed within the internal
mechanism of the screw, and because this friction could not
be immediately eliminated, the screw was abandoned.,

Ip the method finally used, the parallelogram was spring-
lbadéé,against a steel tube that was allowed to expand and
then contract when it was alternately heated and cooled.

The heating element consists of a ceramic core which is
wound with nichrome wire, The wire~wound'éore assenbly is
easily fitted into the tube and mounted as shown in fig, 28,
Velocities down to 10u in, per min were produced by con-
troliing the current being supplied to the wire. This was
accomplished by connecting a variable auto transformer to
the primary of a 6.,3-volt transformer,

Heat conducted ffom the tube to the parallelogram was
sﬁbStantially reduced by placing a bakelite spacer betweeh
the tuvbe and the parallelcgram énd by covering the heating
element with styréfoam and aluminum foil., The only real

disadvantages of this system are that the velocity produced
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Figure 28,

Exnloded View of the Mounting for the
Drive System and Lens #3.

82
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is not constant, and the driving motion due to the heating
element éannot be stopped at will, Nevertheless this driv-
ing syétem satisfies the requirements that the motion be
slow and smooth, and in addition this arrangement is easy

to construct and mount,

c~-3., Mounting of the Central Capacitor Plate

The mounting which fixes the position of the central
capacitor plate between the outer plates of the transducer
is shewn in figs, 29 and 30, The capacitor plate is set
into a %-in., wide by %-in. deep groove which is milled into
the adjusting base, The adjusting base is fastened to a
supporting pedestal by a single brass screw P, Screw D
pushes against and makes point contact with the upper surface
of the pedéstal. The lower portion of the pedestal is made
of brass and is fastened to the upper plate of the paral-~
;elogram. The adjusting base and the upper portion of the
pedestal are constructed from bakelite in order that a
minimum separation of % in, be maintained between the metal
parts of the interferometer aﬁd the transducer, thus stray
capacitance between tﬁe transducer and the interferometer
will be reduced.

The position of the capacitor plate is adjusted by
screws A and B, Screw A with spring S produces a rotation

about the vertical axis through P while screw B controls the
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'

Figure 20, Carvacitor Coupling of the Strainmeter
) .

"ransducer to the Interferometer,
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rctation of the base about the horizontal axis DP,

Spring S and screw D stabilize the entire assembly so

that any motion of the parallelogram is transmitted simul-

taneously to the capacitor plate,.

c=4, Pinhole and Iens Mountings

The mounts for the lenses and the pinholes are dis-

86

cussed together because they f£ix the direction of the optical

axis, To bring these optical elements into final alignment,

slides providing vertical and horizontal adjustments are used,

o

a vert

9}

For simplicity one pinhole ha:
a horizontal slide., Figure 31 illustrates the horizontal
slide for pinhole #2 and fig. 28 illustrates the vertical
slide for the lens #3.

In eddition to vertical and horizontal control, the

lenses which are set into a threaded tube with "Tackiwax,”

are advanced along the optical axis in order to place the

pinholes at the focal point of the lenses,

c-5, OCther Mechanical Structures

N

In this section the remaining mechanical elements are

described,

(a) Mounting for the Light Source - The light source is

encased in an aluminum tube, which in addition to the

optical functions previcusly described, serves two

¢

cal slide and the other
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(b)

(c)

(a)

mechanical functions! it provides support for the
light source and the water jacket., In the assembled
instrument large drifts observed‘in calibration runs
were traced to radiant heat transmitted from the light
source to the strainmeter transducer., This heat
radiation was considerably reduced by circulating water
continuously through copper tubing that was wound about
the aluminum tube (see fig. 32),

Iight Shield Housing Unit - The housing unit, designed
to limit leak of stray light to the photocell, is a
closed structure. It includes a mount for lens #1

(see figs., 32 and 36).

Mirror Mounting - The mirror mount consists of an arbor
and plate assenbly which is clamped to a post fastened
to the interferometer base plate, This is shown in
fig, 32 and fig. 36, The mirror is held firmly to the
plate with "Tackiwax," The clamp holding the mirror
nount may be rotated in a vertical and horizontal plane,
This clamp is commercially available from Cenco. The
purpose of the mirror is to reduce the overall length
of the instrument by bkending the light from the source
onto the principal‘axis passing through the interfer-
ometer,

Mounting for the Filter - The filter has the dimensions

1 by 1 in, and is mounted in a 2-in, square aluminum

88



1164

89




T 1164 50

frame, The frame is held by three spring clips in a
recessed shouldexr milled into the pinhole #1 bracket,
(e) Photocell Mounting - A photomultiplier tube which is
3% in, long is mounted on a minibox containing the
photocell circuit. A light shield constructed of
1 % ~in, diam. steel tubing is fitted over the tube
"and fastened to the minibox. An aperture just large
enough to pass all light of the pinhole image, is

drilled into the light shield,

D, Electrical and Ilectronic Components

The ILight Source

o~
o8
~

The light scurce is powered by a 5000-volt, 0,2-amp
transformer, Transformers of this type are inexpensive and
readily available from neon supply houses. The 60 Hz,
alternatinq current (1 Hz, = 1 C/sec) operating the light
sourcé, causes emission of light with 120 Hz, flickexr which
nmust be considered in the design of the photodetector system,
(b) Photodetection System

ILight from the interferometer is passed through the
final pinhole onto a photomultiplier tube, The ocutput current
from the anode is rectified and smoothed, and is then recorded
by an Esterline Angus pen recorder. Figure 33 is a block

diagram giving an overall picture of the photodetection system,
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The photomultiplier tube was chosen for its low noise
and high gain characteristics. In particular a 931-A tube
was selected because of low cost and suitable spectral
response, It exhibits 70 percent of maximum sensitivity at
5000 f. An operating voltage of 600 volts was required for
operation of the tube with a sufficient gain to detect the
interferometer signal, The circuit of the tube is shown in
fig., 34.

In the design of the rectifier circuit, the following
factors must be considered,

(1) The 600 volt D.C., on the high side of the signal output
(at A in fig. 34) must be filtered out before the
amplified photo signal is rectified,

(2) The 120 Hz., flicker of the light source is amplitude
modulated by the movement of‘the interferometer plates.,
This 120 Hz. modulated carrier must be rectified before
delivering the signal to a D.C. recorder.

Since. the fringe velocity is about one fringe every 45

sec, the light flﬁx will vary from the peék value to 1/10

peak value in about 4.5 sec (see ch, II, sec¢. c~-2). This

requires full-scale motion of the pen in a few seconds.

The rectifying circuit is coupled with the recorder as
shown in fig, 35, The recording system used is an Esterline

Angus 5-in, chart recorder-Series S model S-601-S, 1In this

91
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Photo

Amplifier _
and Rectifier Recorder
Detector

Figure 33. Block Diagram of the Photo Detection System,
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Figure 34, Circuit of the Photomultiplier Tube.
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recorder the range of full-scale voltages go from 1 mv to
100 v. The chart may be onerated at sveeds ranging from

12 in./hr to 3/4 in./min,

E. Assembly and Mountinq of the Interferometer

All mechanical and optical components are moﬁnted on a
1-ft by 3-ft by l4%-in, aluminum base plate as . is schematically
illustrated in fig. 36, The brackets mounting the ontical
components have been drilled with l~in,-diam holes (excepnt

for the pinhole #2 slide, fig., 31) in order to pass light
from the source to the vhotocell, Before the narallelogram
and the other ovntical elements were permanently fastened upon
the base plate, it was necessary to adjust the flats approxi-
mately parallel (see ch, IV, sec, a-1l)., This adjustment
allows one to mount all ontical elements so that the prin-
cinal axis may be pronerly oriented by having it pass near
the centers of all avertuxes in the ontical system, Oncé
assembly of the interferometer is comnleted, the base plate,

which is then fastened to a cement nier, is partially

insulated from the pier by rubberized packing.

F, Mounting of the Transducer

The mounting of the transducer consists of a hollocw

Q

cylindrical pedestal which has three screws providing stable
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support in the form of a three-point kinematic méunt. The
transducer is mounted on the pedestal in such a way that the
'central capacitor plate on the parallelogram and those on -
the transducer will intermesh (see fig. 30), In order to
minimize ﬁhe edge effects of the capacitor plates, the 3-in,
square central plate is centered with respect to the 2-in,
square outer platés of the transducer, The transducer is
firmly mounted by passing a threaded rod through the center
of gravity of the transducer and anchoring the rod to the
cement pier,

The transducer is designed so that the gap on either
side of the %-in.-thick central plate is 0,013 in, The
central plate may be centered approximately between the
outer plates by both rotating the transducer and adjusting
the position of the central capacitor plate as described in
sec., c-3,

With the construction of the interferometer completed,

(see fig., 37) the calibration system may now be set up for

operation as described in ch., 1V,
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Iv. OPERATION

T T — A

This chapter describes the adjustments of the inter-
ferometer and the transducer., In addition the calibration
0peration and the procedure for computing the calibration

scale factor for the strainmeter transducer is describhed,

a, Adjugtment of the Interferometer

A preliminary parallel adjustment of the Fabry~Perot
plates is needed to find the optical axis of the inter-
ferometer (see ch, III, sec. E). The procedure for adjust-
ing the interfercmeter is outlined below (see also figs, 21
and 36):

(1) a - The Fabry-Perot plates are set roughly parallel to
each other,
b - The cptical components are mounted on the base
plate so that the principal axis of the interfer-

ometer is approximately determined,

(2) The lenses are adjusted so that their focal points and
the positicns of the corresponding pinholes coincide.

(3) The pinholes are centered onto the principal'axis of the
' optical system,

97
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(4) The Fabry-Perot plates are precisely set parallel to
each other,

a~l., Preliminary Adjustment of the Interferometer Plates

The interferometer plates may be approximately adjusted
by one of two wmethods., In the firét, the images of the
plates transmitted through the apértures of the parallelo-
gram, are observed directly with the eye, Manipulation of
the adjusting screws on the cells holding the flats nakes
visible an interference pattern containing rings (fringes
of equal inclination).

In the first adjustment the hexagonal washers (illus-
trated in fig. 25) on both cells are rotated until fringes
of equal thickness (dark and light bands) appear indicating
that the wedge angle between the plates is small., Adjust-
nent of the finer controls will make the plates almost
parallel when the fringes become circular, If the central
zone of the ring pattern is made to coincide with the center
of the aperture, the Fabry-Perot plates will be normal to
the principal axis, The final adjustment before the paral-
lelogram is mounted on the base plate is accomplished by
noving one's eye vertically and horizontally. Any chahge in
the size of the circular fringes will indicate that the
plates are not yet parallel, The spring adjusting scréws

are then manipulated until no expansion or contraction of
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the rings is observed, This will make the plates sufficiently
near parallelism to suffice until the other adjustments of
the interferometer optical system are completed,

The above method is fairly long and difficult., A
simplexr procedure is to use a laser beam as the light source
and to projecct the image of the source onto a screen., The
plates will be nearly parallel when their adjustment causes
the images to coincide, Since the interference pattern is
not directly observed, other means will be used to adjust
the plate approximately noxmal to the optical axis, The
laser beam is used to define an approximate optical axis,

By rctation of the hexagonal washer one may cause the laser
beam, reflected from the plates to fall back on the =ource,
At this point the plates are perpendicular to the beam,

Then manipulation of the adjusting screws will make the
Fabry-Perot plates almost parallel when the projected images
coincide.

The parallelogram is now bolted to the base, and the

remaining optical components are set up on the base,

a-2, Iens Adjustments

For ease in description use is made of the ncmenclature
in figs. 21 and 36,
Three adjustments are required, In the first adjust-

ment lens #2 is manipulated until its focal point lies at
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pinhole #1. Ienses #2 and #3 are first placed.in their
mounts and, second, a long focal length microscope is set up
behind the pinholé #2 mount so that a sharp image of the
transmitted inferference pattern is observed with the micro-
scope, Pinhole #1l is now mounted, and lens #2 is adjusted
until the image of pinhole #1 becomes sharp., The image‘of
pinhole #1 ncw coincides with that of the interference
pattern so that light rays emerge from lens #2, parallel to
the optical axis.,

The next adjustment is to move lens #3 so that its
focal point lies at pinhole #2, TFirst pinhole #1 is removed
and a reference point, i.e, point of a surface gage, is
placed at pinhole #2 where the focal point is to lie, The
microscope -is now focused sharply oa this point, Iens #3 is
moved until a sharp image'of the interference pattern appear
in the field of view of the microscope., The focal points of
lens #3 and the microscope now lie in the vicinity of pinF
hole #2, Replacing the reference point by the pinhole #2
slide, the focal point of lens #3 is exactly positioned at
pinhole #2 so that both the images of the transmitted inter-
ference pattern and of pinhole #2 lie eﬁactly at the fgcal
point of the wmicroscope,

After the focal points of lenses #2 and #3 are prop-

erly positioned, lens #1 is nowéadjusted so that the light

100
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source is focused on pinhole #1, A preliminary adijustment
is made by noting where the image of the source comes into
sharp focus on the pinhole #1 slide. 1In order to focus the
source precisely on pinhole #1, all pinholes slides are
first removed without rotating the- slide adjusting screwvs,
The source is now viewed froem an eye position behind the
second pinhole., If the source image is not exactly at the
focal point of lens #2, there will be parallax between the
source image and the fringe pattern image, The source

image will appear to lie at some finite distance from pin-
hole #2, where the interference pattern is focused. Lens 41
i3 now manipulated until no relative motion between the
source and fringe pattern images is detected when the eve is
moved up and down or sideways., With this final adjustment
the exact location of the focal voints of all three lenses

is ncw completed.

a-3. Centering of the Pinhole on the Ontical Axis

In the following adijustments, the images are viewad
from a position behind the second pinhole. With the fccal
points now adjusted as described in sec., a-2, pinhole %1l is
mounted and then positioned onto the ontical axis by manipu-
lating the ve:tical slide that carries pinhole #1 and the

4

horizontal slide that carries lens #2, This adjustment is

4

i

completed when the central zone is centered with the pinhole,
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The filter is now mounted. The next adjustment of the
slides will position the pinhole so that it is concentric
with circular rings of scattered light that are in the plane
of the pinhole slide. For the final adjustment, pinhole #2
is placed in its mount, and by a series of similar manipu-
lations of the pinhole #2 slide and the lens #3 slide, pin-
hole #2 is aligned with pinhole #1,

This completes the optical alignment, At this point
the photomultiplier tube is mounted as described in c¢h, 11T,

sec, c~5,

a-4, Final Adjustment of the Interferometer Plates

Before the interferometer can be operated, the Fabry-
Perot plates are adjusted as near to parallelism as the
flatness tolerance of the plates will permit, The filter
is mounted, and the eye is placed at the second pinhole so
that the plates are observed with the intensity of the central
zone. One of the plates is then moved a few wavelengths, and
the corresponding intensity change is observed. The two
plates are éarallel within the flatness tolerance when man-
ipulation of the spring adjusting screws cause an integral
order (region of maximum intensity) to appear and disappear
uniformly on the plates. If any motiqn of the plate causes
this zone of maximum intensity to move across the field of

view, the plates are not sufficiently near parallelism,

.



B, Adjustment of the Strainmeter Transducer

The electronic transducer circuit is put in operation
before the light source is cooled. Hence the transducer may
then be used to determine when the instrument assembly has
reached a state of equilibrium,

First the interferometer capacitor plate is mechanic-
ally centered between the outer nlates of the transducer, as
outlined in ch, III, sec, F; and then the transducer oscil-
lating circuit is adjusted,

- The procedure for adjusting the transducer requires a

103

variation of L (see p.,83) in order to obtain a linear response

of the transcducer output when the central plate is moved
batween the outer plates of the transducer., Adjustments of
L and C changes the resonant freqguency of the two L-C
circuits, thus caﬁsing a horizontal displacement of the
curves in fig, 20b, Specifically the variable inductors I3
and I, of both tank circuits are tuned until the voltage
output of each I-C circuit (measured across Rg and Ryg) is
about 0,7 of the maximum voltage (V. in fig, 20b)., TIn the
region about this voltage, the curves Cg and C7 approximate
a straight Jine so that a small change in Cg and Cy will
cause the two resonance curves to be displaced across the
line v = 1,5FHz in a lincar manner, The total voltage out-

put will be zero when the two I~C circuits are tuned so that
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both resonance curves in fig. 20b coincide, Consequently
the recorder chart zero should be set at the same time the
two I~C circuits are tuned, The transducer is now adjusted,
and once thermal equilibrium is reached, the transducer

will be ready for operation,

C. Calibration

c-1l., OCperation of the Calibration System

To handle the calibration operation more efficiently,
two devices are built into the instrument, A pentagonal éam
mounted on the barrel of the screw shorts the transducer
output about every £ifth of a revolution, A shorting switch
is also connected across the input of the transducer éhart
recorder, Its purpose is to superimpose manually.the wave-
length scale onto the transducer record.

Calibration was performed in a room where no special
attempts at environmental control were made other than in
cooling of the light source, The recording system was set
up in an adjacent room so that calibration could be performed
without the presence of an operator at the instrument site,
It has been observed that any disturbances introduced at
the instrument site (i.e. temperature change and vibration)
produce large nonlinear drift in the transducer recording,

The drift becomes small and linear in about an hour after
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the diéturbances are removed, Before and after each trans-
ducer run, the drift should be monitored for at least 10
minutes so that the drift corrections may be made when
necessary.

Calibration of the transducer is performed in two
steps., In the first step the central capacitor plate is
fixed, and the motor driven aifferential screw is rotated
through several revolutions, moving the outer plates of the
transducer, The displacement velocity is inferred from the
transducer output, which is directly read out in voltage
change per minute., Because a periodic error may exist in
the pitch of the screw threads, the velcocity of the capaci-
tor plates is not linear., But on the average the same dis~
placement will be shown to occur each time the screw is
turned through one complete revolution (see fig, 39).
Measurements from the recording are used to calculate the
scale factor in units of voltage change per screw revolution
(rev).

The second step is to fix the outer plates at one
position and move the upper plate of the parallelogram,
Consecquently the displacement of the central plate will be
recorded simultancsously by the interferometer and the trans-
ducer, The latter recording includes the superimposed wave-

length scale already described, From the transducer output,
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the scale factor in half wavelengths (%)) per unit voltage
change is derived.,
The product of the above two scale factors give the

‘ . . . k] 1», . . i3 13
desired calibration in Eim, The primary calibration is

xev
observed to be independent of the voltage response of the
transducer to displacement, According to Romig (oral com-
munication, 1967) any response variation will be small over

. ' . . L
paeriods of weeks., Hence a primary scale factor (in &im

rev
that is independent of the transducer detection system can

be achieved because variations in the transducer sensitivity
are negligible during the normal 30-minute calibration run,
Couseguently the electronic detection system may be complete
replaced without altering the primary calibration, This
feature is also of great value in long-term strain studies
because»the voltage sensitivity is not stable over loﬁq time

intervals,

c~2, Procedure for Computing the Calibration Factor

The calibration factor may be computed graphically. A
sacond procedure, the method of least sguares, provides a
means of obtaining both the calibration factor and its
uncertainty. However the graphical procedure may cbtain the
desired results more quickly. In general the results pro-

duced by the graphical procedure are almost as accurate as

those obtained by the least-sqguare method, but the uncertain

1906
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in the measurement can only be estimated. Both methods will
be used with the graphical procedure.being demonstrated in
this chapter and the least;square methed in ch, V.

As already noted, calibration is performed in two
operations, First the differential screw moves the trans-
ducer capacitor plates producing a recordihg with the output
shorted five times per revolution of the screw. With a scan
through several revolutions, one may plot the output versus
each revolution scanned (Revolution number). Figure 38, a
“typical transducer recording, shows that the screw has beén
rotated through at least foﬁr revolutions, Hence from five
sets of points (each set of points is identified by the
let:t2rs A, B, C, D, and E), five lines may be drawn as
illustrated in Fig. 39. The slopes in voltage change per
screw revolution measured from these lines are then averaged
to yield the scale factor of the transducer run,

Next the steel tube is alternately heated and allowed
to cool (see ch, III, sec, c¢-2), Thus the steal tube drives
the moving aséembly of the interferometer in two opposite
directions so that the voltage change recorded by the trans-
ducer varies continuously in cne divection and then the
other, Also at each peak of the interferometer wavelength
scale (Fig., 43), the transducer output is shorted as

described in sec., c~1 (see Fig, 40). The voltage reading

107
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at each peak is plotted against the peak number (an integer)
producing two straight lines®! one due to the movement of the
parallelogram when the steel tube is heated, and one when
the tube cools. If there is no drift, the slopes of the two
straight lines will be identical., The slope measured from
this graph is the desired scale factor, which is in units of

4\ per unit voltage change (see fig, 42).

c~3, Sample Calculations

In this section the calibration scale factor is cali-
brated based on data taken from a set of transducer output
recordings which have monitored both movements of the trans-
ducer and interferometer capacitor plates,

(1) Transducer Run

As ncted in sec, c~2, the voltage readings at every
fifth short of the output is plotted against the correspond-
ing "Revolution number." A particular case exp X-A, is
illustrated in fig, 38 from which five. independent sets of
data are plotted as five straight lines A, B, C, D, and E in
fig. 39, The transducer scale factor, the average slope of
the lines A, B, C, D, and E, is caléulated. Each line is
extended so that the corresponding voltage change for a scan
through six wrevolutions is measured for each line and is

enumerated in Table I, Because the full-scale voltage of
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the chart recorder is not known, the average séale factor,
computed in Table I, is expressed in chart div per rev,

Two additional runs of the transducer were performed
where the screw moved the transducer capacitor plates in the
direction opposite to that of the first run (exp X-A,') and
then back again. (Exp X%\z"). Hence the three transducgr
runs were performed overbapproximately the same part of the

screw so that one may state that all three were performed

independently under similar conditions,

Table I
Computation of the Transducer Scale Factor for Exp S

Line Vg Vg  AV=V¢-V,

A 9,23 1.60 7.63
B 9,00 1.40 7.60
c 8,81 1.20 7.61

D 3,41 0,82 7.59

E 8.33 0,68 7.65 Avg AV Avg Slope kg
Sum = 38,08 Sum _ AV chart div
""“g”“‘ = 70616 6 = 10269 I‘.e{,

From Table I the transducer scale factor k¢ for

exp X-A, is 1,269 chart div

rev

By a similar set of calculations (these are not shown),
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the average scale factor for exp X-A,' and exp XﬂAZ" are

1.288 chart div

E - ! "= -V
Xp X-A, k¢ =5
EXp X-A," k. " = 1,297 chart div
P 2 t 1.297 rev

If drift is present, it must be corrected., O(ne way of
applying the drift correction would be to measure the drift
slope before and after each transducer run, and then add the
averaged drift slope to the slope of the transducer ocutput,
Howaver this necessitates the additional task of determining
the slope of the recorded output which is in chart div per
min, Once the transducer output is corrected for drift, it
would have to be converted to the desired scale factor in
chart div per rev,

A second methed thét is recommended has the advantage
of correcting for drift by operating directly on the scale
factors calculated in Table I, It is recalled that in the
consecutive transducer runs the screw was rotated in opposite
directions. $ince the average drift is the same for two con-
secutive . runs, it will cancel out when the respective scale
factors are averaged (see appendix A). However drifts should
be sampled before and after each transducer run, first to
check on the linearity of the drift and seccnd to determine
if the drifts differ appreciably for each transducer run,

For the second case it may be desirable to apply the first

L)
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method for drift correction,

For the three transducer runs described above, the
drifts were determined to be approximately zero, But using
the second method for drift corrections, the averaged scale
factors for the first and last pair of transducer runs are
Ky = 1.279 g§g§g$giz and K, = 1,293 SEE%%VQiX, Averaging

these two results yields the best estimate of the trans-

chart div
rev

ducer scale factor, Ky = 1,286 .
(2) Interferometer Run

In the calculation of the transducer scale factor
described above, a choice existed between two methods in
calculating the drift., However no such choice is availlable
for calculating the drift during the interferometer run,
Because of the difficuity in sampling drift once the inter-

ferometer is allowed to scan, one must by necessity use the

results of appendix A, Equations 4a and 4b of appendix A

are expressions for the transducer scale factor Ky corrected

for the average drift occurring during a complete inter=-

ferometer run, These equations are repeated below,
M
(a) R, =k + -4
1 u

(1)

114
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k and k' are the transducer scale factors, in chart div
of output per %A of movement, produced when the
parallelogram is moved forward by the expanding
tube (unprimed) and then moved backward by the
contracting tube (primed),

u and u' are the velocities in %A per min, imparted to
the parallelogram by the expansion and contrac-
tion of the steel tube respectively.

Mg is the average linear drift in chart div of output
per min occurring during a complete scan of the
interferometer, My is calculated from eg., 5 in
appendix A and restated below

. (k-k")uu'

M d TE e emenim s S o

u+u'!

(2)

9}

In applying egs, 1 and 2, k, k', u, and u' are measured

from the transducer recording of the interferometer scan
shown in fig,., 41, k and k' are obtained by plotting the
voltage positions at the superimposed wavelength peaks versus
"peak nuwber ," The results of this plot are shown in fig. 42,
llere two separate straight lines are plotted, one resulting
from the expénsion drive (fig. 4la) and one from the contrac-
tion drivé (fig. 41b). The slopes k and k' measured from
fig, 42 are respectively 0,520 and 0,515 chart div per %A,
The fringe velocities u and u' are obtained by plotting peak
nunber versus time. This graph is shown in the lower portion
of the transducer records (figs, 4la and 41b), The slopes
of the straight lines plotted are the velocities u = 1,177 %)

per min and u' = 0,697 %) per min,
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From eq. 2 the average drift Mz is calculated.

1.177x0.697)
177 ¥0.697

Mg = (0,515 = 0.520) .

~0.002 Chart div

P
.

My, =
d min

From eq., 1 the required scale factor is computed

K. = 0,520 - .0:002 = g 538 chart div
I 1,177 LA
Ky = 0.515+.2:002 = o,51g Shart div
0,59 L)

A second interferometer run performed under similar

conditions yielded the scale factor

Ky' = 0,522 chart div

LX

The best estimate of the interferxometer scale factor

Kp is 0.520 chart div per %A,

(3) Conputation of the Calibration Scale Factor
Then using the scale factors Ky = 1,286 chart div per
rev and Ky = 0,520 chart div per %A, one may calculate the

primary scale factor K in %X per rev,

0

chart div 1 B A
K = (1,286 2508 o
N ( rev )(0.520 chart div)( %A)

-8 My (g,3937 in.
O com

(10
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V. ERROR ANALYSIS

It is the purpose of this chapter to demonstrate that
the uncertainty incurred in calibrating the strainmeter
transducer will be about 1 percent, This will be shown in
three parts, First the uncertainty in calculating the cali-
bration scale factor will be determinéd. In the ssacond part
four systematic errors will be discussed, and their contribu=-
tions to the uncertainty will be shown to be less than 1
percent, Finally in the third section it will be shown that
the theoretical calculations will closely predict the fogm of

the fringe recorded by the interferometer,

A. Recorded Uncertainty in the Calibration Scale Factor

B g T BN DR TN AT TR

In ch, 1V, scc, c-1, it was shown that the determina-
tion of scale factor involves two sets of measurements,
(l) The screw-operated transducer produces an output
measured in voltage change per screw revolutioﬁ. The

output is shorted five times per revolution of the

120
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screw, The uncertainty in determining the voltage
change per screw revolution depends on how precisely a
revolution of the screw will be repecated., To determine
this uncertainty, the screw was rotated through one
revolution, and the position of the screw was read just

s the transducer output was shorted, The position of

2

the screw can be read o one pert in 250 using the
screw vernier scale, The uncertainty in reproducing
a rotation of the screw was determined to be no worse
than cne part in 250, For calculation purposes a k-
percent uncertainty will be used,

(2) Simultancous operation of the interferomeﬁer and the
transducer produces a transducexr record from which the
gcale factor in %X of displacenent per unit voltage
change is obtained. The accouracy in measuring the

scale factor depends in part on how closely the time in

1.

the passage of a peak <¢an be determined, This is a

},‘
function of the recorded peak width,which is determined

in the following section.

a~l, Measurement of the Rscorded Peak Width

wnre o L vt T

The peak width is defined as the distance in fractions
of an order number between points on the fringe contour at

0,98 peak value, The peak is measured from the recording
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and then converted to order number by taking the ratio of
the peak width to the peak separation (distance between con-
secutive peaks). Unfortunately, due to the nonuniform
velocity of the moving assembly of the interferometer, the
recorded peaks will not be uniformly spaced nor symmetrical,
Therefore an average value of the peak separation and the
fringe width at 0,98 peak magnitude should be determined in
order to obtain the best estimates of the peak width and the
hal# width, Figures 40, 41, and 43 are sample records from

which the scale factor and its uncertainty will be calcu-

.

lated., Figure 43 is a record of the interferometer scan,

It is found that peaks 4 to 9 due to the "expansion drive"

(expansion.of the heated tube which moves the parallelogram)
exhibit a velocity that is constant within 3 percent, whereas in
the “contraction drive" only peaks 10 to 13 maintain a velo=-
city that is equally constant (sec Table II).

From fig, 43, fringes 5, 6, and 7 are enlarged and
reproduced in fig, 44, in which sample measurewents of the
peak width and the peak separation are shown, Table IIX
tabulates these measurements and the calculations evaluat-
ing the rpeak and half widths., All measurcments are made
with a Vemco ruler whose least count is 1/50 in, Measure-
ments with this ruler are axpressed in units of 0.2 in.

Cne may conclude from the results shown in Table II
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that broadening at the peak is abeut ,05 order, yielding a
0.5=-percent uncertainty for a scan through ten peaks. The
half width shown in Table II is 0,15 order,which compares

favorably with the value of 0,160 order obtained theoretic-

ally in ch, II, sec, D,

a~2, Determination of the Interferometer Scale Factor and

Its Uncertainty

Prom c¢h, IV, sec, c=3, the interferometar scale factor

1

was evalvated by plotting the peak number versus the cor=

responding voltage readings, In this section it will be

47}

shown that the graphical procedure is sufficiently accurate
for the particular interferometer run illustrated to yield
an interferometer scale factor that is accurate to abont

1 percent.

In the adaptation of the least-sguare meithod to the
calculation of the interferometer scale factor and its
uncertainty, one recalls from the graphical procedure in
ch, IV (see fig, 42) that the abscissa is composed of suc-
cessive integevs (peak numbers). Therefore the slope, k,
of the line that best fits the empirical points is calcu-.
lated from the expression

( l) k. =2 m.m-;-wémw,mﬂ { (N"" l) (V

V) (N=3) (V7
N(N?-1)

N-1 N2

where N = the total number of points

12

"-Vz)"‘ono.o}
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Table II

Calculation of the Peak and Half Widths

All measurewents are made-on a 50 division per inch scale

where 10 divisions (.2 in,) = 1 scale unit, A1ll measure-

ments are expressed in scale units, Chart speed = 3/4 in,

per min,

Expansion Drive

Peak # Peak Position Peak Separation Peak Width Half Width

4
5

Peak # Peak Pogition

23,45
25.35
22,35
19,490
16.35

13.30

3,10
0,15 0,45

3.00
0.15 0.45

2,95
0.15 0,45

3.05
0.15 0,50

3.05
Sum=15,15 Sum=0,60 Sum=1,85
Avg= 3,03 Avg=0,15 Avg=0,46

Contraction Drive

Pecak Separation Peak Width IHalf Width

10
11
12

13

5,25
0.15 0.75

5.20
0,25 0.85

5.20
sum=15,65 Surm=0,40 Sum=1,60

Avg= 5,22 Avg=0,20 Avg=0,80
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Table II - continued

127

Uniformity of the Velocity Drive

At

(measured in == x 100 where t = time in scale units)
t .

Maximum Deviation in Peak Senaration

Expansion Drive 0.38 x 100 =
3.03

Contraction Drive 0.03 x 100 =
5,22

The Peak and Half Widths in Fractions of

33

an Ordexr Number

Expansion Drive

Contraction Drive

peak Width 0.13 _ 9,050
3,03
Half Width 9.46 - o.152

.Q.;.z..(.). = (3,038
5,22
9_,:..8.,9_ = 0,153
5,22
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V_ = the voltage recading of the pth

peak - p goes from
P 0 to n-1 ‘

The standard deviation in k is defined by the expression

(2) op = oy (i) ?
k Vo M(N-1)

where oy is the root mean square error of a single reading.

This error is a function of both the uncertainty,‘ap, in

locating the position of a peak and the uncertainty, oy, in
determining the voltage which corresponds to the vwosition of
he peak that is superimposed on the transducer output (see
figs. 4la and 41b).

In the first case the deviation, o

a? in the voltage

128

reading due 1o the peak width is ohtained from the expressicn

(2) g, = cpk

Pgquaticon 3 is the result of the relaticnship between the
empirical points and the line 6f "best fit" as described in
fig. 45. In the sccond case the uncertainty, op, of the
voltage position at each point, results from the transducer
output being a line of finite thickness. Measurcenment of
this thickness parallel to the voltage axis gives the result
oy, = * 0,015 chart div, From sec. a-1l the preak width, X

was determined to be 0,05 order, The corresponding devia=-

tion in the voltage, o,, due to Opt is calculated from

eq. 3, once k is comnputed by the rethod of lcast squarcs,
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From statistics the total uncertainty in the voltage reading

may then be evaluated from the expression

- 1
e 2472
(4) oy = (oﬁ2 + o, )2

Once oy is determined, the uncertainty in the scale
factor k may be calculated from aq. 2., Sample calculations
of both the slope k and of the uncertainty okAare shown in
table III for exp X-B,'. 'he data Vp in table II; are read
froem the transducer output (figs., 4la and 41b). The slopes.
and the uncertainties for the exvansion drive (unprimed) and
the contraction drive (primed) are determined to be respec-

tively

chart div chart div
kl = 00,5211 mué?mmmum_ o) = 0.0018 muﬁTMmmmm_
/2A 1

Relative
uncertainty

-

0.34

k.t = 90,5193 Shark div. o, . o33 chart div
\l . ]/2)\ . }::A

Relative = 0.64%
uncertainty

A second independent interferometer run, exp XmBl’ was

pexrformed on the same transducer, X, (calculations are not

130

shown). For this case the slones and the uncertainties were

determined to be
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Table ITI
CALCULATION OF THE INTERFEROMETER SCALE FACTORS
AND ITS UNCERTAINTY - METHOD OF LEAST SQUARES

Hncertainties

It
it

t 0.015 chart div o, = ko

o1, p.

= 0,05 order oy = (0..%2+0 2)% G, = O A2 s
P ¢ v s L k v N(NZ=1)

where N is the total number of points

The Slope of Best Fit and Its Uncertainty

6
K = etimmeses B L (pep') (V_ =V ')
N(N%-1) p pt ’ PPt

where the integers p and p' are defined over specified ranges
of preak number for the expansion drive and contraction drive,
Expansion Drive - N = 15

The peak nupber p goes from 14 to 7 while o' goes from 0 to 7,

K o= e - + - A
* 7 560 {14 (Vy4-Vg) 120V 3=Vt eeeens F 0y , o

. = 0.060y

Contraction Drive - ¥ = 10

The veak number p goes from 14 to 10 while p' goes from 5 to 9,

L _
¥ % rouTmemwae e -}- e 1 -
k P {9(V14 Vo) #T(V 3=Ve)+ wevsns + Vi v9},

ok = 0.11 gy



I

13
12
11

10

o

ol

13
12
11
10

k'

ll64

7.91
7.40
6.88
6.36
5.82
5.30
4,79
4.28

S
560

p'  Vp (Vp=V5i) (p-p') (p=p*) (V,=V50)
0 0.61 7.30 14 102,00
1 1.15 6.25 12 75.00
2 1,67 5.21 10 52,10
3 2.18 4.18 8 33.44
4 2.69 3.13 6 18.78
5 3.21 2,09 4 8.36
6 3.73 1.06 2 2,12
7 4,28 0.00 0 0.0¢C
§ = 291,80
= e = 0,5211 chart div oy = 0.030 chart div

Table III -~ continued

Expansion Drive

A

= 0,05k = 0,026 chart div

Vp

o ev———

7.85
7.32
6.80
6.28

5.73

S!

= 2 = 0,5193

165

= 0,05k"

Ox

It

0.0018

Contraction Drive

chart div

U

kX

' - . o _
p Vot (Vp Vp.) (p-p') (o~ )(vp Vo
5 3.18 4,67 9 42,03
6 3.69 3.63 7 25,41
7 4,20 2,60 5 13.00
8 4,71 1.57 3 4,71
9 5+ 20 0.53 1 0.53

s' = 85,63
chart div _
rev oy = 0.030 chart div
= 0.026 chart-div = 00,0033 chart div

O'k,

LA

-

132
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chart div chart div
=0, ghars iV o, = 0,0018 S2&L
kl 0,5170 X " ( L3
Percent
Relative = 0.,35%
uncertainty *
. ‘chart div _ h di.
ke = 0.5321 =Zp o) = 0.0034 S_a%.ii.i._.i,‘i
‘2
Percent
Relative = 0.642
uncertainty '

From appendix A, eq. 4 is now applied to determine the
drift corrected interferomcter-scale factor K, Equation 4

13 restated below for cohvenience,
(a) K=k + Md

u

M
(b) K =%k - _4

T

where the average drift slope Mg is

uu'
utu'

M = (kv

(6) My (k'-k)

k and k' are the slowes calculated from the transducer
record by the method of least squares

u and u' are the approximate velocities of the interfer-
ometer moving assembly in %)/min for the
expansion and contraction drive as neasured
from figs, 4la and 41b respectively,

In Table IV the drift correction is applied and Xj and

K2 are calculated from the interferometer runs exp X«-B‘l and

exp X-By' respectively. The uncertainties of K; and K2 due

133
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Tahle IV

J

THE DRIFT CORRECTED INTEREFLROMETER

i

Mg
I
e }; .{_

- A -

u

'
uu

Md - (k i ,,..k) et
uta!

KBy X~Bq !
X 0,5170 0,5211
! 0,5321 0,5193
Ktk 0.0151 0.0013
1 1..243 1,177
" 9.605 0,697
! 0,7520 0.3204
utua? 1,848 1.874
wu! 3,4059 0,4373
i’
Mg 0.0061 0.0003
M
md 0,0050 0,0007
181

K 0,5220 00,5218
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to the drift correction are computed in appendix B, The

results are listed below:

For exp X-B '~ K; = 0.5220 ¥ 0,0040 S§§§§“Q£Z

il

I

U s + a0 Chart div
for exp X B2 - kz 0.5218 T 0.,0040 wmngx

Now turning to statistics, the best estimate of the
interferometer scale factor Kl based on the data from

exps X-B;' and exp X~B2' is

K, K,
T e

7y K 9, O,
o 1
o,? 0.2

(8) = +

Using these two equations, X; and o; are calculated in Table
vV and the acdepted value of the interferometer scale factor

is determined to be

K; = 0.5219 + g.0030 Shart div
)

.In Table VI a comparison is made between the scale
factors determined graphicelly and the corresponding scale

135
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Table V
CALCULATION OF THE FINAL INTERFEROMETER SCALE FACTOR

AND ITS UNCERTAINTY

K, K,
+ —— X-B,! X=B, ¥
0,2 022 s, 1 2
K1 =77 N K 0.5220 0.5218
D + nemsv—nre
o, 0,° ok 0.0040 0.0040
og? 16x107°6 16x107°¢
1 1 1
= + = S; L 6.25x10*  6.25x10"
op? 01? 0,2 Ok
K L y
—5 3.2625x10%  3,2613x10
o
K
s, = 12.50 x 10"
S, = 6.5238 x 10"
_ S2 _ chart div
KI = e 0.5219 -”-“-;T—--—
S, i
op =(= )5 0.0030 chart div

5, %)

Table VI

COMPARISON BETWEEN GRAPHICAL AND LEAST-SQUARE RESULTS

K, K, Ky
Least Square 0.522 0.522 0.522
Relative Uncertainty 0.77% 0.77% 0.58%
Graphical 0.522 0.518 0.520

oo
(o]
.
~3
~J
o\
o
*
w
o)
o

Percent Difference 0
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factors determined by the nethod of least squares. The
relative uncertainties in Table VI are ccmputed from the
uncertainties calculated by the statistical method in Table
V. The row labelled percent difference describes the per-—
cent difference between the graphical and least-square
values, From these calculations it is seen that the worst
discrepancy is in K,,which has a maximum deviation of 1,44
percent, However the uncertainty in the final scale factor
KI when determined graphically is seen to be 0,%6 nercent,

a result that is about 1 percent,

a-3, Determination of the Transducer Scale Factor and

its Uncertainty

Corresvonding to the two interferometer runs treated
in sec, a-2, three separate calibration runs cf the screw -
operated transducer were performed under similar conditions,
Figure 38 is a record of one of these calibration trials,
exp X-Ap. It is observed that the output is shorted five
times per revolution, and with a scan of about four revolu-
tions, 22 data points are obtained, With this data the
voltage readings at esach revolution were plotted against the
correspending "revélution number" in fig., 39 (sce c¢h. 1V,
sec, ¢=-3), The results of this plot yielded five straight
lines whose slopes,when averaged, produced the final form of

the transducer scale factor, TIn this section the least-square
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method is now applied to the calculation of the transducer
scale factor and its uncertainty.

From these five sets of data in fig, 38 (A, B, C, D,
and E;, five straight lines are fitted by the least-square
mgthod. The slopes k,, kg, etc,, and their corresponding
uncertainties ¢,, 0y, etc., are computed in Table VII by the
game procedure followed in Table III in sec. a-2.

The uncertainties op,, o, etc., depend on three
guantities: the uncertainty resulting from the number of
polnts available for constructing the line (this is deter-

mined by the least-sguare methced), the uncertainty, o pro-

r?
duced when a revolution of the screw is not precisely
repeated, and the uncertainty Oy,r nroduced when the voltage
at each revolition is measured from the recorded line having
a finite thickness, The uncertainty, o;, is ¥ ,02 chart

Lo
]

div, and the uncertainty, G, is ~ 0,005 rev. The total
uncertainty in measuring the voltage at each revolution is

1
oy = + (GL‘ + oﬁz)2 where o4 is 0.005k, Xk being the trans-

, .
ducer scale factor in SQ3£EMQ£X. From Table VIL, o, comn-
14

rev m
puted for all five lines 1is 0.0064 chart div,which is
considerably smaller than the uncertainty 01, dr, is thus
the controlling facltor limiting the accuracy in the calcu-
lation of the transducevr scale factor. Conversely, in the
interferometer run (see Table III), it is the peak width
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Table VII
CALCULATION OF THE TRANSDUCER SCALE FACTOR.

AND ITS UNCERTAINTY - METHOD OF LEAST SQUARES

Uncertainties
L
o, = 0,02 chart div oy =(o_? + o,®)"
= + V
0, = = 0,005 rev oy = (12 14
~ B A N
Op = kcr N(ﬁ L

The Slope of Best Fit and its Uncertainty

When ¥ = 5 points
k = Loz oz (c=x') (V. ~V_,) = -j;"m-{4(v -Vi)+ + 0}
20 - r' r rl 20 ‘ 5 l ¢ o 80

&

where the revolution number, r, goes from 5 to 3 and the

revolution number, r', goes from 1 to 3

When N = 4 points
k=3 I I (r-x') (V.-V_,) = 3= {4(V,~V])+(V5-V,) )
10 . oo r 10
9% = 0.447 oy

where the revolution number, r, goes from 4 to 3 and the

revolution number, r' oes from 1 to 2.
14 ’
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Table VII - continued

Line r \ ' v

r r r! Vo=V, r-r! (r-r')(vr-vr,)
A 5 5.41 1 0.33 5.08 4 20,32
4 4,18 2 1.62 2.56 2 5.12
3 2,90 3 2.90 0,00 0 0.00
Sy = 25.44

[ . K
kAz :ﬁ = 1.272 thart div

20 rev

Oy = 0,0064 chart div
gy = 0.021 chart div

o, = 0,0066 Shart div
_ rev
3 5 5.21 1 0,12 5,09 4 20,36
4 3,95 2 1,39 2,57 2 5.14
3 2,68 3 2,68 0,00 0 0.00
Sp = 25.50
S .
ky = o8 = 1,275 SRALECLY
20 rev

o = 0.,0064 chart div

oy = 0,021 chaxrt div
0.0066 chart div

OB - rev
c 4 5,01 1 1,21 3,80 3 11.40
3 3.78 2 2.48 1,30 1 1.30
Se = 12,70
ko = ;% = 1,270 gﬁgégvgix

o = 0,0064 chart div

oy = 0,021 chart div

= 0,0093 chart div
rev
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Table VII - continued

iine r A r' v

o memanns ez e LT i o

D 4 41,63 1 0.82 3.81 3 11.43

V=V r-xc? (r»r')(erVra)

3 3.39 2 2.10 1.29 1 ‘ 1.29

R T PR

SD = 122572

kp = Sp =1,272 Chart div

5 e
g. = 00,0064 chart div
oy = 0,021 chart div

= 0,0003 Shart div

o L. R

ra

IR e CNAT M
kg = o5 =1,277502rt div

S
- B
10 eV

O?r = 000064 Chat’t diV
oy = 0,021 chaxt div

P S T 4
op = 0,0093 Shart div

rev

oot e —o 2 N TR e R
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rather than the iine thickness which contributes the largest
vart of the uncertainty incurred in measuring the inter-
ferometer scale factor,

From the five values of k (kp, kg, etc,), the best
estimate ky is derived by taking the statistical average

defined below,.

Kn  Kg  Kg
g'"'"z + B_WWZ' 4- a’”’?z" + X
A B C
TR S T
2 2 2 8 3 99
A bz} 9

where o,, oy, etc., are the uncertainties in the slopes Xj,

ki, ete.

fde

The uncertainty in k; is calculated from the expression

(10) 12:_.1+1,+l+

2 2
0'1 O'A O'B g

Jsing eqs. 9 and 10, kg and 0 are calculated in Table VIII
where

ky = 1.273 * 0035 Chart div
rewv

From the two other transducer runs exp X~A2' and exp X“AZ",
the corresponding transducer scale factors were computed
(these computations are not shown)

k, = 1.296 + 0.0027 chart div.
2  rev
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k. = 1,295 % 0,0031 Shart div
3 rev

The drift is eliminated by averaging the transducer
scale factors of two consecutive runs (see ch, IV, sec, c-3
and apvendix A), Therefore one has

Exps X-A, and X-A,' k, = 12273 * 1,296 _ ; 545 chart div
x 2 2 t 2 rev

0 ¥ - A3
LIPS 1.226 + 1.295 = 1,296 EJ:L?E}WS];JL‘V_
2 . rev

i "~ - ' - n
Exps X-A,' and X=A, K

The uncertainties in ki and k' are derived from the
method of propagating uncertainties in functions of two var-
iables, For the above specific case, one has

(1la) Z = X+ y

2 2 2
{11lb) 0,° = 0, + cy

The uncartainties ¢ and o' are computed below:

For kt 4=.0035

- 5 hart di
0=(107"%) (1225+729) *= ¥ 0044 S2iz.S

0,=.,0027

2

n 1 .
For kt 02—.0027
chart div

- L
G'=(10" %) (729+961) % = L0041 ~rrietomirinm
rev

63=¢003l
and therefore
chart div

ki = 1.285 T 0.0044 moSicemmn
rev
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k,' = 1.296 * 0.,0041 Shart div
t rev

The best estimate of the drift~corrected slopes Ke
and kt' are obtained statistically by eqs, 9 and 10, The
computations are performed in Table IX,and the best estimate

is determined to be

K. = 1,291 t 0,003p Shazt div
rev

Table X conpares the accuracy of the graphical method

with that of the least-square method, The maximum uncertainty
in the graphical results is 0,65 percent for X., a result

3

that is less than 1 percent,

a~4, The Calibration Scale Factor and its Uncertainty

Tn this section the calibration scale factor, X, in
microns of movement per screw revolution is calculated, From
secs, a-~2 and a-3, the interferometer and transducer scale
factors are

chart div

K; = 0.5219 t 0,0030 S84LL ¢LV
LA
27
K, = 1,291 * 0,0030 Shart div
t * - L] rev

The calibration scale factor is
1 LA I 2508O
4 chart div ! A -g Cm n
- , 2N 10
0.5219 chart div ) ( ) (10 A

rev 1) o cm
2 A

K= ( ) (1,291

K = 0,620 2
rev
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- Table VIII
THE CALCULATION OF THE TRANSDUCER SCALE EACTOR
AND ITS UNCERTAINTY - THE STATISTICAL AVERAGE
2 1 K
3 (e} [0} e v,
Line k k K v Z oR?
A 1.272 .0066  43.56x10"°  2.296%10% 2.921x10%
B 1.275  ,0066  43.56x1076  2,296x10%  2,927x10%
C 1.270  .0093  86.49x107°  1.156x10%  1.468x10%
D 1.272  .0093  86.49x107°%  1.1s6x10% 1.470x10%
B 1,277  .0093  86.49%107°%  1.156%10%  1.476x10%
slz8,060x104 10,262x104zs?
S ' . .
22 o Chart div ol s chart div
ky = 57~ 1,273 SeSnmoet o, = (gf) = 0,0035 ~oes
Table IX
CALCULE‘.\:TION orF THE DRIFT CORRECTED f[fI%ANSDUCER SCALE
FACTOR AND ITS UNCERTAINTY - THE STATISTICAL AVERAGE
k X o a o] 2 «u-w];m -}fj}.»yq
av k k 012 O12
1,296  0.,0041 16.381x107%  5,943x10% 7.702x104%
1.285 0.0044 19,36x10™0 A5.165x104 6.637x10%
5,=11,108x10%  5,=14,339x10%
K, o= LA - 14291~S§i££m§ixm of = L 3 = 0,0030 Ekigﬁméiz
C Sl rev (Sl) rev
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Table X
COMPARISON DREWWEEN THE GRAPHICMAL AND LEAST-S5QUARE

TRANSDUCKER SCALE FACTORS

Sanare 1.285 1.296 1,291

Least
Relative Uncertainty
Groohical 1,279
> b D,47% 0,233 0,297

N g g e
RS- NN GIGT AW

s

sy

(o)
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or K =

The

method of

K =

one has

(12)

where

and

o1

Kz

Finally

oK

e

K

i

24,4 LAl
rev -

relative uncertainty for K is calculated by the

propagating errors, where for the quotient

= 5,40%10°

o
(]
Q
N
(9%
N
=1 Q
wi;
N
|

d -
0.00575  (~=)® = 32,49x1070

+ 0,006

Since the graphical and least-sguare results are

identical to three significant figures, the relative uncer-

tainty in using the graphical procedure is 0.6 percent for

this particular calibration.

Then the calibration factor calculated for transducer

X using a l-percent uncertainty is

or

K = 0,620 ¥ 0,006 -H_
rev

147
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K = 24,4 F 0,24 L 10
rev

The accuracy obtained in calculating the calibration
scale factor graphically has keen shown to be better than
1 percent, However this result ié derived from one calibra-
tion, and it will surely require a check from several other
calibrations before this conclusion is definitely confirmed.
As of now, the requirements that the calibration be exactly
1 percent is not iigorouq so that an accuracy of perhaps 2
to 3 perceat by graphical means may-be acceptable, The
gravhiczl procedure is sinple and rapid enough so that wany
paople may be willing to accept its inherent lack of accuracy.
Howevar a word of caution: it was demonstrated in appendix B
that the uncertainty og will increase with the drift of the
transducer that occurs during the interferometer run., In
fact, if the difference between the scale factors k'-k goes
beyond 8 percent of Ky, the conservative estimate in the
accuracy of 2 to 3 percent may be wrong, and it is even
raecommended that the results of the calibration be rejected

without further calculation,

B. Systematic Errors

In ch., IX an analysis of the Fabry-Perot interferometer
showed the possible existence of certain disturbing effects

which would decrecase the accuracy of the wavelength scale
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recorded by the interferometer., Indeed, these disturbances
seemed to account for a large part of the recorded peak width
calculated in sec, a-l, Although this analysis served to
demonstrate the capabilities of the instrument, it was
inconplete since a number of conditions encountered in the
actual operation of the instrument were ignored, These
conditions are now considered because they might impose a
larce systematic error upon the calibration factor and thus
degrade the l-percent accuracy. These conditions are:

(L)Y The index of refraction is neither unity nor
constant,

(2) The filter transnits wavelengths from other parts
of the helium spactrum, e.g. 5875 g.

{3) The upper plate of the parallelogram does not
mceve parallel with respect to the bottom plate,

(4) Motion noxmal to the central camacitor plate
mounted on the upper plate of the parallelogram
is not the same as motion of the opntical flat
along the optical axis.

b-1l, “The Index of Refraction is Not One

v,

In the derivation of eq. 11 in ch, II, the index of
refraction, n, was assumed to be exactly ona, Equation 11
states that the distance represented by a scan of one order
is exactly cne half wavelength whare

(l4f (Am) A = 2Ah at ¢ = 0

If the index of refraction n is not one, the change of

order numnber 1is
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(15) (Amt)l = 2nAh at ¢ = 0
where Amg is the actual order change when n is not one. The

error incurred in using n = 1 is then

(16)  Amg-8m _n=1
Amg n

(n-1) is called the refractivity, and if this quantity
can be shown to be less than 0,01 order, the l-percent
accuracy will be maintained.

The refractivity of air is a function of temperature,
pressure, CO, content, and HZO vapor content, Because the
rmeasurements of wavelengths in air has reached accuracies of
one part in 10%, then in order to determine the equivalent
wavelengths in vacuo, it has become necessary to determine
the index of refraction of air to the same accuracy.
Several investigators have measured the refractivity of air
for radiations in the infrared, visible, and ultraviolet
regions, Edlén (1953, 1966) has compiled the results of
these investigations, and he has developed empirical equa-
tions to calculate the refractivity of air for different
wavelengths at various pressures and temperatures to one

. ’
part in 10°%, Edlen shows

-8
(17) (n-1), = Rin=1) (140(0,817-0.0133t)x10

t,p 720,775 1+0,0036610¢t

for the temperature range from 5°C to 30°C (Edlén, 1966) .
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i

p is the ailr pressure in torr for the range 100 to 800 torr,
(n-1)g is the refractivity of air at standard conditions,
Standard conditions are defined to iaclude dry air
with 0,03% CO, content at 15°C and 760 torr,
/ - v . ~
Edlen tabulates measurements of (n-1) in dry CO, free
air at 760 torr and 15°C in the visible spectrum (1966). At
O . . -4 .
about 5000 A, (n~1l) is approximately 3x10 °, Referring to
eq. 16 one sees that the deviation in the order measarement
is approwximately 3x10”4.v For standard air which includes
Ny s
centent, Edlen (1966) states that the refractivity

over that of co, free air will be about %xlo“g, a variation

¢.03% Co,
that is negligible here. Thérefore it will be sufficiently
accurate to calculate,(n"l)t'p mnder the average atmospheric
conditions used to calibrate the strainmeter transducer,
Thea average c¢onditions under which the calibrations were
performed were p = 630 torr and t = 20°C, Substitution of
these values and the quaniity (n-1)g = 3x10”% in eq. 17
vields the result in which the change of the refractivity
from standard conditicons to the working conditions cccur in
the seventh decimal place, This is also negligible,
In thz above calculaticns (n“l)t,p was determined for

dry air., At 20°C the vapor vressure of the water at the dew

point is 17.5 torr (Sears and Zemansky, 19606, Thl., 19-5,

FER

P. 371). Since the welative humidity in the Denver arca is

low (10 to 15 percent inside most buildings according to
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the Denver Weather Bureau), an overestimation of the relative
humidity at 30% would yield a vapor pressure for water at

5,3 torr, When compared to the total atmospheric pressure of
630 torr, the water-vapor content would constitute less .than
’ 1% of the atmosphere by volume, Edlen (1966) states that
under usual lab conditions air will contain water vapor at

1 to 2 percent by volume, which will decrease (n"l)t,p by
_about 80x1078 a value which is still negligible., On the

days which the calibrations described here were parformed,
the tewperature was below freezing so that the vanor preséure
of water was somewhat less than the figure quoted above,
ffence no significant error in the calibration will result

die to the humidity,

b~2, ‘the Index of Refraction is Not Constant

The average time elapsed in a typical calibration run
is about 30 minutes, During such a run fluctuations in
temperature and pressure may cause n to fluctuate,

Thus an additional calculetion should be made to account for
changes in temperature and pressure,

From eq., 10 in ch, IX, one has for the distance h
between the Fabry-Perot plates

(13) m o= 2hn/A at ¢ = 0
Duxing an incremental displacement Ah, suppose that n

changes by the amount Ant,p‘ The corresnconding oxrder change

.
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Amy,, is then

2hAn
(19) amy = Ll
Ao
Where Ang p is the change in refractive index due to fluctua-
’

tions in temperature At and pressure Ap.

The change in refractive index due to a pressure change
is obtained by calculating the refractivity for two pressures
and taking the difference between the resultant refractivi-
ties., The change in refractive index for a temmerature
change is calculated in a similar manner,

Rewriting eq., 17 in the form

- - -6
(200 (m-1), = (n-1) g b x 1+p(B-Ct) x10™°%

A 1+Dt
where A = 720,775 torr (n-l)S = 0,0003
o
B = 0,817 —< t = 20°C
torr
C = 0.0133 torr~? p = 630 torr
D = 0,0036610
one may then show
(1.001) (n-1)
a A(n=-1 S
(a) ( }P < ATIFDL)
(21) DAt
1. _ _ e
A DAt

1+ 14DL
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where A(n»l)p is the variation in refractivity due to the
pressure change, Ap.

A(n---l)t is the variation in refractivity due to the
temperature change, At,

By putting the quantities (1+Dt) and (l+Dt)2 equal to
1.001 and the quantities 1+ DAL and 2 equal to 1, eq. 21a
14Dt A
may be simplified., One thus has

7

(a)  Aln=1) <(n=1)g %2 < 5x10”7 Ap ,

(22} -

(b)  A(n-=1) <(n-1)4 DAt<12 x 1077 At ,

Exawination of several bardmetric records shows that the
average change in pressure occurring in an hour is about 1
torr, From eq., 22a the corresponding change in refractivity,
An-1), is 5x1077,

A variation invtemperature has a large effect on the
order shift, Am,. For example with a 5°C change, the varia-
tion in reiractivity, A(n-1), will he 60%1077 which shifts
the fringe peak by about 0,04 order (as computed from ergq, 19).
Adding this oyder shift to a neak width of 0,0S order calcu-
lated in sec, a-1l, the total uncertainty would then be about
0,09 order. In a ten—-order scan with the interferomecter, the
relative uncertainty would then be about 1 percent., However
the temperature change was measured under essentially the same
conditions ocecurring during a calibration run, and it was
found to be about O.lOC. With the coffect of the pressure

change inclu¥ed (eq. 22a), the resultant total~refractivity
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change is about 6:(10“7 which produces an order shift, Amg,
of about 0,004 order. Thus the order change due to
fluctuations in temperature and pressure is small enough
so that the l-percent calibration will not be considerably

affected,

s

b~3., Transmission of Other Wavelengths of the

Helium Spectrum

Figure 43, the recording of the interferometer cuteut,

b3

shews a variation in the peak height which results from the

o o
leakage of the 4470 A and 5875 A wavelengkths throngh the

Bausch and Lomb filter. Supervosition of their fringes with

o}
these of the 5016 A line indicated the possibility that the
peak of the resultant fringe would be deformed so that the
uncertainty in locating the peak might be greater than 0,01
order, However the analysis in appendix C shows that the
peak is shifted by maximum amount of 0.002 order,
O - O .

The 4470 A and 5875 A lines are transmitted at about
l 1 L4 L . 1 O ] 0 . v
T5 the intensity of the 5016 A line. 1In this section the
. O . v v . . ] 1
5016 A line will be known as the "measuring fringeg' and the
fringes resulting from wavelengths transmitted from other

parts of the helium speclirum will be called '

'contaminating
fringes" or "contaminants." 'Then the "measuring fringes”

and the "contaninating fringes" overlan, the resulting

155
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fringe contdur will in general be asymmetrical;and its
amplitude will be increased. If the peaks superimpose so
that they coincide, symmetry will be maintained, and there
will be no error, However when an asymmetrical contour
occurs, the recorded fringe will be displaced from its
theoretical position, and the peak will be broadened. Con-
sequently the linearity and the accuracy of the wavelength
scale will be degraded,.

The npeak offset and peak broadening mnay be determined
by superimposing the "weasuring fringe" with a fringe at %3

1

the peak value, This has been done (see appendix C), and
the results are plotted in fig., 46, The resultant fringes
are plotted for four different positions of the "contaminate-

ing peak"” weasured along the abscissa from the veak position

"of the "measuring fringe" (see also fig. 53). In particular

the "contaminating peak” has been placed at points on the

abhscissa where the corresponding y-coordinates on the "meas- -

uring fringe" contour are 0.95I,, 0,901 0.80I,, and

o?
0.70L,. Exanmination of each of the resultant peaks in figqg,

46 shows that the maximum disnlacement of the peak is about

A

1,002 order, and the unecak broadening is abouk 0,001 oxrder.
4 11 ing _

b-4, Rotation of the Moving Flat

Although it was demonstrated in sec, b=3 that the use

of the “rusch and Lowb filter would not introduce any
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significant'systgmatic error in the recorded accuracy of
the calibration, yet one finds a serious drawbaqk‘inherenﬁ
in its use. The variation in peak intensity may mask any
loss of varallelism as the ubper plate of the parallelogram
is moved, For example fig, 47 shows a 6-percent loss in
peak intensity for a scan through nine peaks when the
spectrum systems filter is»used (see ch, III, sec, H=1).
Reduction in peak height to 10 percent has been recorded in
a tgpical calibration run, A direct check of the parallel-
ism cetwean the flats (see chapter IV, sec, a-4) imﬁediately
follo&ing the calibration run clearly indicated that the
flats were no longer parallel,

The reduction in peak height as the interferoneter
scans 1s an- index of the angle which the movable flat rotates
through as it is moved, To ﬁetermine the veak width result-
iﬂgvfrom this loss of parallelism, it is necessary to con-
volve the Parallelism Function Dp(m,b)(eq. 25 in ¢h, II) with
the Airy PFunction for several half}widtﬁs, b, in order to
associate the reductiog in peak heicght with fringe broaden-
ing, For this convolution the cocfficient %m is now computed
whereas in sec, d-2 of ch, II'the same convolution wasApef—
formed, except that the veak height was normalized to one,

A conputer orogram designed by Mr, Russell Gray was

ased to compute points on the fringe contours of each
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Parallelism Function, D (m,b), corresponding to the range of
half widths from b =0.044 to 0.070 order, The results of
this operation are displayed in fig., 48. The peak magnitude
of Dp(m,0.044) has been normalized to one. The other
fringes have peak heights equal to the ratio of their actual
peak magnitude (%%) to the peak magnitude of Dp(m,0.044).

When the flats are not parallel, one may suppose they
form a triangle with the fixed flat perpendicular to the
optical axis. Deviation of the flats from parallelism is
then measured as the horizontal component, c (the component
parallel to the optical axis), of the side of the triangle
opposite the wedge angle o (see fig, 10a)., For example at
b = 0.070 order, the "horizontal" deviation c is Tgﬁ X and
the wedge angle between the l-in.-diam flats is about 0,18
arc sec, If the flats were originally adjusted within the
flatness tolerance, the wedge angle o would have been 0.09
arc sec, A l2-percent loss of intensity (see fig. 48) cor-
responds to a broadening of the half width from 0.04 order
to 0.070 order., This is equivalent to tﬁe optical flat
rotating through an angle of 0.09 arc sec as it is being
moved,

The Instrumental Function was next produced from the
convolution of the Parallelism Function, Dp(m,0.070), with

the other Disturbance Functions. The Instrumental Function



161

T 1164

*3eTd TROT3AQ @Yl JO UOT3IRIOY
. e 03 ang uvoTIOUN WSTISITRI® U3 3O IUYBTOH ¥ead UT oseaided ‘8% 2InbTJ

J8QWAL I6DI0 UD }0 SUDIODEL Ul —W
ad i

T 1 T i H | T i 1 e .
o - g0 | so  or  ———
r .
_ e e - maw _
-~ _ oL e
Z e
e Yy o
O

(oL00wfg ¢ i ‘ R
(go00‘wfg ¥ i o
(090 0wig * £ o ¥ e
(sso0‘w)g ® N
(0500 ‘wyg * | w
(bv0'0 ‘whg o Yoy
GN3937 %

:



T 1164 162a

is plotted in fig. 49, and the peak and half widths are
determined to be respvectively 0.03 order and 0,164 order,
Consequently the loss of accuracy to be anticipated when a
12-percent dron in intensity occurs will be small, Further-
more in all calibration runs performed with the Bausch and
Lomb filter, only éhose runs were acceovted in which a visual
check of the central zone showed that the parallelism of the
plates was close to the flatness tolerance of the plétes°
Hence one may assume that in all calibration runs that were
accepted, the deviation from parallelism was less than IﬁE Ae
Thus this systematic error has a negligible effect on the

l-percent accuracy of the calibration computed in sec., A of

this chavter,

b-~5, Displacements of the Fabry-Perot Plates and the

Central Canacitor Plates are not the Same

The movement of one of the optical flats along the
optical axis as measured by the order scan of the inter-
ferometer may not be the same as the movement measured by
the strainmeter transducer, The interferometer plate and
the central capacitor plate are mounted and adjusted
independently on the upper plate of the parallelogram,

Thus the interferometer and cavacitor vnlates may not be
parallel, and therefore the comvonent of the movement of the

parallelogram normal to either element will not be identical
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{see fig, 50),.

Suppose that the normals to the plates fail to coin-

cide and differ in direction by the angle 6. Let Ahj Dbe the

distance moved by the optical flat along the optical axis
and let Ah be the corresponding movement normal to the
capacitor plate,

From fig, 50 the actual motion of the capacitor plate
will be |

Ah = AhOCose
The relative uncertainty in the movement of the capacitor
plate is

Ah -Ah Ahg (1-Cos®)

Aho Ah

o
For a l-onercent uncertainty this requires
1-Cos0<0,01
Cos0>0,99
8<8,1°
Visual compariscon of the interferometer and capacitor
nlates shows that the angle of deviation is less than 8°,
Therefore the resulting uncertainty will ke less than

l-percent,

b-6., Transducer Cavacitor Plates are not Paralilel

If the three capacitor plates of the transducer are

not parallel, two undesirable effects might result:

163
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1) The voltage change might not be a linear function
of the displacement of the central capacitor
plate, However according to Romig (private com~
munication, 1967), proper adjustment of the detec-
tion circuit will make the relationship linear
even when the plates are not exactly parallel,
Figures 39 and 42 show that the voltage is indeed
a linear function of the displaccment of the

s

central capacitor pvlate despite the fact that the
alignment of the central capacitor plate was not
extremely precise,

2) A change in the voltage sensitivity of the trans-
ducer would occur if the central plate were tilted
with resvect to the outer plates, thus nullifying
the calibration, However since the electronic
detection system is only an intermediate between
the interferometer and the displacement transducer,

a change in the voltage sensitivity will not

affect the results because the sensitivity is

stable during a calibration run,

C., Comparison RBetween the Recorded and Instrumental Fringes

In sec. b-4 the contour of the Instrumental Function at

12-percent intensity loss was calculated (see fig. 49) in an
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attempt to predict the actual fringe to be recorded by the
interferometer., This theoretical result is now compared
with a recorded fringe obtained when the Spectrum Systems
filter was used, The recorded fringe was enlarged by use
of a Gerber scale and plotted with the theoretical fringe
(see fig., 51).

With only the peaks of the fringes made to coincide,
the fringes are seen to merge above the magnitude at one
half the peak ammlitude, Otherwise the recorded fringe is

narrower than that predicted by theory. Because of the

166

similarity in shape between the recorded and predicted reaks,

one nay reasonably conclude that the theoretical approach

presented in chs, II and V, may be used successfully to pre=-

dict the recorded uncertainty of the wavelength scale,
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VI. RECOMMENDATIONS AND CONCLUSIONS

Experience with the interferometer has suggested some
recommendations for its improvement., TFor example the instru-
rment described above is a laboratory calibration device,

To be ideal for field use it would have to be more commact
and stable,

The size of the interferometer is limited by the need
to transmit sufficient intensity to the photodetectiocon
system, For example if smaller ontical flats are used, the
mounts holding the flats could be made smaller, reducing
the size of the parallelbgram. However the smaller nlates
would diminish the intensity passing through the inter-
ferometer, Certainly a more intense source would solve
this problem, but unfortunately the Doppler width is
usvally larger for more intense sources, If the present
source is kept, the svacing between the plates could be
reduced so that a larger pinhole cculd be used, In the

design of the mount for the ontical flats, the brass

168
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jacket (ch, III, sec, c-1) puts a limit on the minimum
spacing that can be obtained between the plates. Thus this
mount must be redesigned.

Another approach is to use a more stable moving‘
rechanical element, If the present parallelogram device
should be kept, an ocbvious way of improving its stability
iz to mill it out of one piece of metal, As remarked in
ch., I, other devices have been developed to produce parallel
notion, Slater (1964) in his intrcduction lists several
mechanical scanning Fabry-Perot interferometers, which upoﬁ
fucther investigation may prove to be preferable to the
parallelogram device,

This interferometer has several features which make it
attractive as the nrimary calibration device of the strain-
meter transducer, For example with the photomultiplier
tube, one may determine a A/2 displacement of the plate
directly from the chart when the interferometer scans
through one peak, Thus one can avoid the inconvenience of
the photograpﬁic technique, which involves long, tedious
neasurenents and calculations, The calibration is indeoven-
dent of long-term changes in the variable transducer
capacitance and its assoéiated electronics. The expense of
setting up many interferowetric calibration systems is

avoided by calibrating the displacenrent transducer (Romig,
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Vl967) for each strainmeter with only one interferoneter
Finally the accuracy of the wavelength scale can be improved
considerably throtgh certain modifications anmplied to the
interferometer, Thes2 modifications were determined from
the extensive error analysis develoned in chs, II and V. It
has been shown that most of the disturbances affecting the
accuracy cf the wavelength scale produces broadening of the
transmitted fringes. Below is a list of these broadening
effects and the modifications required to reduce these

fects,

?'*\

er

(1) Pinhole -~ Broadening is reduced by using a smaller pin-
hole and decreasing the interplate spacing.

(2) Reflection coefficient -~ Reflection coefficients annroach-
ing one will raduce peak broadening,

(3) eometry of the cotical flats « Ontical flats olane to
A/100 or better will reduce peak hrcadening,
(4) Rotation of the moving flat - The mechanical scarnnin

element snou?d be nore compact and stable dc

descrihed in the earlier élt of this chanter,

(5) Light source - A licht source having a narrower line

o
should be used, i.,e., 5470 A of HngB, or
the light source should be ccooled in order
to reduce the Dovpler width,

The pinhole, reflection coefficient, and the light
source contribute more than 90 vercent of the fringe broaden-
ing, Since 3 and 4 contribute very little to the broadening,
they need not be considered further. The effect of the

source whicn adds substantially to the fringe broadening will

be costly to reduce because of the exvense in purchasing a
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.Hgl98 source or in cooling the present socurce, Reduction of
the Airy width regquires reflection films having higher
reflection coefficients, If metal films are used, absorp-
tion of the incident intensity will be increased, If
dielectric films are used, the drawback here will be the
great expense in their purchase. Because reduction of
broadening by minimizing the pinhole effect is by far the
cheapest in both time and money, this route is recommended,

Another important result that comes out of the error
analysis (ch. V, sec, b~2) is that,during the calibration run,
a 5°¢ chenge in temperature will shift the fringe peak by the
maximum arount that can be tolerated if the interferometer is
to calibrate the strainmeter transducer with an uncertainty
of 1 percent, Although such a temperature change is extreme,
it does underline the fact thalt the l~percent calibration is
near the limit in accuracy one can expect from the present
ins trament, However the interferoneter can be made less
sensiltive to variations in refractive index due to pressure
and temperature fluctuations by decreasing the spacing, h,
between the Fabry-Perot plates (see eq. 19, ch, V), which
would entail the slicht redesign of the interferometer as
noted in the beginning of this chanter,

The theoretical estimation of the peak broadening
agrees well with that recorded by the interferometer; there-
fore one can ovredict the uncertainty in the wavelength
scale., Finally it has been demonstrated that this variable
spacing Fabry-Perot interferometer can calibrate a strain-
mnater transducer o gbhoul 1 percent in terms of the funda-

mental wavelength standard,
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APPENDIX A

DRIFT CORRECTIONS

In this section a general formula is developed for
drift corrections to be applied to the transducer cutput
when disturbances, e.g., thermal, are superimposed on the
measuring signal emanating from either a movement of the
transducer capacitor plates or a movement of the inter-
ferometer capacitor plate., The justification for this
derivation is based con the inability to sample drift read-
ily during the interferometer run because of the uncontrol-
lability of the driving mechanism,once it is activated,
However runs have been made with all elements of the inter-
ferometer system in operation except that of the heating
element., It was observed that the resulting drift tended to
be small and linear., With the heating element in operation,
any drift present during an interferometer run was there-
fore assumed to be linear., In the analysis below it will be
demonstrated how empirical data can be used to calculate the

average drift during an interferometer run., The formulas
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developed below may also be apvlied to correcﬁing the drift
of the transducer output monitoring the voltage change pef
screw revolution,” Figure 52 is a diagram of the transducer
output obtained when the interferometér is allowed to scan,

In the following derivation the assumptions made are:
(1) The recorded output‘is linear,

(2) The drift is constant and linear throughout the cali=-
bration run.

(3) The interferometer scale factor, in half wavelengths
per voltage change, is identical whether the parallielo-
gram moves in one or the opposite direction.

(4) Pfecause the heating and the cooling of the driving
element cccurs at different time rates, the slopes of
the recorded outputs due to expansion and contraction
of the driving element will not be equal,

(3) Nomencalature

Mq = Slope of the drift curve in voltage change per
© nminute

k= Slope of the transducer output due to the ezpan-
sion drive before correction for drift, The slone
is expressed in units of voltage change paer minute,
dV)
dt

k' = Slope of the transducer output due to the contrac-
tion before correction for drift
A
(

s ezoum

di

k. = Drift corrected slove of the transducer output due
to the exmansion drive

G
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kc' = Drift corrected slope of the transducer output
due to the contraction drive
avy!
(-5 .
dt
u = dm , the velocity of the interferometer due to

dt

the expansion drive,

dm'!
dt

the contraction drive,

, the velocity of the interferometer duve to

av
K = The desired interferometer scale factor (EME)
m

To obtain the outputs, k. and kc', one corrects the

C

recorded signal output for drift

(@) kg = k + Mg
(1)
{h) ko' = k'~ My
3 av
The calibration factor K = 223 = MMSL is then obtained
dn dm
by noting that
dv AVe d
k == < == a mn = Ku
(a) ke = 3¢ . TdE
(2)
!
AV AV dm
b k = == C . — !
(b kg 3 I dJE Ku

similarly
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- 4av dm 4V
(@) k= e g = gy
(3)
y - av'  dm' _ (dv)
(b} k am dc gm0

Combining eqs. 2 and 3 with 1

M
(a) k=, d

dm  u
(4)
M
) k=L 24
am ul

To evalvate the linear drift, My, one equates 4a to 4b,

wnence
av'  dv) ( uu' )
S I\'I = ("mm T AITOSER ECUTTEISWRS TSSO
(5) d — dm dm 4 + u°
!
where u, u', g% and %% are obtained empirically from the

jnterferometer recordfngs in figs., 4la and 4lb, Finally
with Mg determined one can evaluate K from either eq. 4a or
eq. 4b.

Equations 4a and 4b can be directly applied in correct=-
ing the drift of the screw driven transducer output, TFor
this particular case the velocities u and u' (in ﬁ%%) pro-
vided by the screw are ecqual, Then the addition of eqs. 4a
and 4b cancels out the effect of the average drift and one

obtains

oy (Y, av)
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APPENDIX B

THE UNCERTAINTY IN THE DRIFT CORRECTED SCALE FACTOR K

In ch., V the operation of the calibration system was
described., The interfercmeter was allowed to scan forward
with a velocity, u, and return with a velocity, u's The |
interferometer scale factors k and k' and their correspond-
ing uncertainties Oy and 0y were computed by the method of
least squares. Application of the drift correction My to k
and k' yields the final scale factor X as shown in appendix
A, The uncertainty in K, oy, depends on the uncertainties
Opr Oprs and 04, The quantity 04 is the uncertainty in
calculating the drift correction, and it contributes a sig-
nificant amount to the final uncertainty Oge

From appendix A eqs. 4 and 5, the corrected scale
factors due to the drift corrections are

M
(a) K = k + 3
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The drift slope ié

(2) My = (k' - k) 22;'

The uncertainties of a function made up of several
variables with known uncertainties may be determined by the
method of propagating errors through the function, In

computing oy, two types of functions will be handled.

(a) z=x+vy

(3) whose uncertainty is
2 2 2
(b) g, o * oy
and
(a) z = xy
(4) whose uncertainty is
2 2 2
o o o
: A X
(b) = + Yz
z? x? |y

From the functions listed below, the uncertainty, ok,
as a function of Orr Tgr Tyr and Tyt will be determined,

Let '

(a) Zy = uu'

(b) Z, = utu!

z
(6) (c) 23:_’;&
=2

(a) 24,= k'=k

(é) 25 = Ma
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From eq. 2 the drift slove is
(a) Mgq = 2423
(7) and from eqg. la the scale factor is
(b) K = k+zS
The corresponding yncertainties are
2 _ 2 2
(a) 04" = (2304) + (2z403)
(8)

2 2 2
(b) Ox Ok + Og

where
2

2
(8 (o) o =24+ Tu e

S u? u

= Mg

0g is determined., The expressions for the uncertainties o,

and o, are first derived., From egs. 6Cc and 6d one has

(s) o}
2 1,2 2,2 2
= — + i
o3 {( zl) (22) }z g
where
0, 2 Ot 2
2 _ u u 2
o,° = {(E_) + (;T') }zl
2 _ 2 2
0'2 0'u + O'ul
whence
2 2
[0 SO g '+O' ' z
037 = UH7 4+ (B2 w1y
u 22 2
1y 2 2 vy 2 v 2
2 = (u")? {(u+u ) “+u ) 2,..2 (u+u') “+u } u'z
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In the first approximation, o is chosen such that

dicu or ¢, so that one obtains

6.2 < (u2+u'2)Ku+u')2+2(uu'iioz
3 = (utu')*

Expanding the numerator

042 < u*+2udu’+4 (uu') 2+2uu’ +u
- (utu')*

whence

2

2
o4 (1 - 2uu’ + 2(uu') 2

(utu") ? (u+u') "

In.

since the second term is larger than the third term,

(9) 0,2 < g2

Now Oy is determined where

2 . 2 2
04 == GK + OK'

and finally 04, Where one has from eq. 8a

v
2 < (BR)? (og? + ogi?) + (K' - K)? o7

(10
(10) o o

a
Turning to eq; 8c, og is calculated

2 u' |2 2 2y, (K*=K) _, u'?
0e? < (itemn) - (OgPHopr 2) A0l G2 {14 et
5 - u+u') K K u? ¢ (u+u')

-

Hence the total uncertainty og is by eq. 8b
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. '.
(1) ox? < (1) o+ ()2 oy, ? +

utu’ utu'
K1-R)2 (&y2 9,7 u'?
(K'~K) u.) (u,) {1+ (u+u‘)2}

The quantity %7 appears in the third £erm of eq. 11 because
the greater nonlinearity in the velocity-u' makes the
measurement of u' more uncertain than that of u., A check
of exp X—Bz'v(fig. 41) and exp XvBl' (records not shown)
shows that the velocities u and u' for both experiments are

about the same. In keeping with the policy of overestimat-

. 1 1. :
ing oyg, the values u = 1.15mgi and u' = 0.70u$i are chosen,
: min min

Furtherinore a measurement of the maximum error in the wvelo-

g

city determination indicates that o < 0.15, Hence apply-

ing these numerical values, one may show

€T e

gv’ 2 < 0,2, (gi)z < 0,4
uu u

so that eq. 11 now becomes

(12) g,2 < 1,20 2 4+ 0,011 (K'-K)?

2
K gt 0.2 044

Since the drift causes less than a 5% difference in
the two scale factors, k and k', of the two experiments,
one nay choose the quantity k'-k =0,05 x0,5 =0,025,
Also typical values for the least-squares uncertainties are -
O < 0,0020 and»Gk, < 0.0040 (see p. 130, 133). Then using
these abproximations,one may then compute the total uncer-

tainty Ok
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o’ < 14,5 x 107°

K

og < 0.,0040

A similar derivation using eq. 1lb rather than la will

yield the result

1 G-, 2 < {1+ U 42 2 LB v2 502+
(13) k© S (1 (===) Moy (=) ok

(K'-K)? (%-,-)2. (1e 22

(u+u') ?
s . . LA ' L )
Thig tiwe using u = 1,25 A% and u' = 0,60 £, the uncer-
min ain

tainty, og, is calculated to be
O'Kz < 51 x 10_6
og <0.007

Tt is obvious from the above calculations that a
smaller uncertainty, ok, is associated with eq. la rather
than 1b. This results mainly from the presence of k in
eq. la. Its value is known with more confidence than that
of k' whose uncertainty is responsible for the larger oy
computed from eq, lb., Hence UK_50.004 will be used in the
text to obtain the final uncertainty in the calibration
scale factor,

Equation 12 shows that ag will increase with k'-k,

This is an important observation becsuse as much as l0-percent
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differences between the scale factors k and k' have been
observed with other records, Then one may ask the question:
how large must k'-k be, for fi to equal 0,01? For under
this condition the results of the calibration rust be

rejected if a l-percent calibration is desired. Then divid-

ing eq. 11 by K?, one obtains

K -K

(14) (%5)2 < 1.2 (-«_)2 + 0.2 (m-)z + 0011 (5K 2

G _
with §5'= ,01 and K = 0,520 one obtains

&!=ky2 291 x 107"
K

k'-k

S = ,084

Hence for the particular conditions of this calibra-
tion: e.g. the wavelength scale has 14 divisions foxr the

expansion drive and 8 divisions for the contraction drive,

1. A A
1.2 f1R @ b --ws the results must be rejected
u ® 1.2 s and u 0,65 ;i==; the results must be rejecte

when the drlft causes k and k' to differ from each other by

an amount greater than 8% of K,
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APPENDIX C

TRANSMISSTON OF WAVELENGTHS FROM OTHER PARTS

OF THE HELIUM SPECTRUM

In ch, V, sec, D, it was stated that the transmission
of wavelengths from othekvparts of the helium spectrum
through the Bausch and Lomb filter would shift the trans-
nitted fringe of the 5016 g line from the theoretical posi=
tion it would otherwise occupy if there was no leakagz, In
thisvépgendix it is demonstrated that any loss of accuracy
and linearity in the wavelength scale due to this leakage
will not be appreciable and may therefore ke ignored,

In calculating the reak offset Am and the peak width,
v, one would superimpose the "contaminating fringe" with the

"

"measuring fringe. Superposition may be done gravhically,

Let XA = the wavelength of the "measuring fringe"

H

A! the wavelength of the "contaminant"
The fringe contours corresponding to these wavelengths
are assumed to be due only to the Airy distribution of the

transmitted intensity., One thus has

. I 2h
(a) I = 2 m = 3=
1+F Sin? mm
(1) where
I
(b) T' = el m o= 2h

1+F Sin?® wm! Al
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The primed letters refer to the "contaminating fringe" and
Io' = I,/10.

To perform the superwosition operation, the "contaminat=-
ing" and "measuring fringes" are plotted as functions of the
oxrder position, m (see eq. 1), and the peak of the "contam-
inant" is placed at several order positions along the
"measuring fringe" contour where I = 0.951,, 0.90I,, 0.80I,,
and 0.70I45. From eq. 1 the order position of the "contamin-
ant", m' is determined in terms of the 6rder position, m,

{(2) m' = 3\_.,,. m
)\l

If m, and mye are the positions of the "measuring-"
and "contaminating-fringe" peaks respectively, and if Am and
An' represent any offsgt from my and Mgy 1 resvectively, one
may calculate the corresponding voints on I and I' from eaq, 1,

First noting that

Sin wm = Sin ﬁ(mp + Am) = #Sin mAm
Sin mm' = ZSin mAm',
one then has
(a) I = - IO
1+F Sin? wAm
(3)
(b) I' = °

1+F S$in? 7wAm'
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Let B be the distance in order number between the

1]

"contaminating-" and "measuring-fringe" peaks (see fig. 53).
From fig. 53, the offset from the "contaminating-fringe"
peak Am' which defines the order position where I and I' are

to be added is by eq. 2

(4) © Am' =i (u EoAm)

Then the fringes superimpose according to the law

© 1+F Sin? wAm 14F Sinzn%m(uiAm)
1

The first term in eq., 5 is the contribution of the "measuring
fringe™ and the second term is the contribution of the "con-
taminating fringe.,"

Suppose u is chosen so that the A} peak lies at a
position coincident with a proint on the A contour where
I = ro ([f|<l). The quantity W is calculated from eq. 3a

where Am = u, One thus has

£ = 1
1+F Sin? ry
TH = Sin”! (&:E)%

fF
With F = 807and.the quantity (%%i)% < 0,1, one obhtains ﬁhe‘
approximate expression
1 -,

(6) wu = (=
4ﬂ(5)% £
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Choosing f - 0,95, 0,90, 0,80, and o.7o; eqs. 3, 5,
and 6 are calculated, and the resultant fringes are plottea
in fig. 46 with an gncontaminated peék for comparison, In
Table XI a set of sample calculationslhave been performed
for the case £ = 0,95, and A = 5000 g, A' = 6000 g. In
fig., 46 the peak is displaced by a maximuﬁ amount of 0,002
order and broadened by aﬁmaximum amount of 0,001 order,
lHence the position of the peak will not be significantly
éltered so as to affect the l-percent accuracy of the

‘calibration,
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Zable XI
COMPUTATION OF POINTS ON THE RESULTANT FRINGES WHEN THE INTERFEROMETER

TRANSMITS WAVELENGTHS FROM OTHER PARTS OF THE HELIUM SPECTRUM

for £ = 0,95

>
i
[o}
o
(e}
(o]

U e (525) 7 = 0.,0082
an(s) f

5 = % Anw

Bt = (H :{: Am)"ﬁ %\ur = 2,617 (u i. Am_)

) 1 0.1
:E ..}- I' = I 2T e - 4 - 2
t 7 1480 62 1480 0'Z
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Calculation of 1
Am 9 62x107 3 1+80 62 I
~.0150 L0471 222 1.178 0.8489
~,0100 .0314 98.6 1.0789 0.9269
-.0050 .0157 24,6 1.0197 0,9807
-.0040 L0127 16,1 1.01288 0.9873
~.0020 .0063 3.9 1.00312 0,9969
~.0010 .0031 0.99 1.00079 0.9992
.0000 .0000 0.00 1.00000 1,0000
<0010 L0031 0.99 1.00079 0.9992
.0020 .0063 3.9 1.00312 0.9969
L0040 L0127 16.1 1,01288 0.9873
L0050 ,0157 24,6 1.0197 0.9807
.0100 .0314 98.6 1.0789 0.9269
.0150 L0471 222 1,178 0.8489
.0200 .0628 394 1.315 0.7604
.0250 .0785 616 1.493 0.6694
.0030 .0942 887 1.710 0.5848
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Table XI -~ continued

Calculation of I' and T

~Am  p¥Am 0'  0'2x107° 1+806'? I’ I I
L0150  ,0232  ,0607 397 1,295 L0772 .8489 0,926
.0100  ,0182  ,0476 227 1,181 .0846 ,9269 1,012
.0050  ,0132  ,0345 119 1.095 .0913 ,9807 1,072
.C040  ,0122  ,0319 102 1.081 .0925 ,9873 1.080
.0020  ,0102  ,0267 71.2 1,057 .0946 ,9969 1,092
0010  ,0092  ,0259  67.1  1.054 .,0949 ,9992 1,094
.0000  ,0082  ,0215 46,1 1,037 .0964 1,0000 1,096
~,0010  ,0072 ,0188 35,5 1,028 .0972 ,9992 1,096
~.0020 ,0062  ,0162 26,3 1,021 .0979 .9969 1,095
-.0040  ,0042 ,0110 12,1 1,010 .0990 ,9873 1,036
~.0050  ,0032  ,0084 7,01 1,006 .0994 ,9807 1,080 -
-.0100 =,0018 =,0047 2,22 1,002 .0998  ,9269 1,027
-.0150 =-,0068 =-,0178 31,7 1.025 L0975 .8489 0,946
-.0200 ~-.0118 =-,0309 95.4 1,076 .0929 ,7604 0,853
-.0250 -,0168 =-,0440 193 1,155 .0866 .6694 0,757

-,0300 -,0218 -,0571 325 1.260 .0793 ,58483 0,664
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