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ABSTRACT

THE KOSTER’S INTERFEROMETER FOR GAUGE BLOCK
LENGTH MEASUREMENTS

Sendogdu Cuhadar, Damla
Ph.D., Department of Physics

Supervisor: Assoc. Prof. Dr. Akif Esendemir

September 2007, 128 pages

This thesis describes the design, construction and testing of a new
interferometer for the absolute measurement of length standards. It is assumed that
this study mainly formed of three parts. Firstly, it starts with an introduction to the
subject of length standards and length measurement by interferometry. The design
of the new interferometer is given in detail, including the stable lasers used as light
sources, fiber, optical and opto-mechanical components.

In the second part of this study, the mechanical construction of the
interferometer chamber is presented with temperature stabilization and controlling
system. The temperature variations inside the chamber at different points in air and
along the surface of the length standard are given. After that, the techniques for
measurement of the refractive index of the air inside the interferometer chamber are
summarized.

In the last part of the thesis, a review of fringe analysis techniques is given,

v



with an emphasis on 5 position phase-stepping algorithms. The data processing of
images digitized in the interferometer is described, including the techniques
developed for discontinuity removal and surface fitting. The measurement of the
variation in length and flatness of the measuring faces of the length standards is
described and the experimental results are given. The automated method of multiple
wavelength-exact fractions is used to combine phase measurements at three
wavelengths to allow accurate calculation of the length of the length standards. The
experimental results are given for length standards. The uncertainty budget of whole

system is calculated and presented in a table.

Keywords: Koster interferometer, absolute length measurement, temperature

controlling, refractive index of air, fringe analysis.
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KOSTER INTERFEROMETRESI ILE MASTAR BLOKLARIN
UZUNLUK OLCUMLERI

Sendogdu Cuhadar, Damla
Ph.D., Department of Physics
Supervisor: Dog. Dr. Akif Esendemir

September 2007, 128 sayfa

Bu tez, uzunluk standartlarimin mutlak ol¢timleri i¢in hazirlanan yeni bir
interferometre sisteminin tasarimi, yapt ve testini icermektedir. Bu ¢alismanin temel
olarak ii¢ kistmdan olustugu diisiiniilebilir. Oncelikle tez, uzunluk standartlarinin ve
interferometrik yontemle yapilan uzunluk olctimlerinin anlatildigi giris boliimii ile
baslamaktadir. Interferometrenin tasarimu, kaynak olarak kullanilan kararl lazerler,
fiberler, optiksel ve opto mekaniksel bilesenlerle beraber detayli olarak anlatilmistir.

Calismanin ikinci kisminda, interferometre kapali kutusunun mekanik yapisi,
sicaklik kontrol ve stabilizasyon sistemi ile beraber verilmistir. Kutu i¢indeki farkli
noktalardaki ve uzunluk standardimin yiizeyindeki sicaklik dagilim degerleri
sunulmustur. Interferometre icindeki havanin kirilma indeksinin direkt hesaplama ve

refraktometre ile 6l¢iilme yontemleri anlatilmis ve karsilagtirilmistir.
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Son olarak, girisim desenleri analiz teknikleri, 5-pozisyonlu faz adimlama
algoritmasi ile anlatilmistir. Interferometrede dijital hale getirilen goriintiilerin veri
isleme prosesleri siireksizlik giderme ve yiizey fit etme teknikleri ile beraber
anlatilmigtir.  Uzunluk standartlarmmin - 6lglim  yiizeylerindeki diizlemsellik ve
uzunluktaki degisim (paralellik) Olciimleri tanmimlanmis ve deneysel sonugclari
verilmistir. Cok dalgaboylu otomatik metot iic dalgaboyunu da igine alacak ve
uzunluk standardinin uzunlugunu hesaplamamizi saglayacak faz Olctimlerinin
gerceklestirilmesinde kullanilmistir. Deney sonuclari, uzunluk standartlar1 icin
verilmistir. Belirsizlik biitcesi tiim sistem icin hesaplanmis ve bir tabloda

sunulmustur.

Anahtar Kelimeler: Koster interferometresi, mutlak uzunluk ol¢iimleri, sicaklik

kontrolii, havanin kirilma indeksi, girisim deseni analizi
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CHAPTER 1

INTRODUCTION

In this study an interferometer has been designed to measure the lengths of the gauge
blocks. Gauge block calibration (length measurement) is important for both national
metrology institutes and calibration laboratories. Besides the calibration services,
such measurements give rise to research activities towards more accurate

measurements [1].

1.1 Traceability Chain of Gauge Block Length Measurements

The traceability chain for length measurements is seen in figure 1.1 [2]. The
definition of the meter is placed at the head of this chain. The meter is the length of
the path traveled by light in vacuum during a time interval of 1/299 792 458 of a
second. This definition of the meter allows the SI unit of length to be reproduced in
any laboratory with high accuracy [3]. The meter is realized at UME (National
Metrology Institute of Turkey) as a wavelength of a HeNe (Helium-Neon) laser
stabilized to a saturated absorption in I, (iodine) molecules at 632, 991 212 6 nm.
Thus, at the second row of the chain the stabilized laser is placed and it represents

also the primary standard of length.

At the third row of the table, the interferometers represent high accuracy length
measurements of the blocks. The subject of this thesis is exactly placed occurred at

this stage. The blocks are measured in terms of the wavelength emitted by the Iodine



stabilized laser; they can then be used to calibrate the lengths of other standard
through comparison, i.e. micrometer or can be used to verify the performance of

length measurements (CMM-Coordinate Measuring Machine).

Definition of the
meter

Realisation as a
stabilized laser

wavelength
National Primary
Standard
1 I
UME-Short Gauge Block UME- Long Gauge Block A
Interferometer Interferometer U y
(NPL-TESA) Home-made

Gauge Blocks used as standards, e.g. Validation of Coordinate
Measurimg Machines, transfer standards, calibration standards

CMM
Micrometer

Calliger

Figure 1.1 Traceability chain for length measurements

1.1.1 The Brief History of the Definition of the Meter

For the first definition of meter corresponds to a time of last decades of 19" century,
two distinct major length systems were used. The metric length unit was the meter
defined as 1/ 10.000.000 of the great arc from the pole to the equator, through Paris.

The English system of units was based on a yard, another artifact standard.



These artifact standards were used for over 150 years. However, the length of these
materials changes with time. For example, it was found that the British yard standard
was slightly unstable by repeated measurements. The table 1.1 shows this instability

for the British inch (1/35 yard).

Table 1.1 The instability of the British inch between the years of 1895 and 1947

1895 25.399978
1922 25.399956
1932 25.399950
1947 25.399931

In 1893 Michelson and Benoit working at the Bureau International des Podis et
Mesures used an interferometer to measure the wavelength of the cadmium red line
in terms of the meter. This progress allowed replacing the artifact meter at the
request of the International Committee of Weights and Measures (CIPM). Because of
having high coherence, this wavelength was chosen. However, the artifact standard
was kept until 1960. At this year, the meter was redefined in terms of the wavelength

of light, specifically the red-orange light emitted by excited krypton-86 gas.

Following the definition of the meter, for interferometric applications the newly
invented helium-neon laser was beginning to be used. By the 1970’s a number of
wavelengths of stabilized lasers were considered much better sources of light than
krypton red-orange. The candidates of CIPM decided not to use any particular
wavelength, but to make a change in the measurement hierarchy. The solution was to

define the speed of light in vacuum as exactly 299 792 458 m/s, and make length a



derived unit. The definition was chosen to be both intelligible enough to be
understood by physics students and be precise enough to allow metrologists working
at the measurement. Thus the definition was kept as simple as possible, with an

additional recommendation of how to use it in practice.

“ Le métre est la longeur du trajet parcouru dans le vide par la lumiére pendant une

durée de 1/299 792 458 de seconde.”

“la définition du métre en vigeur depuis 1960, fondée sur la transition entre les

niveaux 2pjo et 5ds de I’atome de krypton 86, soit abrogée.”

“The meter is the length of the path traveled by light in vacuum during a time

interval of 1/299 792 458 of a second”

“The definition of the meter in use since 1960, based on the transition between the

two lines 2pjp and 5ds of the krypton atom, is abrogated.”

Given the defined speed of light, the wavelength of the light can be calculated and a
meter can be generated by counting wavelengths of the light in interferometric

measurements [2,4].

1.1.2 The Primary Length Standards and Their Traceability

As discussed before, the calibrations of the gauge blocks in interferometric methods
are traceable to the definition of the meter through the use of stabilized laser
wavelengths. Additionally, the frequencies of UME (National Metrology Institute in
Turkey) He-Ne/l,, Nd:YAG/I, and (External Cavity Diode Laser) ECDL/Rb
wavelength standards are measured by Ti:Sa femtosecond Comb generator that is
traceable to Cs atomic clocks. Additionally, the traceability of these lasers realized

by international comparisons.



1.1.3 The Secondary Length Standards

The secondary length standards (line standards and end standards) are used in
metrology because of everyday using of the primary length standards (stabilized

lasers) is not appropriate.

The end standards are calibrated by interferometric or mechanic methods. Therefore,
the length is transferred from the gauge blocks to customer blocks in industrial
applications such as calibrating verniers, micrometers and verifying the performance
of Co-ordinate Measuring Machines (CMMs). The gauge blocks, length bars, Hoke
gauges and combination bars are the examples of the end standards [2]. The length
bars have circular shape whereas the gauge blocks have rectangular shape. The
dimensions of cross section are fixed, however the nominal lengths of them can be
various. The dimensions of gauge blocks are 35 mm x 9 mm and the diameter of the
length bar is 22 mm. The schematic diagrams can be seen in figure 1.2. We designed

the interferometer to measure the gauge blocks that is rectangular shape.

35
\4 @
N :
lS—
9 mm
(b)
22

Figure 1.2 The schematic diagram of (a) gauge block and (b) length bar.



The gauge blocks are made of durable material such as steel, tungsten carbide,
chrome carbide, and cervit. Despite the large thermal expansion coefficient, steel has
always been the material of choice for gauge blocks. The reason for this is that most
measuring and manufacturing machines are made of steel, and thermal effects tend to
cancel. The gauge blocks have flat and parallel end faces. Moreover, the ends of the
steel gauge blocks subjected to the hardening process during manufacturing. This
hardening process is applied only the 30 to 60 mm of the block near the surfaces and

affects the thermal expansion coefficient of the block [4].

The reference standard conditions for the length measurements of the gauge blocks
are the temperature of 20 °C, the pressure of 101.325 Pa, the water vapour pressure

of 1.333 Pa and CO, content of 0.03%.

In interferometric measurements a platen (parallel plate), which has reflecting
surface, should be joined to the one end of the gauge block. This procedure is called
‘wringing’ and two faces are rotated slowly against each other. This removed the air

film and allows adhesion to develop by intermolecular attraction [5].

The gauge blocks over 100 mm are called as long gauge blocks and supported
horizontally at two points, 0.577L (L/ NE) ) apart. These points are termed the ‘Airy

points’ of the block and their positions are engraved on the block’s surface by the
block’s suppliers. Therefore, the sagging of the block is minimized and the ends of
the block vertical and parallel with each other. The gauge blocks up to and including

100 mm are placed in the vertical position.
1.2 Definition of Metrology

Metrology is derived from the word ‘meter’ and means science of measurement.
Metrology includes all both theoretical and practical with reference to measurements,
whatever their level of accuracy, and in whatever field of science of technology they

occur.



1.3 Contents of the Thesis

This thesis describes Koster interferometer instrument for long gauge block
calibration and the measurement method. First in chapter 2, brief theory of
interferometer systems is presented. The Michelson interferometer and Koster
interferometer schematic diagrams for gauge blocks length measurements are given.
Also the interferogram obtained from gauge block interferometer and its analyzing

method is explained briefly.

In chapter 3, the design of the home made Koster interferometer is presented. Further
the three frequency stabilized lasers used in interferometer and their stabilization
systems are explained. Additionally, fibers, optical and opto-mechanical components

and their installation places are presented.

The temperature stabilization and homogeneity are very important in length
measurement interferometers. Chapter 4 explains the temperature controlling and
temperature measurement system in detail. The construction of the interferometer to
obtain accurate temperature stabilization is given in this chapter also. Additionally,
the temperature measurements at different temperatures, the results of these

measurements and statistical analyzing method are explained.

In chapter 5, two methods for finding refractive index of air inside the interferometer
are determined. The first method that is using the Edlen formula with its
modification version and the results of the refractive index calculations are
discussed. The second method, the refractometer for direct refractive index

measurement of air, and its construction are given in this chapter.

Chapter 6 examines the analysis of interferogram obtained in the Koster
interferometer and multiple wavelength method used in gauge block length

measurements. In interference analyzing, details of 5-position phase stepping



interferometry is presented firstly by using the theoretical interference fringes and
then by original interference fringes. The phase unwrapping method is discussed that
is necessary in the stage of producing the 3D profile of the gauge block and platen.
The explanation of software for 3D profiles, flatness and variation in length of the
gauge block is explained in this chapter also. Lastly, the multiple wavelength method
to combine phase measurements at three wavelengths to allow accurate calculation of

the length of the gauge blocks.

Chapter 7, the uncertainties in the measurement of gauge blocks by interferometry
based on the ISO “Guide in the Expression of Uncertainty in Measurement” is
evaluated. The influence parameters are determined and combined uncertainty

calculations are realized. Thus, the uncertainty budget is formed and given in a table.

Finally, conclusion and discussion are presented in chapter 8.



CHAPTER 2

LENGTH MEASURING INTERFEROMETERS

Optical interference may be termed an interaction of two or more light waves
yielding a resultant irradiance that deviates from the component irradiances [6]. In
interferometers with white light, a few colored fringes can be seen. Because the
coherent length of the white light is small, when the optical path difference between
the interfering waves increases, the changes of color become less noticeable and
finally disappear. By the invention of the laser, the limitations imposed by
conventional techniques removed and many new interferometric techniques

progressed [7].

Interferometric devices will be divided into two groups: wavefront splitting and
amplitude splitting. The wavefront division uses apertures to isolate beams from
separate portions of the primary wavefront. However, in amplitude division, two
beams are derived from the same portion of the original wavefront. For such type
interferometers, firstly the beam is divided into two arms, and then the two separate
beams brought together again at a detector. The interference fringes are observed and

examined according to the purpose of the experiment.

2.1. The Design of Michelson Interferometer

The Michelson interferometer is of amplitude division type and first introduced by

Albert Michelson in 1881. The Michelson interferometer provides a substitute



standard for the meter in terms of wavelengths of light. The schematic diagram is
shown in figure 2.1. The reflections at the beam splitter produces a virtual image
M2’ of the mirror M2. The interference pattern observed and its characteristics
depend on the nature of the source and the separation of M1 and M2’. For example,
with collimated light, fringes of equal thickness (fringes near the axis are equally
spaced straight lines) are always observed. However, the separation of M1 and M2’

is not important for collimated beam.

@ =

Source K

SRR

%H

Screen

Figure 2.1 The Michelson interferometer in schematic diagram

The propagating electromagnetic waves can be represented as
E=E,Cos(kF—ax+@,) 2.1

where E is the electric field, Ey is the electric field amplitude, 7 is the position

vector, k is the propagating vector can be written as k =27/4, wis the angular

frequency can be written as @ =27 and ¢, is the original phase angle. Additionally,
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A is the wavelength of the light and f is its frequency [8].

In an interferometer as seen in figure 2.1, the light amplitude is divided in two parts.

These two propagating electromagnetic waves can be expressed as,
E, = E, Cos(k 7, —ax+@,) (2.2)

E, =E,, Cos(k, 7, —ax + @) (2.3)

In accordance with the principle of superposition, the electromagnetic fields are

recombined in the beam splitter.

E=E +E, (2.4)

Since we are interested in interference, our approach will be the irradiance.

I= <E>2 (2.5)
I=E}+E;+2EE,Cos(k(r,—r,)— (¢, —9,)) (2.6)

Total irradiance is presented as,
I=1+1,+2,11,coso 2.7)

where 8 =k(r, —r,)+ (4, — &,).

If the irradiance contributions from both arm are equal, I;=1,=1, the total irradiance

can be presented as seen below,

I =21,(14+cos9) =4I, coszg. (2.8)

The Michelson interferometer design with collimated beam is known as Twyman-
Green interferometer as shown in figure 2.2. The gauge block whose length will be
measured is attached to a platen. When the reference mirror is tilted with respect to

the gauge and platen surfaces, tilt fringes (equal thickness fringes) are visible in the

11



image. Therefore, the beams reflected from the front-end surface of the gauge block
and reference mirror realize the fringes at the middle part of the interferogram, where
as the beams reflected from the platen and reference mirror produce the fringes at the

both sides of the interferogram.

Interference
fringes Reference mirror
T — +* Beam splitter - aten
— — * ¥
— £

— — ’0’ _,.;I_.
_— o 7 Gauge block
——— 0’

*

\V) o*
Laser

Figure 2.2 The schematic diagram of Twyman- Green interferometer for length

measurement of gauge blocks

2.2 The Design of Koster Interferometer

In Koster’s Interferometer as shown in figure 2.3, precision Koster’s double prism is
used as the beam splitter and combiner. Koster’s interferometer has advantages than
Michelson interferometer in being one dimension and a compensating plate is not

necessary to get the same optical paths.
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Figure 2.3 The schematic diagram of Koster’s interferometer

2.3. Length Calculation of the Gauge Block

The exact definition of the length of a gauge block is “the distance from the centre of
the first face of the block to the plane of the reference flat to which the opposite face
of the block is wrung” [9]. The schematic diagram is shown in figure 2.4. The optical

path difference between two beams is twice the length (L) of the block:

2L =NA (2.9)

Gauge
block

Platen

Figure 2.4 The schematic diagram of reflections from the surfaces of the platen and

gauge block
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Thus, light waves can be used to measure the length of a gauge block by counting

how many waves N it takes to span the length of the gauge [10].

If L is an exact multiple of 4, then N is an integer. However, in general L also have
the fractional part of the 4 and can be expressed as shown below;

L:§N+M (2.10)

where A/ corresponds to fractional part as shown in figure 2.5. L can also be written;

L=

—_~

N+f)§ (2.11)

here fis called the fringe fraction (0 < f <I) and Al corresponds to ( f % ).

Al

— >

+/1/2

Figure 2.5 The schematic diagram of the exact and fractional multiples of A2

through the length of the gauge block.

For obtaining fringe fraction, the interference fringes are examined. The fringe

fraction is equal to a/b, where b corresponds to the distance between two consecutive

14



fringes whereas a corresponds to the distance of fractional part in the image of the
interferogram as shown in figure 2.6. The fringe fractions measured at the centre of
the gauge block surface for two and more wavelengths. The finding method of fringe

fraction is explained in more detail in Chapter 6, Data Processing.

Figure 2.6 The schematic diagram of the interferogram with a and b values.

The interferogram, however, tells us noting about the exact multiple of the A/2
spanning L, gives information only the fractional part. For determining the exact
multiple parts ‘the method of multiple wavelengths’ is used. The details of this

method are given in Chapter 6, Data Processing.
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CHAPTER 3

THE DESIGN OF THE INTERFEROMETER

The schematic diagram of the optical setup of interferometer is shown in figure 3.1.

Chamber

De-collimating

Platen telescope

Gauge block

L
i Refractometer

Reference K(}ster Collimating
Mmirrors prism telescope
Input
window
He-Ne /I, Laser
(633 nm)
NdYAG/I, > WDM
T.aser (532 nm) Counler Fiber
ECDL/Rb Laser _)J
(778 nm)

Figure 3.1 The schematic diagram of the interferometer with optical and opto-

mechanical parts.
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The laser beams from three different stable lasers (He-Ne/I; [11], Nd:YAG/ I, [12]
and (ECDL) the external cavity diode laser stabilized on Rb atomic transition [13] )
are launched to the different fiber cables, which are combined by the Wavelength
Division Multiplexer (WDM) coupler. The fiber cable at the output of the WDM
coupler is connected to the input of telescope. The laser beam is expanded up to 100
mm by using the collimating telescope and pointed at the inside of the chamber

through the input quartz window (¢ =80 mm). In the chamber, the laser beam is

split into two as reference and measurement arms by using the Koster prism. The
reference beam is reflected from the reference mirrors, whereas the measurement
beam is reflected from the platen and the front surface of the gauge block. The
reflected beams coming from the two arms are then combined by passing through the
Koster prism. The fringes that form due to interference of the two laser beams are
passed through the output window and then through the de-collimating telescope.
Finally the interference fringes are detected using the PC-controlled charge coupled

device (CCD) camera.

3.1. Lasers

In interferometer, three frequency-stabilized lasers are used. These are He-Ne/l,,
Nd:YAG/ I, and ECDL/RD lasers. The description and their stabilization systems are

discussed briefly below.

3.1.1 He-Ne/I, Laser

In the laboratory, three He-Ne/ I, laser setups have been built such that their
frequencies are locked to the transition of I, molecules. The I, cells, which are placed
in the He-Ne laser resonators, provide the interaction of He-Ne laser beam and I,
molecules. By tuning laser frequency around energy transition of I, molecules
absorption signals are detected. By using electronic servo system, this absorption

signal of I, molecules are used for locking of laser frequency to the energy transition
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of I, molecules with the stability of 1x10™" in average time interval of 1000s.

In the laboratory three He-Ne/I, lasers are compared by optical-beat technique and

by using this technique, the frequency stability of lasers is measured. Two different

lasers are brought on to the fast photodiode by beam-splitters and mirrors. Beat
signal frequency at the output of the photodiode is equal to the difference of the two
laser frequencies. The variation of the beat signal frequency with respect to the time
gives us information about the stability of each of the two laser frequencies. The beat
signal is observed and a computer controller counter measures the frequency of
signal. The stability of beat signal and laser frequency is calculated by using Allan

statistics.

The other He-Ne laser that has to be calibrated is compared with UME reference He-

Ne/l, laser by using again the optical beat technique.

3.1.2 Nd:YAG/ I, Laser

3.1.2.1 Nd:YAG Laser Theory

Neodyium doped into YAG crystal (Yitrium Aluminium Garnet - Y3Als01,) is a four
level system. Good quality crystals that have about 1 percent of sites occupied by

Nd**. The energy level diagram for Nd** in YAG is illustrated in figure 3.2.
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Figure 3.2. Energy levels in the Nd:YAG laser

The Nd: YAG laser is a four level laser system. The fine structure Stark splitting due
to the electrostatic fields in the crystal is observed. The most intense transition
between the bands 4F3/2 — 4111/2 is in the wavelength region around 1.06 um

transition.

Optical pump sources for solid-state lasers include noble gas and metal vapour
discharge lamps, filament lamps and lasers. At the beginning, the main pump sources
have been noble gas flash lamps and filament lamps, the latter being used for CW
operation only. After the developments in high-power semiconductor lasers are being
used for pumping. The overall efficiency for flash lamp pumped lasers can be less
than 1 percent. With diode laser pumping this efficiency can be increased to around
30 percent with the added of miniaturization and no water-cooling. Additionally
extremely narrow bandwidths could be obtained. Nd:YAG laser are pumped with

radiation about 809 nm from a GaAs/GaAlAs semiconductor laser.
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3.1.2.2 Nd:YAG/I, Laser (532/ 1064 nm) Optical Frequency Standards

In our experiment [14], the Nd:YAG crystal is pumped by the diode laser beam
having a wavelength of 810 nm. The Nd:YAG laser beam (1064 nm) as shown in the
figure 3.3 passes through a non-linear crystal to produce frequency—doubled beam
(532 nm). Therefore the input beam is in near infrared- invisible, where as the output
beam from the nonlinear crystal is in visible region as green color. Both of the laser

beams could be sent to the out through different apertures by using dichroic mirror.

Visible
output
beam

Nd:YAG Laser Non linear />
Crystal ——p— Crystal > IR
</ output
Dichroic beam
* Mirror
Laser
Diode

Figure 3.3 The schematic diagram of Nd:YAG laser in our experiment. The laser has

two outputs as visible (532 nm) and IR (1064 nm).

The frequencies of two Nd:YAG lasers are compared by beat frequency technique
(figure 3.4). In fact, the beat frequency technique is used since the photo detectors
could not read the beat frequencies above 1 GHz. Therefore the frequency values of
the lasers should be close to each other. Additionally the frequencies should be
stable. For this reason, to stabilize the lasers, iodine cells are placed in the path of the

laser beams. Thus, the absorption of the laser beam by iodine cells and fluorescence
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radiation corresponds to this absorption is observed. For realizing fluorescence
radiation, the temperature of the laser diode crystal and non linear crystal and also
the temperature of lodine cells should be arranged properly. At the end, the beat

frequency is observed by the spectrum analyzer, which is connected to the photo

detector.
M Todine Cell
Electronic NL:YAG Gk
. Laser-1
Servo System ek -
BS ITodine Cell
Electronic E:s:;“‘g D 0sC
Servo System FD
P

Figure 3.4 The schematic diagram of UME Nd:YAG Laser Optical Frequency
Standard

3.1.3 ECDL/RDb Laser

The reason of realizing the external cavity diode laser is to be able to control of the
laser diode’s frequency. For such a configuration, the new cavity is placed at the path
of the laser beam for optical feedback as a secondary mirror. The first mirror is the

back surface of the laser diode.

Some optical components can be placed in the cavity. The important component is
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the diffraction grating that is used for optical feed back. The laser beam can be tuned
and the wideness of the laser bandwidth can be removed. To realize this process, the
first order of the diffraction grating is sent to the diode laser as feedback. The
wavelength of the back reflection depends on the angle between the coming beam
and the surface of the grating, and also the constant of the diffraction grating.

A=2aSiné 2.1)

Therefore, very narrow frequency band can be feed backed to the laser diode and the
modes that correspond to this frequency band are observed. Moreover, tuning of the
laser wavelength is possible by using diffraction grating. The back reflected laser

beams could be changeable by turning the diffraction grating.

The line width of the diode laser is reduced to a value of (£/ L)2 by using external

cavity system. Here, ¢ corresponds to the length of the diode laser resonator and L
corresponds to the length of the external resonator (the distance between the laser
diode internal mirror and diffraction grating). For example, for /=0.2 mm and
L=200 mm, the line width is reduced to the value of 10 In general, the line width of

the diode laser is in the range of 10-100 MHz.

The main problem in the external cavity designs is that the realizing of the
mechanical and thermal stability. In UME wavelength standard laboratory [15],
AlGaAs diode lasers are used having a wavelength of 852 nm. The schematic
diagram of the system is shown in figure 3.5. The micro-objective is used to

collimate the laser beam.
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Figure 3.5 The schematic diagram of the External Cavity Diode Laser (ECDL)

The wavelength standards of 780 nm and 852 nm are realized by locking of external
cavity diode lasers (ECDL) to the D, energy transitions of Rb atoms (780 nm) and Cs
atoms (852 nm). The external cavity diode laser (ECDL) was used, which included
the anti-reflection coated diode laser AC-SDL-5410 (spectra diode laser) as an active
element with a nominal wavelength 850 nm. The external cavity was formed by the
high reflection faces of the diode laser and diffraction grating (1200 lines/mm)
mounted in the Littrow configuration on the piezo transducer PZT. The diffraction
grating allowed detuning of the laser wavelength to the Cs D, line. By changing of
diode laser’s current with a rate of 1 GHz/mA, the temperature with a rate of 0.3
nm/C, the angle between diode laser and diffraction grating and also the length of

external cavity (0-0.5 #m); the frequency of ECDL is adjusted to the energy

transitions of Rb or Cs atoms. Fine-tuning was realized by the change of the length
of the external cavity by using adjustable PZT voltage. Using of the selective
external resonator helps the reduction of diode laser’s spectral band (10-100 MHz)

2

by an amount of (¢/L)
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The ECDL laser beam passes through the glass cell in which there exists Rb or Cs

gases, and then it is reflected back by using mirror and detected by photo-detector.
Laser frequency is locked to the energy transition of atoms by using electronic servo
system. The stability of laser frequency, when the frequency is not locked to the
energy transition of atoms is changed in between 4x10™"° —7x10” in the mean time

interval 1-100 s.

After the locking process of the lasers to the energy transition of the atoms, it is
measured that the frequency stability values are changed in the range 1x10™"2-5x10".
Additionally, laser frequency drifts during stabilization on atomic transition was

measured less than =200 kHz.

Besides using of these lasers as length standards, they are used for realization of new
Cs fountain frequency standards. In this process, the experiment that the trapping and

cooling of Cs atoms by ECDL laser beam is done.

The wavelength standard of 778 nm is realized by using ECDL that is locked to S-D
energy transition (778 nm) that corresponds to the two-photon resonance of Rb
atoms [16]. Two photon absorption resonance used in frequency locking has much
more advantage than the one photon resonance, because the bandwidth and Doppler

expansion is much more less.

3.2. Fiber, Optical and Opto-Mechanical Components

3.2.1 Fiber Cables, Laser To Fiber Couplers And WDM Coupler

Because of the fact that the laser beams (532 nm, 633 nm and 778 nm) should be
transmitted to the chamber of the interferometer, using of some fiber components is

necessary for such systems. Details of the fiber components can be found in

Appendix A.
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First of all, in transmission process, three different laser beams are launched to the

three different fibers. The suitable laser to fiber couplers are placed for focusing the
laser beams to the single mode fibers. Single mode fibers are used because in single
mode fibers apart from the multimode fibers, large-scale speckle is not observed in

the interference pattern since only one mode can propagate in the fibre [2].

dichroic filter

Output fiber (633 nm)

Figure 3.6 WDM coupler in schematic diagram.

Secondly, the wavelength divisions multiplexer (WDM) are used to combine light
with different wavelengths into a single fiber (figure 3.6). The light from each fiber

is first collimated. The collimated beams are combined using a dichroic filter, and the
combined beams are focused into the output fiber. The dichroic filters are multi-layer
thin film coatings that deposited on a glass substrate using thermal evaporation and
high vacuum deposition technologies. Thus the filters transmit light in a certain
spectral range and reflect light in another spectral range. The input and output fibers
connections are chosen as pigtail style to obtain for optimum stability, minimum

insertion losses and low back reflection.
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Finally, an output fiber is used from the output of the WDM coupler to the input of
the telescope. The end of the fiber is placed exactly at the focal point of the
telescope. Therefore, the fine adjustment of the focal point of the telescope could be

realized by using only one fiber end instead of the three fibers.

3.2.2 Attenuations in the Fiber Components

The large amount of powers of the laser beams would loss when the laser beam goes
through the fiber components. The points where the laser powers calculated are

shown in figure 3.7.

In figure 3.7 and table 3.1, the A-B path corresponds to the laser to fiber coupler,
which is suitable for the laser wavelength and the beam diameter. The B-C paths
correspond to the optical fibers having lengths of 25 meter. The operating
wavelengths of the fibers are chosen taking care of the laser wavelengths. The D-E
path corresponds to fiber cable in 25 meter length. However, the operating
wavelength of this fiber is 633 nm. In fact in this fiber not only the 633 nm laser but
also 532 nm and 778 nm lasers can propagate. Because of the fact that the 633 nm
laser have the lowest power (100 WW) among the power of the other lasers (30 mW
for 532 nm, 10 mW for 778 nm), the fiber having operating wavelength of 633 nm is
used at the output of the WDM coupler. Therefore the attenuation in the fiber at the

D-E path will be minimum for 633 nm laser beam.
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Figure 3.7 The schematic diagram of the laser beam’s paths from lasers to the output
of the WDM coupler’s output fiber. A, B, C, D and E points corresponds to the
points where the power of the laser beam calculated. (778 nm laser is not shown in

the figure)

In figure 3.8 and table 3.1, the A-B path corresponds to the laser to fiber coupler,
which is suitable for the laser wavelength and the beam diameter. The B-C paths
correspond to the optical fibers having lengths of 25 meter. The operating
wavelengths of the fibers are chosen taking care of the laser wavelengths. The D-E
path corresponds to fiber cable in 25 meter length. However, the operating
wavelength of this fiber is 633 nm. In fact in this fiber not only the 633 nm laser but
also 532 nm and 778 nm lasers can propagate. Because of the fact that the 633 nm
laser have the lowest power (100 WW) among the power of the other lasers (30 mW
for 532 nm, 10 mW for 778 nm), the fiber having operating wavelength of 633 nm is
used at the output of the WDM coupler. Therefore the attenuation in the fiber at the

D-E path will be minimum for 633 nm laser beam.
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Table 3.1(a) shows that the attenuation of the laser power suggested by the suppliers
when the laser beam goes through the fiber components. The power of the lasers that
are calculated theoretically at the specified points are seen in Table 3.1 (b). The
power of 30 mW in the input of the fiber components is calculated 9.4 mW in the
output of the fiber components. Similarly, the power of 100 uW in the input of the
fiber components is calculated 39 uW in the output of the fiber components.
Therefore the calculated efficiency is % 30 for 532 nm laser whereas % 40 for 633
nm laser. However, when the efficiencies are measured by a trap detector, it is
observed that the measured efficiency is % 10 for 532 nm laser whereas % 30 for
633 nm laser (Table 3.1(c)). The reason of the inconsistency especially for 532 nm
may be use of fiber operating in 633 nm at the output of the WDM coupler. This

causes the attenuation to increase.

Table 3.1 (a) The given attenuation values, (b) theoretically calculated powers at

specified points and (c) efficiencies of the fiber components.

Suggested Attenuation
A-B B-C C-D D-E
(Coupler) (Fiber) (WDM) (Fiber)
532 nm % 30 30 dB/km 2 dB 30 dB/km
633 nm % 30 12 dB/km 2 dB 12 dB/km
(a)
Calculated Power
B C D

532 nm 30 mw 21 mW 17.7 mW 11.2 mW 9.4mwW
633 nm 100 uw 70uW 66 UW 42 W 39 uw

(b)
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Efficiency

Theoretical | Experimental
532 nm % 30 % 10
633 nm % 40 % 30
©

In spite of the high losses in the fiber components, the measured efficiencies are

sufficient for the interferometer and imaging of the interference fringes by the CCD

camera.

3.2.3 Collimating Telescope

The fiber cable at the end of the output of the WDM coupler is connected to the input

of the telescope.

fiber

Focal Length

Collimated
Beam

Collimating
Lens

Figure 3.8 The schematic diagram of the collimating telescope
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The light source is assumed as the core of the fiber, which has the diameter of 4 um.
The light beams from the fiber are spreading divergently. Therefore, the collimation
system having one achromat doublet is used instead of two lenses. The end of the
fiber is placed exactly at the focal point of the lens as shown in figure 3.8. Thus, the

emerging beams from the collimating lens are collimated.

The numerical aperture (NA) value of the fiber is 0.11 and the emerging beam
spreads with a divergence angle of o. The divergence angle () is found about 6.3
degree by using the below equation

NA = sin « 3.1)

The diameter of the illumination at the place of the collimating lens would be bigger
than the diameter of the lens. Thus the most uniform intensity as central Gaussian
peak of the beam could be used by eliminating of the poor quality of the beam at the
edges.

The achromatic doublet is used for the collimating lens to be able to prevent the
chromatic and spherical aberration. The lens has a focal length of 1500 mm and a
diameter of 100 mm. The telescope part, which is from the fiber end to the
collimating lens (including lens), is covered by a cylindrical tube to prevent the air
turbulence and to be able to obtain rigidity. The other technical properties could be

found in Appendix A.

3.2.4 De-Collimating Telescope

The interference fringes are observed at the output of the Koster prism. The de-
collimating telescope, which consists of de-collimating lens and imaging lens, are

used to decrease the size of the interference fringes as parallel, and thus to be able to

image at the CCD camera.
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Figure 3.9 The schematic diagram of the de-collimating telescope

As seen from the figure 3.9, the image of the interference fringes coming to the de-
collimating lens is focused at the focal point of the lens. Next, the image would be
collimated again by using the imaging lens whose focal point is exactly placed at the
focal point of the de-collimating lens. Thus the image of the interference fringes
could be directed to the active area of the CCD camera. As a result, the diameter of
the fringes having 50 mm in the input of the de-collimating telescope will be about 7
mm in the output of the de-collimating telescope. Because of the fact that the active
area is in dimensions of 8.67 mm x 6.60 mm (2/3 inch format), CCD camera covers

the image of the fringes.

The achromat doublets are used for the de-collimating lens and imaging lens. The
focal length is 1000 mm for the de-collimating lens, whereas it is 140 mm for the
imaging lens. The de-collimating telescope is covered by a cylindrical tube, which is
including the de-collimating lens and imaging lens. The other technical properties

could be found in Appendix A.
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3.2.5 Koster’s Interference Double Prism

The Koster’s double prism consists of two identical prisms halves, which are
cemented together as shown in figure 3.10. The angles of the prism halves are 30°-

60° —90°. Tt is used for splitting and then recombining of the laser beam.

Figure 3.10 The Koster’s double prism

There should be a small deviation (about 3 arc minutes) from a right angle between
the output and the beam-splitting faces. This corresponds to a wedge angle for a
beam-splitter plate and prevents superposition of unwanted reflections. Other

technical properties can be found in Appendix A.
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3.2.6 Reference Mirrors

The reference mirror is used to reflect the beams in the reference arm of the
interferometer (figure 3.1). The reference mirror have capable of moving because of
the application of the phase stepping method that will be discussed in the chapter of
data processing. The digital piezo translator (DPT), which is mounted to the
reference mirror, is used to move the mirror. However, such a horizontal movement
of the mirror, which is placed vertically, could cause some tilting of the mirror in
time. For preventing the tilting, the design of two mirrors is used as shown in figure

3.11[2].

PZT
Optical mount with
PZT control

(/()

movement mirror

DPT

Figure 3.11 The placements of the reference mirrors at the reference arm of the

interferometer
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In this design, one of the mirrors is placed at 45° and it is hold fixed except of small
alignments. The optical alignments of this mirror are realized by using the piezo
electric transducer (PZT) that is mounted to the mirror. The other mirror is placed
horizontally and DPT is mounted to this mirror. Thus, the necessary displacements
because of the phase stepping are realized as vertically. The mirror will move totally
as the half of the wavelength of the laser used for each 1-circle phase stepping

application.

The mirrors are mounted to the base of the interferometer chamber by special
apparatus that is manufactured by UME. The detailed technical properties can be

found in Appendix A.

3.2.7 PZT and DPT Controlled Stages and Optical Mounts

Digital Piezo Translators (DPT’s) are piezo electric translation devices with
electronic and servo loop designs. These technologies provide positioning stages
with sub-nanometer accuracy, precision and repeatability. Ordinary piezo-electric
translators are non-linear and exhibit hysteresis and creep. To overcome these
problems a position sensor is built in to each DPT. For moving a stage, a position
command is sent to the controller by a computer. The motion is produced by a piezo
actuator and monitored by this sensor. Using the feedback signal, the controller
moves to the stage to minimize the difference between the sensed motion and the
command [17,18]. To avoid the effects of thermal gradients, the material can be

chosen with low thermal conductivity, such as Super Invar and Zerodur.

DPT is used to translate the horizontal mirror (figure 3.11) in z-direction when
performing the phase stepping method. The mirror should move in steps % fringe
(M/8) for five-step phase stepping method. A/8 value corresponds to DPT step of sizes

66 nm, 79 nm and 97 nm for the 532 nm, 633 nm and 778 nm lasers, respectively.
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The controller instrument of DPT is connected to PC by RS232. The DPT can be
controlled by a PC after the installation of software. Therefore the actuator can be
moved in definite intervals by writing the values of step sizes at the interface of the

program.

The stages and holders with (piezo electric transducer) PZT control are used for the
fine optical aligning and remote controlling when the cover of the interferometer
chamber is closed. A motorized optical mount is placed at the reference arm for
holding the 45° mirror as shown in figure 3.11. It has 3 motorized axes that with a
resolution of 30 nm for each one. For attaching the mirror to the mounter an

apparatus that is manufactured by UME is screwed to the mounter.

Two pieces of PZT controlled multi axes stages are used for holding the gauge block
at airy points. Therefore, sensitive optical alignment of the gauge block can be

realized with these stages.

gauge block

PZT stages

Figure 3.12 The placements of PZT stages.

The stages have four degrees of freedom such as x, y, 6 and 6y as shown in figure

3.12. The detailed technical properties can be found in Appendix A.
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CHAPTER 4

TEMPERATURE MEASUREMENT SYSTEM OF INTERFEROMETER

4.1 The Importance of Temperature Measurement in Interferometer

In interferometric applications, especially in length measurements for metrological
purpose, temperature measurement and temperature stabilization in the

interferometric chamber are highly important.

The uncertainties of the temperature measurement in a length interferometer chamber
depend on two main factors. The first factor is the temperature fluctuation inside the
interferometer chamber, which is depend on the design of the instrument and the

second factor is the uncertainty of the sensors used and their measurement methods.

The largest contributing factor to the total uncertainty of length measurements in
interferometers is due to the thermal expansion of individual gauge blocks [19]. The
thermal expansion uncertainty arises from two uncertainties: the uncertainty in the
expansion coefficient (multiplied by the temperature deviation from the reference
temperature) and the uncertainty in the temperature measurement (multiplied by the
expansion coefficient). When the uncertainty of the gauge block temperature
measurement is within 1 mK, then a length uncertainty of 12 nm is observed [20].
Additionally, the temperature measurement of the air contributes to the refractive
index uncertainty. The laser wavelength is directly dependent on the refractive index

Inside the chamber. Since this refractive index is obtained by using of the
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temperature, pressure and humidity measurements of the air inside the chamber,
these values should be measured very accurately. Besides, effective thermal and

pressure isolation of the chamber gives rise to effective refractive index stabilization.

4.2 The Surface Temperature Measurements

The accurate surface temperature measurement of the gauge blocks is very important
for two reasons: The first is the necessity of doing accurate temperature controlling
in different points along the gauge block. The second is the sensitive temperature
measurement of the block in different temperature points when calculating the

thermal expansion coefficient.

4.2.1 The Factors Effecting Surface Temperature Measurements

Surface temperature has to be measured in an accurate manner, since the surface
temperature sensor is not immersed in a solid or fluid. The external conditions affect
the interaction between the sensor and surface of the material. Additionally, there
may be very vital errors in the measurement results depending on the sensors used in

the measurement and in the measurement techniques.

The important reason of these errors is having a high contact thermal resistance
between the surface and the sensor. The contact resistance value will be decremented
due to the increment in contact zone between surface and sensor and due to the
increment in gas and contact pressure. Besides, if the surface is made up with rough
and tough conduction materials, the contact will not be obtained perfectly and hence
the contact resistance will increase. Additionally, the inner structure of the probe will

affect the contact resistance directly.

Therefore, the following precautions can be taken, to decrease the errors in the

surface temperature measurements; 1) The contact pressure between the surface and
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sensors can be increased. 2) The area of contact surface can be increased. 3) Thermal
grease can be applied between the surfaces. 4) In order to increase the contact

surface, the sensors can be calibrated in the liquid [20,21].

Another important issue affecting the surface measurement results is the possibility
to measure the temperature of the environment -in that the sensor is placed- together
with the temperature of the surface. This possibility can be decreased by placing

insulation material over the sensor [22].

4.2.2 The Main Types of the Surface Thermometers

After mentioning the errors, which is arisen from the environmental conditions faced

during the measurements of the surface sensors, it is the right time to investigate

three main types of surface thermometer constructions.

S
(a) (b) (©)

Figure 4.1 The schematic diagrams of the main types of the surface thermometers.

The thermometer in Figure 4.1(a) is a standard thermometer. Since the contact
between the thermometer and the surface is minimum, the thermal contact resistance

value and hence the error obtained from the measurement shall be high. The
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thermometer in Figure 4.1(b) is a stamp type thermometer. The sensing element is
placed inside a mid-surface. So the contact area is increased and hence contact
resistance value is decreased. For the thermometer in Figure 4.1(c), the systematic
error is minimized. The large contact surface reduces thermal contact resistance.
Furthermore the insulation material, which is placed in the interface of contact
surface with the air, prevents to measure of the environment temperature as discussed

in Section 4.2.1.
4.2.3 The Surface Thermometers in Gauge Block Temperature Measurements

The surface temperature measurements could be realized by using platinum

resistance thermometers (PRTs) or thermistors (thermal resistors).

The various metrology institutes are being used platinum resistance thermometer
especially Pt100 thermometers for gauge block surface measurements. A Pt100
thermometer having a self-heating with 0.3 °C and 3 mK caused by a measuring
current between 1 mA and 0.1 mA in sequence [20]. In order to prevent this, it means
to reduce the self-heating, it is necessary to decrease the thermal contact resistance,
as discussed before in section 4.2.1. Thus the self-heating could be minimized to few

mK value and could be neglected.

After the discussion about Pt100s, we will now start to discuss about thermistors,
which is used in this study. Thermistors are semiconducting ceramic resistors made
from various metal oxides. They have one outstanding advantage over all other
resistance thermometers, namely very high sensitivity. It means that thermistors
exhibit large changes in resistance with a change in its body temperature. The reason
of that is the exponential relation between the resistance and the temperature of the
thermistors. When comparing of its sensitivity according to Pt100, sensitivity of a
thermistor is about 4%K’1, whereas for the Pt100 this is approximately 0.4%K! [20].
In this situation, because of the enough sensitivity, sophisticated measuring

equipment is not needed for thermistors.
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Besides, thermistors could be produced in small dimensions. This property enables
usefulness in various temperature measurement applications for them. In addition to

that its smallness give rise to the fast response time [23].

Since the thermistors have high resistive value, it could work in small currents and
hence self-heating could be emitted easily. For example, self-heating of a 20 kQ

thermistors to be about 2 mK when using 10 LA measuring current [20].

Another advantage of thermistor is that it is much cheaper than Pt100.

4.3 Temperature Measurement System in UME-Kaoster Interferometer

4.3.1 The Construction of the Thermistors

In our experimental setup, we preferred to use the thermistor because of the
mentioned advantages in Section 4.2.3. In the system, 10 pieces of thermistors are
used as 4 of them as disc-type and 6 of them as bead-type. Disc thermistors are
designed to measure surface temperatures whereas bead thermistors are designed for

air temperature in the interferometer. The construction of them is shown in Figure

4.2.
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Bead-type
Disc-type ~of-——————-1 -/ thermistor
thermistor

Figure 4.2. The schematic figures of air and surface thermistors. 1) 4 pieces of
copper wires, 2) Al cap, 3) polyamide, 4) 2 Nickel wires with diameter of 0,2 mm, 5)
epoxy glue, 6) glass sheath, 7) the layer of thermo conductive paste, 8) copper plate
covered by silver, 9) stainless steel sheath, 10) thermistor sensitive element. (The

diagram is not in scale)

4.3.2 The Places of the Thermistors in the Interferometer

In our system, four thermistors are used for surface temperature measurement of the
gauge block and the other six are used for the air temperature measurement inside the

chamber.
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The gauge block is placed horizontally inside the chamber and its length is measured
in that position. The block is supported at two points named the airy points as shown
in figure 4.3. In the measurement of its surface temperature, the platen is not wrung
to the block, so the block is supported exactly at the airy points. Support at these

points minimizes sagging of the block. The distance between the airy points is

calculated by dividing the length (L) of the block by V3 and it is engraved on the
gauge block’s surface by the block’s suppliers [2]. For the temperature measurement
of the gauge block, two surface thermistors are installed separately inside the two
block supporters, which are placed at the airy points. One of the other two surface
thermistors is placed 10 cm to the left of the first airy point and the other one is

placed 10 cm to the right of the second airy point for 1 m gauge block.

B A ‘ A, BY

L/+3

Figure 4.3 The placements of the airy points and surface temperatures of the 1-meter
gauge block. L; length of the gauge block. A; and A,; airy points. The two surface
thermistors placed at the airy points. B; and B,; placements of the other two surface

thermistors at points 10 cm away from the airy points

All of the surface thermistors are attached to the gauge block at the bottom side of
the block. Since the surface roughness of the thermistors reduced at the production
stage and additionally thermal contact is assumed to be good enough to sense and

care must be given to not damage the surface of the block, it is preferred that thermal
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grease not be used between the contact surfaces during temperature measurement in
this work. Additionally, the back (non-contact) sides of the surface thermistors are
covered with insulation in the production stage to reduce the effects of the
environment. Furthermore, a spring mechanism is placed in the thermistor holders to
increase the contact pressure [20-22]. The air thermistors are placed at different

points inside the chamber along the gauge block.
4.3.3. The Measurement Principle and Calibration Techniques of Thermistors

The temperature measurement system is intended for precise temperature
measurements in the range of 15 °C to 25 °C with an accuracy of 0.002 °C. Nominal
resistance of the thermistors at 20 °C is 12 £ 1 kQ. The resistances of the thermistors
are measured with a Wheatstone bridge. The sensitivity at 20 °C is 0.475 + 0.025 kQ

/ °C. This corresponds to a sensitivity value of 3.9 + 0.2 %K.

Using the measurement results of thermistor resistances, the temperature t is

calculated by with formula [24]:

1
=
A+ BInR+C(InR)’

~273.15 4.1)

where t is temperature in °C, R is thermistor resistance in ohms, and A, B and C are

individual calibration coefficients for each thermistor.

The thermistors are calibrated by using three different fixed points as Galn eutectic
alloy at 15.646 °C, GaSn eutectic alloy at 20.482 °C and Ga at 29.765 °C. The
calibration coefficients of A, B and C in equation 4.1 are calculated with these fixed
points for the indicated thermistor. The most reproducible constant temperature of
the eutectic alloy cells is their melting temperature and the cells enable us to have

phase transitions not less than 3 hours.
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The fixed points used in this work are calibrated in Temperature Laboratory of UME
by Standard Platinum Resistance Thermometer (SPRT), which is traceable to ITS90
scale. Each thermistor is calibrated by using these fixed points (Galn, GaSn and Ga).
The expanded (k=2) uncertainty of each thermistor, which includes the uncertainties

of fixed points, is 2 mK.

The resistance of each thermistor is measured through a PC controlled system. The
measurement results are calculated by a special computer program that includes the
individual calibration coefficients of thermistors. Additionally, the time dependency
of the temperature for each thermistor is obtained automatically in graphical and data

formats.

4.3.4 Thermostat of the Koster Interferometer

A schematic diagram of the cross-section of the UME Koster interferometric
chamber (thermostat) is shown in figure 4.4 in which, the cross-sectional internal
size dimensions of the chamber are 250 x 300 mm and the internal length of the
chamber is 1750 mm. The similar interferometers are developed in different
metrology laboratories. During the design and development of UME interferometer,
it is based on the design of long gauge block interferometers of NPL [2,25] and PTB
[26]. Especially, water-circulating system is based on interferometer of NPL,

whereas the shape of the chamber is based on interferometer of PTB.

Our interferometric thermostat is constructed as a coaxial box which has an outer
thickness of 4 mm and an inner thickness of 16 mm. Different isolation materials,
roof mate and glass wool, having different thicknesses are used between the two

boxes, which are separated by 70 mm. The box is made of Aluminum (AZ 7075).

Temperature stabilization is obtained by circulating the water through copper pipes

that are placed side by side, over the surface of the inner box including the cover
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part. One of these copper pipes brings the chilled water to the chamber whereas the
other one carries the circulated water away from the chamber. For continuous water
flow, arefrigerated circulator with a resolution of 0.1°C is used. Finally, to prevent
air leakage when the cover is closed, a flange channel is formed between the
touching parts of the cover and the main body, and a suitable o-ring is placed in the
flange channel. Additionally, the cover part can be sealed fully to the main body by

its nine different points along the chamber.

_ flange channel

R .
Cover g8 T Isolation
nn materials
R R E=E] Aluminum
) (AZ 7075)
EZ= Nyloil
T Cooperpi
opper pipes
Main pper pip
body

S R
NG R

Figure 4.4. The cross section of the main body and cover part including Aluminum

boxes, isolation materials, Nyloil and copper pipes (the diagram is not to scale).

Moreover, some tiny holes are drilled through one wall of the chamber to open

channels for the cables and pipes. The proper flanges and o-rings are used in these
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apertures to obtain temperature and pressure isolation. Each flange is utilized for the
following measurements and controls; temperature, pressure, humidity, changing of
internal gas, obtaining vacuum in the refractometer, control of the digital piezo
translator (DPT) installed on the reference mirror, control of the piezo electric
transducer (PZT) installed on the second reference mirror and control of the PZT
installed on the gauge block holders. PZT and DPT are used for translating the

mirrors accurately and remotely when the cover is closed.

For improving temperature control and stabilization, the lasers and the CCD camera,
which can be sources of unwanted heat, are placed outside the chamber. Meanwhile
the other necessary optical and opto-mechanical parts, i.e. the mirrors on the
reference arm, the Koster prism, the PZT controlled mirror and gauge block holders,

are placed inside the chamber.

4.4 The Results of Temperature Measurements

The results of a typical temperature measurement is shown in figure 4.5(a). During
this measurement, the temperature inside the laboratory was 21.0 £ 0.5 °C. The
temperature of the circulator is set to 20 °C so that the water circulates at 20 °C + 0.1
°C along the copper pipes. The temperature measurement is realized for about 20
hours. The system reached the temperature of about 20 °C at the end of the first 4
hours and achieved stability after the first 14 hours. The first four thermistors are

surface thermistors whereas the other six ones are air thermistors. As shown in figure

4.5(a), the time dependent change of the temperature value for air thermistors is
faster than the value for surface thermistors. This is due to the fact that air
thermistors measure the air temperature inside the interferometric chamber, whereas
the surface thermistors measure the temperature of the gauge block, which is
mounted on the two airy points in the interferometric chamber. This result shows that

temperature of the gauge block reaches the set temperature later than the air
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temperature inside the chamber due to its mass and its lower efficiency of thermal

contact with the chamber wall.
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Figure 4.5. The temperature readings from all thermistors (the first four ones are

surface thermistors whereas the other six ones are air thermistors) at about 20 C for

(a) about 20 hours, (b) about 2 hours. The temperature fluctuations of all thermistors

remains in the range of 2 mK.

47



As shown in figures 4.5(a) and (b), after temperature stabilization of the chamber and
gauge block (about 840 minutes), the temperature variation of all thermistors remains
in the range of 2 mK for about 2 hours. In figure 4.5, the t1, t2, t3 and t4 curves
correspond to the measurement results of surface temperature, whereas t5-t10 curves
correspond to the measurement results of the air temperature. As it is seen in figure
4.5(b), the temperature variations of each thermistor separately are smaller than 1

mK for the same time interval.
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Figure 4.6. The temperature readings from all thermistors (the first four ones are
surface thermistors whereas the other six ones are air thermistors) at about 15 C for
about 15 hours. The temperature fluctuations of all thermistors remains in the range

of 9 mK.
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A similar measurement is realized by setting the circulator’s temperature to 15 °C. If
we were to calculate the thermal expansion coefficient of the gauge block
[2,19,25,27,28], the temperature of the chamber would be stepped along a range of
15 °C to 25 °C in definite increments. However in this study, the measurement is
realized only at 15 °C, in order to test the system at a different temperature than 20
°C. The temperature measurement results at 15 °C are presented in figure 4.6. After
temperature stabilization, the temperature variation of all thermistors remains within
the range of 9 mK. It is observed that the temperature variation is about 4 mK for
surface thermistors, whereas it is about 6 mK for air thermistors. In comparing the

results in figures 4.5 and 4.6, away from the room temperature, the temperature

variation in the chamber becomes inhomogeneous due to influence of the
temperature gradient of the communication cables and connectors (flange) on the
chamber wall. As deducted from the graphic in figure 4.6, a small drift about 1 mK is

observed within 15 hours.

For examining the temperature difference of the upper and lower parts of the gauge
block, additional experiments are realized. The measurements are done at 20 °C and
the results of the measurement are shown in figure 4.7. In this measurement, two
surface thermistors are located under the block at the airy points whereas the other
two ones are located on the top of the block at places corresponding to airy points
(figure 4.7(a)). After temperature stabilization of chamber, the result of temperature
measurement for two hours is shown in figure 4.7(b). The temperature values of two
sensors (t1 and t3) are as close as a value of smaller than 0.5 mK. Similar result is
seen for two other sensors (t2 and t4). It is deducted from the results that the gauge
block is reached to the stable temperature with surrounding air of the block inside the
chamber. After the system is stabilized, the temperature of the upper part of the block
is quite as close as lower part of the block. Meanwhile, the temperature difference of

two airy points is about 2 mK.
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Figure 4.7 (a) The placements of the surface thermistors for examining the
temperature difference of upper and lower parts of the gauge block, (b) the results of
the temperature measurements. The temperature difference, which corresponds to the
temperature gradient of upper and lower parts of the block, between the sensors

(tland t3, t2 and t4) is smaller than 0.5 mK.

For the influence of the platen to the temperature gradient of the gauge block, similar
experiments are realized when platen is wrung to gauge block. The dimensions of the
platen, which is used in this experiment, are 40 mm x 30 mm x 10mm. The
measurements are done at 20 °C and 15 °C. The sensors are mounted at opposite
sides at the airy points of gauge block (figure 4.8(a)). After temperature stabilization
of chamber, the results of temperature measurement for two hours are shown in

figure 4.8(b) and 4.8(c) for temperatures of 20 °C and 15 °C, respectively.
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Figure 4.8. (a) The placements of the surface thermistors over the gauge block with
the platen for influence of the platen to the temperature gradient of the block, (b) the
temperature measurement results at 20 C and (c) at 15 °C. The difference of the
measured temperature values at airy points in the experiments at 20 °C or 15 °C with

or without platen is about 2 mK.

As seen from the figure 4.8(b), the temperature difference of opposite sensors (t1-t3
or t2-t4) is about 0.5 mK whereas the temperature difference between the airy points
is about 2 mK. With the experiment realized at 15 °C (figure 4.8(c)), the temperature

difference of opposite sensors and the airy points is observed about 2 mK. We would
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like to note that when comparing the measurement results with or without platen, an
extra temperature gradient is not observed between the airy points. When the
uncertainties of the sensors are taken into account, the difference of the measured
temperature values at airy points in the experiments at 20 °C or 15 °C with or without

platen is about 2 mK.

In this experiment, the temperature measurement for each thermistor is realized
during an average time interval of one minute and thus, a single measurement data
for each thermistor is taken every 10 minutes because there are 10 pieces of
thermistors. In order to investigate the temperature stability in more detail, an
additional measurement is realized using an air thermistor located at the center of the
chamber. Within a span of 7 hours, we measure the temperature of the chamber using
the thermistor in 1-second average time intervals. The graph of temperature versus
time is shown in figure 4.9(a). The histogram of this measurement is shown in figure
4.9(b). This experimental result shows a symmetrical distribution of temperature
fluctuation around the mean value of 20.1562 °C with a peak-to-peak temperature

fluctuation of less than 30 mK and a standard deviation value of 0.4 mK.

The stability of temperature measurement results as shown in figure 4.9(c) is
evaluated using Allan variance statistics [29]. Figure 4.9(c) shows the stability and
the root Allan variance value as a function of the average time. When the
temperature of the chamber is stabilized, the measured Allan variance of the
temperature fluctuation shows a temperature stability of about 10~ for average times
noise from 1 second to 1000 seconds. As shown in figure 4.9(a), the white and
flicker is dominated and drift is comparably small. So non-decreasing variance as a
function of averaging time in figure 4.9(c) will be explained as long-term stability

that is limited and determined by flicker noise and no long-term drift.
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Figure 4.9 (a) The temperature data for one thermistor at 20 OC for about 7 hours (b)
the histogram graph of the measurement (c) the stability graph of Allan variance

analysis.
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CHAPTER 5

REFRACTIVE INDEX of AIR

5.1 Introduction

In accurate interferometric measurements, it is essential to know the refractive index
of ambient air with a reasonable accuracy. The refractive index of the medium
affects the wavelength of the light and a correction is realized for the laser
wavelength.

A=A /n (5.1)

where Ais the wavelength in the air, A, is the wavelength in vacuum and n is the

refractive index of the air.

The refractivity of a gas (n-1), can be expressed as

(n-1),,=K,D,, (5.2)

where K, is the dispersion factor and D, , is the density factor.

The dispersion factor, K, is independent of the temperature and pressure variences
and based on measurements of the dispersion of air. The density factor D, , is based

on the Lorentz-Lorentz equation and the gaseous equation of state. Further

corrections were presented for humidity and Carbon dioxide content [2].
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For refractive index measurements of air, two main methods are generally used. The
first one is Edlen’s formula based on the measured air parameters simultaneously

such as temperature, pressure and humidity. The second method is the use of
refractometers with vacuum cell. In this method, the refractive index is measured by

using the passed interference fringes when filling or evacuation of the vacuum cell.

5.2 The Calculation of Refractive Index of Air by Using Edlén Equation

5.2.1 The Original and Modified Edlen Equations
5.2.1.1 The Original Edlen Equations

The Edlen equation (1966) is used with the highest accuracy for calculation of

refractive index. The Edlen’s equation [30] for the density factor is,

- — -6
(n-1), = 2=D. 1+ p(O8IT-001330x10

(5.3)
720.775 (1+0.0036610¢)

where (n—1),,1s refractivity of standard air, t is temperature in degrees Celsius, p is
pressure in torr, (n—1) refractivity of standard air at 1 atmosphere and 15 oC.

(n—1), is calculated from the dispersion formula [31] which was given as

(n—1),x10° =8342.13+2406030(130 —c>) "' +15997(38.9-07)" (5.4

where ois the vacuum wave number in um™' . Equations 5.2 and 5.3 are valid for

standard dry air defined as 78.09% nitrogen, 20.95% oxygen, 0.93% argon and
0.03% carbon dioxide.
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5.2.1.2 Modification for Water Vapour and Conversion to the SI System

For most air, the water vapour (humidity) should be taken into account and, therefore

Edlen added the following formula:

Ny =Ny = _f(5-7224—0_0457o'2)'10—8 5.5)

ipf

where f is the partial pressure of the water vapour in torr.

Brich and Down (1988) realized some comparisons between the calculated and
measured values of refractive index for dry and moist air [32,33]. They used Edlen’s
equations (5.2, 5.3 and 5.4) and NPL refractometer to determine the calculated and
measured refractive indexes. The experiment results showed that the differences

between two methods were within the +3 x 10 for dry air.

However, in the experiments for the moist air, this difference was found to be 13 x
10°®. Brich and Down (1993) suggested an modification for the moist air part of the
formula [34],

n,, —n, =— f(3.7209-0.03436*)x10™* (5.6)

where f'is Pa. The unit of the partial pressure of water vapour is converted from torr
to Pa, after acceptance of the SI system. Similarly the unit of the density of air may

be changed as follows,

(n-1) = pn—=1); x1+ p(0.613-0.009981)10~°
" 96095.43 1+0.0036610¢

(5.7)
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5.2.1.3 Modification for CO; and Application of ITS-90 Temperature Scale

The original Edlen equation assumes that dry air has a constant CO, composition of

300 ppm. Edlen suggested a correction expression for excess levels of CO, as

follows [30,35]:

(n—1), =[1+0.540(x—0.0003)](n —1), (5.8)

where x is the CO, concentration by volume and (n-1), is obtained from the Edlen

dispersion equation.

However, Birch and Down applied a correction to Edlen’s equation (5.3) a correction

for increased CO; level and accepted I'TS-90 temperature scale [34]. The expression

(n—1), x10° =8343.05+2406294(130—0>) ™' +15999(38.9-0)" (5.9

The recent experiments were realized between the measured values and calculated by

the expressions as i) the Edlen equation (5.2, 5.3 and 5.4), ii) the Edlen equation after
correction for excess CO; levels (5.7), iii) the modified Edlén equation (5.5 and 5.6),

iv) the modified Edlen equation after correction for excess CO, levels (5.8) [37].

The differences were decreased for Edlen equation after correction excess CO,
levels. Moreover, more improvement was found for the modified Edlen equation and

particularly for modified Edlen equation after correction for excess CO, levels.
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5.2.1.4 Modification for Wavelengths over Visible Range

In addition to these improvements Erickson derived constants for over visible range

of wavelengths from 350 nm to 650 nm [37]. The revised expression is given as:

n =~ fx(3.7345-0.04016>) x10™"° (5.10)

L

5.2.1.5 Modification for Compressibility

Further improvements applied to equation 5.6, since the expression for the

compressibility factor is revised [34]. Therefore, (n-1), is given as following:

— _8 —
(n—1), = p(n—1), ><1+10 (0.601-0.009721) p 5.11)
’ 9609543 1+0.0036610¢

5.2.1.6 The Result Modified Edléen’s Equations

_p-1), X1+10*8 (0.601-0.009721) p

n—1) = 5.12

=Dy = 5609543 1+0.0036610¢ (>-12)

(n—1)5><108:8343.05+2406293+ 15999 : (5.13)
130-0> 389-0"

N, —n, =—fx(3.7345-0.04016%) x10™"° (5.14)

For converting the dewpoint temperature, Tqp, into the partial pressure of water

vapour, f, in mbar, the below equation is used [2].

| 1.5xT,
f=log" | ———+0.78571 (5.15)
237.3+T,
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5.2.2 The Experiment Results for Edlen’s Equations

The recorded values of refractive index of air by modified Edlen’s equation
(equations 5.11-5.13) over a period of 120 minutes are shown in figure 5.1(a). The
results of pressure, humidity and temperature values were taken simultaneously are

seen in figure 5.1(b, ¢ and d).

When comparing the graphics of the refractive index and pressure, very similar
variation can be observed. The reason of that is the air pressure and temperature has
the largest effect on the refractive index. The effects of the air temperature, pressure,
humidity and CO, on the refractive index can be seen in Table 5.1 [2]. In our
measurement, since the temperature stabilization inside of the chamber is obtained
very accurately (section 4.4 and figure 5.1(c)), the results of the refractive index

measurements by Edleén’s equation is mainly depending on the pressure variation.

Table 5.1 The dependence of temperature, pressure, humidity and CO, level on the

refractive index of air.

Parameter Increment Effect on refractive
index
temperature 1°C -9.26 x 107
pressure 1 mbar 2.68x 107
humidity 1 mbar 2.73x 10
CO, content 100 ppm 1.47 x 10
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Figure 5.1 (a) The refractive index, (b) the pressure, (c) the temperature and (d) the

humidity of the air inside of the chamber for about 2 hours.

5.3 The Measurement of Refractive Index of Air by Using Refractometer

5.3.1 The Design of the Refractometer

The refractometer used in this thesis is based on PTB refractometer design [26]. The
refractometer consists of four channels (cells) and the ends of the refractometer are
closed by special windows (Figures 5.2 and 5.3). These windows are anti reflection
coated and are attached to the ends of the refractometer by using a vacuum adhesive.
The two cells of the refractometer are connected to each other and to vacuum pump
as shown in figure 5.2. These two cells are used as vacuum cells. For the other two
cells, some holes are opened in the upper and lower parts to obtain the air leakage

through the holes. Therefore, these two cells are used as open cells.
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5.3.2 The Measurement Method

The refractometer is placed in the interferometer as shown in figure 5.2. Initially, the
sealed cells are evacuated to vacuum and then filled with the air to be measured.
During the filling of the air, the passing of interference fringes are observed, since
the change in refractive index causes a change in optical path length of the sealed
cell. The refractive index of the air inside interferometer is calculated by counting the

passing fringes.

.
Mirrors ~
" Gauge Block
! : : —— . ' N\
0 O O ( ( 0 O O
AN
Refractometer -
Kosters ;—i .
Prisy

@ Vacuum
Pump

Figure 5.2 The placement of refractometer inside of the interferometer

The optical path length depends on the mechanical path length and the refractive

index of the medium that is measured. This relation can be expressed as seen,

=n Lmechanical (5 . 16)

‘optical
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A change in the refractive index or a change in the mechanical path length cause to a
change in the optical path length. Hence,
AL =nAL

optical

+L An

‘mechanical (5 . 1 7)

‘mechanical

where AL, .., represents the change in optical path length, AL, ..., represents the

change in mechanical path length, n is the refractive index and Anrepresents the

change in refractive index.

Since L, ... 1S not changed during the application, AL, . .~ will be zero, thus

the first term will be zero also.

ALoplical = Lmechanical An (5 18)

As a result, the refractive index can be calculated by forming the vacuum condition
as a reference (Nyacpum=1),

ALoptical = Lmechanical (n - 1) (5 19)

Since the optical path difference is equal to NA/2, the equation 5.19 can be used as

follows,

NA

2Lmechanical (5 20)

n—1=

where N is the number of fringes passed, A is the wavelength of the laser used and n

is the refractive index of the air [8].
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The refractometer and Koster’s prism can be seen in figure 5.3. Sealed and open

parts is drawn in more detail

»

(b)

refractometer B
Kosters

prism

gauge block

open cells

sealed cells

(a)

Figure 5.3 (a) The schematic diagram of the refractometer in more detail (attached
windows are not shown here) and (b) the interference fringes due to the refractometer

(the fringes due to the gauge block is not shown here)

In this system, a photo detector, which is connected to a voltmeter, perceives the
passing fringes. The output signals of the voltmeter are recorded by a PC. The results
of the signals taken for one measurement can be seen in figure 5.4. Here, each peak

corresponds to one passing fringe.
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Qutput Signal

0 Number of Data 14500

Figure 5.4 The output signals detected by a voltmeter when the fringes were passing.

Output Signal

0 200 400 600 800
Number of Data

Figure 5.5 The output signals detected by voltmeter for the first 750 data. The data

points in the graphs correspond to the voltmeter readings. Each peak corresponds to

one passing fringes.
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Qutput Signal

13000 14000 14500

Number of Data

Figure 5.6 The output signals detected by voltmeter for the last about 1500 data. The
data points in the graphs correspond to the voltmeter readings. Each peak

corresponds to one passing fringes.

For this measurement, the number of the peaks in the graphs is counted as N=1003.5
during the filling of the air in the sealed cells. The length of the refractometer is
measured as 998.8 mm using CMM and the wavelength of the laser is taken as
532.249972 nm. The refractive index is calculated as 1.000267 when these values are

placed in equation 5.20.
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CHAPTER 6

DATA PROCESSING

6.1 Interferogram Analysis

6.1.1 Interference Fringes and Phase Calculation

An interferogram has a periodic shape forming of destructive and constructive
fringes repetition. The distance between the two constructive or destructive fringes is
A2 (for double path interferometers). Here, A is the wavelength of the light source.
Since these interference fringes give the height information of the test object, the
analysis of the fringe patterns on the basis of their intensity should be realized very
accurately. One method is making observation by naked eye, which could detect the
fringes having a resolution of A/5 or A/10. Another method is determining the fringe
positions in more detail by digitizing interferograms, and recording in a PC.
Furthermore, more accurate method, which is having a resolution ten to a hundred
times, greater than digitizing of fringe, is phase calculation of each point in the image
of interference fringes [38]. Here, the phase corresponds to the relative phase
difference between the test and reference optical paths and it is ¢(x,y) in equation 1.

This phase have the height information of the test surface.

1(x,y,t) = a(x,y) +b(x, y) cos|@, (x, y,1) + #(x, y)] (6.1)

where a(x,y) is the variation of background intensity, b(x,y) is the noise and contrast
variations, ¢(X,y) is the phase related to the surface to be measured (wavefront

phase) and dr(X,y,t) is the reference phase [2].
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The phase measurement over the recording interferogram supplies height information
of the test surface or optical component. The fringe analysis and phase calculation

are performed accurately by using computer.

6.1.2 Phase Measurement Methods

In phase measurement interferometry, first a known phase change is induced
between the object and reference beams, then the interferogram is recorded and

finally, wavefront phase is calculated from changes in the recorded intensity data.

The phase change means the phase modulation. The phase is shifted by a mirror,
tilting a glass plate, moving a grating, rotating a half-wave-plate or analyzer, using
an acousto-optic or electro-optic modulator. In these methods, the phase shifter
(mirror, glass plate, grating etc) is positioned in one arm of the interferometer and
interferogram is recorded [38]. The phase of one beam in the interferometer is shifted
with respect to the other beam. Therefore the phase is modulated because of the

phase difference between the beams.

6.2 Phase Stepping Interferometry (PSI)

In PSI techniques, the phase in the interferometer is shifted in a known amount.
Since equation 6.1 includes three unknown (a, b, and ¢), minimum three
measurements (steps) are required to reconstruct the wavefront. The value of each
step can be any value between 0 and 7 degrees.

6.2.1 Five-Frame Technique

The wavefront phase is calculated from a phase shift of /2 (90°) per step with

dr=0, /2, T, 37/2, and 2. (6.2)
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The five intensity measurements at a single point in the interferograms may be

expressed as

I, :A+B+2\/Ecos(¢+0)

I, = A+ B+2vAB cos(¢ +7/2)
I, = A+ B+2JAB cos(¢ + 1)

I, = A+ B+2vJABcos(¢p+37/2)
I, = A+ B+2JAB cos(¢ +27)

(6.3)

where ¢r may be taken as values of -2a, -a, 0, a, 2a for R= 1 to 5 respectively. The

phase at each point is calculated by using [2]

20, -1, -1,

6.2.2 Removal of Phase Ambiguities

Since ¢ is calculated by using arctangent function, and arctangent functions give the
results between the values of -m/2 and /2, the results should adjust between the
values of 0 and 2 (or - and 7). For this reason, after the phase is calculated, the
signs (+ or -) of numerator (sind) and denominator (cos¢) must be examined. The

equation 6.4 is written simply

a
o= arctan(;} (6.5)

The phase at each point is determined by using table 1 (modula 21r).
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Table 6.1. The conversion table for the phase values to be placed in unit circle [38].

a b 1) In unit circle
+ + ) 1.region

+ - -0 2. region

- + 21-0 4. region

- - T+ 3. region
+ 0 /2 /2

0 - - o

- 0 3n/2

0 +or0 378/2 0

6.2.3 Phase Unwrapping Method

Since the phase calculation by computer gives values ranging from — 7 to 7, the
phase distribution is wrapped into this range and consequently has discontinuities
with 27-phase jumps for variations more than 27. The sawtooth function of phase
angle ¢ is shown in figure [6.1(a)]. For continuing the necessary procedures of data
processing, this phase jumping should be removed. This process is called ‘phase

unwrapping’.

For detecting the phase jumping, the phase gradient is calculated at each pixel;

A¢ = ¢n - ¢n—1 (66)
where n is the pixel number. If |A¢| is greater than a certain threshold such asm, then
a phase jump (2 discontinuity) is detected. When the sign of |A¢| is negative (the

phase is increasing), 27 is added, whereas the sign of |A¢| is positive (the phase is

decreasing), 27 is subtracted. Therefore, the offset phase distribution that should be

added or subtracted from the wrapped phase distribution is seen in figure [6.1 (b)].
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As a result of phase unwrapping process, the continuous phase distribution is shown

in figure [6.1(c)] [39].

(a)
-T P X

21 (b)

0 > X

Figure 6.1 (a) Example of a phase distribution having discontinuities that are
due to the principal-value calculation; (b) offset phase distribution for correcting the

discontinuities in (a); (c) continued profile of the phase distribution. The y axis is

normal to the figure.
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6.3 Experiment

6.3.1 Theoretical Interference Fringes

The interference fringes are obtained theoretically in PC medium (by a software).
Therefore the images of the interferograms without noise could be realized. Each
interference fringes in Figure 6.2 correspond to different surface shapes over a
reference surface. For example, Figure 6.2 (a) represents flat surface, it may be the

surface of a gauge block, Figure 6.2 (b) represents a convex surface,

i

(a) (b)

Figure 6.2. The examples of theoretic interferograms correspond to different surface
shapes. The upper parts represents 2D cross-sections of the surfaces, the lower parts
represents the possible interference fringes correspond to these cross sections. (a)

Flat surface (i.e. gauge block), (b) convex surface

The number of the fringes in one image could be changed by using the same software
as shown in figure (6.3). The changeability of the fringe number is only realized for

the flat surface interferogram.

7
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*

() (b) ()

Figure 6.3. The examples of theoretic interferograms corresponds to different

number of the fringes in one image. (a) Two fringes (b) Six fringes (c) Ten fringes.

As an example for five frame phase stepping, the theoretical interferograms and
corresponding 3D intensity profiles are shown in Figure 6.4. The 3D intensity
profiles are obtained by using Matlab program. The relative phase difference
between the interferograms is 7/2 (90°). When looking at the first and last frames,
their appearances are the same because of the phase shift having 2 7 (360°) between

them.

(a) br=0 (0")
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(b) dr=m/2 (90°)

(c) br= (180"

(d) br=3m/2 (270"

(e) br=2 (360°)

Figure 6.4. The examples of five frames for five step phase stepping method. (a)
dr=0 (0%, (b) /2 (90%, (c) (180", (d) 3w/2 (270°), and (e) 21 (360°). The images
in first column represent interferograms obtained by theoretically; the figures in

second column represents the 3D intensity profiles respectively.
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The phase ¢ is calculated by substituting of five frames intensity values in Equation
6.4. This process is realized for each point in the interferograms automatically. The
calculated phase (¢b) can be plotted versus x-y coordinates as shown in Figure 6.5.
Figure 6.5(a) gives the results of arctangent function between the values of -m/2
(-90"% and w/2 (90°). Figure 6.5(b) represents also the arctangent function between
the values 0 and 27 (360°) by applying Table 6.1.

100

&0

Phage

-0

-100
300

(a) (b)

Figure 6.5. The calculated phase (¢), (a) for between -90° and 90° (b) for between 0°
and 360°.

2 T discontinuities are removed by using phase unwrapping algorithm as discussed
in chapter 6.2.3. The phase map containing tilt is shown in Figure 6.6. The image of
the wrapped phase is unwrapped by passing through y direction. After the

discontinuities and their signs are detected, 2 T values are added (or subtracted).

The phase map is very smooth and the height above the surface corresponds to the

gauge block where as the reference surface corresponds to the platen.
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Figure 6.6 The phase map corresponds to gauge block and platen surface.

The values in the phase maps are converted to fringe fractions (as discussed in
chapter 2) dividing by 2 70 . The fringe fractions of 20x20 pixels at the centre of the
block are averaged. The same process is realized for each of the three wavelengths.
These three fractions, fj, f,, and f3 correspond to the 532 nm, 633 nm and 778 nm
wavelengths respectively. The length of the gauge block is calculated by using the
method of multiple wavelength interferometry, which combines these three fringe

fractions.

6.3.2 Experimental Interference Fringes

6.3.2.1 13 mm Gauge Block

In the Figure 6.7, the interference fringes are seen for three different laser beams as

ECDL/Rb (780 nm), He-Ne/I, Laser (633 nm) and Nd:YAG/I, Laser (532 nm).
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Figure 6.7. The images of interference fringes (a) ECDL/Rb (780 nm), (b) He-Ne/I,
Laser (633 nm) (c) Nd:YAGT/I, Laser (532 nm)

After the temperature stabilization of the system, the interference fringes are
captured individually for each of the laser wavelength. The purpose is to calculate
the phase of each pixel in the image of the interference fringes and then to transfer to
the spatial coordinates. For this reason, the “phase stepping method (5-step)” is used
that is one of the methods for calculating of the phase. In this method, the reference
mirror is moved for five times between two destructive or constructive interference
fringes, and the image of the fringes are captured by CCD camera at each of the step.
Each step corresponds to 90° (/2) that is one quarter of the distance between two
destructive or constructive fringes. The images for HeNe/I, laser are seen in figure

6.8. As a result, totally 15 images are obtained for three different laser wavelength.

The interference fringes at each step can be seen for He-Ne/I, laser. The first and last

frames look the same because there is a 360° (2m) phase shift between them.

77



(a) (b) © (d) ©

Figure 6.8 The interference fringes for five steps by using He-Ne/I, laser and by
applying “Phase Stepping Method”. (a) 0° (0), (b) 90° (n/2), (c) 80° (n), (d) 270°
(31/2) and (e) 360° (2n)

6.3.2.2 3D Profile for Central Part of the 13 mm Gauge Block

At the stage of image analysis, initially the intensity values of five frames are
obtained for each pixel over the images. After that, the phase at each point (pixel) is
calculated by substituting these intensity values in a trigonometric expression
(arctangent). This process is realized for frames of each of the three different lasers.
In figure 6.9, the examples of 3D phase graphics that is obtained from this image
analysis for He-Ne/l, laser can be seen. These plots are obtained only for central
parts of the fringes for this measurement and consist of the gauge block and platen.
This process is convenient, since at international standards, the length of the gauge
block is defined as the distance between the platen and the central part of the gauge

block. Meanwhile, the shifting because of the gauge block can be seen apparently.

78



In figure 6.9(a), it is seen that the phases are between the values of -n/2 and n/2. This
is the inherent result of the arctangent calculation. Transporting of these values to the
unit circle, the figure 6.9(b) is obtained. The figure 6.9(c) corresponds to the same
plot in scales of degrees. At all of the figures, the shifted phase values because of the
gauge block can be seen. Besides that, the figures 6.9, 6.10 and 6.11 do not
correspond to the whole surface of the block and platen. These are just for about one

fringe, which include the central point of the gauge block.

Phase =
Phase :

0

y oo ),;DD (a)

Figure 6.9 3D phase graphics obtained from the frames by using He-Ne/l, lasers.
They cover the platen and the gauge block. (a) between -n/2 and 7/2, (b) 0 and 2=, (¢)
0° and 360°

——

Figure 6.10 2D picture of 3D phase values after changing to intensity values.

Additionally, the “saw-tooth” wrapped phase can be seen, in Figure 6.9. This

situation is inherent result of phase varying between 0 and 2m. At this stage, the
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solution to this problem is to detect and then to remove the phase jumps. This
process is called “phase unwrapping”. 3D phase mapping of platen and gauge block
that the phase jumping is reconstructed can be seen in figure 6.10. When assuming
the platen as a reference surface, the height above the surface carries information of

fractional part (f) along the gauge block.

1 mm~

14~
Phase

Figure 6.11 3D profile of gauge block and platen after phase unwrapping

After obtaining unwrapped phase data, small regions are chosen at the center of the
gauge block and two regions symmetrically are located on the right and left platen
faces as shown in figure 6.11. These regions correspond to about an area of 1 mm®.
The phase values of several pixels in each of these chosen regions are averaged.
After that, firstly the phases of two regions of platens are averaged again and then
subtracted from the average phase value of gauge block. The fringe fraction (f) is
obtained by dividing of this phase value by 2n. The same process is realized for each

of the three wavelengths. Finally, the three different phase values were obtained.
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The exact parts (N) of the gauge block is calculated by using ‘“exact fraction
method”. In this method three fringe fraction values that is calculated before, three
different wavelengths that is used in the measurements and the nominal gauge block
length that is given before are used in developed software at the same time. After
some calculations, the exact parts and consequently the length of the gauge block is

obtained.

6.3.2.3 3D Profile for Whole Surface of the 13 mm Gauge Block

In section 6.3.2.1 the profile is calculated for just small part of the surface as seen

figure 6.11. 3D profile can also be obtained for whole surface of the gauge block.

In figure 6.12, intensity images can be seen. The first image is the intensity of the
interferogram and corresponds to one step in phase stepping method. The second
image is obtained after phase stepping method and the phase values converted to

their intensity values. Both of them are formed for 633 nm laser.

———
e
™

Figure 6.12 (a) The image of intensity values corresponds to one step for 633 nm (b)

The phase values of the fringes as intensity image for 633 nm wavelength after phase

stepping method
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In figure 6.13, the 3D profile of the block and platen can be seen by applying phase
unwrapping method for whole surface. Because of the tilt of fringes in the original
images, the tilt of the unwrapped phase map is seen. Meanwhile a small concaveness

is seen in the image.

Phase 97~

40

Figure 6.13 3D profile of block and platen. Concaveness is seen.

The tilt in phase map is removed by applying a surface fitting process to the platen
surface and then subtracting fitted surface from the original phase map. In figure 6.14
the fitted surface to the left part of the platen is seen. The fitting process is enlarged

for whole surface of the platen.
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Phase 7]
P

40

Figure 6.14 Fitted surface to the left part of the platen

In figure 6.15, the result phase map is seen by subtracting fitted surface from the
original phase map. The tilt in the phase map is removed. Nevertheless the
concaveness is observed in the image. The reason of this concaveness may originate

from the non-equalness of the fringe spacing.

Phase "7’
v

T
800

Figure 6.15 Subtracting (Figure 6.13) form (Figure 6.14). Tilt removed. However

concaveness is observed.
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In order to calculate the variation in length and flatness for the gauge block, this
concaveness should be removed from the phase map. For this purpose, some
revisions are realized in the software. (The phase values of the gauge block are
subtracted from the phase values of the platen through a line.) The resulting map can
be seen in figure 6.16. 3D plot corresponds to only gauge block surface for the time.

The y axis corresponds to the length dimension as nanometer.

Phase

Figure 6.16 3D profile of the gauge block measurement surface.

6.3.2.4 Flatness and Variation in Length Measurements

The measurements of flatness and variation in length give rise to the information of
the surface of the block and platen. The blocks are categorized by taking care of
these values. Additionally, the uncertainty values of these terms are calculated for
central point length measurement and added to the uncertainty budget. The basics of

the “flatness” and ““variation in length” are defined in the ISO 3650 standard.

Flatness (deviation from flatness) is defined as “fy minimum distance between two
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parallel planes between which all points of the measuring face lie” as shown in
Figure 6.17. In general, the flatness can be calculated by taking all the fringe
fractions on the surface, and fit minimum and maximum planes to them. Then the
minimum distance will give the flatness value. Besides that, the easer way is to
perform a least squares plane fit to the surface data, and take the maximum and

minimum departure from this plane.

The calculation result of flatness for 13 mm gauge block is found as 91 nm. In our
system, the flatness is calculated by taking the maximum and minimum departures

from fitted plane surface

Figure 6.17 Deviation f4 from flatness

Variation in length (deviation from variation) is defined as the difference between
the maximum length /;,,x and the minimum length /i, as shown in figure 6.18 [2].
The variation in length is calculated by taking the difference between the highest and
lowest fringe fraction results on the surface. The calculation result of variation in

length for 13 mm gauge block is found as 103 nm.
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"max

min

L 7 7 G/

Figure 6.18 Variation in Length. Nominal length /,; central length [; variation v with
Joand f;; limit deviations 7. for the length at any point, proceeding from the nominal

length.

6.3.3 Multiple Wavelength Calculation

The length of the gauge block is determined by program written in computer. This
program calculates the possible solutions around the nominal length of the gauge

block [40].

As discussed in previous section, the fringe fraction values (f;, f>, f3) are perfectly

measured for each of three wavelengths (4,,4,,4,). Thus, the length of the block

could be determined by solving the homogeneous equation that is given below;

A A,
L=(N, +fl)?1 =(N,+ £,) 2 =, =(n, +f,.)?’ (6.7)

But solving this equation gives in numerous solutions. Additionally, sets of these
solutions repeat at regular length interval (or the synthetic wavelength or the

effective range (ER)) [41,42]. This effective range is determined by the laser
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wavelengths that are used in interferometric measurements. However there are many
possible solutions about the nominal length, there is only one correct solution that it

has the best fit when considering the fraction values.

Consider that L is initially known as L, in an uncertainty, oL. The correct value of L

could have any value from [, —§Lto L, +JL. Thus, from equation2L = (N+ 1),
49L=AN A (6.8)

can be written. For finding of the N uniquely, AN </ must be satisfied. Then
equation 6.8 can be written as [43]

SL< /4 (6.9)

The nominal length of the gauge block is given by the block supplier with calibration
certificate. For instance, the uncertainty (JL) is given as 1.5 um by CMM
measurements of 1-meter gauge blocks [2]. In this situation, the equation
N :LO/(/?./2) would give many probable solutions in the range of the given
uncertainty. Because the condition in equation 6.9 is not satisfied for uncertainty

value given above with one wavelength. Using of different wavelengths could

decrease the number of the solutions.

Wavelength intervals
for one laser

Gauge
L Block

Figure 6.19 The wavelength intervals for one laser. The effective range is A/2.

(o]
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For example, if the system has only one wavelength, the effective range will be 4/2
(figure 6.19). However there may be a probable solution at each effective range, only
one of them corresponds to correct solution and we should find this correct one. At
this stage, it is necessary to know nominal length of the block to within half of the
effective range (equation 6.9), which is approximately 150 nm. When considering L

value as £1.5 um, one wavelength is not sufficient to reach a correct solution.

When using two wavelengths, the effective range (ER) is calculated for 532 nm and

633 nm as shown below;

A4,
2(4,-4,)
| 532x633
2x(633-532)

Effective Range = (6.10)

In the meantime, an alternative method for finding the effective range is seen in table
6.2. This is prepared in MS Excel program. The red painted regions correspond to the
effective range points, for the wavelengths of 532 nm and 633 nm. The effective
range value is periodic through the length of the block at the points as (N1=6, N2=5),
(N1=13, N2=11) and (N1=19, N2=16). Additionally, the effective range value (1.67
pm) obtained from the table is the same with the value obtained from the equation
6.10.
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For these wavelengths, according to equation 6.9, ER=1.67 pm gives an estimate of
the length of the block within £ 0.84 um, which will allow unambiguous calculation
of the accurate length of the block. However, when taking care of the long gauge
blocks with an uncertainty of £1.5 um, this accuracy is difficult to achieve with these

two wavelengths too.

Wavelength intervals
for two lasers

r A—A f,
- 1.67 um
Gauge |h b
I 1.67 um
Block —_—
N e
Platen

Figure 6.20 The wavelength intervals for two lasers. The effective range is 1.67 pm.

89



Table 6.2 The finding method of effective range for two wavelengths as 532 nm and
633 nm

A/2 A2/2

(532/2) N1 N1*(A1/2) | (633/2) N2 N2*(A2/2)
266 1 266 316,5 1 316,5
266 2 532 316,5 2 633,0
266 3 798 316,5 3 949,5
266 4 1064 316,5 4 1266,0
266 5 1330 316,5 5 1582,5
266 6 1596 316,5 6 1899,0
266 7 1862 316,5 7 2215,5
266 8 2128 316,5 8 2532,0
266 9 2394 316,5 9 2848,5
266 10 2660 316,5 10 3165,0
266 11 2926 316,5 11 3481,5
266 12 3192 316,5 12 3798,0
266 13 3458 316,5 13 41145
266 14 3724 316,5 14 4431,0
266 15 3990 316,5 15 47475
266 16 4256 316,5 16 5064,0
266 17 4522 316,5 17 5380,5
266 18 4788 316,5 18 5697,0
266 19 5054 316,5 19 6013,5
266 20 5320 316,5 20 6330,0

When the third wavelength is used, this effective range will increase. As a matter of
that, there exists no formula for finding effective range value for three wavelengths
as equation 6.10. But similar basic calculations in MS Excel could give the effective

range.

The effective range is found about 5.1 pm for three wavelengths of 532 nm, 633 nm
and 780 nm. The correct solution is identified by close matches at all three
wavelengths with the coincidence at N1=19, N2=16 and N3=13. In this situation, it is
relatively easy to measure the length of a gauge block to within a tolerance of

+2,5um (5.1um / 2). Hence, the equation 6.9 is satisfied.
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In the stage of finding the length of the block, specific software is written. In this
software, taking care of the measured fringe fraction values for three wavelengths,
the closest match is examined in the range of + 9 orders of the 532 nm wavelength.
The nominal length of the block gives information about which effective range will
be analyzed (by dividing the nominal length by A2). Thus, the program gives one

solution which corresponds to the length of the block.

At these tables, the given values of wavelengths are rounded values, not exact values.
However, when the same calculations are realized for the exact values, it is seen that

the orders are the same. So, the exact values are not given in these tables.

The laser exact values of the wavelengths used in the Kd&ster Interferometer located
in UME are as below;

ECDL/Rb Laser Wavelength: 780.2460209 + 0.101534x10° nm

He-Ne/l, Laser Wavelength: 632.9912126 + 0.006683x10°° nm

Nd:YAG/I, Laser Wavelength: 532.2499720 + 0.009450x10°° nm

The measurement result for 13 mm gauge block using UME home made Koster
Interferometer that is placed in UME-Wavelength Standards Laboratory is given as,
The measurement result for length of the block:

12 999 900 £ Q (33; 0.8L) nm; L/mm

12 999 900 + 43 nm

where Q (33; 0.8L)=33+(0.8xL)=43 nm. The measurement result and uncertainty

calculation is discussed in more detail in chapter 7 and chapter 8.

6.3.4 The Flow Diagram of Data Processing

The flow diagram of data processing corresponds to interferogram analysis and

multiple wavelength analysis are seen in table 6.3.
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Table 6.3 Flow diagram of data processing

The Images of
Interference Fringes
L), L), (), La(A), Is(Aa)
Li(A2), L(A2), Ii(A2), Li(A2), Is(A2)
Li(A3), 1:(As), I3(Aa), Lu(As), Is(As)

7\41=7\45327 7\/2=7\'633a 7\43=7\4780

\ 4
Phase Calculation for each A

o= arctan[M}

20, -1, —1,
v

Phase Unwrapping for each A

l j Surface Fitting

Tilt removal

Tilt

&

Subtracting surfaces, fitted from original one
3D profile of gauge block and platen

Concaveness Removal

Concaveness removal

v

Fringe fraction (f) calculation
for each A
for central 1 mm? region of block

v

Multiple wavelength method,
N calculation
by using three wavelengths

v

Subtracting surfaces, gauge block from platen
3D profile of gauge block

Variation in Length & Flatness
calculation for gauge block

RESULT

e 3D Profile of gauge block
e Flatness & Variation in Length Calculation
e (Central Length, Ex:

13.000 145 mm

92



CHAPTER 7

UNCERTAINTY OF MEASUREMENTS

7.1 The Uncertainty Calculations

The uncertainty evaluation for the measurement of a gauge block by optical
interferometry is given in this chapter. The uncertainties attributed to the design and
operation of the instrument is considered and the total uncertainty will be the sum of

many contributing uncertainties.
7.1.1 The Combined Uncertainty

The combined standard uncertainty calculation is realized with guidelines of the ISO
Guide to the Expression of Uncertainty in Measurement (GUM 1993, revised and
reprinted 1995).

The combined standard uncertainty u.(X) is a sum of the uncertainties u(x;) of all of

the influence factors x; each weighted by a sensitivity coefficient c¢;:

N N N
ul(X) =Zlcl.2u2(xi)+ > Z:, Bc;Jrc,. cw} u? (x)u’(x;) (7.1)
i= i=l j=

where u(x;)are the standard uncertainties attributed to the influence quantities x; and

ci, ¢ijand c;j; are sensitivity coefficients [43-45].
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oX 2°X 2°X

c,=—1, ¢; = e
Cooxy, 7 oxox; Y oxox

(7.2)

7.1.2 The Expanded Uncertainty

The expanded uncertainty U=ku.(X) is defined as the combined standard uncertainty
multiplied by a coverage factor k. The main principle is to choose of the approximate
level of confidence that is relevant to the uncertainties. In generally, measurements
are expressed with a value of k between 2 and 3 [44]. UME has chosen the coverage

factor as k=2, corresponding to confidence level not less than 95%.

7.1.3 The Uncertainties Due to Length Dependence and End Effects

Gauge block uncertainties can be grouped into those due to length dependent effects
and those due to end effects. End effects are those arising from the quality of optical
surfaces of the gauge block and their interaction with the measurement system. They
are also independent of the length of the gauge block. An example for end effect
uncertainties is given as wringing. Length dependent effects arise from the bulk
properties of the gauge block and the surrounding medium and are independent of
the end effects. For end dependent effects, the thermal expansion can be given. The
uncertainty table (table 7.4) that is seen at the end of this chapter is occurred taking

care of these two groups of uncertainties.
For the short gauge blocks (up to 30 mm), the main contributions in the uncertainty

budget are due to the length independents factors. Besides that, for the long gauge

blocks, length dependent uncertainties are more important than end dependent ones.
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7.1.4 The Model Equation

A model equation is formed considering the influence parameters for measurements
such as interferometry of a gauge block. The measured deviation from nominal
length of the gauge block is

d=/-L (7.3)

where Lis the nominal length of the gauge block, ¢ is the measured length of the
gauge block. The following model equation is convenient for presenting the

uncertainty evaluation.

d=1l,+1+1, +lo+1,+1, +1, (7.4)

fit

The best fit solution, ¢, for gauge block length for jwavelengths of light is

expressed as

1< .
Co=— >N+ ﬁ.)z% (7.5)

J =1

where f; is measured interference fringe fraction, N, represents an integral count of

interference orders for the gauge length and nrepresents the refractive index of the

air.

The gauge block temperature correction, /, is determined as seen,

0, =aLAt (7.6)

where « is the thermal expansion coefficient, Ar=20-¢,¢is the gauge block

temperature in degrees Celsius and 20 °C is the ISO standard reference temperature

for length measurements.

The correction for refractive index, ¢, is expressed as seen,
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¢ =(n-1)L (7.7)

n

where n is the refractive index of air that is calculated using modified version of the

Edlen equation.

The correction of obliquity effect (7, ) due to the size of light source is expressed,

1,=QL
a2
‘, —(16f2jL (7.8)

where ais the aperture diameter and f is the focal length of the collimating lens.

The correction of gauge block geometry (/) accounts for non-flatness and variation
in length of the gauge block. The correction (/) is phase correction and represents

both the surface roughness and the phase change on reflection. The correction (/)

corresponds to the thickness of the wringing film.

7.2 Uncertainty Evaluations

7.2.1 Uncertainty Evaluation of / ,

The following expression can be written by applying the equation 7.1 to equation

7.5,

ul (1) =cru>(N)+ciu’ (f)+ciu’(A)

oL, \ o, \ l, \
ul(l) = =L | W(N)+| =2 | () +| =L | w4 7.9
cUg) N (N) o () 51 (A) (71.9)
where N is exact multiple part of the wavelength for the gauge block as discussed
before and if N is found as incorrectly, this situation is taken as not an uncertainty it
will be considered as a blunder by ISO Guide to the Expression of Uncertainty in

Measurement. Thus u(N )is taken as zero.
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Thus, the equation (7.9) can be written as shown below,

oY oY
uf(lﬁt)=(a}"J u2(f)+(a—f{j u’(A) (7.10)

The combined standard uncertainty is evaluated by taking the partial derivatives of

the equation 7.5.

j 2 j 2
u (L) =Z{2ijj u%ﬁ)+2(%} w(A) (7.11)

i=1

By using the relation of (N,/f,)/2j=L/(jA,), the second term of equation (7.11)
can be rewritten as seen below,

2 4 2’ ’ 2 4 ’ 2
U (lﬁ,>=21(2—’jj u (ﬁ)+;(ﬁj u(A,) (7.12)

i

where u(f) is the standard uncertainty in reading a fringe fraction that is determined
experimentally and taken as 0.01. Additionally, i is equal to 3, since three
wavelengths are used and their exact values and standard uncertainties are given

table 7.1.

Table 7.1 The laser wavelengths and their standard uncertainties.

Lasers Wavelengths (nm) Standard Uncertainties (nm)
NdYAG Laser 532.2499720 0.00945x10°°
HeNe Laser 632.991 2126 0.00668x10°
ECDL Laser 780. 246 020 9 0.10153x10°
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By substituting these values in equation (7.12),

2 3 ﬂ' ’ 2 2 ’ 2
HE Z(Z—J u <ﬁ>+Z[§J W(4) (7.13)

=[3.59 + (0.19x10%° L?)] nm*

7.2.2 Uncertainty Evaluation of /,

The combined uncertainty due to the temperature effects can examine in two parts.
One of them corresponds to gauge block temperature measurements, the other one
corresponds to thermal expansion coefficients. These two components can be seen

below by taking the partial derivatives of /,,

ul(0)=u’ (@)L (A1) + &’ L’'u’ (At) (7.14)

where u()is the uncertainty of thermal expansion coefficient for the gauge

material. This value and also thermal expansion coefficient (¢ ) value are provided

and given with the calibration certificate by the gauge manufacturer.
7.2.2.1 Uncertainty in the Thermal Expansion Coefficient

The first component in equation (7.14) corresponds to uncertainty in thermal

expansion coefficient.

u> (@)L (A1)? (7.15)

The uncertainty of thermal expansion coefficient for steel gauge block is taken as
u(e) =1x10°(1/K). The temperature difference from 20 °C is Ar=0.3796 °C for

current experiment. Substituting these values in equation (7.15), the contribution of

the variance terms to the combined standard uncertainty in lengths is

u>(@)L*(Ar)?=[1.44x10" L] nm? (7.16)
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7.2.2.2 Uncertainty in the Gauge Block Temperature Measurement

The second component in equation (7.14) corresponds to uncertainty in gauge block

temperature measurement.

aszuz(At) (717)

The thermal expansion coefficient for steel gauge block is 11.5x10° (1/K). The
combined standard uncertainty of temperature measurement based on thermistor
calibration and performance is given as 2 mK. The thermistors are calibrated in the
Temperature Laboratory at UME with standard platinum resistance thermometer that

1s traceable to ITS90 scale.

a’L*u®(Ar)=[5.29x10"° L?] nm? (7.18)

7.2.3 Uncertainty Evaluation of 7,

The refractive index (ng,y) of the air is calculated by using Edlen’s equations (5.12,

5.13 and 5.14). n,y can be written by combining these three equations:

(n=1)x10° = (ij(8343.05+ 2400294, 15999 2)
96095.43 130-0° 389-0

(7.19)
){1 +107(0.601-0.009721) p

— £(0.037345-0.00040162)
1+0.00366101

The combined standard uncertainty u_(/,) in the length correction /, = (n—1)L is
determined by applying equation 7.1 to /,. The term of (n-1) can be expressed as in

equation 7.3.

ul(l,)= c;uz(p)+c,2u2(t)+ciu2(f)+cﬁu2(/l) (7.20)

The sensitivity coefficients are calculated by partial derivatives of the ny,.
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c,=—*, ¢ =—",C, =—"*, C; =—= (7.21)

The partial derivatives can be written as following:

-8
af,,:(8343‘05+240629_421+ 15999_2J>< 10
op 130-07 389-0 96095.43 722
-8 _ :
| 1+2x10 (0.601—0.00972¢) p "
14+0.0036610¢
or

+
130-07 389-0") |96095.43
[10-8 % (= 0.00972) (1 +0.0036610¢)p> — 0.003661(p + 107 x (0.601 - 0.009727)p? )

-8
a,1=(8343‘05+2406294 15999 JX( 10 ]X
t

(1+0.003666101)°
(7.23)
9%, _ (-3.7345+0.0401672 Jx Lx10 ™" (7.24)
of
o, _[ p+107x(0.601-0.009720)p7 | [ 10° )
EY) 1+0.0036610¢ 96095.43
(7.25)

{2x2406294/1 2%159994

0.0401x2x107 f A
(130-2) +(38.9—/12)2+( vy )}

where A is equal to %

By substituting the mean values of the temperature, pressure and humidity values
taken during the experiment (5.2.2): r = 20.168 °C, p = 99 257 Pa, f = 1 136 Pa and
A=0.532 pm.

Sensitivity coefficients of refractive index of air depending on certain parameters are
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calculated using the equations 7.22, 7.23, 7.24 and 7.25 and given in table 7.2. The
mean values of the temperature, pressure and humidity values taken during the
experiment are substituted in these equations (5.12, 5.13 and 5.14): ¢ = 20.168 °C,
p=99 257 Pa, f=1 136 Pa and 1=0.532 um.

Table 7.2 Sensitivity coefficients of refractive index of air depending on certain

parameter.

Verified Edlen Equation unit
¢, /op 2.7x10°L Pa’
or, /ot 8.9x 10" L K'
ar, Jof 37x10"°L Pa’'
ol , /oA 1.6x 10°L um’

The measurement instruments were calibrated at UME — Pressure, Temperature and
Humidity Laboratories. The given standard uncertainties for the instruments of
temperature, pressure, humidity and wavelength as given in table 7.3. Meanwhile, in
the last row in table, the term of “equation” represents the uncertainty of the revised

equation stated by the authors.
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Table 7.3 The standard uncertainties of the parameters affect the air refractive index.

value Unit
u(p) 4 Pa
u(t) 2 K
u(f) 24 Pa

u(A) 9.45x10" | pum

Equation 3x10™

The combined standard uncertainty attributed to the refractive index calculation are
evaluated by using equation 7.20 and making substitutions of the values given in
table 7.2 and 7.3.

u’(0,)=(1.095x10"° L?) nm* (7.26)

7.2.3.1 The Experiment Results for Edlen and Refractometer

The refractive index value is calculated as 1.00026234 + 3.3x10™® through the Edlen
formula and measured as 1.000267 + 6x10° by the refractometer. The results indicate
a difference of 5x107. Approximately fifteen refractive indices were measured and
calculated, and all the differences obtained are in the range of 10°. We would like to
note that a difference in the range of 107 is observed in the results of other metrology
laboratories. This difference of 5x10° in our refractive index measurement is
probably caused by the refractometer, especially from counting of the fringe

numbers.
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7.2.4 Uncertainty Evaluation of 7

In our system, the flatness is calculated by taking the maximum and minimum
departures from fitted plane surface as explained in chapter 6.3.2.4. The calculation
result of flatness for 13 mm gauge block is found as 91 nm. The variation in length is
calculated by taking the difference between the highest and lowest fringe fraction
results on the surface. The calculation result of variation in length for 13 mm gauge

block is found as 103 nm.

The uncertainty calculation from deviations in gauge block geometry by non flatness
and parallelism are realized by considering the largest variation in central length. As
shown in figure 7.1, non- parallelism (variation in length) has a larger effect for the
central length measurement than a deviation from flatness. Additionally, non-
parallelism will be more effective in the crosswise direction than in the lengthwise
direction. For this reason the crosswise direction (9 mm) is taken as shown in figure

7.1 [40].

When calculating the uncertainty term of variation in length and flatness values, the
central region of the gauge block surface should be considered. Because the length of

the block is measured by taking care of the central region of the gauge block.

The size of the central region is a compromise between a large enough area to reduce
noise, and a small enough area so that variations in surface topography do not
contribute to the average phase. For this reason, Imm x 1 mm square area is chosen

for central region in length measurement of gauge block.
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central measurement
points (1mm?)

non-flatness

Figure 7.1. The variation in length and flatness properties of a gauge block. The
effect of variation in length is larger than the effect of flatness for central point length

measurement (for small angles, fan a =sin «).

The uncertainty in pointing to the centre of the gauging surface is 0.5 mm. Using
similar triangles, the central length difference for a 103 nm deviation in variation in
length along the crosswise direction of the gauge is

_103nm _y

tan o (7.27)

Omm - 0.5mm

and the y is equal to 5.7 nm which is uncertainty term for variation in length (for
small angles, tan o. =sin o). Sensitivity coefficient for this term is 1.

u(l,)=>5."7nm
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7.2.5 Uncertainty Evaluation of 7/,

The end of the fiber is exactly placed at the focal point of the collimator. Thus, the
fiber end is considered as the light source of the interferometer. The source diameter
can be taken as 5 pm that is the diameter of the fiber. There is an obliquity effect due

to the finite size of the source.

The combined standard uncertainty is evaluated by partial derivative of equation H.

The partial derivative due to the f is negligible.

ul(lg) = [;}ij u*(a) (7.28)

where a is the source diameter and equal to 5 pum, f is the focal length of the
collimator and equal to 1500 mm, u(a) is the uncertainty of the fiber diameter and
taken as 0.05 pum that corresponds to 1% of the fiber diameter. When substituting

these values in the equation I,

u’ ()= (1.93x10*L? nm’ (7.29)
7.2.6 Uncertainty Evaluation of /,

Since the measurement of surface roughness is not realized in UME Koster

interferometer, the theoretical value is used for this correction [2].
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CHAPTER 8

CONCLUSION and DISCUSSION

In this work, a new interferometer system that measures the lengths of the gauge
blocks has been proposed. The values of flatness, variation in length and also 3D
surface profile of the blocks can be given as a result of this study. For the time being,
the length of 13 mm gauge block is measured in the system and the results are
presented. Additionally, the experimental result is compared by using the short gauge
block interferometer that is purchased from NPL (National Physics Laboratory of
England)-TESA. The results have shown that very close values are obtained at this
comparison and the lengths of the long gauge blocks such as 1000 mm could be

measured by using this instrument.

The measurement result for 13 mm gauge block using UME home made Koster

Interferometer that is placed in UME-Wavelength Standards Laboratory is given as,

The measurement result for length of the block:
12 999 900 + Q (33; 0.8L) nm; L/mm
12 999 900 + 43 nm

Besides that, as mentioned before, the length of the block is measured using NPL-
TESA GBI (Gauge Block Interferometer). This interferometer is placed in another
laboratory that is UME-Dimensional Laboratory and the measurement result for the

same block is given as
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12 999 890 £+ Q (25; 0.4L) nm; L/mm
12 999 890 + 30 nm

As seen from the results and figure 8.1, very close values of the length of the block
are obtained. Similarly, the difference between the uncertainty values is also very
close. The small difference in uncertainty value corresponds to dissimilarities of the

interferometer systems.

Measured Length
of the Block

13000000 S

12999950 - memememe e

12999900 4= zzzzzzspsnnonnnnopnnoo:
12999890

12999850 ==

Type of

UME-Koster NPL-TESA Interferometer

Interferometer GBI

Figure 8.1 The comparison graph of the measurement results between UME-Koster

Interferometer and NPL-TESA GBI.

For UME Kéoster interferometer, specific software is developed. This software
includes of data processing of digitized images with the techniques for phase
wrapping removal and surface fitting. Thus, the fractions which are needed to obtain

the length of the block are obtained by image processing techniques. Additionally,

108



the software for multiple wavelength method in order to combine three wavelengths
allows accurate calculation of the length of the blocks. In this specific software, the
flatness and variation in length is calculated and the 3D surface profile of the end
surface of the blocks is extracted. Further, the software and interconnections to the
computer used for the refractive index calculation are prepared during this thesis
study. Although the whole software works correctly, it needs some improvements for
providing visual format to the user. This revision of software would decrease the data

processing time and also be very user-friendly.

It is very important to have temperature stabilization of the chamber in gauge block
length measurements. Reaching to the temperature stabilization of the huge
interferometric systems is a time consuming process. In our case, UME Koster
interferometer system reaches to that condition at most in 15 hours. There occurs no
drift in the temperature for 2 hours after the system reaches to stabilization. This
result shows that the isolation of the interferometer chamber is perfect in the sense of
keeping the stabilization for long time durations. Considering the time needed for
taking the image of the fringes for 3 wavelengths is about 5 minutes for one gauge
block measurement, this long time duration of 2 hours having no temperature drift is

quite sufficient.

According to international standards, the interferometer would measure the length of
blocks at a temperature close to 20 °C and correct the length to 20 °C using
calculated value of the thermal expansion coefficients (¢« ). In this thesis, the nominal
value of & is used but & of different blocks could be different according to lengths
because of hardening process. It will be useful to measure the value of & of the
blocks, thus an accurate value of it which could be used to accurately correct
measured lengths. Further, the measurement of its uncertainty component (u(« ))
yields the reduction of uncertainty value of thermal expansion coefficient term as
given in chapter 7.2.2.1. Thus, one of the objectives for UME Koster Interferometer

is to measure the thermal expansion coefficient (& ) and its uncertainty component
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u( a ). The same interferometer system would measure the lengths of the blocks at
different temperatures over the range from 20 °C to 30 °C and thus derive an accurate

value of ¢ and also u( « ).

The refractive index of air is measured inside of the interferometer, and the
wavelengths corrections are applied when performing the data processing. In this
work, Edlen formula is used by measuring temperature, pressure and humidity values
simultaneously. Additionally, a home made refractometer is used for measuring the
refractive index also. The result obtained from the Edlen formula is compatible with
the result obtained in international measurements. Besides that, the measurement

method especially fringe counting system with refractometer could be improved.

We are interested in the double-ended interferometer that does not require wringing
process. Thus, some errors coming from wringing can be removed. Firstly, the
uncertainty due to wringing is not considered. Consequently a reduction in the total
uncertainty is expected. Secondly, when wringing process is realized, according to
the definition of International standard 3650, the platen must be made of the same
material and surface finish. This is a difficult situation and hence the phase
correction should be calculated between platen and block surface. Hence in double-
ended interferometre, this phase calculation will not be needed [47]. Additionally,
the lengths and the thermal expansion coefficients of different blocks made of
different materials (ceramics, tungsten/chrome carbide, cervit etc.) having low
thermal expansion coefficient could be measured in this system with no need of

wringing.
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APPENDIX A

DETAILED TECHNICAL PROPERTIES OF THE INSTRUMENT USED IN
INTERFEROMETER

Fibers

Supplier: OzOptics

Specifications:
NA:0.11, Core: 3.5 wm, Cladding: 125 pum, length :25 m for 532 nm laser
NA:0.11, Core: 4 um, Cladding: 125 wm, length :25 m for 633 nm laser
NA:0.11, Core: 5 um, Cladding: 125 pm, length :25 m for 778 nm laser

Laser to Fiber Coupler

Supplier: OzOptics

Part No: HPUC-23-532-S-3.9AS-11 for 532 nm laser
HPUC-23-633-S-6.2AS-11 for 633 nm laser
HPUC-23-780-S-6.2AS-11 for 778 nm laser

WDM (Wavelength Division Multiplexer)

Supplier: OzOptics

Part No: WDM-13P-1111-532/633/780-3.5/125,4/125,5/125,4/125-SSSS-40-
3S3S3S3S-3-25-SP

Collimating Lens

Supplier: Schott Lithotec AG

Specifications:
Achromat Doublet for 532 nm, 633 nm and 778 nm
Difference of focal length for different wavelengths < 0.6 mm
Focal Length: 1500 mm
Diameter: 100 mm, Thickness: 13 mm
Glass type: BALFS
Coating: CaF,

De-Collimating Lens

Supplier: Schott Lithotec AG
Specifications:
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Achromat Doublet for 532 nm, 633 nm and 778 nm
Difference of focal length for different wavelengths < 0.6 mm
Focal Length: 1000 mm

Diameter: 100 mm, Thickness: 13 mm

Glass type: BALFS

Coating: CaF,

Imaging Lens

Supplier: Schott Lithotec AG

Specifications:
Achromat Doublet for 532 nm, 633 nm and 778 nm
Difference of focal length for different wavelengths < 0.6 mm
Focal Length: 140 mm
Diameter: 33 mm, Thickness: 7 mm
Glass type: BAF5
Coating: CaF,

Kosters Interference Double Prisms
Supplier: B.Halle Nachfl. GmbH
Specifications:
The flatness of the effective surfaces is A/10
The angles of the prism halves: 30°, 60° and 90°
Dimension tolerance: = 0.15 mm
Angular accuracy: + 1
Angular equality: + 5 (25 urad)
Material: Fused Silica
Based dimensions: 70mmx70 mm
Coatings: AR<1% for 532 nm, 633 m and 778 nm for the entrance and exit
faces
R=T=45% for 532 nm, 633 m and 778 nm, semi-transparent
coated for one long cathetus side
Surface Quality: 40-20 scratch and dig

Reference Mirrors
Supplier: Melles Griot
Specifications:
Material: Fused Silica
Dimensions: 60 x 60 mm for horizontal mirror
80 x 80 mm for 45° mirror
Thickness: 9 mm
Flatness: A/20
Surface Quality: 40-20 S-D
Coating: Side 1: R <95 % @500-800 nm/ 45° and 90°
Side 2: AR<1 % @500-800 nm/ 45° and 90°
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DPT (Digital Piezo Translator) Controlled Stages
Supplier: Sifam Instruments Limited
Part No: NPS-Z-15A (Actuator)
NPS3220 (Controller)
Specifications:
Active axis: one dimensional as vertical
Travel Range: 5-15 pum (total)
Repeatability: better than 1 nm
Resolution (Position Noise): 0.1 nm or better
Length: 40-55 mm
Diameter: 30-40 mm
Max Load: 0.5 kg
Non-Linearity: 0.01% or better
Rotational Error: 0.15 arcsec / 1 pum or better
Controller: position servo control, RS 232 computer control

PZT (Piezo Electric Transducer) Controlled Optical Mounts and Stages
Supplier: New Focus
Part No: 8809 (Optical mounter)
8071 (Stages)
8732 (Multi-Axis Driver)
8620 (Control hand pad)
Specifications:
Optical Mounter:
Motorized Axis: 3
Angular Resolution: 0.7 prad
Stages:
Degrees of Freedom: X, y, 6 and 6,
Angular Resolution: 0.7 prad
Linear Resolution: 30 nm
Angular Travel Range: 8 0
Linear Travel Range: 3 mm
Controller: RS-232, GPIB, Control Pad
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APPENDIX B

SOME PICTURES OF UME (National Metrology Institute)
HOME MADE KOSTER INTERFEROMETER

BHe-MeT:Lawmxi

4 |MdYAGT: Lazeri

WL
Coumnler
f 1
[ECDL/Eb Lazeri ﬁ

Figure 1. The Koster Interferometer and Stable Laser Systems
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Figure 2. The mechanical design and cross-section of Koster Interferometer

Figure 3. Inside of the Koster interferometer
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APPENDIX C

PUBLICATIONS

This appendix contains copy of the paper published by the author, relevant to the
thesis. The temperature stabilization results and construction of the interferometer is
given in paper as
1. The temperature stabilization and temperature measurement of a Kosters
interferometer, Hamid R., Sendogdu D. and Erdogan C., Meas. Sci. Technol.,
16, pp. 2201-2207, 2005

The other national and international proceedings relevant to this thesis are as follows,

2. Koster Interferometresi’nde Havanin Kirilma Indeksinin Edlen Formiilii le
Hesaplanmasi ve Refraktometre Ile Olgiilmesi, Hamid R., Sendogdu D.,
Erdogan C., 6. Ulusal Optik, Elektro-optik ve Fotonik Calisma Toplantisi,
Aralik 2004

3. Yapilandirilmis Isigin 3-Boyutlu Metroloji Uygulamalari, Birlikseven C.,
Celik M., Sendogdu D., Sahin E., Hamid R., 6. Ulusal Eskisehir Olgiim Bilim
Kongresi, Eskisehir, 17-18 Kasim 2005

4. The Kosters interferometer for long gauge block length measurements,
Hamid R., Sendogdu D. and Erdogan C., in conference digest of Conference
on Precision Electromagnetic Measurements (CPEM), Italy, 2006

5. Koster Interferometresi’nde Mastar Blok Uzunluk Olgiimleri ve Kullanilan
Veri Isleme Yontemleri, Sendogdu D., Hamid R., Erdogan C., Birlikseven C.,
8. Ulusal Fotonik Calistayi, Ko¢ Universitesi, Istanbul, Eyliil 2006
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Abstruc

In this work, the mechamical design, optical seiup and temperatum

measurene nt systemn of a Kosters interferometer are described forthe length
measuremenis of long gange blocks. The temperaure varistion of 9 mE s
L5 and 2 ol w20 P weas masured inside the interfecomeiric chamber

usingg the @x air ond four surfsce themmistors. The temperature sability is
analysed by using standand deviation and Allan varance statistics

Ezywords: Kotem intedferometer, gauge block, temperatume measurement,

thermistor

L. Imtroduclion

In inierfzremeiric . applications, =specially in  lengh
mzasurzrenis for metrelogical purpose, the t2mperaturs
measursrreni  and  temperars  stabilizyiion o the
imerfercmetric chamber are highly imporiae. In metrelogy
laboratories, various imerfzrometers have bezn dengned for
differeni purposss, which are il in use [1-5]. For example,
in the Lergrh Bar Interferomeiry ai the Naticnal Physical
Lakoraary (WPL) in Englard, te fermperaiure of the chamber
is- sizbilized 40 2000 %C with an uncsrimingy of 2003 °C
[1, 2]. Sirmilarty in a Euromei praject [1], the Swiss Federal
Ofice of Mewolegy (OFMETD achizved a tzmperaturs
varation of less than (.01 *C within 4 tempzrature range of
10-30°C with a vacunm imerfzrence dilalomeier,

The resuli of izmperamre measorsmen in & lenoh
inierfercmeier dhamber and it unceriainty depend on twe
main factors. The Grst factor is the i2mperawrs flocoation
inside the intzdferameter chamber, which is dependeni on
the design of the insirumeri, and the sscond facmar i
the unceriainty of the sensors used and itheir meaurement
mezihods.

The lereesi contriburing facior 1o the tolal uncenainty of
lzngrh messursmenty in intzrferometers ix due io the thermal
expansion of individoal gauge blocks [6].  The thermal
SXpansion unceriamiy anses from iwe uncerlainiies:  the
uncerainky in e exporsion costficient (multiplisd by the

temperaiure devialion fram fthe refersnce temperaiure) and
the uncerainty in the iemperanre messursroent (muliplisd
by the expanmion coefficientl. When the uncenainiy of the
gauge block izmpzranre measurement is within 1 mk, then a
lengih uncerianty of 12 nm i obsarved [7] Additionalky, the
measursmnent of air ismperaire conlriboies oo the refraccie
index uncenainty. The laser wmelergth i3 direcily dzpzndent
onthe refractive index inside the chamkber, Since this refractne
index is obiminad by using the emperators, pressurs and
homidity measursmenis of the mir inside the chamber, these
valoes should be measured very accuratzly.  Besides, the
effzctive thermal and pressure isclation of the chamber gives
nise to effecive refractive index siabilizabion,

In this paper, fmsthy the mechanical design of the
inerferomeric duamber realized m the National Metralogy
Instimie of Turkey (UME] and its opto-medmanical parts ane
described  Then the t=mperaiure measursment syshem using
air and surface thermisiors is givery After dooi, the i2mparatune
measurzment rasules and a izmperamre varialion of 2 mk &t
20 4 ape dermorpiraied. Finally, a sibistical analysis of the
temperature measurament resulis is presented.

L UME Kisters inerferometer

2.1, Tharmsosear of the K s imaereromarer

A schematic dingram of the croas section of the UME Ksters
interferornziric chamber (thermostai) is shoan in Agore 1, in

MASTOZIEME1 L Z201+0T5330.00 & 2005 DOF Fublishing 1.3 Prinisd in the UK

121



R Hamid i

flange chanmsl

.-u"_:lnlm

—— - -
16 mm il

4mmn

Flgure 1. The croe saclion of ihe main body (chanber) and <o Incisding alononiom bowet, |solation materias, Mylol ad copper pipes

(the d fggrm. 1s mol b scales,

which the croes sectional imiemal dirrensicre of the chamber
oz 23 mm » 30 mrmoand the intzrnal lengih of the chamber
is 1750 mm. Sirnilar mierferometers bave bezn developed in
differeni metrol oy laboraioriss. The design and deslopment
of the UME interferameier is based on the design of lomg
gmge hleck inzrfaromeizrs al NFL [1, 2] and FTE [4]
In paricular, the waler-circulating sysiem is bassd oo the
imerfercmeter al HFL, and the shape of the chamber is bassd
on the imerferometzr at PTE.

Ohor iverferometnic themeatat ix consirocted 1 & coaial
broc ahich har an outer thickness of 4 mm and an incer
thicknesa of 16 mm. Different scldion maberials, cocf mais
ad glass wool, having differeni thickneases, arz ussd betaean
the ravc bomex, which are ssparaied by 70 mm. The box s
made of aluminiom (AL T075). Tempersurs stabilizarion is
obiained by circulating water through copper pipes that me
placed side by xide, over the surface of the innerbox including
the coreer. One of theae copper pipes brings the chilled water
to the chamber, whereas the cther ore camies the circulaied
waler away from the dumber. For continucus omier few,
o refrigeraizd circulator wich a resolution of 0.1 *C is used
Firally, to prevert air leakage when the cover i closed, a
flangs chamrel is formed beiwseen the iouching paris of the
cower and the main body, and a msilsble coring s placed in
the flangs channel. Additorally, the cover pan can be szaled
fully io the main body by iis nine diffzrent points along the
chamkber.

Additicrally, some drw hales ars drilled frough one wall
of the dhamber ic open chaorels farthe cahles and pipes. The
proper Hanges and c-rings arz used in these apzriurzs io obiain
mperaturs and pressur: isolaton. Each flange is uiilizad
for the following meawremznt ard conirols:  lemperamre,
pressure, humidity, changing of inlemal gas, chtaining vaoum
in the refractomester, coniral of the digial pieas translater

(DPT} installed on the reference mimror, conerzd of the pieza
elezinic transducer (FZT) installed o the s2cond reference
mirrer and contrel of the PET insalled oo the gaogs block
holders. FZT and DPT are used for concrolling the movemeni
of the mmirors and ganes bleck aceuraizly and remoizly when
the cover i cloasd.

222 Opticn! aeivp of the Kdsters interferomiter

The schermatic dizgram of the opdcal selup of the
interferometer s shown in figure 2 To improve the
temperainre coairol and siahilization, the laers and the charge
coupled devies (OCD camera, which can be sources of
unwanted heal, o= placed ouiside the damber.  Meanwhile
the ather nacessary optical and opic-mecharical pats, is. the
mirrars on the refzrence arm, the Kesters prism, the FET
cancrolled micror and gauge block holders, are placed inside
the chamber.

The laser bearns from three diffepert siable lasars (He-
Me'l [£], Nd:YAGTz [9] and e exiemal cwity dicde
laszr {ECDL} siabilized on b alomic transicion [LO]) are
lannched inio different fibre cables, which are combioed by
the wavelergth division moltplezer (W) coupler. . The
fibre cahle & the ootpul of de WA coupler is connzcied o
the input of the izleacope. The laser beamn is expanded up o
LO0 mm by using the collimating =lescope and poimed ai
the inside of the chamber through the input quartz window
{80 mm}. In the chamber, the lmer baam is split imo rwo
a5 reference and messurement arms by ming the Koaters
prism. The reference bzam is reflecied from de reference
mirrors, whersas the measurzment beam is reflecied from
the platzn and the froni surfoce of the gauge block.  The
reflecizd beams coming from the rao orms are then combined
by passirg through the Easizrs prism. The foinges thai form
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Flgure 2. The achamallc disgram of e ni2rizromeier with opiical and opto-meac hanical pari,

due iothe ntarferance of e two laser bzams pass through the
ouipoi windoe and then ihroogh the de-collimating ielescops.
Firally, the interfer=nce fringes are deteci=zd oming the PC-
controllad OCD camera

The mefracborneter s=en in figure 2 is u2ed to apticalby
measure the refractive index of the air ireide the chamber:
Anather methed for chtaining the refrachive index i to
ps= the Edlen formula, which calkoulaies a valos baed on
measursreent rasulbs using air thermistors, as well as valoes
from the measursmenis of pressurs and burmidity inside the
chamber [L1-13]; The refractive indez walue is cakolaled
mw OO0 £ 36 = 1077 through the Edlan formmla and
measured as LOOO2ZET = & = 10" by the refraciometer. The
resuliy indicats a differznce of 5 » 107" Approximately,
15 refractive indicea were measursd and caloulated, and all
the differences obtaired ars in e range of 107, W would
likee i pots that a differsnce in the rage of L10-7 is ohsarwed
in the r=sulis of other metrodogy laboravoeies [LL, 13] This
difference of 5 « 107 in cur refracive mdsz meauremsnt
is probahly caused by the refracicmeter, sspecially from
counting of the fringe numhbers. Howewer, o the rafraciies
indsz memruremsnt i nol the main subject of ihis paper,
th= initial revulis are presented. Mareover, the devslopmert
of the refractive index measurement syatem and effom o
minirmize the differzrice in the resulis are siill in progress.
Thus, for each of the methods, achisving accurate i2mperatrs
stahility and unifommity, avd preventing turbulence: of the air
inside the chamber are imporian.

L Temperslure mcasureamn eat system

For accurate ismperaiure coniral and measursmeni of both the
air inside the chamber and ihe surface of the pauge hlock,
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Faure 3. The placsmens of (e Ay polni and 2oniace
bmpeniores of ke | mgangs Hock, L i the lzngth of the gaugs
bk, Ajamd A; a2 ke Ay poinis. Teo surface Thefn it ane
phazzd mi the Alry poinii By and E; are the placemens of (e olher
o doace [hemmibions at poiniy 10 oo away Trom the Adry painis.

themnisiors are nsed because of their higher rensitivities.
When comparing their sensitivily =ith respeci o a platinom
resiviance thermometar (PULO0Y, the semitivity of 4 themmisior
is abour 4% E-1 whersas dat of the PI100 is approximaiety
04% K" [7]. In cur sysiem, 2 ioial of i=n thermistors i
used. Four of them are used for the sucface f2mperacure
measursment of the gaugs black and the other xix ars used
fior the air tsmperaiues measuremeni inside the chamber.

The gangs block is placed barizontally inside the chamber
and im lengih is measored i that pasiton.  The Block s
supperizd at two painis named e Airy points 35 shown
Ggure 3. In the measurement of its surface emperaiure, the
plaizn is nol wning to the black, 3o ihe block is supporied
exactly ai the Airs poinis. Support ai these poinis minimizes
sagging of the block. The distance between the Airy point is
calculai=d by dividing the Jength (L) of the black by T and &
iz engraved on the gauge Bleck's wrfice by the hlock's
suppliers [1]. For the empzraiore meavurement of the gauge
block, rao surface thenmisiors are imsialled separaiely inside
the two bleck supporiers, which aps placed at the Airy poinks.
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Onzof the ciber tac surface hermistors is placed 10 cm io the
lzft of the firk Airy poirg and de other one is placed 10 an
in the right of the second Airy point. All of the surface
themmiziory ars attacted 1o the gaage block at the bottorn side
of the block. Since the surface roughness of the thermisiors
redoced i the production stage and sdditionally thermal
coriarl iz asumed vo be gond enough 1o sense and care muzt b
given nol to damage dw surface of the Bleek, & is praferred thar
thzrmal grease mot be uszd beirwezn the contact rfaces during
thz ieraparature memurement in this =wock. Additonally, the
back (non-cono i sidas of che surface thenmisiors ame: coveapsd
with insulaticn in the produciion stage o reduce the 2 ffecis of
the errdironmeni. Furthermare, a spring mechanizm is placed
in the thermisior bolders 1o increass the contact pressurs
[7, 14, 15]. The air thermisiors are pliced ai differert poines
inside the chamber alang the gauge Block.

The izmperature measursment system i iniended for
Preciss IEmparalure measursmenis in the range of 153-25 *C
with an acouracy of 0002 “C. Nomral resistancs of
the thermisiors a 20 *Cis 12 = | k(i The peaistances of
the themmisiors are measured with a Wheatstore bridge. The
searpilivityat 30 °Cis 0,475 £ 00025k *C ! This camesponds
1o & pensitivity valoe of 29 = 0.26: K-

Using the measuremeni resulis of themmsior resisionces,
the tzmperamre +is calcolated by the formula [14]

L
S A EmR-CinRy
whepz { iz the temperature in “C, # is the thermistor rzaisiance
in ohms and A4, B and € ae the individual calibration
coefficients for zach themmisior.

- 27315 1§

The thermisiors are calibraisd wsing thres differert fized
poini: Galn eviectic alloy at [5.646 5C, GaSn zutectic alloy
al 20452 *C and Ga a 22,745 “C. The calibration cosflicients
of 4, B and  in equation (1) are calculabed wich these fized
points for the indicaled thermistor.  The most reproducible
care iy emperaiure of the sutectc alloy cells is teirmeling
temperaiurs, and the cells =nable us ic have phass ransitions
of at Jeasi 3 h.

The fixsd poins used in this work are calibrated in the
Temperature Laboratory ai UME with a standard. platinum
rexiviance thermomeizr (SPET), which is traceable 1o the
T590 scals. Each thermisior is calibraied using thess fized
painiz (Galn, Ga3n and Ga). The expandsd i =2 unceriaingy
of sach thermiziar, whnuch inclodss the uriceriainiies of fned
poink, is 2 mk.

The rezisionce of each demisicr @ meaured through a
P controlled system. The measurament results are calou bited
by a special commpoier program that includes the individoal
calbration cosfiicients of themmisiors. Additianally, the time
d=pendence of the tamperaiure for esch thermisar is cbtainsd
atomatically in graphical and dara formais.

4. The resulis of temperaiure measurements

The rzzults of a cypical i2mperaiurs measursment oe shown
in figure diz) Duoring this meamrzment, the iemperare
inside the laboraiory is 210 = 05 “C The temperaiure of
the cirowhibor in sel io 20 °C 5o ihat e water circulaies
ai 20 = 0] *C along the copper pipsa.  The iemperature
meamrement is realized for abour 20 h. The sysiem reached
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the temperature of aboot 20 %C gl the +nd of the firs 4 b
and achisved stahilicy after the first 14 h. The Gt four
themisior: are surface thenmsiors, whereas the ofher six oe
air thermistars. As shoam in Agure 4i2), the time-dependent
changs of the temperaiurs vale for air thennisiors is Faster
than the walue for mrface thermiviors.  This i@ due to the
fact that the air themmisiors measurs the air izmperare insids
the interferomeiric chamber, wherzas te srface thermiziorn
measurs the tempzraire of the ganee black, which is mounied
on the twa Airy points in the inierfarometric chamber. This
mesult shovas thal the f2mperamre of the gangs hlock reachs:
the 2=t rmperaiure later than the air lemperature inside the
chumkber due to its mars and s lowsr efficisncy of termal
contact with the chamber wall.

As shoran in Agures 451 and (), afier the tamperamrs
siahilizatian of ihe charber and gauge Block (about 840 min),
the wmperaturs variation of all themmisiors remaire in the
rangs of 2 mK for sbout 2h. In Agure 4, the mrees tl, 12,
t3 and 4 comespond to the measuremert resulis of the
surface famperature, whersas curees 15110 comeapand 1o the
measurerment resulis of the air emperzurs.  As it s2en D
figurs 44}, the temperaiore wrwialions of each thermisior
separately are smaller dian | mE for the same dme interval.

A similar messursment @ realized by ssiving the
cimolaor’s emperaiurs 1o 15 °C, I we were o caloulais
thz themmal exparwion coefficient of the gauge block [1-2,
i, 17], the temperature of the chamber would be stepped
alang a range of 13-25 3 in defimile increments. Howeeer
in this siudy, the measurzmeni is realizzd ook a1 15 °C, @
order ko izat the syrizm ai a different temperacore from 20°C
The mparamre meamrement rsanles al 15 °C ape presenied
in figur= 3. After lernperamre stabiliztion, e temperatrs
variation of all thermiztary remains in the range of 9 mE
It is ohsersed that the temperaturs variation s aboat & mE
for surfece tharmistors, whersas 11 o about & mE for air
themiziors. In companng the rzaules in figores 4 and 5,
axay From room emperators, the Emperaiure vanation o
the chamber hevome: inhomegensous dos o te influsnce
of the izmperature gradient of te communication cables and
correaars | flange) on the chamber wall. As dzduced from the
eraph in Agure %, a small drift aboot 1 mE is obeerved over
15 h.
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Flgnre £, [0 The placsment of (e Mmes (hermikaors for
ewumining ite enperabn: difzrence of (e upper and kwer pari
of The: gangs block, (8 the Izmperiir: meammenenl sl ik gboai
D05 for stk 2 h The Enperaue difzenc:, which comes ponds
i the lzmpe ciare gradient of the wpperand koser pari: of (b bk,
beiwzen ihe saneors (t1and O3, €2 ard 145 i smaller than 0.5 mE.

Additional experimenis me conducked to examine the
temperature diffsrsmce of the upper and lowsr pama of the
gauge hlock.  The measurements ars done st 20 °C and
the resulis are shoam in figurs 6. In this measurement, twa
surface demmisiors are located under the bBlock ai de Airy
poine, whereas the other iwa are pliced an top of the Beck
al pointy opposite o the Airy poinis |gurs a1y The resuk
of the temperaiure measaremeni for 2 h, after te siahilization
of the iemperature inside the damker, is shoanin Ggure & X,
The iemperature values of e racszracrs (b1 and 131 are close,
exhibiting a differance smaller than 0.5 mE. & similar r2suh
iz se2n for the ciher two s=nsces (2 and ). Thee=fors, the
temperature of the upper pari of the block is quite clees 1o tham
of the lower part of the blodk, Meamshiles, the f2rmparaiune
differ=nce between the rao Airy painis is aboot 2 mE.

To imesiigalz the infuence of the plaizn on the
temperature gradient of the gange blodk, similar experiments
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Eangs block with The platen for i nfuence of th2 plasn an fte
2miperaioe: gradient of The Block, (%) ihe Enparaiire megorameni
reauliy o 20 " Cond (0 a1 15 "C for 2 h, The diffsrencs of the
memuned izmperaioe valuzs ai he Alry poincs in the sxperimenis a
200 ar 15 50 with or withour the ploken 15 abo I nk.

oz candocted while the plaien is wrong to the gaues block
The dimensions of the plaien psed in this experimeni o=
50 mm = 35 mm = 10 mm. The mezasursmenis arz done at
20 °C and 15 °C. The sensors e mounted on oppoaiie sides
a the Airy poines of the gauge block (figmme 711 The resolis
of the temparature measuremeni for 2 h, afier the siabilization
af the ternperaiure inside the dwamber, are shownin Agores Tik)
md () for empersturss of 20 9C and 15 =C, respectiely.
Az szen from figure Tib, the temperaiure differsnce of the
opposite szroan (143 or £2-td) ix about 0.5 mE, wherem
the tzmperaiurz differznce beiwsen the Airy poinis is about
2 mK. Inthe experiment conducied at 13 5C (figurs Tich), the
lemperatnre ditference of the opposiie ensors and of the Airy
painis 15 cbeerved 1o be abont ZmEK. We would hike to nobe that
when caomparing the meaurement resolis with or without the
plaizn, a steeper tmperamre gradient is not obszrved be favezn
ihe Airy point:.

Inthis sxperirmeni, the emperaiurs measursment far2ach
thammisior is realized diring an average time interval of 1 min
and thus, single measurement daia for each thermistor o=
taken every 10 min becane thers are pen thermizars.  In
arder to imestigale the empzraiore sabilicy in more datail,
mi additicnal measoremeni iz realized using an air thermistor
located a the cenire of the chamber. Within a span of 7h, we

Tarmerars £y
BE
g

Famnber ol Sagdea

[=]
L M%7 30,1551 30,1985 1480 20,1557 0,136 201077
Tampmusture (0}

1 (1] 1

L Avraging Tara (Heond)

Fgpre 8. 167 The i2mperaoare dai for me hemiiior & 20 " C for
aboul 7 h, (8 the hisbogram graph of e mesuremen and (0 (e
slabllity graph of Allan warisnce malysi.

measure the izmperature of the damber using the themmuisior
al 1 3 average time intervals. The graph of 2mperature
w2rsus bime 1 shoen in figore 8ia)  The hosicgram of thas
measurament it shown in Ggure (k. This experimental r2suk
shows a4 symometrical disinbution of fermperaiore flucioation
arcund the mean value of 2001562 *C wilh 2 peak-ic-pzak
remperaiure fucmaiion of less than 30 mE and a siandard
dewiation valoe of 0.4 mE.

The stahility of fzrmperamrs measurement reaulis as shown
in Agure &) is evaluaizd uxing Allan varance saiiscs [18].
Figure Bic) shows the siabilicy and te root Allan variance
walue as o functon of the average time. When te 2mperatune
of the chamber iz stabilized, the maasurad Allan variance of
the iemperamre fAucination shoas & jemperamre sisbihly of
ahout 1077 for average times from | s to 106005, As shown in
bgure 82}, the white and Aicker nois= is dominan, whersas
the drift is comparaively small. 5o non-decressing variance
a5 a funciion of sveraging ime in figure 3] will be 2zphined
as long-term stability that is limiled and delermied by the
flicker noize and not the Jongterm drifi.
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& Conclusion

An accuraie temperature controllsd Kisiers intedferometer for
long gange blocks is developed. A tamperatur: vxiafion of
about B mE at 15 °C and 2 mE a1 20 °C is oblainsd.  This
lemparaure varirion is measwred ineide the inerferometer by
nsing six air and foor mrface themmisiors with o PC contrallzd
syslem.

The tzmperoiure memurement is anabysed for one of the
themmistiors by using Allan varance and standard deviation
slafistics. A t2mperaiure sbility of 2w 107 for average
times ranging from L o 1000 5 is obigined The siandard
deviaticn of this 7 h mearurement is obiainzd as 0.4 mE.

The expzrimenial resolis presemied in this work will be
imperiani far the length measuremenis of long pauge hlocks.
The lengih of ihe gauge Block dzpends on the siabiliies of the
temperaure and refraciive ndex ineide the chamber. A smaller
UNCerainey in temperamurz. and refracinee index measurzrneni:
minirmzes ihe toial uncemaingy.
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