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MEASUREMENT OF He-Ne LASER WAVELENGTH FOR 
CALIBRATION OF METER STANDARD ACCORDING TO THE 

SI DEFINITION 
 

INTRODUCTION 
 

 The problem of interest for this thesis is how accurate measurement of length 

we can do. To find this solution, I start to study metrological development in our 

country and converse with many people who work in metrology area. I found many 

difference in metrological development aspect comparing to other development 

countries. Most or nearly all of metrological organizations or laboratories are 

calibration service providers. They prefer technological transfer to research work. My 

conclusion, that probable wrong, is that most people think the research is importance 

but it difficult to do and funded. Now, I think they are right. 

 

 Metrology is a new area of study and research in our country. Though, The 

kingdom of Thailand has signed the Meter Convention since 1912, but neither activity 

nor contribution is given at all except some requested services in the recent year. In 

other view, it may say that we do not realize the importance of metrology as much as 

our neighbor country. To day, worldwide knowledge on Metrology is the key for 

successful development of science, technology and trade. 

 

  T. J. Quint, Director of BIPM notes the importance of metrology in the “Open 

letter concerning the growing importance of metrology and the benefits of 

participation in the Metre Convention, notably the CIPM MRA”. The impetus of 

facilitating world trade and the associated need to eliminate technical barriers to trade 

is leading to a greater awareness worldwide of the role that measurement plays in 

underpinning activities in all areas of science and technology. It is now recognized 

that metrology provides a fundamental basis not only for the physical sciences and 

engineering, but also for chemistry, the biological sciences and related areas such as 

the environment, medicine, agriculture and food. Various high-level studies 

demonstrate the impact of measurement to society; most recently, the report Evolving 
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Needs for Metrology in Trade, Industry and Society and the Role of the BIPM 

highlights current drivers and strategies to address the worldwide need for reliable 

measurement. (Quint, 2003). 

 

 Fiona Redgrave, Senior Project Manager in the International Office and 

manager of the DTI International Metrology Programme at NPL, she notes the 

importance of metrology and quality of life on the abstract of “Metrology for 

Improved Measurements in International Regulation and Trade” The operation of the 

economy on a global scale and the quality of life for the individual citizen depends on 

reliable measurements and tests, which are trusted and accepted internationally. 

Although broadly harmonized, differences in measurement practice amongst 

regulators and associated bodies still exist even within the EU. This is because the 

approach by the regulatory community in Europe is still influenced by historical 

practice and awareness of measurement issues varies significantly. Equally, 

development of national measurement capability does not always take optimum 

account of the regulatory perspective. A partnership of nine European National 

Metrology Institutes, the European Commission’s Joint Research Centre and the 

European Organization for Conformity Assessment, with partial support from the 

European Commission, are engaged in the RegMet project with the regulatory 

community to overcome this historical legacy. This paper describes the aims, findings 

and progress of the RegMet project, including the concept of the development of a 

measurement template for regulators. (Redgrave et al., 2003). 

 

 In everyday life, we always concern with “measurement” in some way some 

how. Example, a housekeeper goes to buy a pound of meat from a super market. She 

needs to weigh that piece of meat with a certified balance. Drivers full up their cars at 

a gas station. They need to know exactly how many liters that filled in their tank. In 

some occupation such as the engineers, the mechanics, the scientist they spend most 

of time on very critical measurement.  If we look through a broad view, one of an 

importance part of manufacturing, industry and modern agriculture is “measurement”. 

In fact, most of the science and technology development that base ups our civilization 
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concern with measurement. Most of our known scientific truth is base on our 

knowledge of measurement. 

 

Manfred Kochsiek, Vice-President of PTB and First Vice-President of CIML, 

give some comment about how importance of a uniform metrology system on “Trends 

in legal metrology towards a global measurement system”, ISO Bulletin, May 2003: 

The key nations of the past such as the Greeks, Romans, Incas, Chinese and others 

had all recognized the importance of a uniform metrology system and had 

consequently implemented it in their empires. The decisive step towards a worldwide 

uniform system of units was however accomplished in 1875 with the signing of the 

Meter Convention in Paris by seventeen countries. Its aim was to secure international 

agreement on and improve the Metric System; this agreement was finally reached in 

1960 with the introduction of the International System of Units, the SI. Unfortunately, 

although most countries have since joined the Meter Convention, the SI is still not yet 

fully implemented some 125 years after it was instigated. (Kochsiek, 2003) 

 

 There for, one of the key knowledge to the uniform measurement is the 

capability of realizing of the unit standard. This point of interest leads me to the 

objectives of this research. Though, the objectives are back to very basic research and 

look not attractive but since 1912 we, our country, have no research activity to 

express our capability on realization of any SI primary unit. This thesis is report a 

study of accurate wavelength measurement with Fabry-Perot Interferometer. This 

subject is not new and rather difficult to get something new under many limitation, 

but I think the knowledge of accurate wavelength measurement is the importance 

basic of Photonic Metrology.     

 

 Charles M. P. A. Fabry (1867-1945) and Alfred J.-B. Perot (1863-1925) 

described the Fabry-Perot Interferometer, a novel of invention, in 1899. FPI is a 

multiple beam interference application with a simple configuration but very high 

wavelength resolution. It enables high-resolution spectral observation. More than the 

half century passes, this instrument play an importance roll in realization of the 

optical frequency standard. 
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OBJECTIVES 

 
1.  Study the Optical Spectrum Analyzer (OSA) using con-focal Fabry-Perot 

interferometer and applications for wavelength measurement. 

2.  To measure wavelength of some LASER and Spectral source compare with 

the frequency stabilized HeNe LASER using the OSA. 

3.  To study traceability possibility of the wavelength calibration procedure. 

 

 

Scope of This Research 

 
1.  The calibration procedure use in this research is preliminary and only to 

adapt with the available instruments because of some limitation of the instruments. 

 

2.  The numerical result for wavelength comparison depends on the known 

wavelength of the frequency stabilized HeNe LASER. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5 

LITERATURE REVIEW 

 
1.  The CIPM’s Definition and Realization of Metre 

 

Bayer-Helms F., give an explicit explanation on the definition of metre and 

it’s realization base on the CIPM solutions brought up during the symposium on 

“Metrology in Physics” held at the Physikalisch-Technische Bundesanstalt at 

Braunschweig, Germany in 1987 (Madelung, et al. 1991.).  

 
 

1.1  The Meter SI Definition 1983 

 

The metre is the length of the path travelled by light in vacuum during a 

time interval of l /299 792 458 of a second. 

 
This formulation was adopted by the 17th “General Conference of Weight 

and Mesures” (CGPM) on October 20th, 1983, as definition of the basic unit of length 

within the “International System of Units” (SI). It concerns an important physical 

constant, the speed of light.  

 

Already in 1948 the definition of another basic unit of the SI, the ampere, 

involved of the magnetic field constant μ0, the permeability of the vacuum. The value 

is define as  

μo  = 4π⋅10-7  N/A2 (or V⋅s/A⋅m).  

 

Then the magnetic field can be measured by a current balance. (cf. section 4.2.4.) 

 

1.2  Consequences of The 1983 Definition   

 

In the SI the value of the speed of light is:  

 
co  = 299 792 458 m/s 
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under reference conditions (cf. section 4.1.5). Thus, since 1983 any measurement of 

the speed of light is neither necessary nor possible. In calculations no uncertainty 

contribution coming from the value of co must be taken into account since 1983. 

 

The definition of the metre is based on the definition of the second. Any 

realization of the metre (cf. section 4.2) is traceable to any realization of the second. 

On the other hand, any change of the definition of the second in the future will not 

influence the definition of the metre, it would certainly affect the realization. The 

metre is now metrologically dependent on the second. It is the basic of SI unit. 

 

According to the Maxwellian relation 

 

μoεo = co
-2 

 

besides co and μo the electric field constant or the permittivity of the vacuum εo  is 

fixed as well, but in another manner. The value of εo is not given explicitly but can be 

calculated exactly. In the case of co the value has been given by the metre definition 

with 9 figures (see above). At the need of more decimals, convention is to fill up all 

following decimal places with zeros. Concerning, μo the number π is known super 

precisely (105...109 figures).  On this basis anyone can calculate the electric field 

constant as far as he wants to do, e.g.: 

 

εo  =  0.885 418 781 762 ⋅ 10-11   A⋅s/V⋅m (or N/V). 

 

1.3  The Word “light” and The Dispersion of co 

 

It was not clearly stated in the documents of the metre definition what the 

word light means. An international standardization of the word light is given 

trilingually in the vocabulary of the CEI and the CIE as “perceived light” (perceived 

by the human eye) or as “visible light”  
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The speed of light c propagating in material like gases, e.g. in air, shows 

dispersion. The speed of light propagating in free space, co, is generally assumed to be 

dispersion free. There seems to be no need to specify any spectral point or any 

spectral region as a reference condition. Cosmologic theories sometimes deal with the 

question of dispersion of co. Some estimates any possible dispersion base on 

astronomical observations on the emission from pulsars e.g. they are far under all 

uncertainty levels of metrology today, e.g.  

 

Δco/co ≈ 10-16    

 

for dispersion effects in the visible region. If any measurable dispersion will be 

detected in the future, a suitable reference condition has to be introduced. 

 

1.4  Variation of co with Time? 

 

In the theory of relativity there exists the famous postulation of Einstein 

that co is a limiting quantity and has the same value in all systems of observation.  

 

In verifying possible variation of co with time by measurements the 

problem is compound with the question of irregularities of the clock realizing the 

momentary definitions of time interval. Variation of universal constants with time has 

been discussed and measurements of co till 1983 have been compiled and evaluated in 

detail elsewhere. 

 

1.5  Reference Conditions 

 

The speed of light, the phase velocity of visible electromagnetic waves, 

depends on some physical parameters. It is unavoidable to declare a reference 

condition for each parameter. Three parameters of different origin and of different 

magnitudes of influence are medium of propagation of the light, structure of the wave, 

and local variation of the gravitation in the space of propagation. 
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Rough estimates for the relative magnitude of influence in practical cases, 

which means in real experiments in the atmosphere on the surface of the earth, may be 

taken for remembrance as a geometric such as 10-4, 10-6, 10-12. 
 

The influence of medium of propagation is usually described by the 

refractive index, e.g. 

mat

vac

c
cn =   

 

in homogenous medium. In gases n is near 1, especially in air under 

normal atmospheric conditions 

n – 1 ≈ 2.7⋅10-4, 
 

that means the influence is in the order of 10-4. According to the sentence 

of the definition itself (section 4.1.1) reference condition is the vacuum, where the 

space of propagation is free from material particles. 
 

In any case of a real experiment the propagation of light must be limited 

laterally giving rise to diffraction effects. Exactly characterized, the light waves are 

not plane waves, rather they will get a more complicate structure. The phase velocity 

varies from point to point in the space of propagation, even in a stationary wave. The 

Gaussian beam is a mathematically well-described example, approximately realized 

by a laser beam. The phase velocity is locally higher around the waist until the 

maximum in the axis point of the waist: 
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(cf. Eq. (3)). Taken as a rough estimate for λ = 600 nm and radius of the 

waist w0 = 1 mm 
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o
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According to the realization recommendation CI-1983 of the CIPM 

(section 4.2.1) the reference condition concerning the structure of the wave is the 

plane laterally unlimited wave. 

 

Long distance measurements in astronomy by traveling time observation 

on light going to a star and scattered back to the observer depend on gravitational 

potential. The distance from the earth to the planet Mars e.g. seems to become larger, 

if the sun with its great mass approaches the way of the light under observation. The 

effect occurs in the course of some weeks, and is compound with a bending of light 

rays too. It depends on gravitational potential variation with time on the way of 

propagation. The potential is determined by the distribution of masses in the space, 

that means, it is varied by the approach of the sun. The recommendation CI-1983 

(section 4.2.1) postulates, “that corrections are applied to take account of actual 

conditions such as ... gravitation ..”, without description of the reference condition. It 

has been proposed as to be most reasonable to declare as reference condition of the 

space without any gravitation field or, as an identical statement, the space with a 

constant gravitation potential. 

 

According to Einstein’s theory gravitation fields are acceleration fields 

 
b = -∇ϕ, 

 

where ϕ is the gravitational potential.   At the surface of the earth 

 
|b| = g ≈ 9.8 m/s2. 

 

The potential variation with the height z above the geoids surface is 

approximately  

Δϕ = g z. 
 

Photons of energy        E = hν  
 

are provided with the mass       2
oc

Em = .  
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Travelling the path Δr with potential difference Δϕ they will get an 

acceleration b and an energy difference  

 

ΔE = m(bΔr) = 2
oc

E ϕΔ . 

 
The relative variations Δm/m, ΔE/E, Δν/ν, and Δλ/λ equal all Δϕ/ 2

oc , 

except for the sign only. Restricting the space of an experiment under consideration to 

the height of z < 10 km the effect of gravitation is limited by: 

 

2
0c

gz      1.1·10-12 

 
This is the explanation of the third estimate given above. Those estimates 

are neither corrections for a certain experiment nor uncertainties for a certain 

experiment.  

 

All the three reference conditions mentioned are ideal conditions that 

mean, they are in principle not completely realizable but they can be approximated 

experimentally to a high and satisfactory degree. The deviation of reality from 

reference must be taken into account of the correction, often based on estimates. This 

is the reason that all realizations of the definition will have unavoidably an 

uncertainty. It is the art of metrology to manage an experiment in such a manner that 

low and reliable corrections occur. 

 

2.  Realization 

 

  The definitions of the international basic units became more and more 

abstract. Till now there are already three definitions for the metre adopted in 1889, 

1960, and 1983. The first definition was based directly on a prototype (see below). It 

is realized by itself, so to speak, by one selected specimen of a special type of material 

measure. 

 

 

~
<
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2.1 General Recommendations 

 

Recommendation I (CI-1983) for the realization have been prepared by 

the CCDM which adopted and issued by the CIPM together with the adoption of the 

new definition that the metre be realized by one of the following methods. The main 

part is repeated below; another part-the list of recommended radiations, 1983 - is 

abbreviated in appendix table A1 and A2. 

 

2.1.1 by means of the length l of the path traveled in vacuum by a plane 

electro-magnetic wave in a time t ; this length is obtained from the measured time t, 

using the relation l = co t and the value of the speed of light in vacuum co =299 792 

458 m/s; 

 

2.1.2  by means of the wavelength in vacuum l of a plane electromagnetic 

wave of frequency ν; this wavelength is obtained from the measured frequency ν, 

using the relation λ = co/ν and the value of the speed of light in vacuum 

 
co = 299 792 458 m/s; 

 
2.1.3  by means of one of the radiations from the list whose stated  wave-

length in vacuum, or whose stated frequency, can be used with the uncertainty shown, 

provided that the given specifications and accepted good practice are followed  and 

that in all cases any necessary corrections be applied to take account of actual 

conditions such as diffraction, gravitation, or imperfection in the vacuum. 

 

2.2. Direct Realization. Realization of a Nonmaterial Distance 

 

Measurements of the traveling time of light may be specified as “direct” 

realization. The time interval measured in s is transferred into the distance given in m 

by calculation with the defined value of the speed of light co. Traveling time 

measurement is practically restricted to a long distance of a third kind of length that 

means, to a distance in space without any material bridge between the ends. The 
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relative uncertainty of time interval measurement rests valid for the calculated 

distance too. Some contribution comes from correction uncertainty. 

 

The distances in astronomy to stars, planets, to the moon, or satellites, and 

very long baseline measurements (VLB) in geodesy form the domain of “direct” 

realization. In the last cases the precision of time scale dissemination is fully applied, 

because the signals or the positions of a satellite are recorded by at least two stages of 

observation with time as a significant parameter. The position of a satellite is here 

sometimes an intermediate result, in order to determine the distance of the observation 

points at the earth’s surface. 

 

In the case of shorter distance, precision is limited in recognizing the ends 

of the interval and the time interval itself. In the example of 1 m, distance traveling 

time is only about 3⋅10-9 s = 3 ns. The realization uncertainty 2⋅10-14 s by the Cs 

atomic clock of the definition of the second should give a limit of about 10-5 for the 

relative uncertainty in the case of the “direct” realization of just 1 m in length. 

 

2.3 Realization of Wavelengths and Frequencies 

 

The development of laser technology created frequency generators of very 

high frequency and of extremely high reproducibility attaining not only the far 

infrared (FIR) but even the visible region. Those generators are also called “optical 

frequency standards”. In order to come from a measured frequency to wavelength a 

basic relation λν = co is applied. 

 
The mathematical description of an electromagnetic radiation, sin(ωt - kx) 

e.g., several coefficients of time and of space coordinates are introduced, like circular 

frequency ω, frequency ν = ω/2π, period (in time) or cycle T = l/ν, and circular wave 

number k, wave number (spatial periods per unit of length) σ = k/2π, wavelength 

(period in length) λ = l/σ = 2π/k. The ratios of suitable pairs of coefficients have the 

meaning of phase velocity of the wave: 
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co = ω/k = l/(σT) = λ/T = λν.     (2) 
 

The term λ/T evidently means: period in space divided by period in time 

equals velocity. These relations follow simply from the meaning of the coefficients 

introduced. They are not a physical law, that means, they cannot and must not be 

confirmed by independent measurements of e.g., λ, ν, and co. 

 
Any wave will have the same phase situation at an arbitrary but fixed time 

in spatial points forming a face. The name of the quantity λ shall indicate the 

interpretation as distance between faces representing equal phase situation (or phase 

(mod 2π)). Seriously taken, this distance is constant in the field of the wave only, if 

there would be the ideal appearance of a plane wave with equidistant and plane faces 

of constant phase. 

 
In order to describe any structure of the wave the sine-function may get a 

spatially varying factor. Then not only is the amplitude varied but also the phase. The 

faces of constant phase will be bent and no more equidistant. In the case of a Gaussian 

beam their distance a(r, z) is described by the formula: 
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in the same order of approximation as the Gaussian beam is a solution of the wave 

equation; r and z cylindrical coordinates, beam axis r = 0, zo = 
λ

2π ow  or  wo/(2zo) = 

λ/(2πwo) < 1 another structural parameter (wo = radius of the waist). In the centre 

point of the waist, r = 0 and z = 0, Eq. (1) follows. 

 

Nevertheless the quantity λ = co/ν is treated as a constant and is to 

interpret, in order to be more precise, as “wavelength in the ideal case of a plane wave 

of frequency ν in the vacuum”. The deviation from a strong spatial periodicity in 

solutions of the wave equation is possible by compensation within the three 

dimensional Laplace operator of our space. So wave structure is permitted, and is the 
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basic reason for the diffraction correction in length measurements. 

 

2.3.1  Frequency measurement and wavelength calculation  

 

As long as co was not fixed, measurements of wavelength and 

frequency at the same radiation gave a determination of co. Since co has been fixed 

any generation of a standard radiation reproduces a standard value of frequency and at 

the same time a standard value of wavelength with the same relative reproducibility 

and the same relative uncertainty of realization. Once a frequency standard apparatus 

has been technologically developed its frequency has to be measured in principle 

against the Cs atomic clock. There are three contributions to the realization 

uncertainty: 

a) realization uncertainty of the definition of the second, 

b) measurement uncertainty of the frequency ratio, and 

c) reproducibility of the frequency standard under consideration. 

 

For the time being, b) and c) are in competition (10-10 to 10-12 

relative), and a) is to neglect with 2⋅10-l4 against b) and c). 

 

The first metrological connection between the definitions of length 

and time units adopted in 1960 and 1967 was performed in 1972. Frequency and 

wavelength of a hyperfine structure component in the molecule of methane have been 

measured by frequency comparison with a chain of measurements brought together to 

the Cs atomic clock and by interferometric wavelength comparison to the 86Kr 

standard lamp. The results culminated in an actual new value of the speed of light 

with an uncertainty of about 100 times smaller as before. It was limited by the 

realization uncertainty of the metre definition from 1960 with the 86Kr standard lamp 

to 4⋅10-9 relative, cause to bring about the new definition. 

 

During the following time some more developments and 

measurements have been performed, see also below. The CCDM has gathered and 

evaluated the results and has compiled them in 1982 to a recommendation (later 
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called U-1983) for application. Those values are given in appendix table A1 and A2. 

The original recommendation quotes as far as necessary experimental conditions for 

the exital-ion of the standard radiations like about the cold finger temperature of the 

iodine absorption cell in He-Ne laser systems stabilized by saturated absorption in 

iodine vapor. The compilation shall be modernized from time to time. It contains for 

the time being five pairs of recommended values for stabilized laser radiations with 

their typical figures of “estimated overall relative uncertainty”, i.e. the threefold 

standard deviation.  

 

An important supplement by experimental progress has to be 

mentioned. In the case of the methane stabilized frequency the hyperfine structure has 

been further resolved, the frequency can now be related to the centre component of a 

triplet (about 20 kHz apart), and the frequency chain is working now phase-coherently 

for several hours. This entitles really to speak about an “optical clock”. The progress 

has been reported by two groups, Chebotaev et al., and C. O. Weiss et al.. The 

independent results agree to 88 376 181 599.7 kHz within quoted relative uncertain-

ties of about 1⋅10-11 (compare appendix table A1 and A2). 

 

Furthermore the recommendation CI-1983 takes over the realization 

of the former definition, however not as defining wave number, 1 650 763.73 1
1960m−  

but as a measured wavelength, 605 780 210 fm1983. From these figures one can 

ascertain by calculation a relative continuity within 1⋅10-9, corresponding to the earlier 

determined reproducibility of the 86Kr standard lamp of 1⋅10-9 too. The 

recommendation CI-1983 contains also 12 wavelength standards adopted earlier in 

1962 (appendix table A1 and A2), including their rather high uncertainties and their 

excitation conditions. 

 

The intention of this official recommendation is as follows: Anyone 

needs only to have a source of standard wavelength radiation excited under the 

specified experimental conditions, in order to be justified to apply the recommended 

values with their quoted uncertainties. He needs not to repeat a complicate and 
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expensive measurement of the frequency of his wavelength standard source. In the 

case of standard wavelength laser radiation a lot of comparison measurements 

preceded the recommendation. They comprise beat frequency recordings between 

differently developed stabilized lasers observing also several pairs of hyperfine 

structure components. In the case of a newly built up laser stabilization it became 

custom to get confirmation by comparison to other well established standard 

apparatus. 

 
The development of several laser systems stabilized by saturated 

absorption of the iodine molecules gave cause to numerous investigations of 

hyperfine structures in 127I2, 129I2, and 127I129I molecular spectra, to the detection and 

classification of new transitions.  

 

2.4  Realization of Material Lengths. Traceability of Industrial Measurements 

 

The principle of length measurement by interferometry is very important 

as link between the two different kinds of length, a wavelength and a material length. 

It allows to compare these two kinds of length. The appropriate diffraction correction 

has fully to be taken into account, if necessary. The material length must be 

performed as the distance between two mirrors or between two positions of one 

mirror. The distance may be an interferometrically virtual one, like the difference of 

light paths in two interferometer arms. The shift of one mirror can be observed, e.g. as 

the shift between two positions of a photoelectric microscope aiming at two different 

marks on a scale, one after the other. Or the distance may be a real one, forming a step 

height in one arm of the interferometer with different light paths in different parts of 

the field of view. A block gage wrung to an auxiliary plate of the same material is an 

example of practical and widespread application. 

 

Block gages make possible the immediate connection between wavelength 

and material length. They were technologically developed by C.E. Johannson in 

Sweden about 1900 followed by interferential metrology with special block gage 

interferometers, especially e.g. by Kösters. A reliable and ingenious apparatus is the 
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so-called “vacuum wavelength comparator” for block gages till to 1 m in length. It 

contains evacuated chambers in order to act at the same time as a refractometer. The 

Kösters interferometer types are characterized by his interference double prism that 

replacing the beam-dividing mirror of a Michelson interferometer. Because of that the 

interferometer arms are parallel and adjoining advantageous for homogeneous 

temperature. 

 

Interferometry is a suitable and adequate basis for all practical purposes. 

Visual estimates of fringe fraction in the order of 0.02 … 0.1 give already an 

uncertainty of (0.02 … 0.1) λ/2 ≈ 6 … 30 nm. The application of optoelectric aids 

allows even much higher precision or automatization as well. 

 

A material standard once measured by interferometry is a standard for 

further comparisons of other material length or other standards. It is most obvious in 

this field, that every length measurement is a comparison between at least two objects. 

One object is always needed applied as a standard; the other ones are objects under 

test. In practice a broad branching exists with stepwise decreasing precision, 

decreasing effort, and increasing uncertainty. This is the wide field of length 

measurement in industry, craftmanship, and trade. The traceability to the international 

unit of the SI system guarantees the uniformity and interchangeability of production 

within the stated uncertainty round the world. 

 

3.  Dissemination and Maintenance 

 

3.1 Interferential Wavelength Comparisons 

 

The basic relation λν = co (cf. section 4.2.3) comprises a formal parity of 

frequency and wavelength, in as much as an interferential wavelength comparison 

represents the same result as a frequency ratio measurement, λ1/λ2 = ν1/ν2. But in 

principle and in practice there is to make a distinction. Frequency ratio measurements, 

i.e. counting of oscillations in the same or in equal time intervals; become the more 

precise the longer the observation time has been chosen. Another limitation will 
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finally interfere coming from the finite reproducibility that means from the restricted 

constancy or from irregularities in the oscillation period. On the other side 

interferential wavelength comparison means in principle is counting of the vibrations 

of at least two radiations along the same path. For instance, this is performed by 

counting the fringes with an electro-optic detector during the shift of a mirror in the 

common path of the observed radiations (counting interferometer). In this method the 

counting of integers is not the problem for highest precision, but the determination of 

fraction, corresponding to the difference of both phases at the ends of the spatial 

interval against the counting of the occurrence of the same phase during the march 

past of the fringes. Sometimes integer counting is an auxiliary procedure only to get a 

preliminary value of the virtual distance of one mirror in two locally well defined 

positions. 

 

The number of oscillations - integer and fraction - must be reduced to the 

number of wavelengths (cf. sections 4.2.3 and 4.1.5). In general this diffraction 

correction is not easy to determine. It is proportional to the square of λ and inversely 

proportional to the cross section of the beam. Therefore, a long interference path and a 

big cross section of the beam reduce the relative correction depending in detail on 

intensity distribution and wave front curvature within the cross section of the beam. 

 

The only beam structure with theoretically well known and closed 

diffraction correction formulas is the Gaussian beam. In the case of a multiple-beam 

interferometer the last part of the resonance condition formula of a spherical cavity: 
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just corresponds to the diffraction correction. 

νq resonance frequency of a mode matched wave, 

νo frequency distance between neighboring longitudinal resonant modes counted 

by the integer q, 
d

co
o 2
ν =  
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m, n  rectangular mode numbers (in metrology only m = n = 0 is of interest), 

d  distance of mirrors along the optical axis of the cavity, 

rl, r2  radii of curvature of the spherical mirrors, 

q number of nodes in a standing wave between the mirrors, and 

q + 1 the order of interference as usual. 

 

Any radiation with wavelength λ = co/νq being out of resonance with the 

cavity may be described by a non-integer q. It follows from Eq. 4 as diffraction 

correction: 

 

⎟⎟
⎠
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⎝

⎛
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11arccos
2

)1(
2

)1(
r
d

r
dnmqd

π
λλ .  (5) 

 

To resolve this equation for d it is practice and precise enough to insert a 

preliminary value for d in the right hand side. 

 

The spherical cavity is most applied not as a length measurement device 

but as a frequency or mode analyzer of laser radiations. The theory of the diffraction 

correction is more complicate for the spherical cavity, if a solid aperture is introduced, 

most between the mirrors, as well as for the multiple-beam interferometer with plane 

mirrors, the elder and original Fabry-Perot. 

 

On the other hand interferometry has an important advantage for 

wavelength measurement, it works in a broad band, e.g. with optics made of quartz 

from ultraviolet to infrared at 3.3 urn wavelength. Against that pure frequency 

methods have an extremely small band at disposal. Several laser frequency or 

wavelength standards taken into the list of recommended values (appendix table A1 

and A2) have been determined with contributions of interferometry till now. 
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3.2 Wavelength Standards in Air 

 

Interferential length measurements are most performed with light 

propagation in air. Exceptions are seldom or for the sake of precise ratio 

determinations of wavelengths in vacuum by special interferometer apparatus. 

Otherwise the actual refraction index of the air must be known in order to apply the 

correction at the value of wavelength standard in vacuum. The refractive index 

depends on the composition of the air and on the density. It is easier or more reliable 

to measure pressure and temperature instead of density and to measure differences of 

these parameters against standardized values. Therefore, it came to the practice to 

relate interferential length measurements to values of wavelength in a standard air. 

 

Doing so the dispersion of the refractive index, n(λ), is most important for 

the consistency of length measurement results with several standard wavelengths. In 

the course of decades, Edlen and united had been evaluated air refractive index 

determinations to a dispersion formula. In 1955 the “International Astronomical 

Union” (IAU) recommended this formula for general adoption: 

 

(n – 1)stand.air·107 = 643.28 + 22 41
0.5542

146
981294

σσ −
+

−
,    (6) 

 

with σ = l/λvac , standard air having a pressure of “ 1 atm” (760 Torr = 101 325 Pa), a 

temperature of 15oC (!), and 0.03% volume CO2 (corresponding to 0.23 Torr = 31 Pa 

partial pressure). Edlén observed new results and revised his formula in 1966. 

 

A further conversion from this elder “spectroscopic” standard air to a 

“metrological” standard air, nearer to the conditions of practical length measurement, 

20oC instead of 15oC and “10 mm Hg” (1333 Pa) instead of no water vapour, was 

generally performed. The main part of the conversion comes from a density factor. In 

another field of metrology, to take into account the buoyancy in air at mass 

comparisons with balances, density of air plays an important role. The responsible 

consulting committee (CCM, “Comité Consultatif pour la Masse et les Grandeurs 

Apparentées”) has compiled research and formulae and has recommended them for 
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application. The content of CO2 in the atmosphere increases slowly but steady by 

combustion. Both aspects have been considered by Muijlwijk propagating “new 

standard conditions” for dry air, 20oC, 1000 hPa, and 0.04% CO2, and giving revised 

and partly simplified formulae for application. 

 

Wavelengths in standard air are intermediate length standards for the 

practice and may be calculated from wavelength standards in vacuum (cf. appendix 

table A1 and A2) and the refractive index according to: 

 

     λair = λvac / nair     (7) 

 

4.  The Present Practical Realization of Metre 

 

 In 2003, BIPM publish an international report on “Practical realization of the 

definition of the metre, including recommended radiations of other practical 

frequency standards (2001)”. (Quinn, 2003)   Some part that relate is follow. 

 

4.1  Recommendation 1 (CI-2002). Revision of the practical realization of the 

definition of the metre by the Comité International des Poids et Mesures. 

 

The CIPM recalling: 

• that in 1983 the 17th Conf´erence Générale des Poids et Mesures 

(CGPM) adopted a new definition of the metre; 

• that in the same year the CGPM invited the CIPM – to draw up 

instructions for the practical realization of the metre, 

– to choose radiations which can be recommended as standards of 

wavelength for the interferometric measurement of length and draw up instructions 

for their use, 

– to pursue studies undertaken to improve these standards and in due 

course to extend or revise these instructions; 
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• that in response to this invitation the CIPM adopted Recommendation 1 

(CI-1983) (mise en pratique of the definition of the metre) to the effect:  

– that the metre should be realized by one of the following methods:  

(cf. section 4.2.1) 

– that in all cases any necessary corrections be applied to take account of 

actual conditions such as diffraction, gravitation or imperfection in the vacuum; 

– that in the context of general relativity, the metre is considered a unit of 

proper length. Its definition, therefore, applies only within a spatial extent sufficiently 

small so that the effects of the nonuniformity of the gravitational field can be ignored. 

In this case, the effects to be taken into account are those of special relativity only. 

The local methods for the realization of the metre recommended in (b) and (c) provide 

the proper metre but not necessarily that given in (a). Method (a) should therefore be 

restricted to lengths l which are sufficiently short for the effects predicted by general 

relativity to be negligible with respect to the uncertainties of realization. For advice on 

the interpretation of measurements in which this is not the case, see the report of the 

Consultative Committee for Time and Frequency (CCTF) working group on the 

application of general relativity to metrology [1]. 

• that the CIPM had already recommended a list of radiations for this 

purpose; 

recalling also that in 1992 and in 1997 the CIPM revised the practical 

realization of the definition of the metre; 

 

4.2  Recommended radiations of stabilized lasers (quoted only concerned 

wavelength) 

 

Absorbing molecule 127I2, a16, or f, component, R(127)11-5 transition. 

The values    f  = 473 612 353 604 kHz 

λ = 632 991 212.58 fm 

with a relative standard uncertainty of  2.1×10-11 apply to the radiation of a He-Ne 

laser with an internal iodine cell, stabilized using the third harmonic detection 

technique, subject to the conditions: 

• cell-wall temperature (25 ± 5) °C; 
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• cold-finger temperature (15.0 ± 0.2) °C; 

• frequency modulation width, peak-to-peak, (6.0 ± 0.3) MHz; 

• one-way intracavity beam power (i.e. the output power divided by 

the transmittance of the output mirror) (10 ± 5)mW for an absolute 

value of the power shift coefficient ≤1.0 kHzmW-1. 

 

These conditions are by themselves insufficient to ensure that the stated 

standard uncertainty will be achieved. It is also necessary for the optical and 

electronic control systems to be operating with the appropriate technical performance. 

The iodine cell may also be operated under relaxed conditions, leading to the larger 

uncertainty specified. 

 

The source data are all given in respect to the BIPM4 laser standard frequency. 

The relative standard uncertainty includes the uncertainty in the absolute frequency 

measurement and the uncertainty obtained by comparing the different frequency 

standards with the BIPM4 standard. The CCL proposed that the recommended 

radiation for the R(127) 11-5 transition, using 633 nm He–Ne lasers, no longer 

correspond to the a13, or i, component, but is replaced by the a16, or f, component, 

which was decided by the CIPM 2002.  

 

The CCL adopted a correction of the previous recommended frequency by +7 

kHz, giving the frequency of the f component to be 473 612 353 604 kHz. The CCL 

also revised the coefficient of the tolerated one-way intra-cavity beam power 

influencing the average uncertainty of beat-frequency measurements between two 

stabilized lasers. This results in a combined uncertainty of uc = 10 kHz, corresponding 

to a relative uncertainty of uc/y = 2.1×10−11. The grouped laser comparisons from 

national laboratories undertaken by the BIPM (1993–2000) confirm that the choice of 

a relative standard uncertainty of 2.1×10−11 is valid. This series of comparison is a key 

comparison BIPM.L-K10 and is reported on the BIPM web-site http://www.bipm. 

org/kcdb. 
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5.  Multiple Beam Interference 

 

 The key understanding of Fabry-Perot Interferometer is the multiple beam 

interference. While others types of interferometer apply double beam interference, the 

FPI gives very sharp fringes depend on transmittance of mirrors coating. 
  

5.1  Airy's Formula  
 

Wyant, (2000) and Weisstein, (1996b) First, for the case of no absorption, 

considered the dielectric slab, which is infinite in extent. The geometry is then that of 

a Fabry-Perot étalon. Let a wave with electric field amplitude E impinge obliquely on 

a slab of thickness d with index of refraction n immersed in a medium with index of 

refraction n0<n (Figure 1). 

 

 

 
Figure 1  Transmission and reflection of dielectric slab 

 

Let r and t be the internal amplitude reflection and transmission 

coefficients. And also r' and t' are the external amplitude reflection and transmission 

coefficients. Then the electric field amplitudes of the reflected rays are  

  Er1  =  Er 

  Er2  =  Ett′r′e-iδ 

  Er3  =  Ett′r′ 3 e-2iδ 
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  …   

  Erp  =  Ett′r′ (2p-3)e-(p-1)iδ . 

Where the phase difference between adjacent reflected rays is δ.    

Reflected light 

  Er  =  E(r + tt′r′e-iδ  +  tt′r′ 3 e-2iδ  + … + tt′r′ (2p-3)e-(p-1)iδ  + … ∞ )  

        =  E{r + tt′r′e-iδ (1 +  r′ 2 e-2iδ  + … + (r′ 2 e-2iδ )(p-2) + … ∞ )}  

        =  E{ r + tt′r′e-iδ  ⎟
⎠
⎞

⎜
⎝
⎛

− − δier 2'1
1 }      (8) 

Transmitted light  

  Et1  =  Ett′ 

  Et2  =  Ett′r′ 2 e-2iδ 

  Et3  =  Ett′r′ 4 e-2iδ 

  …   

  Etp  =  Ett′r′ 2(p-1)e-(p-1)iδ  

  Et    =  Ett′ + Ett′r′ 2 e-2iδ  + Ett′r′ 4 e-2iδ  + … + Ett′r′ 2(p-1)e-(p-1)iδ  + … ∞ 

         =  Ett′(1 + r′ 2 e-2iδ  + r′ 4 e-2iδ  + … + (r′ 2e-iδ )(p-1) + … ∞ ) 

        =  ⎟
⎠
⎞

⎜
⎝
⎛

− − δier
ttE 2'1

'        (9) 

 
5.2  Stokes Relations  

 

Weisstein, 19961. Follow the Stokes Relations if there are no losses a 

wave's propagation must be reversible. 

 

Stokes Relations: 

 
   X  =  Err + Ett'     (10) 
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   Y  =  Etr' + Ert .     (11) 
 
 

 
Figure 2  Reversibility by the Stokes Relations 

 

To make the relations agree with real reflection and transmission, given X 

= E and Y = 0.   Equations derived from Stokes Relations are 

 
   tt' + r2  =  1 

   tr' + rt  =  0 

          tt'  = 1 - r2      (12) 

            r  =  - r'.      (13) 

 
5.3  Reflectance and Co-efficient of Finesse  

 

Wyant, 2000. The reflectance is R =  r2  and Transmittance is T  =  tt'  

where   T + R = 1.   Let F be the co-efficient of finesse 

 

F   =  
( )21

4
R
R

−
 .     (14) 

 
5.4  Reflected Light  

 

Substitute (12), (13) and (14) into (8), 

 

 Er =  E{ r + (1 - r2)r e-iδ  ⎟
⎠
⎞

⎜
⎝
⎛

− − δier 21
1 } 
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Then the Airy function of reflected light is 

 

    2
2

2
2

)sin(1
)sin(
δ

δ

F
F

I
Ir

+
= .    (15) 

 

5.5  Transmitted Light  

 

Substitute (12), (13) and (14) into (9), 

 

 Et =  ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−
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− δier

rE 2

2

1
1  
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−
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Then the Airy function of transmitted light is 

 

    2
2 )sin(1

1
δFI

It

+
= .   (16) 
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5.6  Phase Due to OPD 

 

Weisstein, (1996b). Phase difference between adjacent transmitted rays is 

Referring to Figure 3 is the phase advancement for one pass through the slab, and is 

the phase advancement in air which the transmitted ray undergoes in “catching up” to 

perpendicular of the transmitted ray at the point where it exits the slab. k0 is the wave 

number in medium no. A minus sign has been explicitly added to since it is the 

difference of the phases between adjacent rays which is significant.  

 
Consulting Figure 3 gives z   =   d tan θ 

    d ′ =   
θcos

d  

    h   =   2z sin θo   =   2 d tan θ sin θo     (17) 

Snell’s law   no sin θo   =   n sin θ 

and    
n
k

n
k

o

o =      (18) 

 

 
 

Figure 3  Diagram showing two adjacent parallel-transmitted rays for a Fabry-Perot 

étalon. This shows that the reflected and transmitted light is complementary.  
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Let’s phase difference due to optical path d ′ is  ϕ = d ′k and due to optical 

path h is ϕo = d ′ko.   Then optical path difference (δ) between two adjacent parallel-

transmitted rays is, 

   δ    =   3ϕ - (ϕ + ϕo)   =   2ϕ -  ϕo 

      =   oo
o

hkkd
n
n

−'2  =   )'2( o
o

o hnnd
n
k

− . (19) 

Replace (17), (18) into (19),  δ     =   ⎟
⎠
⎞

⎜
⎝
⎛ − oo

oo

dndn
n

θsinθtan2
cos
2

λ
π2

θ
 

      =   ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅− θsinθtan

θcosλ
π4

o
o

oo n
nnn

n
d  

      =   ( )θsin1
θcosλ

π4 2−
oon

dn   =  
oon

dn
λ

θcosπ4 . (20) 

 
Case the refractive index of the out side medium no ≈ 1 

 

    δ    =   θcos
λ
π4

o

dn .    (21) 

Case the refractive index of the out side medium and of the dielectric slab no ≈ n ≈ 1 

 

    δ    =   θcos
λ
π4

o

d .    (22) 

Equation (21) always applies to the optical path difference of a plain 

mirrors air cavity Fabry-Pérot étalon. The mirrors separation or cavity length is d and 

the incidence angle is θ.    

 

5.7  Discussion on the Airy Function  

 

Wyant, 2000. If the transmitted ray undergoes constructive interference 

the path difference must equal to mλ.   Consider equation (16), maximum of  It/I is 

occur when sin(δ/2) = 0.  Then, 
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    (δ/2)  =  mπ  = ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
θcos

λ
π4

2
1

o

d ; m = 0, 1, 2, … 

2 n d cos(θ)  =   mλ      (23) 

 
In case of scanning mirror Fabry-Perot etalon, assumed the incident ray 

perpendicular to mirror surface.   Number of mode in the cavity is m.  Every time the 

scanned distance d equal to multiple of λ the transmitted light is maximum.   This is 

resonance condition of the cavity.  The computer plot is shown in figure 04 and 05. 

 
   m   =   2d/λ      (24) 

 

 
 
Figure 4  Plot of the transmission light 

 

 
 
Figure 5  Plot of the reflected light 
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5.7.1  Low Reflectivity Approximations 

 

If R is small, F is also small, and the equations for the reflected and 

transmitted light can be approximated as 

 

   )δcos1(
22

δsin
2

−=⎟
⎠
⎞

⎜
⎝
⎛≈

FF
I
Ir  

   )δcos1(
2

1
2
δsin1

2

−−=⎟
⎠
⎞

⎜
⎝
⎛−≈

FF
I
It . 

 

These equations are the same as characteristic equation of two-beam 

interference. This means that the Fabry-Perot Interferometer, which made from low 

quality mirror, can give interference result as those two-beam interferometers. 

  

5.7.3 Fringe Sharpness 

 
Sharpness of fringes conveniently measured by their half intensity 

width which for transmitted light is the width between points on either side of 

maximum where intensity has fallen to half its maximum value.  This calls Full Width 

at Half Maximum (FWHM; ε ). The ratio between separation of the adjacent fringes 

and FWHM is finesse (F ). 

 
 
Figure 6  Illustrate the FWHM (ε) and FSR 
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ℑ   =   
ε
π2  

For intensity at half max    
2
επ2δ ±= m  

Thus         
( )2

4
εsin1

1
2
1

F+
=  

If F is very large ε is small so  
4
ε

4
εsin

2

≈⎟
⎠
⎞

⎜
⎝
⎛  

Finesse      ℑ   =   
R
R

FF −
===

1
π

/2
π

/4
π2

ε
π2  (25) 

 
 Equation (25) shows that Finesse is depended on reflectivity of the mirrors. 

Since reflectivity is physical property of mirror coating that varies as the wavelength 

change. Though, finesse also depended on wavelength. 

 

5.7.4  Absorption of mirror coating 

 

There are many reasons that cause the transmitted intensity differ 

form equation (16).   If the two surfaces of the plate are identical, but there are losses, 

the value of  It/I be determined as follows.  

 

    ( ) φ2θcos2
λ
π2δ
o

+= nd    (26) 

φ is the phase change upon reflection for each surface.  

We can still write  

   22

2

22

2

)2/δsin(1
1

)1()2/δsin(4)1( FR
T

RR
T

I
It

+−
=

+−
=  

However, now we have losses of an amount A so we must write  

 
   R + T + A = 1   or   T = (1 - R) - A 



33 

It follows that  

   2

2

)2/δsin(1
1

1
1

FR
A

I
It

+
⎟
⎠
⎞

⎜
⎝
⎛

−
−=  

 

then   Tmax  =  
22

/1
1

1
1 ⎟

⎠
⎞

⎜
⎝
⎛

+
=⎟

⎠
⎞

⎜
⎝
⎛

−
−

TAR
A . 

 

The effect of absorption is to reduce transmitted intensity and shift 

fringes.  For the maximum transmitted intensity the important quantity is .  Even 

though A may be very small, if T is also small (R large), may become large and the 

maximum transmitted intensity may be very small.  As an example let R = 99.7% and 

A = 0.2%, so T is approximately 0.1%.   is now 11%.  However, let R = 99.7% and A 

= 0.29%.  Now T is 0.01% and becomes 0.11%.  What is happening physically is that 

while for each reflection there is very little loss, the reflectivity is so high that there 

are many effective reflections and the total loss becomes large. 

 

While the phase shifts due to φ is normally not a problem at normal 

incidence there may be a problem at non-normal incidence because φ is a function of 

polarization.  At normal incidence φ; is an equivalent to an increase of  φλo/2π  in 

optical thickness of the plate.  

 

The reflection case is more complicated because first reflection 

experiences no absorption.  As a result the interference pattern does not go to zero.  

 

5.8  Fabry-Perot  

 

The multiple beam interference fringes from two highly reflecting 

surfaces illuminated near normal incidence are used in the classical Fabry-Perot 

interferometer.  A Fabry-Perot interferometer is useful for spectroscopy.    
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Figure 7  Fabry-Perot interferometer 

 

Narrow bright circular fringes are obtained.  For a bright fringe of order m  

 
 

From (23)   ( )
πλ

θcos2
π2
δ

o

φ
+==

ndm  

 

 

    

 

 
 Transmission Fringes, R = 0.4  Transmission Fringes, R = 0.8 
 

 

Figure 8  Plot of transmission interference pattern of Fabry-Perot interferometer 

which reflectance of 0.4 and 0.8. The figure is MatLab simulation (by 

Athikomkulchai et al. 2004). 
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 Reflection Fringes, R = 0.4   Reflection Fringes, R = 0.8 
 
 

Figure 9  Plot of reflection interference pattern of Fabry-Perot interferometer which 

reflectance of 0.4 and 0.8.  The figure is MatLab simulation (by 

Athikomkulchai et al. 2004). 

 

5.8 Resolving Power  

 

If more than one wavelength is present we see a superposition of the 

transmission pattern for each wavelength.  Let there be two wavelengths present, λ1 

and λ2 = λ1 + Δλ.  Our criterion for resolution is that the lines are just resolvable if the 

half maximum intensity of the peak of order m for one wavelength coincides with the 

half maximum intensity of the peak of order m for the second wavelength.  

 

The left side of figure 10 shows the individual intensity contours of two 

Fabry-Perot fringes that are just resolved.  The right side shows the two intensity 

contours added to give the observed effect. 
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Figure 10  Plot of two wavelength λ1 (589.600 000 nm) and λ2 (589.399 850 nm) 

that satisfy the Rayleigh criterion of a Fabry-Perot etalon which finesse 

199.  The figure at right is superposition of the two wavelengths (the plot 

do not normalized). 

 

It should be noted that some books such as Born & Wolf have a different 

criterion.  They choose a separation such that the sum of the two intensities equals 

0.811 that of the maximum.  This agrees with the Rayleigh criterion that if we had a 

function the intensity maximum of one line would coincide with the minimum of the 

second line.  Using this criterion we would get a resolution equal to 0.97 the 

resolution we get using our criterion.  

 

The phase difference between the two interfering beams is  

 

    ( ) φ2θcos
λ
π4δ
o

+= nd  

where 2φ is much smaller than  ( )θcos
λ
π4

o

nd , then 

    
F
π2δ 2/1 =Δ  

        λδ
λ
1δ

o

Δ=Δ  

λ1                     λ2 = λ1 + Δλ   
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         F
F

mm
==

Δ
=

Δ /π2
π2

δ
δ

λ
λo  

resolving power  Fm=
Δλ
λo  

near normal incidence   
oλ

2ndm ≈  

 resolving power  F
oλ

2nd
≈      (27) 

 
Thus the resolution is proportional to the mirror separation.  As an 

example let the finesse be 200.00 (R = 0.984415), nd = 10.000 mm, λ = 600.00 nm, 

then the resolving power is 6.7 × 106 and Δλres=  is 0.001 nm.  The question is why 

not keep increasing the resolution by increasing the separation of the Fabry-Perot 

plates indefinitely?  The problem is that we would have an overlapping of orders.  The 

wavelength difference which overlapping takes place is called the free spectral range.  

 

5.9  Free Spectral Range  

 

Overlapping takes place when order m of wavelength λ2 = λ1 + Δλ falls on 

top of order m +1 of wavelength λ1  

 
   (m +1) λ1 = m λ2 = m(λ1 + Δλ) 

Thus  

    Δλ  =  
m
λ  

From (23)    ΔλFSR =  
m
λ  =  

]cos[2
λ2

θdn
 

Near normal incidence cos[θ] ≈ 1 

    ΔλFSR =    
dn2

λ2

. 
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So increasing the resolving power by increasing the cavity thickness gives a reduction 

in the FSR.  

ΔλFSR = 
m
λ ;   Δλres =  

)finesse(
λ

m
 

          
R
RF

−
===

Δ
Δ

1
π

2
πfinesse

λ
λ

res

FSR  

 

  Most of commercial available Fabry-Perot is given a Free Spectral Range in 

term of frequency. From equation (21), by definition above, δ  = 2π then λ → ΔλFSR  

 

    δ  = 2π  =  θcos
λ
π4

FSR

dn . 

Thus, ΔλFSR = c / ΔfFSR ;      ΔfFSR  = 
θcos2nd

c   

Near normal incidence cos θ ≈ 1 

                ΔfFSR  = 
nd
c

2
     (28) 

 

FSR usually has an order about GHz or MHz. 

 

5.10  Scanning Fabry-Perot  

 

The scanning Fabry-Perot is useful when only a few discrete 

wavelengths are present as is often the case with a laser.  The scanning can be 

achieved by mounting one of the Fabry-Perot mirrors on a PZT.  Since for a given 

fringe  

 

2d = m λ ;   2Δd  =  m Δλ  =  λ
λ

2
Δ

d  

Thus       
λ
λΔ

=
Δ
d
d      (29) 
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Figure 11  Scanning Fabry-Perot with controller and oscilloscope display 

 

As d is varied different wavelengths will be transmitted through the 

Fabry-Perot and the oscilloscope display will show the wavelengths present.   

 

5.11  Spherical Fabry-Perot  

 

The figure below shows one form of a spherical Fabry-Perot.  In the 

drawing the lower half of each spherical mirror is totally reflecting and the upper half 

is semi-transparent.  The center of curvature of each mirror is located on the opposite 

mirror.  

 

 
Figure 12  Spherical Fabry-Perot 
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In the paraxial region the path difference between the initial ray IJ and 

ray I J I' J' I J is equal to 4 d, where d is the distance between M1 and M2.  

 

Instead of obtaining a series of parallel emerging rays originating from a 

single incident ray, as is the case with a plane parallel plate Fabry-Perot, we have a 

series of overlapping rays traveling along JT.  The phase difference between 

consecutive rays is given by  

 

    )4(
λ
π2 nd=φ      (30) 

which is independent of the inclination of the rays and their azimuth within the limits 

of the Gaussian approximation.  
 

The intensity expression is the same as for a regular parallel plate Fabry-

Perot, except we have a flat tint all over the field.  If rays are inclined to the axis third-

order aberrations produce variations of the path difference and we find the flat tint 

surrounded by circular fringes.  We can reduce aberrations by placing two identical 

circular diaphragms centered on M1 and M2.    
 

This interferometer is well suited to the large path differences 

corresponding to a high spectral resolution. Also, the Free Spectral Range from 

equation (28) can rewritten as, 

 

                ΔfFSR  = 
nd
c

4
.     (31) 

 

6.  Wavelength Measurement with OSA 

 

 There are at least two methods for wavelength measurement with OSA. The 

first, may called the absolute method, this method the exact cavity length or number 

of mode must be known. The second is relative method, this method the unknown 

wavelength is compare to the reference wavelength. 
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6.1 Direct Method 

 

Suppose initial length of a cavity of a scanning confocal Fabry-Perot 

interferometer is do. One mirror of the FPI attached to a piezo actuator which 

extension coefficient αV nm/V. High voltage ramp which amplitude VA volt and rise 

time tr is applied to the piezo actuator. A reference light source such as a frequency 

stabilized single mode HeNe , 632.8 nm, is aligned normally through optical axis of 

the FPI. From equation (23) and (40) yield; 4nd  =  mλ or 
 

   
n

md
4

λ
=      (32) 

 
The first transmit beam is occurred when the cavity length is the multiple 

of λ/4, as shown in figure 13. At that instant, the cavity length is d0 and resonance 

mode is m0.  At the ramp voltage increased, the next pulse beam is occurred at cavity 

length d1 and resonance mode m1, and so on.   

  

    00 4
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n
d λ

=       (33) 

   11 4
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=       (34) 
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n
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=       (35) 

      … 

   ii m
n

d
4
λ

=       (36) 

 
The cavity length extension ∆di is  

 
   ∆di =  di – d0  =  αV (nm/V)·S (V/s)·∆ti (s). 

 

Where S is slew rate of ramp (VA/tr) and ∆ti time interval between the 

first transmitted beam peak and the i th peak read out from oscilloscope. The initial 
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length of the cavity, do, is inconvenient to determine so that the initial mode number 

m0. Then difference equations are formed as; 

 

i
V

i m
Sn

t Δ
⋅⋅

=Δ
α
λ

4
     (37) 

 
 

Where ∆mi = mi – m0, this is a relative mode number that running from 

0, 1, 2, ..i, to j. ‘j’ is the last mode number in this rise time period of this ramp. The 

separation of i th transmitted peak, ∆ti = ti – t0 , is corresponded to the relative mode 

number If there are j peaks occurred in one period of rise time as shown in figure 13, 

then    
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Figure 13  Computer simulation show successive interference beam transmitted from 

a FPI cavity of 10.000 000 000 mm, while applied ideal ramp voltage 

amplitude 250.000 000 V and 4.000 000 s rise time 

 

for i = 0;    0
4

0 ⋅
⋅⋅

=
Sn Vα

λ
     (38) 
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for i = 1;    1
41 ⋅

⋅⋅
=Δ

Sn
t

Vα
λ

 

      … 

for i = j;     j
V

j m
Sn

t Δ
⋅⋅

=Δ
α
λ

4
    (39) 

 
Equations (36) to (37) are linear modeling, which each pair of i and ∆ti 

are linearly independent on each measurement. Linear least-squares method is applied 

to find the solution. If column matrix Y = [∆ti] = [0  ∆t1  ∆t2 ... ∆tj]T and column 

matrix X = [∆mi] = [0  1  2  ...  j]T and a = λ /4n·αV·S  is assigned. The matrix form is;  

 
       Y  =  a X. 
 
Then,    XTY  =  a(XTX) 
 
        a  =  [XTX]-1 XTY     (40) 
 

In most case of linear least squares ‘a’ always 1×2 matrix and X is n×2 

matrix, n are numbers of measurement result. In case of difference equation, graph 

always intercept at the origin, so that, ‘a’ is scalar. Equation (38) can explicitly 

express to 
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From (39) the wavelength λ is evaluated  
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To evaluate the uncertainty, ‘a’ is considered as a slope of graph of ∆mi 

(x-axis) vs. ∆ti (y-axis). ∆mi are integers, so, considered counting error is zero.   If ∆ti 

is the measure data point and ∆ti' is the point on graph line then error is   

 

   Error  =  ∆ti - ∆ti' 

where    ∆ti'  =  
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Then standard deviation of ∆ti is 
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6.2  Comparison Method 

 

Wavelength comparison or relative method is quick measurement from 

oscilloscope read out, so that the accuracy is limited. The instrument setup is shown in 

figure 14.  

 

 
 

Figure 14  Instruments setup for relative wavelength measurement 

 

At left hand side is stabilized HeNe laser, as a reference source, and at the 

bottom is commercially diode laser (Laser Pointer), as a unknown wavelength source. 

A laser beam form the two source are aligned in to the OSA by using a beam slitter. 

 

Figure 15 is computer simulation of FPI which cavity length 10.000 mm, 

reflectance 0.99 (finesse 312.6). The simulation window shows adjacent output peak 

of laser wavelength 632.8 nm at relative mode number m = 0 and 1. The cavity length 

separation between the two peak is the Free Spectral Range. In case of confocal FPI 

the separation is λ/4.   

 

If an unknown wavelength beam is aligned co-incident to the OSA and its 

wavelength is closed to the reference wavelength. The unknown wavelength is able to 
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estimate from separation distance from peak of the reference wavelength. In order to 

avoid confusing wavelength difference must less than λ/8. 

 

 
 

Figure 15  Computer simulation of FPI which cavity length 10.000 mm, reflectance 

0.99 (finesse 312.6). Separation between two adjacent peak is FSR 

equivalent to λ/4.  

 

Horizontal axis of oscilloscope screen is time scale depend on time/div 

setting. Equation (29) is applied to evaluate value of the unknown wavelength.  

 

7.  Spectral source 

7.1  Spectrum of HeNe Laser 

On Hyperphysics web site, a brief description of helium-neon lasing is 

given. Nave (2005) The most common and inexpensive gas laser, the helium-neon 

laser is usually constructed to operate in the red at 632.8 nm. It can also be 

constructed to produce laser action in the green at 543.5 nm and in the infrared at 

1523 nm. 

 

One of the excited levels of helium at 20.61 eV is very close to a level in 

neon at 20.66 eV, so close in fact that upon collision of a helium and a neon atom, the 

632.8 nm/4 = 158.2 nm
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energy can be transferred from the helium to the neon atom. Helium-neon lasers are 

common in the introductory physics laboratories, but they can still be dangerous! An 

unfocused 1-mW HeNe laser has a brightness equal to sunshine on a clear day (0.1 

watt/cm2) and is just as dangerous to stare at directly. 

 

 
 
Figure 16   The helium-neon laser lasing process 

 

The helium gas in the laser tube provides the pumping medium to attain 

the necessary population inversion for laser action. Helium-Neon Laser 
 

On Sam’s laser web site, they discuss and give may information about 

helium-neon laser spectrum. Goldwasser, (2005) The HeNe laser depends on energy 

level transitions in the neon gas. In the case of neon, there are dozens if not hundreds 

of possible wavelength lines of light in this spectrum. Some of the stronger ones are 

near the 632.8 nm line of the common red HeNe laser - but this is not the strongest:  

 

The strongest red line is 640.2 nm. There is one almost as strong at 633.4 

nm. That's right, 633.4 nm and not 632.8 nm. The 632.8 nm one is quite weak in an 

ordinary neon spectrum, due to the high energy levels in the neon atom used to 

produce this line. See: Bright Line Spectra of Helium and Neon. (The relative 

brightnesses of these don't appear to be accurate though at present.) The comment 
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about the output wavelength not being one of the stronger lines is valid for most lasers 

as if it were, that energy level would be depleted by spontaneous emission, which isn't 

what is wanted! There are also many infra-red lines and some in the orange, yellow, 

and green regions of the spectrum as well. 

 

There are many possible transitions in neon from the excited state to a 

lower energy state that can result in laser action. The most important (from our 

perspective) are listed in Appendix table 3.   

 

7.2  Laser Diode: Laser Pointer  

 

The first semiconductor laser diode was demonstrated by Dr. Robert N. 

Hall, the team headed, on Sunday, September 16, 1962, at the General Electric 

Research Development Center in Schenectady, New York. (Dupuis, 2003) That GaAs 

laser diode lasing spectrum in infrared range. The achievement of the first 300ºK 

continuous wave diode laser was reported in Investigation of the influence of the 

AlGaAs-GaAs heterostructure parameters on the laser threshold current and the 

realization of the continuous emission at the room temperature by Dmitri Garbuzov in 

1964. No document was found that who’s claim the first invention of laser diode 

pointer but after 1990 development of inexpensive red laser diode, key chain laser 

pointer is commercially available.   

 

Goldwasser, (2006b) describe explicit detail about laser diode on Sam’s 

Laser FAQ website.  In the old days, a stick was using to point out something on a 

screen or blackboard. The earliest optical pointers used tiny incandescent bulbs, a 

lens, and mask or transparency to project a dot or an arrow. Such devices were about 

as big as a full size (D-cell) flashlight. It required a separate power pack attached by 

wires or probably plugged into the wall.  

 

The first laser pointers used helium-neon lasers with their high voltage 

power supplies packaged as compactly as possible but still required a separate power 

pack or bulky case which included heavy batteries.  
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The real laser pointer revolution was come as a result of the development 

of inexpensive visible laser diodes. Laser diodes are only slightly larger than a grain 

of sand, run on low voltage low current, and can be mass produced - originally driven 

by the CD player/CDROM revolution, barcode scanners, and other applications where 

a compact low cost laser source is needed. Now manufactured by the millions, these 

laser diodes cost well under $1. 

 

A laser diode is a semiconductor device, formed by doping a very thin 

layer on the surface of a crystal wafer. The crystal is doped to produce an n-type 

region and a p-type region, one above the other, resulting in a p-n junction, or diode. 

 

 
 
 

Figure 17  Basic structure of Laser Diode 

 

When this structure is forward biased, holes from the p-region are injected 

into the n-region, where electrons are the majority carrier. Similarly, electrons from 

the n-region are injected into the p-region, where holes are the majority carrier. When 

an electron and a hole are present in the same region, they may recombine by 

spontaneous emission, that is, the electron may re-occupy the energy state of the hole, 
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emitting a photon with energy equal to the difference between the electron and hole 

states involved. 

 
These injected electrons and holes represent the injection current of the 

diode, and spontaneous emission gives the laser diode below lasing threshold. 

Spontaneous emission is necessary to initiate laser oscillation, but it is a source of 

inefficiency once the laser is oscillating. 

 

Under suitable conditions, the electron and the hole may coexist in the 

same area for quite some time (on the order of microseconds) before they recombine. 

Then a nearby photon with energy equal to the recombination energy can cause 

recombination by stimulated emission. This generates another photon of the same 

frequency, travelling in the same direction, with the same polarization and phase as 

the first photon. This means that stimulated emission causes gain in an optical wave 

(of the correct wavelength) in the injection region, and the gain increases as the 

number of electrons and holes injected across the junction increases. The spontaneous 

and stimulated emission processes are vastly more efficient in direct band-gap  

semiconductors than in indirect band-gap semiconductors, thus silicon is not a 

common material for laser diodes. 

 

As in other lasers, the gain region is surrounded with an optical cavity to 

form a laser. In the simplest form of laser diode, an optical waveguide is made on that 

crystal surface, such that the light is confined to a relatively narrow line. The two ends 

of the crystal are cleaved to form perfectly smooth, parallel edges, forming a Fabry-

Perot resonator. Photons emitted into a mode of the waveguide will travel along the 

waveguide and be reflected several times from each end face before they are emitted. 

As a light wave passes through the cavity, it is amplified by stimulated emission, but 

light is also lost due to absorption and by incomplete reflection from the end facets. 

Finally, if there is more amplification than loss, the diode begins to "lase". 

 

Some important properties of laser diodes are determined by the geometry 

of the optical cavity. Generally, in the vertical direction, the light is contained in a 
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very thin layer, and the structure supports only a single optical mode in the direction 

perpendicular to the layers. In the lateral direction, if the waveguide is wide compared 

to the wavelength of light, then the waveguide can support multiple lateral optical 

modes, and the laser is known as "multi-mode". These laterally multi-mode lasers are 

adequate in cases where one needs a very large amount of power, but not a small 

diffraction-limited beam; for example in printing, activating chemicals, or pumping 

other types of lasers. 

  

Table 1 Wavelength and brightness comparison for some commercial laser pointer 

 
  —————————————————————————————— 
 Wavelength Relative Factor Color Type 
  —————————————————————————————— 

 555 nm 1.000 33 Green Reference peak     

 543.5 nm 0.974 30 " Green HeNe laser     

 532 nm 0.885 28 " Green DPSS laser 

 632.8 nm 0.237 8 Orange-red Red HeNe laser 

 635 nm 0.217 7 " Red diode laser 

 640 nm 0.175 5 " " 

 650 nm 0.107 3 Red " 

 660 nm 0.061 2 " " 

 670 nm 0.032 1 " " 
  —————————————————————————————— 

 
Note: The term "Relative" refers to the visibility compared to the 555 nm peak of 

human vision; the "factor" compares the brightness to that of an older 670 nm 

pointer. Note that visual perception of brightness is not linear. Thus, a 1 mW 

532 nm green laser pointer isn't actually going to appear 28 times brighter than 

a 1 mW 670 nm red model. What it means is that a 1 mW green pointer will 

appear similar in brightness to a 28 mW 670 nm red one (if such a thing 

existed).  

 

Source: Goldwasser (2006b) 
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Some companies that sell laser pointers, rate them in terms of  'equivalent 

brightness' compared to a 670 nm device. The Mark-I eyeball is about 7 times more 

sensitive to light at 635 nm compared to 670 nm.  So that, Green laser pointers at 532 

nm will multiply this by another factor of 4 or 5. For example, several of these 

companies offer laser pointers with a '30 mW equivalent' output. This just means they 

are comparing a 635 nm device optimistically to one of 670 nm. The actual output 

power is still less than 5 mW. Here is a handy quick comparison chart for common 

and not so common laser pointer wavelengths: 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



53 

MATERIALS AND METHODS 

 
MATERIALS 

 

1.  The Optical Spectrum Analyzer System 
 

To day, there are many type of Optical Spectrum Analyzer available for 

matching any fields of optical work. This spectrum analyzer is used to examine the 

fine details of the line spectra of CW lasers. Such detail is usually due to the laser 

operating in more than one longitudinal or transverse mode of the laser cavity. 

Thought, the confocal Scanning Fabry-Perot Interferometer is selected.  The OSA 

system include the OSA head model 240, the controller model 251, the optical 

detector and some of others optical instruments. 

 

 
 

Figure 18  Optical Spectrum Analyzer (OSA) System 

 

 1.1  Optical Spectrum Analyzer model 240 

 

Coherent, (n.d.) The analyzer is scanning double concave-mirror Fabry-

Perot cavities. A ramp-scan voltage is applied to a piezoelectric section of the mirror 

spacer to vary the separation of the two mirrors by a small amount, and hence change 

the cavity resonant spectral frequency. The two mirrors are mounted in the confocal 
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configuration to make the system easy to use and provide for an unambiguous set of 

transmitted spectral maxima and minima, detected visually or by a photo-detector 

connected to an oscilloscope. The user-provided oscilloscope is synchronized to the 

cavity scan rate to display the spectrum of laser line structure variation with frequency 

across the screen. 

 
The Free Spectral Range (FSR) of a spectrum analyzer is the maximum 

optical spectral span created by the variation of the separation of the two mirrors as 

the piezoelectric spacer is repeatedly ramped. It is dependent on the mirror mean 

separation d, as FSR = C/4d in frequency units. The mirror pairs and tube-assemblies 

are chosen to provide a choice of FSR values 7.5 GHz. These correspond to 

wavelength ranges of 0.01 nm at 635 nm. Clearly these are ultrahigh resolution 

instruments. 

 

If the chosen FSR is too small for the line structure to be examined, then 

there will be a confusion of overlapping spectra on the screen. If the chosen FSR is 

too large, then the effective resolution will be decreased. Since the effective resolving 

power is the ratio (FSR/F) where F is the instrument Finesse (>200 for this system). 

Thus, the resolving power is about 10 MHz. 

 

 
 

Figure 19  Optical Spectrum Analyzer model 240 
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The spectrum analyzer systems consist of a mirror set, spacer-tube and 

lens assembly, detector and adjustable mount. A laser beam can be transmitted 

straight into the spectrum analyzer, or optional beam splitters are available to deflect 

only ~10% of a beam into the analyzer. These beam splitters (16 mm aperture) attach 

to the front of the spectrum analyzer and allow 90% of the beam to continue 

uninterrupted. 

 

 

 
 
Figure 20  Specification of OSA model 240 from its brochure 

 

 
 
Figure 21  Specification of OSA model 240 from its manual 
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This spectrum analyzer is supplied with a 4.3 mm aperture lens to match 

the laser beam to the input aperture of the 1 cm confocal cavity. The combination of 

this confocal design gives the (nominal) instrumental band width of 37.5 MHz and 7.5 

GHz free spectral range. 

 

 The most importance parameter, which effect to wavelength 

measurement, is the cavity length. In case of the confocal the cavity length is equal to 

radius of the confocal mirrors. (cf. section 4.5.11)  

 

 From equation (31) free spectral range (ΔfFSR) of the confocal Fabry-

Perot is 7.5 GHz and refractive index of air (n) is 1.00027 (from section 4.1.5), then 

the cavity length d is  

    d  =  
)λ(4 FSR

o

n
c
Δ

 

        =  
)(105.700027.14

)sm(458729299
19

1

−

−

×⋅⋅ s
 

        =  0.00999038  m. 
 

This calculation shows that the actual cavity length is a little bit 

difference, 9.6 μm, from the nominal size from specification. The expansion of cavity 

controlled by a piezo actuator which nominal coefficient about 4 nm/V.  The OSA 

controller supply maximum ramp amplitude about 250 Volt, then maximum 

displacement of the cavity is 1 μm nominally. 

 
 1.2  OSA Controller model 251 

 

Coherent, (n.d. b) The Spectrum Analyzer Controller connects between 

the laser spectrum analyzer and a oscilloscope which bandwidth more than 20 MHz. 

The controller provides the required ramp voltage, 0-250 VDC, for spectral scan. It 

also allows full control of the scan time form10 ms to 5 s and variable amplitude to 

control spectral range. In addition, the controller provides the required conditioning 

and signal amplification for the detector, and synchronization of the oscilloscope trace 

to the detector signal. 
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Figure 22  The OSA controller model 251 

 
A convenient zoom function is integrated into the controller that allows 1, 

2, 5, 10, 20 and 50X increase of the spectral display resolution. The controller is 

115/230 VAC selectable and is supplied with detachable AC mains cord, manual and 

cables. 

 
 1.3  Sensor: Silicon PIN Photo Diode 

 
There are many kind of optical detector available in market today, but 

silicon PIN Photo Diode is the low cost high sensitivity and very practical detector. 

The letter I is designated for “Intrinsic” like the latter P and N are for “Positive” and 

“Negative” type semiconductor. This means that the photo diode has an intrinsic layer 

between P and N layer. Most PIN photodiodes are made from silicon and as shown on 

Figure 23, have specific response curves. 

 
Figure 23  The Sensor: Silicon PIN Photo Diode 
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(Johnson, 2005) The device is most sensitive to the near infrared 

wavelengths at about 900 nanometers. Notice that the device's response falls off 

sharply beyond 1000 nanometers, but has a more gradual slope toward the shorter 

wavelengths, including the entire visible portion of the spectrum. In addition, the 

device's response drops to about its peak at the visible red wavelength (640 nm).  

 

The PIN photo diode has two photonic responses process. Photo voltaic 

response is like solar cell. The PIN photodiode will produce a voltage (about 0.5 V) in 

response to light and will also generate a current proportional to the intensity of the 

light striking it. However, this unbiased current source mode is seldom used since it is 

less efficient and is slow in responding to short light flashes. The most common 

configuration is the "reversed biased" or "photo-conductive" scheme.  

 

 
 
Figure 24  Silicon PIN Photo Diode relative response 

Source: Johnson (2005) 

 

The reversed biased mode, PIN photo diode is biased by an external direct 

current power supply enable ranging from a few volts to as high as 50 volts. The 

biased device behaves as a leaky diode whose leakage current is dependent on the 

intensity of the light striking the device's active area. It is important to note that the 

intensity of a light source is defined in terms of power, not energy.  When detecting 
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infrared light at its 900 nanometer peak response point, a typical PIN diode will leak 

about one milliamp of current for every two milliwatts of light power striking it (50% 

efficiency).  

 

For most devices this relationship is linear over a 120 dB (1 million to 

one) span, ranging from tens of milliwatts to nanowatts. Of course wavelengths other 

than the ideal 900 nanometer peak will not be converted with the same 50% 

efficiency. If a visible red light source were used the light to current efficiency would 

drop to only 25%.  

 

Current output and light power input relationship is the most important 

characteristic of the PIN photodiode. The relationship helps to define the 

characteristic transfer for optical power measurement. The light power to electrical 

current relationship also implies that the conversion is independent of the duration of 

any light pulse. As long as the detector is fast enough, it will produce the same 

amount of current whether the light pulse lasts one second or one nanosecond.  

 

There is no data sheet for the silicon PIN photo diode that comes together 

with the OSA model 240. However, the device has code number “UDT-125DPL”, the 

Internet search give a short result. This device manufactured by UDT Sensor Inc. 

(www.udt.com) From specification (see appendix B1) “PIN-125DPL” is a planar 

diffuse silicon photo diode designed for photo-voltaic application.  This is some 

comment and application guide from the manufacturer. 

 

“The UDT’s Photovoltaic Detector series is utilized for applications 

requiring high sensitivity and moderate response speeds, with an additional sensitivity 

in the visible-blue region for the blue enhanced series. The spectral response ranges 

from 350 nm to 1100 nm. 
 

These detectors have high shunt resistance (1 GΩ, minimum) and low 

noise (NEP = 2.1×10-15 WHz½), and exhibit long term stability. Unbiased operation of 

these detectors offers stability under wide temperature variations in DC or low speed 
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applications. For high light levels (greater than 10 mW/cm2 ), the PV Series detectors 

is considered better linearity. 
 

These detectors are not designed to be reverse biased! Very slight 

improvement in response time may be obtained with a slight bias. Applying a reverse 

bias of more than a few volts (>3V) will permanently damage the detectors.” 

 

 From this comment, the operation in photoconductive mode is 

prohibited. The way to increase sensitivity of the OSA model 240 is to change for 

more sensitive detector. 

 
2  Light Source 

 

 2.1  HeNe Laser 632.8 nm L.P. 

 

Goldwasser, (2006b) The SP-117A is a stabilized He-Ne laser which produces 

a single longitudinal mode output with a nominal frequency of 473.612 54 THz. The 

output laser is a linearly polarized single mode and may be either stabilized in 

frequency or stabilized in amplitude. The system is consists of a cylindrical laser head 

and power supply/controller. 

 

 
 

Figure 25  Spectra-Physics Model 117 Stabilized HeNe Laser System 
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A typical SP-117 is shown in figure 25. The SP-117A is in an similar package 

with the Frequency/Intensity mode keylock switch and Locked LED added.  

 

The He-Ne laser head is powered from a He-Ne laser power supply, 

approximately 1,700 V at 4.5 mA, via the Spectra-Physics screw-lock HV connector. 

A photodiode signals and heater power are supply via separate cable with a DB9 

connector. However, to turn on requires that the interlock plug be present on the back 

of the controller. The micro switch inside the HV connector be depressed by a plastic 

pin in the HV plug, and that pins 2 and 7 on the signal connector be jumpered. 

 

After an initial warm-up period where the heater is run continuously, the 

controller enables the feedback loop which monitors the two outputs of the beam 

sampler and maintains cavity length using the heater so that one of the orthogonal 

polarized longitudinal modes is on a slope of the gain curve (frequency stabilized) or 

where one mode is closer to the center of the gain curve (amplitude stabilized).  

 

The user controls on the SP-117A consist of a switch for power and a 

switch to select between frequency and amplitude stabilization. There are indicators 

for AC power and Stabilized. After a warm-up period of about 15 to 20 minutes for 

the laser head to reach operating temperature, the Stabilized indicator will come on 

and may flash for a few seconds, and after that should remain solidly on. This really 

indicates only that the stabilization feedback loop is active, but don’t mean that the 

laser is actually stabilized and meets specs. It’s may require another minute or so.  

 

In fact, the way they are designed, everything is identical in both modes 

until the Stabilized indicator comes on, then it switches to the Intensity signal for 

locking. If power is cycled, the delay to Stabilized is much shorter, so no actual 

counter delay is involved, just some circuit watching for the mode changes to slow 

down below some threshold. Indeed, if the photodiodes are disconnected, Stabilized 

will come on in under a minute even though the modes are varying wildly. 
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 2.2  HeNe Laser 632 nm LHRP-0151 

 

LHRP 0501 is a He-Ne laser head manufacturing by Research Electro-

Optics Inc. Its lasing wavelength is 633 nm nominal and maximum output 5.0 mW. 

The specification declared the structure TEM00 > 99% and linearly polarization ratio 

more than 500:1. Others details are shown in appendix B2. 

 
 2.3  HeNe Laser 543 nm LHGP-0051 

 

LHRP-0051 is a He-Ne laser head also manufacturing by Research 

Electro-Optics Inc. Its lasing wavelength is 543 nm nominal and maximum output 0.5 

mW. This low power is due to the very low gain transition of helium lasing 3s2 -

>2p10 transition.   The specification declared the structure TEM00 > 99% and 

linearly polarization ratio more than 500:1. Others details are shown in appendix B3. 

 
 

 
Figure 26  543 nm He-Ne laser model LHRP-0051 
 

 3.  Signal Measuring and Analysis Instruments  

 

 3.1 Digital Storage Oscilloscope (DSO) model TDS 220  

 

Most of oscilloscope user prefers an analog scope because it is convenient 

and easy to use. Analog scope has a capable of real-time measurement that required 

for many scientific experiments. However analog scope has many limitations on 
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waveform measurement and processing. Some analog scopes have capability of 

digital measurement it is called a digitizing oscilloscope, but most of them rather 

expensive   

 

 
Figure 27  TDS 220, a real-time Digital Storage Oscilloscope used in experiments 

 

Textronix TDS 220 is a Digital Storage Oscilloscope that available in our 

laboratory and matched requirement for the OSA system. TDS 220 has two channels 

with a full function digital storage and wave form measurement. The TDS 220 

oscilloscope has bandwidth 100 MHz and able to limit bandwidth to 20 MHz with 

maximum sample rate of 1 GS/s. Its sample rate is very high so, the manufacturer 

claimed that TDS 220 is a digital real time oscilloscope. Others details are shown in 

appendix B4. 

 
The TDS 220 DSO used in the experiment is calibrated by Trinergy Co., 

Ltd. Who is the authorized dealer form Textronix Corp. The calibration laboratory is 

ISO certificated and traceable to national and international standard.  

 
 3.2  6½ Digits Digital Multi-meter (DMM) model 33401A  

  

Agilent 33401A is a general propose multi-meter. This instrument 

provides basic DCV uncertainty about 0.0015% (24 hour) and basic ACV uncertainty 
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about 0.06% (1 year). It is given rather wide band width 3 Hz to 300 kHz while 

reading rate is automatically selected which be maximized to 1000 reading/sec.  

 

 
Figure 28  Agilent 33401A 6½ Digits Digital Multi-meter  

 

Commonly accessed attributes, such as functions, ranges, and resolution 

are selected with a single button press. Advanced features are available using menu 

functions that able to optimize the 34401A for any applications. Others details are 

shown in appendix B5. 

 

 3.3  Real-Time FFT Analyzer Tektronix 2642A  

 

Textronix name the real-time FFT Analyzer as “Personal FFT Analyzer 

2600 series. Now, this series is discontinued production. Though, this series is 

obsolete but the 2642A in our laboratory still working well.  

 

  

FFT Analyzer is a type of spectrum analyzer, most of them are not a real-

time operation instrument. FFT Analyzer use Digital Signal Processing (DSP) 

technique to transform time sequence signal to frequency domain. With some special 

technique of Textronix, the multiple CPU are synchronized process on the same data 

bin and give out result nearly real-time. Though, the processing speed not fast as a 

swept spectrum analyzer but for low frequency their speed are not much difference. 
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Most FFT analyzer designed for frequency range from few milli-Hertz to 100 kHz, 

but bandwidth of the 2642A is 200 kHz. 

 

 
 

Figure 29  Real-Time FFT Analyzer Tektronix 2642A 
 

 The FFT Analyzer 2642A is a full computer control instrument, so it always 

connect directly to personal computer. The preferred PC model is 486 CPU operate on 

DOS mode. The 2642A programming manual is given full guide for control code and 

application programming, but for general analysis work the “IP” and “Math” program 

are appropriated. Others details are shown in appendix B6. 

 
 3.4  Arbitrary Function Generator model AFG1501  

 

 Arbitrary Function Generator is a kind of digital synthesis signal generator 

which can generate many type of signal such as sine, square, triangular or custom 

design signal. Like the model 2642A, the AFG5101 are discontinued production and 

obsolete.  

 

 AFG5101 is a programmable Arbitrary Function Generator. It has 2 volatile 8 

kbyte waveform memory with fast execution buffer. With a short rise time of 150 ns 

its bandwidth is span from 12 mHz to 12 MHz at average (nominal?) relative 
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uncertainty about 0.2%. Amplitude voltage is programmable from 10 mV to 9.99 V 

with 2% relative uncertainty. Others details are shown in appendix B7. 

 

 
 

Figure 30  Arbitrary Function Generator Tektronix AFG1501 
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METHODS 

 
 To study method of accurate wavelength measurement with a scanning Fabry-

Perot Interferometer, many experiments are setup to study physical properties and 

measurement characteristics. Though, Fabry-Perot Interferometer is a hundred year 

invention of very powerful instrument but very few of Thai physicists are interested 

on it. The OSA model 240 is a very fine instrument but there are some limitations.  

This experimental plan is proposed to study cause of error and evaluate factors of 

uncertainties if possible.  

 

 The experiments are set into 3 groups. The first group is a set of experiments 

for study electrical and signal characteristic of the controller and optical detector in 

order to find the sources of uncertainties. The second is a set of experiments for study 

optical characteristics and response of the OSA. And the third group is a set of 

experiments for measurement wavelength of some light source available in the 

laboratory.  Detail and experiments procedure are given in appendix B. 

 

1.  Experiment set 1 Electrical Characteristics  

 

The OSA controller model 251 is provided three electronic functions which 

applied to the OSA head and the oscilloscope. First, it generate high voltage ramp 

signal that supply to a piezo-electric actuator in order to control elongation of the 

cavity length of Fabry-Perot. Second, it provides an amplification of the optical 

detector signal. The third, it provide synchronous signal to trig the oscilloscope. 

 

  1.1  High Voltage Ramp Characteristics 

 

The stability and linearity of the high voltage ramp is an importance factor 

for stable elongation of Fabry-Perot cavity. So that the first experiments set is 

proposed to study characteristics of the high voltage ramp signal. Parameters of the 

high voltage ramp such as frequency range, frequency stability, rise-time & duty-

cycle associated with frequency, amplitude range, amplitude linearity, amplitude 
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stability, and DC offset voltage range and stability are observed and measured with 

the calibrated DSO. 
 

Methods used for signal analysis is DC load analysis. In this case the input 

impedance of oscilloscope, 1 MΩ parallel to 25 pF, is considered suitable. The 

instruments used in these experiments are TDS 220, Real-time FFT analyzer 2642A 

and Digital Multi-meter 33401A. The experiments procedure is shown in appendix 

B8. Each parameter is measured for 10-12 samples over an equal period of time to 

observe the stability. 

 
Experiment 1.1 is Frequency characteristics of the OSA controller. This 

experiment is proposed to observe frequency span frequency and raise time stability. 

Stability of rise time is taken direct effect to spectral stability while it measured. The 

procedure is observing and recording frequency and period at sample frequency 0.25 

Hz, 0.5 Hz, 1.0 Hz, 2.5 Hz, 5 Hz, 10 Hz, 25 Hz, and 50 Hz at amplitude 250 V, 200 

V, 150 V, 100 V, and 50 V in 1 hour. Then determine average frequency and standard 

deviation at each sample frequency. 

 
Experiment 1.2 is Amplitude characteristics of the OSA controller. This 

experiment is to observe amplitude range and stability. Stability of amplitude is taken 

direct effect to spectral stability while it measured. Use data from experiment 1.1 to 

determine average amplitude and standard deviation at each sample amplitude. 

 
Experiment 1.3 Linearity of ramp signal. Elongation of piezo actuator is 

controlled the space between a pair of mirrors of Fabry-Perot cavity.  

 
 
 
 
 
 
 
 
 
 
Figure 31  Definition of (non)-linearity of ramp signal 
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So, the ultra linear motion of the mirror is very necessary for the uniform 

spacing between successive interference fringes. This experiment is to determine how 

linearity of the high voltage ramp. Procedure is to compare half amplitude voltage to 

0.5 VDD. 

 

Experiment 1.4 Harmonic distortion of ramp signal.  Total Harmonic 

Distortion (THD) is parameter that indicates how correct shape of the signal. In the 

case of linear ramp signal THD is possible to indicate a very small non-linearity.  

There are many definition of THD depend on instruments applied. In this experiment, 

the Real-Time FFT Analyzer is applied. The procedure to evaluate THD is to compare 

root of the sum square of Fourier component over specify significant amplitude 

considered over range of harmonics. 
 

  
 

Figure 32  Fourier transform of linear ramp signal. Upper screen is Y-t display of 

622.7 mV, 1.000 Hz linear ramp. Lower screen is Fourier transform of the 

ramp shows sequence of odd harmonics. 

 

Each set of data is evaluated for factors of uncertainties that effect to 

stability of the cavity elongation. The others source of the uncertainties such as 

harmonic distortion and noise are also observed. 
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 1.2  Signal amplifier characteristics 

 

The second function of the controller model 251 is signal amplification. 

Signal form PIN photo-diode detector is connected to the controller via the detector 

input channel shown in figure 33. The detector output channel is connected to the 

oscilloscope input. 

 

 
 
Figure 33  Rear panel of the controller model 251 

 

The amplification parameters proposed to study are input range and 

sensitivity, frequency response and impulse response. The objectives of these 

experiments set are to observe signal gain and distortion. 

 

The static response method is applied to observe and measure the input 

range and sensitivity. The other method is applied low frequency ramp or triangular 

wave, such as 1.00 Hz or lower, which amplitude 5 mV to the amplifier.   

 

 
 
Figure 34  Calculation of slope of input and output triangular wave 
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The instruments such as oscilloscope, arbitrary function generator and 

digital multi-meter are applied to these experiments. To evaluate sensitivity the ratio 

of input slope and output slope is calculated. Slope of can calculated as shown in 

figure 34. 

 

Frequency response of the amplifier is observed and measured with swept 

sine method. This method, a synthesis sine wave from arbitrary function generator is 

applied to the amplifier. The sine wave frequency is changed from 1 Hz to 100 kHz. 

Then output signal is analyzed by the real-time FFT analyzer which can measure both 

amplitude and harmonics response. 

 

Experiment 2.1 Sensitivity and input range of the controller model 251 

amplifier. This experiment is proposed to observe and evaluate static sensitivity of the 

amplifier. Two simple methods are applied. The first method is DC sensitivity, 

Stabilized DC voltage from 0, 1 mV to 10 mV is fed to the amplifier input and output 

voltage is measured. Then DC gain is evaluated. The second method, 0.2 Hz square 

wave which amplitude 1 mV to 10 mV is fed to the amplifier and the out put 

amplitude is measured. Then DC sensitivity is evaluated, also raise time, fall time, 

time delay and settling time may observed. 

 

Experiment 2.2 Frequency response to 3 dB cutoff of the amplifier.  Any 

amplifiers always have specific frequency response.   The preferred signal amplifiers 

must have a constant gain on broad frequency range. Cutoff frequency is the 

frequency which the output signal is half power of the input signal or the voltage gain 

is 21 . Swept sine method is applied to this experiment. Frequency is varied from 1 

Hz to 1 MHz in 1:2:5 steps except between 50 kHz to 100 kHz 2 kHz per step is 

preferred. 

 

 1.3  Optical detector characteristics 

 

Many type of optical detector can applied to the OSA model 240. The 

detector that comes together with this OSA is PIN photo diode model PIN-125DPL. 
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This detector designed for photo-voltaic operation with moderate sensitivity and 

response. Electro-optical such as optical intensity exposed on detector’s effective area 

v.s. output voltage or current.   

 

Experiment 3.1 Unexposed I-V characteristics.  I-V characteristic of diode 

is a basic electrical property that shows relation of the diode current and voltage. The 

characteristic in an unexposed condition must the same as ordinary diodes but 

junction voltage may about 2 V or more. To observe this characteristic the curve 

tracer (Hameg HM 6042) is applied for direct measurement and observation. 

 

Experiment 3.2 Exposed I-V characteristics.  The curve of Exposed 

characteristic always looks the same as the unexposed one but relatively higher 

position on I-V diagram. This due to saturated photo electron-hole pair regenerate by 

the injected photon. The I-V characteristic at difference exposed intensity gives 

relation about intensity and diode voltage or current. 

 

2.  Experiment set 2 The OSA characteristics  

 
The OSA model 240 test certificate from the manufacturer (appendix B9) is 

given test value of finesse 367.2 at 632.8 nm and 7.5 GHz free spectral range. This 

part of study is objected to investigate and evaluate some specific parameters of this 

OSA model 240. 

 
2.1  Etalon cavity expansion & co-efficient 

 
Many documents and texts, Fabry-Perot pair of mirrors is called ‘etalon’. 

This word is from the French word étalon, means ‘measuring gauge’ or ‘reference’.  It 

is very necessary to know the exact effective cavity separation (d) and expansion 

when high voltage is applied. The nominal value of the cavity length is 10 mm, but 

not exactly. When high DC voltage is applied to the piezo actuator the cavity length is 

extended. The extension length is proportional to the voltage. So that, the successive 

interference output beam is depended on repeatability and stability of linear extension 

caused by the applied linear ramp voltage 
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Experiment 4.1 The Etalon cavity expansion & co-efficient.  

 

 
 
Figure 35  SP117 laser head is aligned direct into the OSA to evaluate the Etalon 

cavity expansion co-efficient 

 

 
 
Figure 36  Oscilloscope screen show 6 successive interference peak of 632.8 nm 

Laser output form the OSA model 240 when apply with 250 V and 4 Hz 

linear ramp 
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Stabilized HeNe Laser SP117 is used as the reference light source. After 

aligned the laser beam to give the maximum signal output seen on the TDS 220, 

adjust scanned frequency (the high voltage ramp frequency) to the lowest stable 

frequency about 250 mHz. Adjust ramp amplitude voltage to 250 V. Six successive 

interference peak will show on oscilloscope screen, as in figure 36. 

 
In figure 37 the separation between each output peak is λ/4. If the linear 

ramp amplitude is decrease, such as 200 V, 150 V, and 100 V, the number of 

successive interference peak is also decrease proportionally. Then the extension 

coefficient is able to calculate. 

  
 2.2  Evaluated the finesse 

 
Experiment 4.2 Evaluated the finesse @ 632.8 nm.  Definition of finesse 

is described in section 4.5.7 and the evaluation is described in section 4.5.9. Finesse is 

a number that indicate how sharpness of interference fringes the OSA can produce. 

Finesse is the ratio of FSR and FWHM. As shown in equation (28) the exact FSR in 

term of frequency can evaluate if the exact cavity length and cavity refractive index is 

known. In practical, the value of finesse can evaluate directly by high quality digitized 

scope. 
  

 
 
Figure 37  FSR measurement 
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This experiment use frequency stabilized HeNe laser (Spectra Physics 

SP-117) as a reference wavelength. After align the laser beam into the OSA, Adjust 

sweep Amplitude of high voltage ramp until two peak is shown, the measure the FSR. 

Adjust trigger position and time/div to zoom into one peak, then measure FWHM. 

Change amplitude and sweep time (ramp frequency) then measure in other condition. 

 

 
 

Figure 38  FWHM measurement. 

 

This experiment use frequency stabilized HeNe laser (Spectra Physics 

SP-117) as a reference wavelength. After align the laser beam into the OSA, Adjust 

sweep Amplitude of high voltage ramp until two peak is shown, the measure the FSR. 

Adjust trigger position and time/div to zoom into one peak, then measure FWHM. 

Change amplitude and sweep time (frequency of ramp) then measure FSR and 

FWHM in other condition. 

 

3.  Experiment set 3 Wavelength measurement 

 

 Experiment 5.1 Measure wavelength of HeNe laser model LHRP-0151. This 

model of laser head is 632 nm wavelength nominal, its power is 1.5 mW and designed 

for general use and it dose not a frequency stabilized.  The direct measurement 
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method is applied. The laser head model LHRP-0151 beam is aligned direct in to the 

OSA. The instruments setup is the same as illustrated in figure 35. The laser head 

SP117 is replaced with LHRP-0151. 

 

 Set the ramp amplitude at 250 V, rise time at 5 s, DC offset at 0 V, sweep 

range at 1x. Adjust the OSA until maximum transmitted peak is shown on scope 

screen. Then measure separation of each transmitted peak with cursor. 

 

 Experiment 5.2 Measure Wavelength of Laser LHRP-0051. This model of 

laser head is double frequency output wavelength 543 nm nominal. Its power is 0.5 

mW and designed for general use.  The direct measurement method is applied. The 

instruments setup and alignment is the same as experiment 5.1.  

 

 Experiment 5.3 Measure Wavelength of 630 nm Laser diode.  Figure 39 show 

alignment to compare the unknown laser wavelength to reference wavelength. This 

experiment use 632.8 nm frequency stabilized HeNe laser as a reference wavelength 

and the unknown laser source is a commercial laser pointer. Laser pointer is a cheap 

laser diode that, usually, reduces manufacturing cost by using simple current regulator 

and no heat sink provided or uses its metal case as heat sink. 

 

 
 

Figure 39  Instruments alignment to measure or compare wavelength of laser diode 
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 Reference beam is sampled in to the OSA with a beam splitter while the 

unknown beam is aligned direct in to the OSA. After hours for alignment two beam in 

line together and make successive peak on the scope screen as shown in figure 40. 

Wavelength of laser pointer is evaluated by measure separation between peaks (ms). 

If a cavity extension coefficient is known then applies equation (29). 

 

 
 

Figure 40  Comparison of 632.8 nm Stabilized HeNe laser (center peak) and 630 nm 

nominal wavelength of laser pointer 
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DATA ANALYSIS 

 

1.  Experiment set 1 Electrical Characteristics 

 

1.1  Experiment 1.1 is Frequency characteristics of the OSA controller 

 

Frequency stability of high voltage ramp observed at 0.25 Hz, 0.5 Hz, 1 

Hz, 2.5 Hz, 5 Hz, 10 Hz, 25 Hz, 50 Hz, and amplitude 250 V, 200 V, 150 V, and 100 

V. The experiment procedure detail is shown in appendix B1. Table 2 and table 3 

show analysis of frequency stability. 

 
Table 2  Average frequency and standard deviation of the mean of high voltage ramp 

at the sample frequency and the sample amplitude 
 

  Amplitude  250 V  Amplitude  200 V Amplitude 150 V  Amplitude  100 V 

 Freq. Average Std. of M Average Std of M Average Std of M Average Std of M 

0.25 Hz 0.2728 0.0015 0.2571 0.0001 0.2562 0.0002 0.2570 0.0001 

0.5 Hz 0.5037 0.0003 0.5025 0.0003 0.5021 0.0003 0.5013 0.0001 

1 Hz 1.003 0.0002 1.014 0.001 1.012 0.001 1.031 0.0006 

2.5 Hz 2.519 0.002 2.533 0.001 2.509 0.001 2.517 0.000 

5 Hz 5.071 0.002 5.078 0.004 5.044 0.001 5.019 0.003 

10 Hz 10.06 0.01 10.11 0.01 10.64 0.01 10.08 0.01 

25 Hz 25.22 0.02 25.38 0.03 25.55 0.01 25.32 0.01 

50 Hz 51.54 0.03 51.60 0.03 51.63 0.01 51.41 0.01 

 
 If we claimed the standard deviation of the mean as standard uncertainty, the 

standard uncertainty of each average frequency can evaluated by include standard 

uncertainty of horizontal sweep time of TDS 220. Calculation is shown in table 3 

 

Table 3  Average frequency and standard uncertainty 
 
DSO sweep time (s) Rel. uncert. Average freq. Std. uncert. (Hz) Rel. uncert. % 

5 5.00E-04 0.2608 0.0015 0.57% 
2.5 2.50E-04 0.5024 0.0006 0.12% 
1 1.00E-04 1.015 0.002 0.16% 

0.5 5.00E-05 2.519 0.003 0.10% 
0.25 2.50E-05 5.053 0.006 0.11% 
0.1 1.00E-05 10.22 0.02 0.19% 

0.05 5.00E-06 25.37 0.04 0.15% 
0.025 2.50E-06 51.54 0.04 0.08% 
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1.2  Experiment 1.2 is Amplitude characteristics of the OSA controller. 

 

Table 4 shows average amplitude value at each nominal amplitude setup. 

The standard deviations of the mean, which claimed as unbiased standard uncertainty, 

are about 0.1 percent.  

 

Table 4  Analysis for amplitude stability 

 
Nominal Amplitude 250 V 200 V 150 V 100 V

Average Amplitude (V) 250.34 200.21 149.40 100.14

Standard Deviation (V) 0.93 0.60 1.14 0.79

S.D. of the Mean (V) 0.19 0.13 0.24 0.17

Deg of freedom 23 23 23 23

Rel. Unbiased Uncertainty 0.077% 0.063% 0.159% 0.165%  
 

1.3  Experiment 1.3 is Linearity of the ramp signal. 

Measurement result is shown in table 5 and analysis of linearity according 

to the definition in figure 20 in shown in table 6 

 

Table 5  Linearity of ramp signal at observed amplitude  
 

Controller setup: Amplitude 250 V, Sweep expansion x1, DC Offset 0V
Amplitude (V) V1 (V) Vm (V) V2 ΔV (V)

Average  250.5 25.1 125.9 225.5 0.66
Standard Deviation  1.3 0.1 0.8 0.9 0.42

S.D. of the mean  0.3 0.0 0.2 0.2 0.09
Degree of freedom  20 20 20 20 20

Controller setup: Amplitude 200 V, Sweep expansion x1, DC Offset 0V
Amplitude (V) V1 (V) Vm (V) V2 ΔV (V)

Average  200.4 20.0 100.7 180.4 0.47
Standard Deviation  1.3 0.1 0.5 0.8 0.31

S.D. of the mean  0.3 0.0 0.1 0.2 0.07
Degree of freedom  20 20 20 20 20

Controller setup: Amplitude 150 V, Sweep expansion x1, DC Offset 0V
Amplitude (V) V1 (V) Vm (V) V2 ΔV (V)

Average  150.3 15.0 75.6 135.3 0.41
Standard Deviation  0.8 0.0 0.3 0.4 0.19

S.D. of the mean  0.2 0.0 0.1 0.1 0.04
Degree of freedom  20 20 20 20 20

Controller setup: Amplitude 100 V, Sweep expansion x1, DC Offset 0V
Amplitude (V) V1 (V) Vm (V) V2 ΔV (V)

Average  100.0 10.0 50.2 90.0 0.20
Standard Deviation  0.6 0.0 0.3 0.3 0.12

S.D. of the mean  0.1 0.0 0.1 0.1 0.03
Degree of freedom  20 20 20 20 20  
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Table 6  Analysis of linearity according to the definition in appendix figure B1 

 

Everged Amplitude (V) Vm (V) ΔV  (V) Vm/ ΔV %
250.5 125.9 0.66 0.523%
200.4 100.7 0.47 0.466%
150.3 75.6 0.41 0.541%
100.0 50.2 0.20 0.400%  

 

Percentage of the ratio of mean voltage (Vm) and differential voltage (ΔV)  

is considered as percentage of nonlinearity (Vm/ΔV %). From table 5 and 6 the 

percentage of nonlinearity is 0.482% with standard deviation 0.064% and unbiased 

uncertainty of 0.032%. This value is too small! 

 

 1.4  Experiment 1.4 Harmonic distortion of ramp signal.   

 

The test for harmonic distortion of linear ramp is applied with Tektronix 

2642A Personal Real-time Fast Fourier Analyzer. The high voltage ramp is fed to 

2642A via a 50:1 attenuator. The Total Harmonic Distortion (THD%) is evaluate from 

19 Fourier components by procedure shown in appendix B1. 

 

 
 

Figure 41  Shape of harmonic peaks that show ‘side band’ added 
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Table 7  Evaluate of THD% at difference amplitude 

 
Frequency Amlitude 50:1 Att. TDH X TDH Ref TDH X /TDH Ref TDH %

Hz V V
1.000 256.6 2.566 2.479 2.509 98.83% 1.17%
1.000 200.0 1.999 3.191 3.230 98.79% 1.21%
1.000 100 1.011 6.314 6.378 98.99% 1.01%  

 

The THD% is about 1.2%, this not agrees with experiment 1.3.  Note that 

shape of harmonic peak did not look like it should be, as see in figure 36.  

 

 1.5  Experiment 2.1 Sensitivity and input range of the controller model 251 

amplifier.   

 

Table 8  Evaluation of static sensitivity 

 
ΔV ΔT Slope S.D. of the Mean

Input Ramp 8.18 415.7 0.0197 0.0009
Output Ramp 168.6 414.8 0.4066 0.0121  

 

Result of experiment 2.1 is not quite satisfy, because function generator is 

bad stability and very noisy at low frequency. Estimate average static sensitivity is 

20.65 with unbiased standard uncertainty 1.13. This value is far from specification. 

 
Experiment 2.2 Frequency response to 3 dB cutoff of the amplifier.   
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Figure 42  Frequency response of the amplifier of the 251 controller 
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From experimented data the response curve is plot as show in figure 42. 

Non smooth response may caused from instability and noise from function generator. 

 

 1.6  Experiment 3.1 Unexposed I-V characteristics.   

 

The Unexposed I-V characteristics plotted from data measure with the 

curve tracer HM-6042. The curve indicated that the PIN 125DPL has threshold 

voltage about 0.7 V the same as general silicon diode. 
 

 

             

 

 

 

 

 

 

 
Figure 43  Unexposed I-V characteristics 

 

 1.7  Experiment 3.2 Exposed I-V characteristics.   

 

This experiment is not yielded any result, because HM6042 designed for 

testing in forward region.  

 

2.  Experiment set 2 The OSA characteristics 

 

2.1  Experiment 4.1 Etalon cavity extension & co-efficient. 

 

To observe the repeatability of cavity extension motion, the cavity 

extension coefficient is measure in difference condition. The detail of experiment 

procedure is shown in appendix B2. Analysis result is shown in table 9.  
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Table 9  Analysis of the etalon cavity extension co-efficient where the ramp 

amplitude is change 

 
Experiment 4.1 Extension coefficient αV (nm/V) at difference ramp amplitude 

Rise time (s) Amplitude (V) αt (nm/s) Std. dev. αV (nm/V) Std. dev. 
3.840 124.0 112.2 2.162 3.476 0.067 
3.856 160.8 146.0 2.795 3.502 0.062 
3.868 249.5 237.6 2.159 3.684 0.039 

 
Experiment 4.1 Extension coefficient αV (nm/V) at difference ramp raise time 

Rise time (s) Amplitude (V) αt (nm/s) Std. Dev. αV (nm/V) Std. Dev. 
3.868 249.5 237.6 2.159 3.684 0.039 
2.043 250.9 447.6 4.205 3.645 0.050 

0.5384 250.7 1694 12 3.639 0.033 
 

2.2  Experiment 4.2 Evaluated of finesse @ 632.8 nm. 

 

Finesse is a parameter that indicates how fine of the interference fringes 

the OSA can produce. This parameter is necessary for many application and 

measurement with the OSA. To evaluate finesse direct measurement of FSR and 

FWHM is done in many conditions for a reference 632.8 nm wavelength. 

 

Table 10  Value of FSR and FWHM at 632.8 nm 

 
Amplitude is fix at Rise time  5 s Rise time  7.5 s Rise time  9 s

250 V FSR (s) FWHM (s) Finesse FSR (s) FWHM (s) Finesse FSR (s) FWHM (s) Finesse

Degree of freedom 39 39 39 39 39 39 39 39 39

Average 0.666 0.0035 192.8 0.354 0.0017 208.3 0.093 0.0004 216.1

Stadard deviation 0.021 0.0005 34.2 0.011 0.0002 21.1 0.003 0.0000 16.8

Std. Dev. Of the mean 0.003 0.0001 5.5 0.002 0.0000 3.4 0.000 0.0000 2.7

Frequency is fix at Amplitude 124 V Amplitude 160 V Amplitude 250 V

4 Hz FSR (s) FWHM (s) Finesse FSR (s) FWHM (s) Finesse FSR (s) FWHM (s) Finesse

Degree of freedom 19 19 19 19 19 19 19 19 19

Average 1.428 0.0073 197.2 1.173 0.0060 194.7 0.661 0.0034 199.9

Stadard deviation 0.012 0.0004 10.58 0.018 0.0004 12.58 0.022 0.0004 28.51

Std. Dev. Of the mean 0.003 0.0001 2.43 0.004 0.0001 2.89 0.005 0.0001 6.54  
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 From table 10, the finesse at 632.8 nm is evaluated according definition using 

equation (25).  Averaged finesse is 201.51 with standard deviation 8.94 at degree of 

freedom 112.  Standard deviation of the mead is 0.85. So that, the finesse with 

unbiased standard uncertainty is 201.5 ± 0.8 

 

3.  Experiment set 3 The OSA characteristics 

 

 This set of experiment is aimed to measure wavelength from four light source,  

632 nm HeNe laser model LHRP-0151, 543 nm double frequency HeNe laser model 

LHRP-0051, commercial laser diode (laser pointer) and Pen-Ray Mercury lamp. But 

some accident occurred while testing sensitivity of the detector, so its sensitivity is 

degenerated.  

  

 3.1  Experiment 5.1 Measure Wavelength of Laser LHRP-0151(632 nm) 

 

The wavelength measurement result of laser head model LHRP-0151 is 

634.3 nm with 17.4 nm unbiased expand uncertainty. The result does not much 

difference from nominal value (632 nm) but the experiment was done only two 

repetition that big difference result. From table 12 the uncertainty budget show the big 

uncertainty, so the wavelength measured did not reliable enough. 

 

Table 11  Wavelength measurement result of  laser LHRP-0151 

 

 

 

 

 

 

 

 

 

 

m i Δt i  (s) Δm i  = i i  Δt i  (s) Δm i
2  = i 2 Δt i '  (s) Δt i  - Δt i '

m 0 0.0000 0 0 0.000 0.0000 0.0000
m 1 0.6820 1 0.682 1.000 0.6860 -0.0040
m 2 1.3550 2 2.710 4.000 1.3720 -0.0170
m 3 2.0950 3 6.285 9.000 2.0580 0.0370
m 4 2.7120 4 10.848 16.000 2.7440 -0.0320
m 5 3.4410 5 17.205 25.000 3.4300 0.0110
Sum - - 37.73 55 - -

Average 2.0570 - - - - -
Standard Deviation - 0 - 0 - 0.026524
S. D. of the Mean - 0 - 0 - 0.011862
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Table 12  Uncertainty budget of wavelength measurement from table 11 

 

3.2  Experiment 5.2 Measure Wavelength of Laser LHRP-0051(543 nm) 

 

Table 13 Wavelength measurement result of  laser LHRP-0051 
   

 

The wavelength measurement result of laser head model LHRP-0051 is 

511.7 nm with 119.3 nm unbiased expand uncertainty. The result does some 

difference from nominal value (543 nm) but the experiment was done only one 

measurement and the transmitted peak was very low and noisy. So that, the 

wavelength measured was too better than that should be. 

 

Table 14  Uncertainty budget of wavelength measurement from table 13 
 

 

Stanard 
uncertainty 
component

Source of Uncertainty Type
Value of 
stanard 

uncertainty

Sensitivity 
coefficient

Probability 
distribution

Coverage 
factor

Stanard 
uncertainty

Degree of 
Freedom

U αv Extension coeff. Rel. Uncert. A 0.003329 1 Normal 2.58 0.001290 57
U Δti Relative Uncertainty of Δt i A 0.005767 1 Normal 2.58 0.002235 5

U n
Relative Uncertainty of
 refrative index of air - N. A. - - - - -

U S Relative Uncertainty of slope Combine 0.011862 1 Normal 2.58 0.004598 5
U λ Uncertainty of Wavlength (nm) Expand 8.628 - t 2.02 17.43 5

m i Δt i  (s) Δm i  = i i  Δt i  (s) Δm i
2  = i 2 Δt i '  (s) Δt i  - Δt i '

m 0 0.0000 0 0 0.000 0.0000 0.0000
m 1 0.5530 1 0.553 1.000 0.6860 -0.1330
m 2 1.1070 2 2.214 4.000 1.3720 -0.2650
m 3 1.6600 3 4.98 9.000 2.0580 -0.3980
m 4 2.2140 4 8.856 16.000 2.7440 -0.5300
m 5 2.7670 5 13.835 25.000 3.4300 -0.6630
Sum - - 30.438 55 - -

Average 1.6602 - - - - -
Standard Deviation - 0 - 0 - 0.209501
S. D. of the Mean - 0 - 0 - 0.093692

Stanard 
uncertainty 
component

Source of Uncertainty Type
Value of 
stanard 

uncertainty

Sensitivity 
coefficient

Probability 
distribution

Coverage 
factor

Stanard 
uncertainty

Degree of 
Freedom

U αv Extension coeff. Rel. Uncert. A 0.003329 1 Normal 2.58 0.001290 57
U Δti Relative Uncertainty of Δt i A 0.056434 1 Normal 2.58 0.021874 5

U n
Relative Uncertainty of

refrative index of air - N. A. - - - - -

U S Relative Uncertainty of slope Combine 0.093692 1 Normal 2.58 0.036315 5
U λ Uncertainty of Wavlength (nm) Expand 55.99 - t 2.13 119.27 4


