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Abstract 
This thesis describes work and progress on accurate nonlinearity measurements of optical 
fibers, design and characterization of external cavity diode lasers, and spectroscopic 
measurement of air temperature and humidity for accurate determination of the refractive 
index of air. 

The first part of the thesis describes measurement of the nonlinear coefficient of standard  
and erbium-doped single-mode fibers, commonly used in telecommunications. A simulation 
tool was developed to model the previously neglected effects of dispersion in the continuous-
wave self-phase modulation method. The simulation can be included in already existing 
measurement set-ups increasing their versatility and reducing their uncertainty. It is shown 
that reliable erbium-doped fiber nonlinearity measurements are possible even for very short 
fibers when the whole measurement system is carefully characterized for nonlinearity. With 
the help of the dispersion simulation and a carefully optimized fiber optic power 
measurement, an expanded uncertainty of 2.0 % (k =2) was achieved for the nonlinearity of a 
single-mode fiber. The Expanded uncertainty for measurement of an erbium-doped fiber was  
found to be 3.0 % (k =2). 

Applied diode laser spectroscopy is covered in the second part of this thesis. External-cavity 
diode laser based on non-dispersive holographic volume grating was designed and 
characterized in this work. The use of a non-dispersive element for feedback eliminates beam 
directional variations and enables compact design with good wavelength reproducibility. 
Laser designs for applications in metrology, molecular spectroscopy and for multicomponent 
absorption spectroscopy were developed. 

This thesis describes accurate measurement of temperature and humidity using diode laser 
spectroscopy, which is crucial for refractive index compensation in demanding 
interferometric length measurements. The measurement system was tested both in 
laboratory and outdoor environment successfully over distances up to 130 m. The standard 
deviation of temperature measurement in laboratory environment was 7 mK using a 120 s 
sample time, which is the best spectroscopic value ever reported. Performance of the system 
was found to be excellent when a commercial interferometer was compensated in an 
environment with local temperature variations, demonstrating the suitability of the method 
for industrial dimensional measurements. A portable and robust temperature measurement 
set-up was developed for long-distance geodetic applications. The set-up was tested 
successfully in harsh outdoor conditions. 
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Väitöskirjan ensimmäisessä osassa käsitellään tietoliikenteessä käytettyjen 
yksimuotokuitujen ja erbium-seostettujen kuitujen epälineaarisen kertoimen mittaamista. 
Työssä kehitetyllä simulointityökalulla voidaan mallintaa ongelmallisen kuitudispersion 
vaikutuksia mittaukseen käytettäessä yleistä itseisvaihemodulaatioon perustuvaa 
mittaustapaa. Simulointityökalua voidaan käyttää jo olemassa olevien mittausjärjestelmien 
rinnalla lisäämään niiden monikäyttöisyyttä ja pienentämään mittausepävarmuutta. Työssä 
osoitetaan, että jopa erittäin lyhyiden erbium-seostettujen kuitujen epälineaarisuuden 
mittaus on mahdollista, kun koko mittausjärjestelmän epälineaarisuus on tarkasti 
karakterisoitu. Simuloinnin ja tarkan tehomittauksen avulla yksimuotokuidun 
mittausepävarmuudeksi saatiin 2.0 % (k =2). Erbium-seostetun kuidun mittausepävarmuus 
on 3.0 % (k =2). 

Väitöskirjan toinen osa käsittelee sovellettua laser-spektroskopiaa. Holografiseen 
volyymihilaan perustuva ulkokaviteettilaser suunniteltiin ja karakterisoitiin osana 
väitöskirjatyötä. Ei-dispersiivisen hilan käyttö takaisinkytkentäelementtinä poistaa säteen 
ulostulosuunnan vaihtelun ja mahdollistaa kompaktin rakenteen käytön toistettavalla 
aallonpituudella. Työssä tutkittuja lasereita voidaan hyödyntää useissa mittaustekniikan ja 
molekyylispektroskopian sovelluksissa, ja monikomponentti-spektroskopiassa. 

Väitöskirjatyön viimeisessä osassa esitetään mittausjärjestelmä, jolla voidaan mitata 
diodilaser-spektroskopian avulla ilman lämpötila ja kosteus, mikä on välttämätöntä jotta 
ilman taitekerroin voidaan kompensoida vaativissa pituusmittauksissa. Järjestelmä testattiin 
onnistuneesti laboratoriossa ja ulkona mittausmatkan ollessa jopa 130 m. 
Lämpötilamittauksen keskihajonnaksi mitattiin 7 mK käyttäen 120 sekunnin mittausaikaa, 
mikä on tiettävästi paras ikinä raportoitu tulos käyttäen spektroskopisia menetelmiä. 
Järjestelmän käytännöllinen suorituskyky paikallisten lämpötilavaihteluiden 
kompensoimiseen havaittiin erittäin hyväksi interferometrisissä pituusmittauksissa, 
mahdollistaen järjestelmän käytön myös vaativissa teollisuussovelluksissa. Työssä esitetty 
geodeettisiin sovelluksiin suunniteltu kannettava, ja rakenteeltaan yksinkertaisempi 
järjestelmä, testattiin ulkona hankalissa olosuhteissa 240 metrin matkalla. 

Avainsanat epälineaarinen kuituoptiikka, ulkokaviteettilaser, ilman taitekerroin, 
spektroskopinen lämpötilamittaus 

ISBN (painettu) ISBN (pdf) 978-952-60-4431-6 

ISSN-L 1799-4934 ISSN (painettu) 1799-4934 ISSN (pdf) 1799-4942 

Julkaisupaikka Espoo Painopaikka Helsinki Vuosi 2011 

Sivumäärä 78 Luettavissa verkossa osoitteessa http://lib.tkk.fi/Diss/ 





Preface 

The research work presented in this thesis has been carried out at the Centre for 
Metrology and Accreditation (MIKES) and at the Metrology group of Aalto University. 

I am most grateful to my supervisor, Professor Erkki Ikonen, for his guidance from the 
very beginning to the very end. 

I am very grateful to my instructor, Dr. Mikko Merimaa, for excellent support and 
encouragement during my time in MIKES. It has been a privilege to work with such a 
passionate researcher and relentless problem solver. I want to thank Dr. Ville Ahtee for 
valuable discussions on a daily basis while sharing an office during my time in MIKES. 
Dr. Heikki Isotalo and Dr. Antti Lassila are thanked for the possibility to carry out 
research and project development at MIKES Metrology. Dr. Kaj Nyholm and Jere 
Seppä are thanked for their scientifical and non-scientifical contribution. 

My special thanks goes to Dr. Markku Vainio for co-authoring, experimental help, 
sharing a room, fruitful discussions, off-work activities, etc. Your impact on this work 
has been most valuable. 

From Metrology group I would like to thank Dr. Farshid Manoocheri, Dr. Petri Kärhä, 
Dr. Jouni Envall, Dr. Maija Ojanen, Meelis Sildoja, Petteri Ahonen, Ilkka Kotamäki, 
Juhana Lano, Marko Laurila and Ari Kesänen for scientific contribution and for keeping 
it real! Special thanks goest to Dr. Antti Lamminpää for guidance in the very early 
stages of my work when I did not know much about anything. 

Dr. Ilkka Salomaa, Dr. Timo Rajamäki and Mika Mänttäri from Gasmet Technologies 
are thanked for their patience. 

I also acknowledge my co-authors Dr. Chris Moser, Dr. Florian Pollinger, Dr. Karl 
Meiners-Hagen, Dr. Nicolae R Doloca and Dr. Ahmed Abou-Zeid. 

The preliminary examiners of the thesis, Dr. Jan Petersen and Dr. Juha Toivonen, are 
highly appreciated for their efforts. 

The financial support by the Finnish Cultural Foundation and Jenny and Antti Wihuri 
Foundation is greatly appreciated. 

I would like to thank my friends and family for their support throughout my studies. 
Mega special acknowledgement for their love and support goes to my wife Leila and 
our newborn Tessa! 

  

Espoo, November 2011 

Tuomas Hieta 





Errata 

Publication IV “Spectroscopic measurement of air temperature” 

p. 1712, paragraph after Eq. 3  

”The third term in Eq. 2” should be ” The third term in Eq. 3”.   
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1 Introduction 

1.1 Background 

Accurate and reliable measurements are the crucial in characterization and 

commercialization of novel products and technologies. As the requirements for the 

manufactured components are becoming more and more stringent, the margin for error 

is diminishing. Costly operational failures are directly proportional to high uncertainty 

in each component in a complex system involving various components. Therefore it is 

crucial to be able to characterise individual components and complete measurement 

systems accurately and reliably. Standardisation is a time consuming process that 

involves many steps. Before the process can even start, there must be reproducible 

methods available that are traceable to known physical phenomena, or more preferably 

to the international system of units (SI). 

In telecommunications, the transition from high loss copper cables to silica fibers has 

been very rapid and today the use of optical fibers to provide reliable, high data rate 

long-haul transmission is a well-established standard. The cornerstones of the optical 

telecommunications systems are all-optical erbium-doped fiber amplifier (EDFA) and 

wavelength division multiplexing (WDM) that were invented already over two decades 

ago [1,2,3]. Though the achievable capacity is enormous compared to competing 

technologies, there are still many limiting factors preventing the use of the full potential 

of the optical fiber. A straightforward way to meet the requirements for ever increasing 

demand for higher bandwidth is to use more channels with narrower wavelength 

spacing or to use more power to get better signal-to-noise ratio. Unfortunately both of 

the mentioned methods increase the total optical power in the fiber, thus resulting in 

degradation of the system performance mainly due to nonlinearities [4,5]. Without 

knowing the magnitude of the nonlinear effect which is caused by the intrinsic 

properties of the silica fiber, the effects of the nonlinearities to the system performance 

are impossible to predict. 
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One of the key parameters in evaluation of the magnitude of the nonlinear effects is the 

nonlinear coefficient (n2/Aeff), where n2 is the nonlinear refractive index and Aeff is the 

effective area of the fiber. A reliable method to determine the nonlinear coefficient was 

introduced already over a decade ago for a standard single-mode telecom fiber [6]. 

Since then many laboratories have done measurements of the nonlinear coefficient of a 

fiber, but the agreement between the laboratories has been far from acceptable. One 

possible reason can be dispersion effects which were not taken into account in these 

measurements.  

Since the demonstration of the first ruby laser in 1960 [7], lasers and especially diode 

lasers have been widely used for example in metrology, communications and 

spectroscopy in both commercial and scientific applications. The popularity of diode 

laser arises from ease of use, compactness, reliability, and relatively low price. A 

common laser diode is a p-n junction semiconductor that converts external injection 

current into emitted photons through stimulated emission process. Although the 

properties of a solitary diode lasers are fairly good, many applications need better 

performance usually in a form of spectral purity and accurate tunability. So called 

external-cavity diode lasers (ECDL) use frequency selective optical feedback from an 

external grating to improve spectral properties [8,9,10]. Antireflection coated diode with 

strong optical feedback results in single-mode operation and much narrower linewidth 

and enable wide mode-hop free tuning range, which is ideal e.g. for spectroscopy. With 

respect to tunability, weather it is for frequency locking of a laser to an atomic or 

molecular transition in metrology, operating inside a limited wavelength window in 

WDM system or probing the right transition in molecular spectroscopy, ECDLs are far 

superior compared to solitary laser diodes. 

Dimensional measurements are an essential part of fundamental metrology. Accurate 

dimensional measurements are crucial for industry, research and international trade. In 

addition to product manufacturing, also product development and quality control, both 

in micro- and macro-scale require accurate dimensions. Refractive index of a medium, 

usually air, must be known accurately in length measurements, because the length scale 

is derived from the speed of light. Parameter-based Edlen and Ciddor equations are 
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conventionally used to calculate the refractive index of air and can reach an uncertainty 

in the 10-8-range [11,12,13]. Parameters affecting the refractive index of air include 

temperature, pressure, water vapour concentration, and CO2 concentration. At short 

distances, the ambient conditions affecting the refractive index can be measured 

accurately. However, when measuring over long distances in non-homogenous 

environment e.g. in industrial or outdoor environment, local variations especially in 

temperature can cause significant error in the measured distance [14]. Sophisticated 

schemes have been developed to measure the effective temperature along the beam 

path, ranging from methods based on dispersion [15,16,17], over acoustic density 

measurements [18] up to spectroscopic temperature measurements [19,20,21]. 

1.2 Thesis outline 

The first research topic of the thesis is covered in Chapter 2 where, measurement of 

fiber nonlinearity is briefly reviewed. The effects of dispersion to the commonly used 

continuous-wave self-phase modulation (CW-SPM) method to determine the 

nonlinearity of a standard single-mode fiber (SMF) are described in Publication I. It is 

shown that the effects of dispersion can be difficult to estimate a priori and can cause a 

significant error if not taken into account. A simulation tool based on Nonlinear 

Schrödinger Equation (NLSE) was developed to study effects of dispersion to 

propagation of optical signals in a fiber. The NLSE is a nonlinear partial differential 

equation that does not have analytical solutions except for some special cases. 

Therefore, numerical approach is often necessary to model nonlinear effects in optical 

fibers. In this work split-step Fourier method was used to evaluate the NLSE. The 

method obtains an approximate solution by assuming that dispersive and nonlinear 

effects act independently over a small propagation distance. 

Chapter 2 also summarizes the work done at Metrology Research Institute in Aalto 

University to determine the nonlinearity of an amplifying erbium-doped fiber, which is 

described in Publication II. As compared to the measurement of a standard SMF, where 

the fiber length is usually hundreds of meters, the length of the erbium-doped fiber must 

be significantly shorter because of the high attenuation. First, the erbium-doped fiber 
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must be modelled to be able to distinguish which part of the signal is originating from 

the nonlinearity and what is the contribution of the amplification. The erbium-doped 

fiber was tested both in pumped amplifying mode and in passive mode with no pump. 

Due to the complex nature of amplifying operation of erbium-doped fiber, the 

measurement was done in passive mode for a fiber length of only a few meters. It is 

shown that the CW-SPM method together with careful characterization of the erbium-

doped fiber can be used to determine the nonlinearity accurately using standard 

laboratory equipment. 

Chapter 3 is devoted to external cavity diode lasers. After a brief outlook of the 

fundamental properties of diode lasers, the chapter focuses on spectral properties of 

diode lasers especially from a practical spectroscopic point of view. Two laser designs 

using volume holographic gratings as their feedback elements are presented in 

Publication III. Conventionally the strong feedback required for proper laser operation 

is obtained from a reflection grating. Littrow configuration is probably the most 

commonly used configuration to provide optical feedback due to its simplicity. The 

wavelength selection is done by adjusting the angle of the grating, which also 

unfortunately affects the beam direction. The use of a novel non-dispersive volume 

holographic grating at normal incidence overcomes this problem. The first design, 

operating around 635 nm, utilizes a long cavity designed for narrow linewidth and good 

long-term stability. It has a mode-hop free tuning range of 28 GHz making it suitable 

for e.g. multicomponent spectroscopy. The grating in the second design is positioned 

very close to the laser diode making it compact and robust. It has a mode-hop free 

tuning range of 145 GHz near 658 nm.     

Chapter 4 describes a work done at MIKES in the field of applied laser spectroscopy. 

The goal of the research was to design, build and characterize a laser based system 

capable of measuring ambient temperature and humidity over a long distance to 

compensate the refractive index of air required in dimensional measurements. The 

system can be used jointly with an interferometer with very good spatial and temporal 

overlap. 
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The concept of laser based thermometer is presented in Publication IV. Two transitions 

from the oxygen A-band were used for the thermometer designed to measure average 

air temperature. Two distributed feedback (DFB) lasers were used as sources operating 

around 762 nm. Ambient temperature can be determined from the ratio of two 

absorption peaks for a limited temperature range near 293 K. The measurement results 

over 67 m path length are well within the accuracy required to reduce the relative 

uncertainty originating from ambient temperature below a level of 10-7. 

An integrated spectroscopic system measuring both temperature and humidity was 

developed for effective compensation of the refractive index of air. An improved 

temperature set-up, humidity measurement set-up and measurements performed to 

characterize and demonstrate the system performance are given in Publications V and 

VI. The lowest reported root-mean-square (RMS) noise of 7 mK was demonstrated in 

laboratory for 67 m path length using a sample time of 120 s. Further, it was 

demonstrated that an interferometric length measurement can be effectively 

compensated when rapid and local temperature variations are induced, a situation that 

was found to be impossible to compensate with an ensemble of conventional 

temperature sensors. The system was also tested in outdoor environment over broader 

temperature range. To reach the lowest possible uncertainty level, the effects of ambient 

temperature and pressure to the linewidth were taken into account, which is crucial 

when measuring broad temperature variations. In addition, humidity measurements and 

the effects of humidity to the compensation and measurement both in indoor and 

outdoor environment are discussed in this chapter. Finally, a design for a simplified 

spectroscopic thermometer is described and results of long distance outdoor 

measurements are presented. 
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1.3 Scientific contribution  

This thesis contains the following new scientific results: 

1. A fiber dispersion model for CW-SPM method nonlinearity measurements was 

successfully implemented. The new model developed in this work allows 

quantification of the effects of dispersion, thus reducing measurement 

uncertainty. 

2. The nonlinearity of a very short amplifying erbium-doped fiber is measured 

using the conventional CW-SPM method and standard laboratory equipment. 

Criteria for fiber length and input power enabling measurement uncertainty close 

to that of a standard single-mode fiber are presented. 

3. A new ECDL design is presented using non-dispersive volume holographic 

grating at normal incidence to provide optical feedback. The constructed ECDL 

has a tuning range suitable for spectroscopy, and it does not suffer from beam 

pointing problems as compared to conventional Littrow configuration ECDLs. 

4. A system for average ambient temperature and relative humidity determination 

is presented to compensate the refractive index of air over a long path. The 

achieved temperature resolution is to our knowledge the best ever reported. The 

system was used to effectively compensate laser interferometric dimensional 

measurements in challenging environment and it was found to be applicable also 

to measurements done in outdoor environment. A portable and more robust 

temperature sensor designed and validated for long distance measurement is also 

presented. 
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2 Fiber nonlinearity measurements 

Various nonlinear phenomena can occur in optical fibers giving rise to either harmful or 

beneficial effects. There are two categories of nonlinear effects. Nonlinear effects 

originating due to the dependence of the refractive index on the intensity of the electric 

field are in the first category. The second category of nonlinear effects comprises of two 

phenomena resulting from the interaction of light with phonons. The most important 

nonlinear effects in the first category are self-phase modulation (SPM), four-wave 

mixing (FWM) and cross-phase modulation (XPM).  

2.1 Optical fiber nonlinearities 

Self-phase modulation occurs when high-intensity pulses propagate in long fibers. In 

SPM, the nonlinear refractive index causes an induced phase shift that is proportional to 

the intensity. Different parts of the pulse undergo different phase shifts, which leads to 

pulse broadening [22]. Four-wave mixing gives rise to new signals due to interaction of 

three signals at different frequencies. The effect can be extremely harmful in WDM 

systems with equal channel spacing [23]. In a WDM system all the channels contribute 

to the total intensity inside the fiber. The effect of other channels to the phase shift of 

one particular channel is referred as XPM [24].  

When the interaction occurs between light and acoustic phonons, the optical scattering 

phenomenon is referred as stimulated Brillouin scattering (SBS). More complex 

interaction between the light and optical phonon is referred as stimulated Raman 

Scattering (SRS). Both of these phenomena can be practically neglected if the power 

level is kept below a threshold level [25].   

2.2 Nonlinear refractive index 

A conventional optical fiber used in telecommunications is almost entirely made of 

SiO2. Dopants, such as GeO2, Al2O3 and Er, are used to alter the refractive index or to 
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provide amplification. At low optical power levels, the interaction between the fiber 

material and the electric field can be assumed linear. The response of any dielectric 

material to light becomes nonlinear for intense electromagnetic fields. The total 

polarization P depends upon the applied optical field E according to [5] 

( ) ( ) ( )( ),321
0 ...EEEEEE  P +⋅⋅⋅+⋅⋅+⋅= χχχε (1)

where �0 is the vacuum permittivity and �(j) (j = 1,2,…) is the jth order susceptibility. 

Dominant contributor to the total polarization is the linear susceptibility �(1). The linear 

part of the refractive index n and the absorption coefficient � are related to the real and 

imaginary parts of the linear susceptibility, respectively. Nonlinear optical phenomena 

that originate from the second-order susceptibility �(2) include second-harmonic 

generation, sum-frequency generation and difference-frequency generation to name a 

few. These phenomena arise from the lack of inversion symmetry of the material. As 

SiO2 is a symmetric molecule, �(2) vanishes for silica glasses. 

Third-order susceptibility �(3) is responsible for most of the nonlinear effects in the fiber 

as discussed earlier in this chapter. The nonlinear refractive index is related to the third-

order susceptibility by the relation 

( ))3(
2 Re

8

3
xxxxn

n χ= , (2)

where Re stands for the real part and the optical field is assumed to be linearly polarized 

so that only one component of the fourth-rank tensor contributes to the refractive index. 

The intensity dependence of the refractive index is commonly formulated as 
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where the first part is the wavelength dependent linear part of the refractive index and 

Aeff is the effective area of the optical fiber that has originally been defined for the 

purposes of calculating nonlinear effects in a fiber. The nonlinear coefficient is defined 

as n2/Aeff. 
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Most equation governing nonlinear effects found in literature use so called nonlinear 

parameter � to express nonlinearity, which is related to the nonlinear refractive index as 

effAc

n

0

02ωγ = , (4)

where �0 is the angular frequency and c0 is the speed of light in vacuum. 

Effective area of the fiber must be known accurately to be able to determine the 

nonlinear refractive index. The effective area is required to due to non-uniform 

distribution of the intensity inside the fiber. The effective area is defined as 
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where I(r) is the intensity of the optical field at radius r from the fiber axis.  

The problem with the effective area is that it is not commonly directly measured for a 

fiber [26]. Another parameter describing the distribution of the intensity of the optical 

field is mode field diameter (MFD) [27,28]. It is used to evaluate e.g. splice loss and 

bending loss and it is usually measured for each fiber [26].  In conventional step-index 

fibers the intensity distribution is well approximated by a Gaussian function and the 

effective area can be calculated using the MFD. For different types of fibers this 

approximation is not valid. MFD can be used to calculate the effective area by using a 

widely used Namihira correction factor that has been defined for various types of fibers 

[29,30]. Fortunately, the same techniques that are used to determine the MFD can be 

also used to determine the effective area, since both parameters require the knowledge 

of the near field [26]. Most common technique for determining the near field 

distribution is a far field scanning technique, where the near field is calculated from the 

far field using an inverse Hankel transform [26,31,32]. 
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It should be noted that in Publication II, the effective area is calculated without the 

Namihira correction factor, which will induce some error. The reported value for the 

nonlinear coefficient in Publication II should be increased by 3-4% when the correction 

factor recommended by the International Telecommunication Union (ITU) is applied 

[33].  

2.3 Light propagation in nonlinear fiber using numerical 
methods 

Different nonlinear effects, namely SPM, FWM and XPM, originating from the 

nonlinear refractive index of the fiber are usually indistinguishable in a WDM system 

where channels are packed closely. Such system is governed by Maxwell's equations. 

Using certain approximations, a general Nonlinear Schrödinger Equation (NLSE) 

describing light propagation in an optical fiber can be derived [5]. In its simplest form, 

the NLSE can be written as 

0
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where A is the envelope of the electric field such that |A|2 is equal to the optical power. 

T is retarded time variable defined as 

ztT 1β−= , (7)

where t is time, �1 is the first order propagation constant and z is the distance along the 

propagation axis. Parameter �2 is the second order propagation constant or so called 

group-velocity dispersion (GVD) parameter. It is related to the derivatives of refractive 

index and to the widely used dispersion parameter D [5] through relation 
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where � is the wavelength of the light. 
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The NLSE in a more general form includes also terms related to Raman scattering [34], 

self-steepening [35] and higher order derivatives of the propagation constant [36]. For 

long pulses of width T0 > 5 ps, these terms can be neglected. 

Generally, a numerical approach is necessary to solve Eq. 6, as it does not have 

analytical solutions except for some special cases. Split-step Fourier method which 

belongs to the category of pseudospectral methods is accurate and fast, making it one of 

the most commonly used method to solve the NLSE. Equation 6 can be divided into 

differential operator D̂  that accounts for dispersion and absorption and to nonlinear 

operator N̂  that governs the effects of nonlinearities. These operators are given by 
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2ˆ AiN γ= , (10)

Using these operators, the NLSE can be written in the form 

( )AND
z

A ˆˆ +=
∂
∂

. (11)

The split-step Fourier method (SSFM) assumes that the two operators act independently 

over a small distance 	z, which means that the propagation is done in two steps. The 

accuracy of the SSFM can be improved by adopting a different procedure to propagate 

the optical pulse over one segment from z to z + 	z. Mathematically this is expressed as 

( ) ( ) ( ) ( )TzANzDzTzzA ,ˆexpˆexp, ΔΔ≈Δ+ . (12)

The operator D̂  can be evaluated in Fourier domain, which makes computations 

relatively fast. A trade-off between computational speed and accuracy must be made 

when choosing the step size. The accuracy of the SSFM can be improved by adopting 

different procedures to propagate the optical pulse over one segment [5].
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The numerical approximation of NLSE using SSFM was implemented using MATLAB 

software. The developed software was used to simulate the effects of dispersion when 

using the CW-SPM method to determine the nonlinear coefficient of standard single-

mode fibers of different lengths. 

2.4 Erbium doped fiber characteristics 

Erbium-doped fiber is undoubtedly one of the key elements in modern 

telecommunication networks. Without erbium-doped fiber amplifiers (EDFAs) the 

internet as we know it would not exist. An erbium-doped fiber can be used as a light 

amplifier if population inversion in erbium-ions is achieved when pumped with higher 

energy photons. A simple erbium doped fiber amplifier can be built from a piece of 

erbium doper fiber, a pump source, which is usually a diode laser, and from a coupler 

that combines the two [2,3]. With this all-optical amplifier, it is possible to amplify 

several channels within the ~40 nm amplification band of an common EDFA 

simultaneously without affecting the properties of the signal significantly. The EDFAs 

operate around 1550 nm, which is very close to the region where telecom fibers have 

their loss minimum. This makes the EDFA by far the most important fiber amplifier 

especially in telecom applications. Another commonly used optical amplifier in 

telecommunication network is Raman amplifier. Raman amplifiers enable distributed 

amplification, which is especially important in long-haul and ultralong-haul fiber 

networks [37]. 

Compared to a standard 2-level or 3-level systems, the operational principle of EDFA is 

different due to Stark-split energy levels [38]. Rather than having discrete energy levels 

as in typical laser system, the energy levels of EDFA are essentially continuums, 

yielding a broad amplification band [39]. Three energy levels of Er3+ ions in silica glass 

host crystal are shown in Fig. 1. The 4I13/2 metastable state is the initial level for the 

transition producing wideband gain around 1550 nm. This state is directly available 

using 1480 nm pump. Another commonly used pump wavelength is 980 nm, which 

excites Er3+ ions from their ground level 4I15/2 to the 4I11/2 level. The population density 

at level 4I11/2 is fairly low due to its short lifetime. Even if the 980 nm pump wavelength 
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is used, the system can be closely approximated as a two-level system due to the fast 

nonradiative decay from level 4I11/2 to level 4I13/2 [40].  

Figure 1. Schematical illustration of the three most important energy levels of Er3+ ions in silica 
glass. 

An extensive scientific effort has been given to accurately model erbium-doped fibers 

and fiber amplifiers. Consequently, a wide variety of symbols, notations, assumptions, 

approximations, and experimental   data are used [39]. One of the simplest solutions to 

the complex problem is based on two parameters that can be determined from 

monochromatic absorption data [41]. The model predicts signal gain and absorption at 

each wavelength bin k using absorption constant �k and intrinsic saturation power IS
kP .

2.5 Continuous-wave self-phase modulation method 

Continuous-wave self-phase modulation (CW-SPM) method for measuring the 

nonlinear coefficient of optical fibers was introduced in 1996 [6]. It is likely the most 

commonly used method to measure fiber nonlinearity [42,43]. The naming of the 

method is arguably ambiguous. The same principle could be viewed also as four-wave 

mixing method [44,45]. The reason for the naming is probably due to the measurement 

setup presented in a paper published partly by the same authors around the same time 

[46]. In general SPM and FWM can be considered as different phenomena, but they 

originate form the same source, the nonlinear refractive index. Therefore in both cases 
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the nonlinear refractive index can be deduced from the results using NLSE as in 

Publications I and II. 

In addition to CW-SPM and FWM methods, there are also various other methods 

available. Self-phase modulation method using pulsed laser (P-SPM) has been used 

since 1978 to determine the nonlinear refractive index of an optical fiber [47,48,49]. In 

the XPM, method the nonlinearity is deduced from the phase shift caused by high power 

signal to the weak probe signal [50]. Modulation instability (MI) can also be used to 

determine n2 based on dispersion by measuring the generated spectral sidebands in time 

domain [51]. In addition, methods using interferometers have also been presented 

[52,53]. Contrary to the measurement of standard fibers where the fiber lengths are 

normally from 100 m up to 1 km, the measurement of an erbium-doped fiber has to be 

made using a relatively short fiber because of the high losses. A novel method based on 

induced grating autocorrelation (IGA) has shown the greatest promise for accurate 

measurement of erbium-doped fibers [54]. However, comparisons have shown that no 

method is clearly superior compared to others and consequently, no standard method is 

recommended by the International Telecommunication Union (ITU) [33,42]. 

In this work the CW-SPM method has been used to measure the nonlinear coefficient of 

an erbium-doped fiber. The strength of CW-SPM is in its simplicity; it can be 

implemented with standard laboratory equipment. The measurement set-up used in 

Publication I is shown in Fig. 2. Two continuous-wave external-cavity diode lasers are 

operated around 1550 nm with wavelength spacing around 0.3 nm. The laser beams are 

set to have the same linear polarization using polarization controllers and a polarizer 

after the beams are combined. The signal is then amplified using commercial EDFA and 

launched into the fiber under test (FUT). The optical power is measured with integrating 

sphere (ISP) detector at the end of the FUT using the 99% branch of the coupler. 

Optical spectrum analyzer (OSA) after an attenuator at the 1% branch of the coupler is 

used to measure the spectrum. Splices were used between the FUT and the ISP to 

minimize uncertainty. The total attenuations of the coupler, splice connection, and 

tested fiber are taken into account by carefully characterizing their attenuation as well as 

the reflection from the fiber end. The uncertainty related to splice loss was estimated to 
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be ~0.03 dB (~0.7%) for the erbium doped fiber and ~0.01 dB for the single-mode fiber. 

The splice loss measurement for the erbium doped fiber showed good correlation 

between the estimates from the fusion splicer and the measured values with a small 

offset that needed to be added to the estimated splice loss. 

Figure 2. Continuos-wave self-phase modulation method measurement setup. [Publication I]. 

Equation 13 shows how the nonlinear phase shift ϕSPM (in radians) is related to the ratio 

of the intensity of the first sideband I1 to the intensity of the fundamental wavelength I0 

[6], 
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where Jn is the Bessel function of nth order. Using only the first order factors from the 

Taylor expansion, Eq. 13 can be expressed more illustratively for small ϕSPM. 
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where Leff is the effective fiber length, and PAVG is the average optical power of the 

dual-frequency beat signal. The fiber length L is related to the effective length by 

α

αLe
L

−−= 1
eff , (16)

where � is the absorption coefficient of the fiber. 

For a standard single-mode fiber with a loss of 0.2 dB/km (� 
 0.046 1/km), the 

effective lengths for 500 m and 1000 m fibers are 494 and 977 m, respectively. 

However, in the case of an erbium doped fiber, the effective length can differ 

significantly from the actual length even for a short fiber due to much higher attenuation 

as shown in Publication II. 

A typical spectrum of the CW-SPM measurement is shown in Fig. 3. The nonlinear 

coefficient is conventionally determined by fitting the ϕSPM deduced from the measured 

spectra at different optical input powers to Eq. 15. 

A typical fiber does not maintain its polarization due to small imperfections in the core 

and in the cladding. All the equations presented in this chapter assume a linear 

polarization state, which is not true in even short fibers. By assuming a random 

polarization along the fiber, a coefficient of 8/9 is found to be accurate for single-mode 

fibers [55]. The process in which the material density increases in response to the 

intensity of an applied optical field is called electrostriction. Therefore, increased light 

intensity will increase the nonlinear refractive index in the same manner as the 

nonlinear susceptibility [56]. Electrostriction can be measured directly using external 

electric field and its contribution to the total nonlinearity in typical single-mode fiber is 

around 20% [56,57]. The measured values of nonlinear refractive index presented in 

Publications I and II are for random polarization and they include the contribution from 

the electrostriction. 
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Figure 3. Optical spectrum of the SPM generated first and second order sidebands. The 
fundamental signals are separated by 0.3 nm from each other. 

2.6 Effects of dispersion 

The original CW-SPM method omits the effects of dispersion [6]. It has been shown 

that this can cause a measurement error of several percent, depending on the 

measurement conditions [43,58]. Fiber length, used wavelength spacing and optical 

power are required to determine the optimal area for the measurement. The simulated 

effect of fiber dispersion using NLSE and SSFM on nonlinear phase shift curves based 

on Eq. 15 is shown in Fig. 4 for three different values of dispersion parameter. The zero 

dispersion case corresponds to the standard CW-SPM measurement. It is evident that 

the dispersion has a significant effect on the nonlinear phase shift especially at high 

power levels even in a standard single-mode fiber. 
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Figure 4. Simulated effects of dispersion on nonlinear phase shift. In all simulations, fiber length 
was set to 500 m, wavelength difference to 0.3 nm.  [Publication I]. 

Physically more feasible solution to the dispersion problem can be achieved by 

combining NLSE simulation to the measurement data presented in Publication I thus 

taking dispersion into account. An example of 500 m standard single-mode fiber 

measurement using the dispersion model is shown in Fig. 5. The measured phase shift 

as a function of input power is marked with crosses and the fit based using least-squares 

method is shown in green. If the value for nonlinear coefficient obtained from the fit is 

used to estimate the nonlinear phase curve according to Eq. 15, marked by black line in 

the Fig. 5, an error of several percent is possible. Without using the dispersion 

simulation, the value of the nonlinear coefficient would be overestimated by 

approximately 2.3 %. 
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Figure 5. Relative difference (blue line) between the nonlinear phase shift determined using the 
dispersion simulation tool (green line) and by using the value obtained from the fit and the 
conventional linear model (black line). Crosses represent the measured nonlinear phase shift as a 
function of fiber input power.  [Publication I]. 

The major source of uncertainty in determination of fiber nonlinearity is usually 

uncertainty in the measurement of fiber optic power [58]. An elegant way to accurately 

and reliably measure high fiber optic powers is to use integrating sphere (ISP) detectors 

that have uniform angular responsivity over wide solid angle [59,60]. The ISP can be 

considered as an angle-independent attenuator which enables measurement of high fiber 

optic power with conventional photodiodes. By using this approach, the fiber optic 

power is not restricted anymore to low powers. In general it is beneficial to use high 

power levels to increase the signal-to-noise ratio of the measurement. In order to extend 

the fiber optic power scale, the linearity of the existing sphere was studied using the 

ac/dc method [59,61]. The nonlinearity of the ISP detector is shown in Fig. 6. The 

expanded uncertainty (k=2, 95% confidence interval) for the developed fiber nonlinear 

coefficient measurement configuration including the dispersion simulation is 2.0 %. The 

total power measurement uncertainty of 1.5 % (k=2), which includes the uncertainty of 

the coupler and the splice between the FUT and the ISP, remains the dominant 

uncertainty component in the measurement configuration.  
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Figure 6. Second order polynomial fit to the measured relative responsivity values (circles) of the 
integrating sphere detector at high power levels.  [Publication I]. 

2.7 Erbium-doped fiber measurements 

As indicated in Publication II, the original goal was to use the erbium-doped fiber as an 

amplifier and use CW-SPM to determine the nonlinear coefficient from the amplified 

sidebands. An accurate model of the fiber gain characteristics is required to identify 

which part of the sideband signal is caused by the fiber nonlinearity and which part is 

amplified. Although the fiber was characterized carefully using reliable power sensors 

[59], good agreement with the experimental data and the simulations was not found. 

This is due to two reasons. First, spectral hole burning in erbium-doped fibers was not 

taken into account [62]. Spectral hole burning is not well characterized in erbium-doped 

fibers and it depends on gain compression. It would be therefore very difficult to map it 

along the fiber length. Another problematic phenomenon is pump-induced nonlinear 

refractive index change [63]. Both of these phenomena are difficult to model accurately 

and consequently, a more straightforward approach was adopted. In this work, 

nonlinearity of an erbium-doped fiber was measured in passive mode i.e. without using 

a pump signal. 
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In Publication II, the erbium-doped fiber operation in passive mode was estimated based 

on the fraction of the measured signal power to the total optical power. This fraction 

was determined from the measured broadband spectra at different fiber lengths. Figure 7 

shows sample broadband spectra after 8 m and 16 m of erbium-doped fibers marked 

with red and black lines, respectively. The main difference between the two spectra is 

the increase of amplified spontaneous noise (ASE) at longer wavelengths. This is 

caused by the absorption of signal power and ASE at short wavelengths as in L-band 

EDFAs [64,65]. Based on these considerations, the maximum fiber length was limited 

to 8 m, which is estimated to be short enough to avoid significant amplification of CW-

SPM signals. 

Figure 7. Broadband spectra of signals and ASE after erbium doped fiber. The erbium-doped fiber 
lengths were 8m and 16m, which are marked with red and black lines, respectively. 

When measuring the nonlinear phase shift of a very short fiber it is crucial to 

characterize all the components in the set-up, which could affect the results. In 

Publication II, the total measured phase shift ϕTOT was split in to three components 

according to 
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ENDFUTSYSTOT ϕϕϕϕ ++= , (17)

where the ϕSYS included all the contribution before the FUT, ϕFUT is the contribution of 

the FUT and ϕEND consist of the contribution between the FUT and the 1:99 coupler. 

The ϕFUT can be determined by varying the fiber length, thus eliminating the 

contribution from the ϕSYS and the ϕEND.  

The nonlinear contribution of the erbium-doped fiber nonlinearity measurement system 

is essentially the same as the measurement system that was used to measure standard 

single-mode fibers. Therefore, the values for nonlinear coefficients presented in 

Publication I are approximately 3 % higher for the 500 m fibers and approximately 

1.5 % higher for 1000 m fibers. This difference appears because the nonlinear 

contribution of the measurement system is omitted in Publication I. It is not possible to 

evaluate the exact magnitude of the effect, since the fiber after the FUT and 1:99 

coupler was not measured at the time of the single-mode fiber measurements. The 

expanded uncertainty (k=2) for the erbium-doped fiber measurement configuration is 

3.0 %, which is higher compared to the standard single-mode fiber measurement 

configuration mainly because of the lower signal-to-noise ratio in the sideband intensity 

measurement. 

The developed simulation tool and the characterised ISP for high fiber optic powers in 

this work enable accurate fiber nonlinearity measurements using CW-SPM of various 

single-mode fibers without restrictions in fiber length, used power or wavelength 

spacing. It is shown that the widely used CW-SPM method using standard laboratory 

equipment can be adopted also in erbium-doped fiber measurements enabling high 

accuracy. By being able to characterize accurately the nonlinearity of both standard 

single-mode fibers and erbium-doped fibers, it is possible to model the existing 

telecommunication network even more accurately resulting in more efficient operation. 
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3 External-cavity diode lasers for molecular 
spectroscopy 

The impact of lasers on spectroscopy can hardly be overestimated. Most of our 

knowledge about structure of atoms and molecules is based on spectroscopy. Compared 

to incoherent light sources, lasers represent intense light sources with much higher 

spectral intensities. Another superior characteristic is their narrow bandwidth, which 

allows the investigation of molecules and atoms in more detail. Since the first 

demonstration of laser action in ruby in 1960 [7], several types of lasers have been 

developed, including dye lasers, gas lasers, fiber lasers, solid-state lasers, and 

semiconductor diode lasers. 

3.1 Diode laser characteristics 

Semiconductor lasers or diode lasers are arguably the most widely used type of laser 

because of their robustness, compactness, good efficiency, tunability and low price. 

Lasing in diode lasers, as in any other laser, requires a gain mechanism and a resonant 

cavity. A diode laser is essentially a p-n junction semiconductor device. When positive 

bias is applied to the p-type material and negative bias to the n-type material, electrons 

from the n-type region drift to the p-type region. When this so called forward bias is 

equal to the potential gap of the semiconductor, an active region is created within the 

junction. Stimulated emission occurs due to electron-hole recombination in this region. 

At low bias currents, the optical radiation from the semiconductor originates from 

spontaneous emission thus being incoherent and broadband. When the current is 

increased, laser operation begins at the wavelength of the highest gain. The cavity in 

semiconductor material can be simply formed by cleaving both facets. Reflectance at 

the semiconductor-air interface is sufficiently high due to the high refractive index of a 

typical semiconductor material [66]. 

Both the active region and the laser mode are confined within the same region in a 

modern index-guided heterostructure design [67]. The active area thickness and width 

are usually in a range of micrometers, the width being wider than the thickness. This 
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small non-symmetric structure results in highly diverging output beam with an elliptical 

shape. The linewidth of the laser is fundamentally limited by fluctuations in phase due 

to spontaneous emission, which will lead to a Lorentzian line shape [68]. The resulting 

full width at half maximum (FWHM) linewidth �v0 can be calculated using the 

modified Schawlow-Townes formula [69] 
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where h is the Planck’s constant, v0 is the center frequency of the laser, �vc is the cold 

cavity linewidth, Pi is the intra-cavity power, ns is the spontaneous emission factor and 

�enh is the linewidth enhancement factor. The spontaneous emission factor ns results 

from absorption and re-emission of laser photons in the semiconductor. A typical value 

for semiconductor materials is around 2.5 [69].  

The gain of the medium is affected by the carried density, which will vary due to 

spontaneous emission. The fluctuations of gain will cause variations in the refractive 

index according Kramers-Kronig dispersion relation [70], which will lead to change of 

the phase that results in broadened linewidth described by the factor (1+ �enh
2). The 

linewidth enhancement factor depends on the semiconductor material and on several 

parameters related to the structure of the laser diode. A typical value for �enh varies from 

2 to 8 [70]. The cold cavity linewidth �vc is related to the photon lifetime tc according to 

[8] 
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where nd is the refractive index of the cavity medium, Ld is the length of the cavity 

medium, �d included for the optical losses in the cavity and R1 and R2 are the power 

reflectivities of the front and rear facets of the diode, respectively. The calculated 

linewidth �v0 for a typical laser diode is usually several MHz [8]. In practice, the 

Lorentzian linewidth calculated using Eq. 18 is broadened by various mechanisms. The 

extrinsic noise sources include current source noise, temperature noise, and acoustic 

noise, which result in a Gaussian line shape [71]. 
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3.2 Diode lasers with optical feedback 

Spectral purity and tuneability of a solitary diode laser are generally insufficient for 

spectroscopy. A typical diode laser operates in multiple longitudinal modes with 

varying power distribution due to mode competition. Tuning of a solitary diode by 

either varying its injection current or by changing the temperature will lead to mode-

hops that are hysteretic and not accurately reproducible. Fortunately, optical feedback 

enables accurate wavelength tuning using an externally controlled feedback element.  

The effect of optical feedback to the diode laser depends strongly on the strength and 

phase of the feedback. Five clearly distinguishable operational regimes have been 

characterized [72]. The fifth regime is the regime of the highest feedback. In this regime 

the laser operates as a long cavity laser with short active region. By using a wavelength 

selective element in the cavity, single-mode operation can be achieved with narrow 

linewidth as the number of photons in the lasing mode is increased. This kind of diode 

laser configuration is commonly referred as external-cavity diode laser (ECDL).  

The cold cavity linewidth given by Eq. 19 can be applied to ECDLs by assuming that 

the reflectivity of the facet of the emissive end of the diode (R2) is zero, according to 
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where Le is the length of the external cavity and R3 is the power reflectivity of the 

external feedback element. The linewidth reduction in an ideal ECDL is according to 

Eqs. 18-20 given by 
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where �vECDL is the linewidth of the ECDL. In practice, the linewidth can be reduced by 

a factor of more than 1000 [73]. 

The most common ECLD uses diffractive grating as the feedback element 

[8,71,73,74,75]. Various other elements such as mirrors [76], acousto-optic modulator 

filters [77], and liquid crystal arrays [78] have also been used as the wavelength 
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selective element. The motivation behind using an acousto-optic modulator or liquid 

crystal is the possibility to tune the wavelength selection electronically instead of 

mechanically turning the grating. Most ECLD designs are based on either Littrow [8,74] 

or Littman-Metcalf configuration [73,79]. These two designs are schematically shown 

in Fig. 8. Littrow configuration is simpler compared to Littman-Metcalf configuration, 

which has an extra mirror. However, the Littrow configuration suffers from beam 

direction variation when the ECDL is tuned by adjusting the angle of the diffraction 

grating. Use of an additional mirror in Littman-Metcalf configuration eliminates this 

problem but adds complexity in the structure. Another way to overcome the output 

beam pointing problem is to use a transmission grating in the Littrow configuration 

[80]. If the wavelength is tuned by only rotating the diffraction grating, the mode 

defined by the cavity length remains fixed, which will lead to mode-hops. To obtain 

broad mode-hop free tuning range, the angle and the position of the diffraction grating 

must be synchronously varied to match the lasing mode of the cavity and the dispersion 

curve of the grating. In practice, the wavelength is tuned by using a combination 

adjustment screws for roughly setting the right wavelength and piezoelectric transducers 

(PZT) for fine tuning.   

Figure 8. External-cavity diode laser (a) in Littrow configuration and (b) in Littman-Metcalf 
configuration. 

Accurate wavelength tuning characteristics can be achieved also by using integrated 

optical feedback elements. Distributed feedback (DFB) lasers [66] have a periodic 
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variation in their gain medium. Wavelength tuning in DFB lasers is done by adjusting 

the current and/or the temperature, which cause thermal expansion and variations in the 

refractive index. Current tuning, which primarily affects the refractive index, is 

preferred at high frequencies due to fast response. Temperature tuning is often used to 

find the correct wavelength, because of its wider tuning range. The grating in DFB 

lasers is constructed so as to reflect only a narrow band of wavelengths, and thus 

produce a single longitudinal lasing mode. The DFB lasers are widely used in scientific 

and commercial applications, including the work presented in publication IV, V and VI, 

due to their robustness and good spectral properties. Distributed feedback lasers are 

available roughly from 750 nm up to 2.8 �m. A variant of the DFB laser is the 

Distributed Bragg reflector (DRB) laser in which the gain medium and the distributed 

reflector are separated [81]. In this way the wavelength and the output power can be 

controlled independently. However the tuning range of an ECDL is potentially much 

wider compared to a typical DFB laser and even 240 nm tuning range has been 

demonstrated in the visible wavelength region [82]. This, combined with the narrow 

linewidth, motivates the use of ECDLs in spectroscopic applications. 

3.3 External-cavity lasers based on a volume holographic 
grating at normal incidence 

Most of the reported ECDL geometries lead to a large mechanical structure, which 

makes the laser susceptible to acoustic and mechanical vibrations, thermal expansions 

and thermal gradients. In publication III, we present a novel ECDL configuration based 

on a volume holographic grating (VHG). Volume holographic grating was used already 

in 1985 to provide wavelength selective feedback to a diode laser [83]. Recent advances 

in material technology have enabled production of stable and compact VHGs that have 

found applications in frequency stabilization of lasers [84,85,86]. A typical VHG is 

essentially a Bragg grating [87] manufactured by recording the interference pattern of 

two coherent light fields into a thick photosensitive media. Photosensitive glasses are 

available from 350 nm to 2500 nm covering both visible and near infra-red wavelength 

regions. 
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As compared to diffraction grating that angularly spreads the incoming spectrum, the 

VHG diffracts only wavelengths satisfying the Bragg condition. One of the most 

important parameters of VHGs and diffraction gratings is their spectral resolution. 

Unlike diffraction gratings, whose resolution is inversely proportional to the beam 

diameter, the resolution of a VHG is inversely proportional to the interaction length 

[88]. The principle of the novel ECDL developed in this work, the “long-cavity ECDL” 

and an alternative design of Ref. [84], the “short-cavity ECDL”, are schematically 

shown in Fig. 9. The strength of the designs lies in their simplicity, making very 

compact ECDL designs possible. 

Figure 9. Schematic drawings of the operation principles of the ECDLs. The volume holographic 
grating (VHG) provides strong feedback for the collimated beam in long-cavity design (a), while in 
short-cavity design (b), the Bragg condition is satisfied only for a small portion of the beam 
perpendicular to the VHG. 

The detailed structure of the long-cavity design is shown in Fig. 10. To ensure stable 

performance, the laser cavity is designed to be robust, rigid and symmetrical with 

respect to the optical axis. The diode laser, which is not shown in Fig. 10, is a 

commercially available antireflection-coated InGaAlP device with an AR-coated front 

facet with low reflectance. The nominal power and the nominal wavelength of the laser 

diode are 10 mW and 635 nm, respectively. Both ECDLs use similar VHG 

manufactured by Ondax Inc. having a reflectance around 35 %. The thickness of the 

VHGs is 1.5 mm, corresponding to a nominal reflection bandwidth (FWHM) of 

75 GHz. Since the output beam is transmitted through the VHG, beam pointing is 

always parallel to the output beam of the laser diode, independent of the VHG angle. 

The lateral displacement of the output beam as a function of the VHG angle is 
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approximately 0.47 �m/mrad. The actual displacement in our design is negligible since 

the tilting angle around normal incidence is limited to some tenths of a mrad. It is worth 

noting that the diffraction efficiency of a conventional diffraction grating depends on 

the light polarization and the laser diode orientation has to be adjusted accordingly or a 

half-wave plate must be put inside a laser cavity. In comparison, the reflectance of a 

VHG is polarization independent at normal incidence, thus eliminating this problem 

[89]. 

Figure 10. Exploded view of the long-cavity ECDL structure. All the components are in scale. 
[Publication III]. 

Passive stability of the long-cavity design was evaluated by measuring both the short-

term and long-term frequency stability. Practical 1-s linewidth of 900 kHz was 

measured using a Fabry–Perot interferometer (FPI) as a frequency discriminator. To 

determine the long-term stability of the free running laser, the laser frequency was tuned 

to the linear part of the slope of an iodine absorption line at low pressure that was used 

as a frequency-to-amplitude converter. An 8-hour measurement done in a temperature 

controlled laboratory showed good passive long-term stability with the maximum 

deviation of the laser frequency being only 80 MHz. The linewidth of the short-cavity 
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ECDL is around 30 MHz measured by scanning FPI, which is due to the very short 

cavity length. Typical side-mode suppression ratios (SMSR) of both lasers were 35 dB. 

Continuous and mode-hop free tuning range of 28 GHz was achieved for the long-

cavity ECDL, demonstrating that synchronous tuning of the ECDL cavity length and 

grating angle works well also with VHGs despite their non-dispersive nature. The total 

tuning range of the long-cavity ECDL was found to be 70 GHz, which is in agreement 

with the 75 GHz bandwidth of the VHG. A mode-hop free tuning range of 145 GHz 

was achieved with the short-cavity ECDL by varying the laser temperature. 

The novel ECDL design developed in this work using VHG at normal incidence had 

good passive stability and narrow linewidth, making it suitable for various applications 

in molecular spectroscopy. It was shown that non-dispersive VHG can be used in a 

simple tunable ECDL design with practically fixed output beam direction as a function 

of wavelength tuning. 
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4 Air refractive index compensation using laser 
spectroscopy of oxygen and water 

Refractive index of air must be known accurately in optical length measurements, as the 

length scale is derived from the speed of light. Ambient temperature and humidity are 

the most important parameters required for accurate determination of air refractive 

index based on parametric equations. Spectroscopy is a complicated tool and therefore 

strong motivation is required for its use in temperature and humidity measurements. 

Ambient parameters are easily measured and can be considered stable over a short 

distance. However, when measuring over long distances in industrial or outdoor 

environment, local and rapid variations in ambient parameters are likely to occur. The 

use of spectroscopic temperature and humidity measurement allows good spatial and 

temporal overlap with the actual dimensional measurement, making it a feasible choice 

compared to conventional sensor networks. 

4.1 Absorption spectroscopy theory 

The Beer-Lambert law is the fundamental equation that relates the transmitted intensity 

I to the dimensionless optical depth τ and to the initial intensity I0 , according to 

τ−= eII 0 . (22)

For a single transition at frequency νηη’ between lower and upper states η and η’, the 

optical thickness for a gas at pressure p, temperature T, and at frequency ν, is calculated 

as [90] 

( ) ( ) ( ) ( )pTkupTvfTSupT ,,,,,,, '''' ννντ ηηηηηηηη == , (23)

where Sηη’ is the line intensity, f is the normalized line profile function, kηη’ is the 

monochromatic absorption coefficient and u is the number density of absorbing 

molecules per unit path length. Various notations for the fundamental parameters used 
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in absorption spectroscopy are found in literature [19,20,91] and there is even a 

discrepancy between the notations used in Publications IV and V. The notation as used 

by Rothman et al. [90] is adopted here that is compatible with the newest HITRAN 

2008 database [92], which is used for calculations in the Publications IV, V and VI. 

It should be noted that the absorption path length is not explicitly given in Eq. 23. To 

obtain the transmission given by Eq. 22, the optical thickness must be multiplied by the 

path length. The monochromatic absorption coefficient kηη’ is the product of normalized 

line profile function and the line intensity. The line profile function, which is 

characterised by line halfwidth γ, is in general affected by both Doppler and pressure 

broadening. Doppler broadening is characterized by a Gaussian line profile and pressure 

broadening by a Lorentzian line profile.  

The Lorentzian profile without the transition dependent pressure shift � is defined as 
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where the FWHM Doppler-width in frequency units (Hz) can be directly calculated 

according to [93] 

( ) MTvTD '
71016.7 ηηγ −⋅= , (26)

where M is the molar mass. 

The actual line profile is obtained as a convolution of these two [93], which results in a 

Voigt line profile. The normalized (area = 1) Lorentzian, Gaussian and Voigt line 

profiles of equal halfwidths are shown in Fig. 11. In the lower atmosphere the oxygen 

and water line profile functions are dominated by Lorentzian profiles. To reduce 

algorithmic complexity, we have used an approximate solution [94] for Voigt line 
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profile in spectral simulations and convoluted solution in all calculations in this thesis. 

The effect of collisional, or Dicke, narrowing was investigated using a Galatry line 

profile in the calculations [95,96]. The effect was found insignificant when compared to 

the results obtained using the convoluted Voigt profile. 

Figure 11. The normalized Gaussian (red), Lorentzian (blue) and Voigt (black) line profiles of equal 
halfwidths.  

The line halfwidth γ is a function of temperature, pressure, collisions between similar 

molecules called self-broadening γself, collisions between the molecules in surrounding 

air γair described as air-broadening and partial pressure ps according to [90] 
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where n is the transition specific empiric coefficient of temperature, where the reference 

pressure pref is 1 atm (101.3 kPa) and Tref is the reference temperature (296 K). The self-

broadened width of water is approximately five times larger than the air-broadened 

width for the used water transition in the humidity measurements. The absolute 

humidity can be determined from the number density using ideal gas law. 
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4.2 Spectroscopic thermometry 

The line intensity of a transition is affected by the Boltzmann distribution of population 

among the initial states [97]. Therefore, it is possible to deduce the gas temperature 

from the measured transition line intensity. The temperature dependent line intensity 

Sηη’(T) can be calculated from the tabulated line intensity at reference temperature 

Sηη’(Tref) according to [90] 
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where Q(T) is the total internal partition sum, Eη is the lower state energy, h is the 

Planck constant, k is the Boltzmann constant and c is the speed of light. The third term 

in Eq. 28 accounts for the ratio of Boltzmann populations between temperature T and 

the reference temperature Tref, and the last term for the effects of stimulated emission, 

which is negligible at visible wavelength region. 

Although, the temperature can be determined directly using Eq. 28, most laser based 

temperature measurements are based on the measurement of intensity ratio of two 

absorption lines [19,20,21,98,99,100]. The ratio measurement is especially useful, when 

measuring gaseous compounds with varying concentration. In addition, this approach 

eliminates all errors that affect the absorption of individual transitions in similar 

manner. The path length independent ratio of line intensities of two transitions is given 

by [19,20] 
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where 	E is the difference in their lower state energies and R0 is the ratio of S1 and S2 at 

a reference temperature. 

The simplest method to obtain line intensity for a single transition would be to measure 

over the whole absorption feature and integrate the area. The area is equal to the line 



37

intensity, because the line profile function is normalized to unit area. In theory, 

thermometry using the whole absorption feature is relatively easy, since broadening 

effects do not affect the area of the normalized line profile function. Other solution 

would be to fit Voigt profile to the measured absorption feature and use thus obtained 

Voigt line profile parameters to calculate the total area. Unfortunately we were unable 

to achieve low uncertainty using Voigt fitting approach in our very early tests. We 

aimed at real-time analysis and used pure Lorentzian and approximate Voigt profiles 

[94], which explain the problems. We chose another approach in which only the peak 

absorption and baseline are measured. In this approach, the ambient temperature and 

pressure affect the relative contributions of the Gaussian and Lorentzian components in 

the Voigt line profile, which changes the peak value of the line profile function as 

discussed in Publication V. Both the temperature and pressure will have significant 

effects on the measured values if not taken into account in high accuracy thermometry.  

We report also on a test done using a simplified set-up based on a measurement of a 

single oxygen transition using a single DFB laser. To achieve low uncertainty, 

absorption over the whole line profile has to be measured and fitted to a Voigt line 

profile to obtain accuracy in the 100 mK range. The parameters obtained from the Voigt 

fit are used to calculate the monochromatic absorption coefficient kηη’, which is related 

to the temperature through Eqs. 23 and 28. It is necessary to know also the absorption 

path length l and partial pressure of oxygen, which depends on the varying water 

content of air. 

4.3 Line selection of oxygen and water transitions based 
on HITRAN simulations 

An obvious choice for a database for obtaining oxygen and water transition in air at 

normal temperature and pressure conditions is the widely adopted comprehensive 

HITRAN database [101]. Simulation program based on HITRAN 2008 database was 

developed in this work to find the optimal transitions and the positions for baseline 

measurement in temperature and humidity measurements. It can be used to simulate 

absorption spectra of one or multiple molecules tabulated in the HITRAN database. 
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Parameters such as species concentration, ambient pressure, ambient temperature, path 

length and resolution can be adjusted for various applications. The program is 

implemented using MATLAB software. 

The program was used in all the simulations presented in Publications IV, V and VI. It 

has also been used e.g. in the mid infra-red region to verify the photoacoustic 

spectroscopy measurements of methane [102]. 

Selection of a line pair or multiple transitions for thermometry and humidity 

measurements is not trivial. Much of the research on optical thermometry has been 

focused on combustion applications at elevated temperatures. Water vapor is one of the 

most important hydrocarbon combustion products making its transitions an obvious 

choice for thermometry in combustion process measurements 

[19,21,98,99,100,103,104]. Oxygen has also been used in thermometry in similar 

applications [20,105,106].  

Optimal line selection depends on whether only one laser is used or if it is possible to 

multiplex two or more lasers to the same absorption path. Additional lasers add 

complexity and price, but also improve the achievable sensitivity. In practice, the line 

selection is limited by the availability of laser sources. DFB lasers are commonly used 

especially in the near-infrared region. Absorbance of the two lines should be 

comparable and the transmission over the desirable path length should be in the ideal 

case e-1 (
37 %) based on Eq. 22 for two lines of equal strength and by assuming that 

the noise in independent of path length. If the absorbance is higher, saturation decreases 

the achievable temperature sensitivity. At low absorbance levels, noise becomes a 

significant degrading factor to the overall performance. Within the tuning range of the 

used diode(s), there should be a free spectral window ideally with zero absorbance, 

which could be used to provide baseline information on internal losses and non-

idealities of the system. Based on simulations, free spectral windows are practically 

nonexistent at ambient conditions when the medium is standard air, but there are still 

regions where the absorbance is low enough to allow measurement of the baseline with 

low uncertainty. 
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For the measurement of the refractive index of air, water would be a convenient choice 

for thermometry, since only one line pair would be sufficient to measure both the 

temperature and the humidity of the air. The most critical parameter in determining the 

refractive index of air is ambient temperature, as discussed in Publication V. Compared 

to water, which has multiple strong features in visible and near infra-red regions, the 

oxygen mole fraction can be assumed to stay relatively stable when temperature, 

humidity, or pressure vary. Although not studied, the large and possibly rapid variations 

in the water concentration are likely to cause problems in the measurements.  

The A-band of oxygen near 762nm is well-suited for two-line thermometry near room 

temperature at atmospheric pressure. The A-band has a selection of well-isolated 

transitions with weak and strong absorbances, making it good for both short- and long-

distance thermometry. The band is also practically free from interfering molecular 

absorption. The A-band is still accessible using DFB lasers, which enables the design of 

robust and cost-effective measurement systems.  

The simulated spectrum using a 67 m path length of the oxygen R-branch of the A-band 

is shown in Fig. 12 at 20 oC temperature and for a standard 20.95 % oxygen 

concentration. The relative changes in the transmissions for a one kelvin change in 

temperature calculated using Eq. 28 are also shown in the figure for the strongest 

transitions. The transitions used in Publications IV and V are marked in Fig. 12 together 

with the point of the baseline measurement. The laser operating at longer wavelength is 

used to probe both the transition and the baseline.  

The simplified set-up was originally designed for absorption path lengths up to 1000 m. 

Therefore much weaker transition had to be chosen because of saturation. A transition at 

769.23 nm from the P-branch was chosen having a relative change in transmittance of 

1.7 %·K-1. The line intensity Sηη’ of this transition is only ~3 % as compared to the line 

intensity of the transitions used in the ratio measurement shown in Fig. 12. The 

simulated absorption of the transition at 769.23 nm for a 1000 m path length is 

approximately 43 %, which is fairly close to the optimal. 
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Figure 12. The R-branch of the Oxygen A-band transmission spectrum for a 67 m path in ambient 
air and relative change in absorption for the strongest transitions. The transitions used in 
Publication IV and V are marked with dashed double arrows and the black dot marks the position 
of the baseline.  [Publication V]. 

In the ideal case the wavelength of the water transition would be as close as possible to 

the oxygen lasers to minimize chromatic errors in optics in our system. Water 

transitions around 816 nm are virtually free from interfering molecular transitions and 

several transitions suitable for long distance measurement as well as areas for baseline 

measurement can be found.  

Figure 13 shows simulated transmission spectra of ambient air between 815 nm and 

818 nm having 50 % relative humidity at 20 °C over a path length of 67 m. The 

transition used for the humidity measurement and the position of the baseline 

measurement are marked with black dots. There are many transitions that are suitable 

for humidity measurement close to the chosen transition shown in Fig. 13. 
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Figure 13. Water transmission spectrum for a 67 m path in ambient air. The transition and the 
point of the baseline measurement used in Publication VI are marked with black dots. 

4.4 Experimental set-ups and measurement routine 

The original measurement set-up presented in Publication IV was designed solely for 

spectroscopic laser thermometry. The refined set-up used in Publications V and VI is 

essentially similar, except for the added water spectroscopy part making this an 

integrated solution for determination of the refractive index of air. The refined set-up is 

shown in Fig. 14. The most significant modifications were the added grating for one 

oxygen laser and the replacement of achromatic lens with aspheric lens to collimate the 

output beam. Also an active control to stabilize the beam direction using a position 

sensitive detector was added. Diffraction grating was added to suppress spurious 

emissions from the laser that were discovered during the measurements. At the end of 

the measurement period another grating, which is not shown in Fig. 14, was added to 

the other oxygen laser for the same reason with good results. The achromatic lens used 

in the first set-up was not able to collimate both the 760 nm and the 816 nm beams 
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properly over a long distance. The use of high quality aspheric lens enabled good 

collimation of both beams simultaneously over long distances without any observable 

pattern in the beam profile due to aberrations. A single-mode fiber connects the 

measurement head to the rest of the set-up. An active control of the beam direction, 

based on piezoelectric transducers and a position sensitive detector is left out of Fig. 14 

for clarity. 

Figure 14. Schematic temperature and humidity measurement setup using a 67 m path length. 
[Publication V]. 
  

The measurement routine is thoroughly explained in Publications IV, V and VI. In 

short, the measurement is based on measuring the peak absorption and the baseline over 

a narrow wavelength region near to the line center and close to the point of the baseline 

measurement, respectively. The peak absorption is determined to be the minimum value 

of the moving average of the measured data points. The wavelength is loosely stabilized 

by adjusting the bias current based on the difference of the peak absorption position to 

the center of the sweep.  In the case of baseline measurement, the value of the baseline 

is simply the arithmetic average of all the measurement points. 

In the simultaneous temperature and humidity measurement, the sequence of the peak 

absorption and the baseline measurements can be varied. The use of one oxygen laser to 

measure both the peak absorption and the baseline limits the achievable time resolution 

due to the time needed for wavelength tuning using laser temperature. Typical sample 
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time for the complete system is over two minutes, whilst the sample time for the 

humidity measurement that does not require temperature tuning alone is on the order of 

tens of seconds. In Publication V, we propose a method of decreasing the sample time 

by locking the wavelengths of the lasers to oxygen absorption peaks using e.g. the third 

harmonic scheme. The line intensity could be then deduced from the second harmonic 

signal [20,99,100]. 

The simplified set-up for thermometry is shown in Fig. 15. The design was done with 

minimal number of components to ensure good beam quality, which is essential when 

measuring over long path lengths. A single-mode fiber coupler acts as both spatial filter 

and provides signal for the reference detector. As only a single line is measured, an 

electro-optic intensity modulator operating at 20 kHz is used for modulation. The same 

active control of beam presented in Publication V, was used in the simplified set-up but 

was left out of Fig. 15 for clarity. The whole set-up shown in Fig. 15 was fit to a 

portable measurement head. 

Figure 15. Simplified spectroscopic thermometer using single oxygen transition for thermometry. 

The measurement strategy is to measure transmission over the whole absorption. The 

Voigt profile using database values for the linewidth parameters was fit to the average 

of several individual sweeps. Each individual sweep had a sample time of 1 s in outdoor 

measurements and ~0.5 s during the calibration done in MIKES. Individual sweeps are 
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automatically rejected based on statistical rules, such as large deviations from predicted 

Voigt profile or overall noise.

4.5 Temperature and humidity measurement results 

Most spectroscopic temperature and humidity measurements were done in a temperature 

and humidity controlled laboratory designed for a 30 m long interferometric 

measurement rail used for length metrology at MIKES [107]. An average of seven fast 

semiconductor band-gap temperature sensors were used as the reference in the 

measurements presented in Publication IV. They were positioned very close to the 

measurement rail. This caused the thermal mass of the heavy measurement rail to 

induce dynamic errors during rapid temperature adjustments. In the measurements 

presented in Publications V and VI, an ensemble of eight calibrated Pt-100 sensors was 

used as a reference. They were distributed evenly over the 30 m rail and positioned 

close to the beam path approximately one meter above the rail to achieve good spatial 

overlap. Temperature of the room was adjusted by varying the temperature of the input 

air. Only moderate temperature adjustments were possible, because the room was used 

for dimensional calibrations on regular basis. To calibrate the spectroscopic 

thermometer, which is required because of the uncertainty in the database parameters 

[104,105], we conducted a 62 hour measurement including three temperature changes 

using the refined measurement set-up. The results are shown in Fig. 16. The fit is done 

using three parameters, namely, 	E, R0 and pressure coefficient, which is discussed in 

Publication V. Period from 48 h to 62 h was used to calculate the noise of the 

measurement. The RMS noise was 7 mK using sample time of 120 s. The pressure 

varied between 100 kPa and 101.2 kPa during the measurement.  
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Figure 16. a) Spectroscopic thermometer measurement (black) fitted to the ensemble of Pt-100 
sensors (red). b) Spectroscopic temperature from a 12 hour stable period. 

The humidity measurement was done in the same laboratory room using the same 

ensemble of Pt-100 sensors for temperature reference. Four Vaisala HMP45AL were 

used as the reference humidity sensors, which were calibrated against a primary 

hygrometer [108], a MBW 373 dew point mirror before the measurement. The 

expanded uncertainty for the MBW 373 is 0.06 °C, which corresponds to a ~0.17 % in 

relative humidity at 20 °C and 40 % RH. The humidity measurement set-up was 

calibrated over a 65 hour period. Humidification of the incoming air was stopped to 

change the humidity between 20 and 30 hours.  

Temperature dependence of the set-up was studied by inducing four temperature steps 

by adjusting the temperature of the incoming air. Figure 17 shows the result of the fit. 

The reference humidity and the spectroscopic humidity are marked by black and red 

lines, respectively. The partial pressure of water vapor can be calculated from the 

number density using the ideal gas law. The relative humidity was calculated using the 

partial pressure and temperature by using an empiric equation for the saturation vapor 
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pressure of water [109]. Reference sensors were mounted close to the ceiling 

approximately 1 meter above the beam path. This may have caused an error since the air 

flow in the laboratory is downward. Therefore, local humidity sources such as humans 

are not seen by the reference sensors. The maximum difference between the 

spectroscopic measurement and the reference occur at the point of the minimum 

humidity and right before the temperature variations. This is likely due to faster 

response time of the spectroscopic sensor. In both cases, the difference is approximately 

0.4 %. The average deviation (RMS) from the reference sensors for a 21 hour period 

just before the ambient humidity change at 23 hour mark was ~0.04 % RH. The sample 

time of the humidity sensor was 38 s. 

Figure 17. Spectroscopic humidity measurement (red) fitted to the ensemble of reference sensors 
(black). The ambient temperature is shown in green.

An outdoor test of the refined set-up was performed at Nummela geodetic standard 

baseline in October 2010. The measurement head was located outside under a roof for 

protection against rain. The measurement system was kept in a heated room with no 

temperature control. The end mirror was mounted on a pillar 65 m from the 

measurement head making the total measurement distance 130 m. An ensemble of ten 
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Pt-100 sensors was used as a temperature reference. Both humidity and temperature 

were measured simultaneously using a sample time of 135 s.  

The results are shown in Fig. 18. Spectroscopic temperature and reference temperature 

are marked with red and black lines, respectively. Spectroscopic humidity is marked 

with blue line and the blue circles represent the reference humidity values. Parameters 

obtained from the laboratory measurements were used for both humidity and 

temperature measurements.   

The sun was still shining at the beginning of the measurement period, which has likely 

affected the values during the first hour. Otherwise, the approximately 200 mK offset 

remains stable for the rest of the measurement period. The offset is most likely caused 

by the transportation of the setup, which was observed after the outdoor measurements. 

One major factor causing the offset could be non-ideal collimation of the laser beams, 

which we could not verify in the outdoor conditions. The 200 mK offset corresponds to 

~1.7 x 10-3 difference in the line intensity ratio R. Due to these reasons, the temperature 

of the ten Pt-100 sensors were used to calculate the spectroscopic relative humidity 

shown in Fig. 18. 

The spectroscopic relative humidity is on average ~1.5 % higher as compared to the 

reference value measured from a single point using Vaisala PTU200. The results are in 

good agreement, because the accuracy of the reference sensor is ±3 % at high relative 

humidity range. 
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Figure 18. Spectroscopic humidity (blue) and temperature (red) measurement performed at 
Nummela baseline. The reference temperature measurement is shown in black. Blue circles 
represent the reference humidity measurement. 

The simplified set-up was calibrated in laboratory conditions before it was tested at the 

BEV geodetic baseline in Innsbruck. The RMS noise using 12 s sample time was 

140 mK. The total measurement distance was 240 m using a double-pass scheme. 

Unfortunately we had to use a different transition at 769.13 nm for the outdoor 

thermometry, because of stability problems with temperature controller in outdoor 

environment. The reference temperature was measured with Vaisala DMP248 probe 

close to the measurement head. We used digital low-pass filtering for the raw data to 

simulate the long response time of the reference sensor. 

The sample time in the outdoor measurements was ~20 s. Each sample consisted of an 

average of eight individual sweeps. The sample time was considerably higher than the 

time required to measure eight individual sweeps due to delay in the data transfer. A 

sample is shown in Fig. 19 including a Voigt fit and a residual plot. 
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Figure 19. A typical transmission measurement using the simplified spectroscopic thermometer. 
The 256-point measurement data is marked with black circles and the Voigt fit using a red line. The 
measurement was done at the BEV geodetic baseline in Innsbruck using a path length of 240 m. 

The temperature measurement results are shown in Fig. 20. The fit is done using 

Sηη’(Tref) and 	E as the free parameters, because we could not use the calibration data. 

The baseline is situated between a river and a busy highway very close to a base of a 

mountain. These factors combined with a changing weather likely induce rapid 

variations in the temperature. The slightly increased noise around 40 minutes is 

explained by light rain during that period. The measurement distance was limited by 

size of the beam input aperture at long distances due to beam divergence. 
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Figure 20. Spectroscopic temperature measurement performed at the Innsbruck baseline. The 
spectroscopic temperature using 20 s sample time is shown in grey. The low-pass filtered 
spectroscopic temperature and reference sensor data are marked with red and black lines, 
respectively.  

4.6 Effective compensation of the refractive index of air in 
an interferometric length measurement 

The spectroscopic temperature measurement set-up was combined with a commercial 

interferometer to test compensation of a real interferometer and to compare the results 

obtained with conventional sensors. The system was configured to measure only 

temperature, which is by far the most crucial component in determining the refractive 

index of air when using Edlen or Ciddor equations [11,12,13]. For example, to reach an 

uncertainty of 10-7, the ambient average temperature over the measurement path has to 

be known with an accuracy of 110 mK. On the other hand humidity measurement is 

especially important when using sophisticated two-colour interferometry, which cancels 

out the contribution of temperature, pressure and CO2 concentration on the refractive 

index if humidity is accurately known [17]. 

To simulate harsh industrial or outdoor environment, a combination of a heater and a 

fan were used to induce local temperature variations. The reference value for the 

refractive index was calculated using the temperature measured by the same ensemble 
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of eight Pt-100 sensors that were used in the calibrations and using the calibrated 

spectroscopic sensor. Part b in Fig. 21 shows the average temperature measured by 

spectroscopic method (red) and by the ensemble of Pt-100 sensors (black). The 

compensated interferometric reading is shown in part a of Fig. 21. It is evident that the 

spectroscopic method is able to effectively compensate the refractive index of air even 

when local temperature gradients are present. This also shows that even fairly closely 

positioned Pt-100 sensors are not able to compensate local variations. The transients 

during the temperature changes can be partly explained by the 120 s sample time. The 

long term drift in the displacement is likely caused by real mechanical displacements of 

the interferometer. The temperature determined by the spectroscopic system was 

approximately 10 mK lower than the reference temperature between the heating periods. 

This could be caused by the realignment of the optics during the assembly of the 

interferometric system. 

Figure 21. Part a shows the results of interferometric length compensated by using Pt-100 sensors 
(black) or by using spectroscopic temperature measurement (red). Part b shows the average 
temperatures along the path length with local temperature variations measured by Pt-100 sensors 
(black) and by spectroscopic system (red). 

The accuracy of the temperature measurement system is difficult to evaluate. Re-

evaluation of the data presented in Publication IV showed a 20 mK offset when changes 
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were made to the system during a measurement. Considering the 10 mK offset that was 

observed in our refined temperature measurement system during the interferometric 

tests, we believe that, with the refined system and calibration, we are able to determine 

the air temperature with an accuracy high enough to safely reach an uncertainty smaller 

than 10-7 in the refractive index of air. Based on the maximum differences of ~0.4 % 

RH in the long term measurement and the ~0.04 % RH RMS noise, the humidity 

measurement part of the system safely enables the determination of the refractive index 

of air with an uncertainty smaller than 10-7 even when using the two-colour 

interferometry as discussed in Publication VI.  

The performance of the integrated set-up is tested both in laboratory environment and in 

outdoor environment over distances up to 130 m. The compensation of the refractive 

index of air in interferometric measurement was found excellent compared to a 

reference method using conventional sensors. The second set-up constituting a simpler 

sensor, developed for long distance measurements, is useful in long distance geodetic 

applications, where simple and robust sensors are needed.  



53

5 Conclusions 

In this work, measurement of fiber nonlinearity, external-cavity diode lasers and 

spectroscopic temperature and humidity measurements were studied and developed.  

The widely used and reliable continuous-wave self-phase modulation technique to 

measure the nonlinear coefficient of single-mode fibers was improved by including the 

effects of dispersion. The performance of the developed simulation tool based on 

numerical analysis of the Nonlinear Schrödinger equation was found to be effective in 

single-mode fiber measurements. The flexible simulation method is readily 

implemented to existing measurement set-ups and it is not dependent on fiber length or 

other measurement parameters. To further increase the accuracy of the CW-SPM 

method, an integrated sphere with low measurement uncertainty was characterized and 

applied to the crucial fiber optic power measurement. The developed measurement set-

up is capable of measuring the nonlinear coefficient of a standard single-mode fiber 

with an expanded uncertainty of 2.0 %. 

Further analysis of the measurement conditions was needed in measurement of 

amplifying erbium-doped single-mode fibers. The same CW-SPM method was used to 

measure a fiber of only some meters long. The difficulties of measuring erbium-doped 

fibers as an amplifying fiber were discussed. The complex nature of signal amplification 

and spectral hole burning would induce significant uncertainty to the total measurement 

uncertainty if not taken into account. A more straightforward approach to measure the 

erbium-doped fiber in passive mode was adopted resulting in good results. By carefully 

analyzing all the components in the measurement set-up, the nonlinear coefficient of the 

erbium-doped single-mode fiber was determined with an expanded uncertainty of 

3.0 %. 

The high accuracy measurements of both standard single-mode fibers and erbium-doped 

fibers using standard laboratory equipment will greatly improve the possibilities to 

determine fiber nonlinearity in laboratories worldwide.   

An external-cavity diode laser based on volume holographic grating was developed and 

characterized. It is shown that it is possible to design simple ECDLs using the grating at 
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normal incidence. In the presented design, the beam directional variations are virtually 

nonexistent as compared to the conventional Littrow ECDL designs when the angle 

feedback element is changed. The applicability of the inherently non-dispersive grating 

as a wavelength selective feedback with common diode laser is demonstrated for the 

first time. The narrow bandwidth of the grating ensures that the wavelength is more 

reproducible as compared with designs using diffraction gratings. A mode-hop free 

tuning range of 28 GHz and a practical 1-s linewidth of 900 kHz were achieved, which 

are sufficient in most application in e.g. molecular spectroscopy and metrology. A 

previously presented short cavity ECDL based on VHG at close proximity of the laser 

diode was characterized. The broad mode-hop free tuning range and robust design make 

it suitable for industrial broadband molecular spectroscopy. 

The final part of the work done at MIKES was aimed to effectively compensate the 

refractive index of air, which is crucial in dimensional metrology. A complete system 

using diode laser spectroscopy to measure average humidity and temperature over a 

long path was developed and tested both in laboratory and outdoor environment. The 

beam of the spectroscopic system can be aligned very close to the beam used by the 

dimensional measurement devices enabling very good spatial overlap. 

A total of five diode lasers are used in the system. Three are used to measure the 

temperature, which is deduced from the ratio of the peak absorptions of two oxygen 

transitions. Two lasers are use to measure the peak absorption and the baseline to 

determine the absolute humidity. In a stable laboratory environment, the noise of the 

spectroscopic temperature measurement over a 67 m path was 7 mK using a sample 

time of 120 s. The humidity part of the system was tested against calibrated humidity 

sensors is a laboratory with changes in humidity and temperature. Both the humidity 

and temperature can be measured within an uncertainty that is sufficient to compensate 

changes of the refractive index of air well below the 10-7 level. The measurement 

system was demonstrated in outdoor environment over a 130 m path with good results. 

A method is proposed for decreasing the sample time in the next stage by locking the 

wavelengths of the lasers to oxygen absorption peaks using e.g. the third harmonic 

scheme. The refined set-up could find applications e.g. in the dimensional 
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characterisation of nuclear waste repositories or in the dimensional surveillance and 

characterisation of large work pieces in the production process. 

A robust and portable spectroscopic temperature system was developed for long range 

measurements. The system using only one laser measuring the temperature from a 

single oxygen transition was tested both in indoor and outdoor environment. The simple 

system was successfully demonstrated over a path length of 240 m in harsh outdoor 

environment. The simplicity in the data analysis and the robustness make it a potential 

choice for long distance measurements e.g. in geodetic applications. 

The final demonstration of the performance of the integrated system was done in a 

laboratory to compensate the refractive index of air in a long term interferometric 

distance measurement. Local temperature variations were induced to simulate harsh 

industrial conditions. The compensation done by the spectroscopic system was close to 

perfect, when the properly set ensemble of conventional reference sensors failed. The 

system can be added to already existing measurement systems and it will greatly 

improve the accuracy especially in industrial dimensional measurements. 
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