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Abstract 

Laser-based absorption spectroscopy (AS) is a powerful technique for 
qualitative and quantitative studies of atoms and molecules. An important 
field of use of AS is the detection of species in trace concentrations, which 
has applications not only in physics and chemistry but also in biology and 
medicine, encompassing environmental monitoring, regulation of industrial 
processes and breath analysis. Although a large number of molecular spe-
cies can successfully be detected with established AS techniques, there are 
some applications that require higher sensitivity, selectivity and accuracy, 
yet robust and compact instrumentation. 

Various approaches have been made during the years to improve on the 
performance of AS, usually based on modulation spectrometry or external 
cavities. The most sensitive absorption technique of today is, however, 
noise-immune cavity-enhanced optical heterodyne molecular spectroscopy 
(NICE-OHMS). This technique elegantly combines several approaches: 
external cavities (for optical path length enhancement), modulation tech-
niques (for noise reduction) and saturation spectroscopy (for enhanced se-
lectivity). However, due to its complexity, the technique has so far not been 
applied to practical trace species detection. 

This thesis provides the background for an understanding of NICE-
OHMS and describes the construction of a first compact NICE-OHMS 
spectrometer based on a narrowband fiber laser. Moreover, it gives theo-
retical expressions for NICE-OHMS signal lineshapes, measured in various 
modes of detection, which can be fitted to the experimental data and 
thereby facilitate the assessment of species concentration. The sensitivity of 
the instrumentation is demonstrated by detection of acetylene (C2H2) and 
carbon dioxide (CO2) in the 1.5 μm region. A fractional absorption sensitiv-
ity of 3×10-9 (integrated absorption of 5×10-11 cm-1), could be achieved 
using a cavity with a finesse of 4800 and an acquisition time of 0.7 s. This 
results in a detection limit for C2H2 of 4.5 ppt (4.5×10-12 atm). 

In addition, the thesis revives the idea of using an accurate (frequency) 
measurement of the free-spectral-range (FSR) of an external cavity for 
sensitive and calibration-free concentration assessment. A theoretical de-
scription of the expected signal lineshapes is given. In a first experimental 
demonstration, the FSR could be measured with a resolution of 5 Hz, re-
sulting in a fractional absorption sensitivity of 1×10-7, and subsequently in 
a detection limit for C2H2 of 180 ppt (12.5 s acquisition time). 

The thesis, finally, also contributes to the development of conventional 
AS and wavelength modulated AS by addressing concepts related to when 
the light optically saturates the transition. 

 



vi 

Sammanfattning 

Laserbaserad absorptionsspektroskopi (AS) är en kraftfull teknik för såväl 
kvalitativa som kvantitativa studier av atomer och molekyler. Ett viktigt 
användningsområde är detektion av ämnen i gasfas i 
spårmängdskoncentrationer med tillämpningar inte bara inom fysikens och 
kemins områden, utan även inom biologins och medicinens fält, 
inkluderande applikationer såsom miljöövervakning, styrning av 
industriella processer och analys av utandningsluft. Även om ett flertal 
ämnen kan detekteras tillräckligt väl av etablerade AS-tekniker är det ett 
antal applikationer som kräver högre känslighet, selektivitet och 
noggrannhet, ofta kombinerat med kompakt och robust instrumentering.  

För att möta dessa krav har AS-tekniken vidareutvecklats under årens 
lopp och de känsligaste instrumenteringarna idag bygger antingen på en 
modulationsteknik eller använder en extern kavitet. Den teknik som hittills 
uppvisat största känslighet går under namnet NICE-OHMS (eng. noise-
immune cavity-enhanced optical heterodyne molecular spectroscopy). 
Denna teknik kombinerar på ett elegant sätt ett flertal viktiga egenskaper: 
en extern kavitet för förlängning av interaktionssträckan, 
modulationstekniker för reducering av brus, och mättnadsspektroskopi för 
förbättrad selektivitet. Tekniken har dock ännu inte används till praktisk 
spårämnesdetektion, huvudsakligen pga sin komplexitet.  

Denna avhandling ger bakgrunden till NICE-OHMS och de principer på 
vilken tekniken vilar. Den beskriver konstruktionen av en första kompakt 
NICE-OHMS spektrometer, baserad på en smalbandig fiberlaser. Dessutom 
ger den teoretiska uttryck för linjeformer, mätta under varierande 
detektionsbetingelser, som kan användas för anpassning till experimentell 
data och därmed underlätta bestämningar av olika ämnens koncentrationer. 
Teknikens höga känslighet demonstreras på detektion av acetylen (C2H2) 
och koldioxid (CO2) i 1.5 μm området. Minsta detekterbara absorption, 
mätt med en kavitet med en finess på 4800 under 0.7 sekunder, är 3×10-9, 
vilket motsvarar en integrerad absorption på 5×10-11 cm-1 och en 
detektionsgräns för C2H2 på 4.5 ppt (4.5×10-12 atm). 

Avhandlingen väcker också nytt liv i en teknik som använder en 
noggrann frekvensmätning av kavitetens fria spektralområde för känslig 
och kalibreringsfri ämnesdetektion. En teoretisk beskrivning av de 
förväntade linjeformerna presenteras, och en första experimentell 
demonstation visar att det fria spektralområdet kan mätas med en 
upplösning på 5 Hz, vilket resulterar i en absorption på 1×10-7 och en 
detektionsgräns för C2H2 på 180 ppt (mätt over 12.5 s).  

Slutligen bidrar avhandlingen även till den fortgående utvecklingen av 
såväl konventionell som våglängdsmodulerad AS genom att belysa koncept 
relaterade till då den använda övergången är optiskt mättad. 
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1. Introduction 
Light, and its relation to matter, has always fascinated mankind. What is 
light? Where does it come from? What can we do with it and what can we 
deduce from it? These are just a few of the questions we try to answer, not 
least by means of spectroscopy.    

The foundations of optical spectroscopy were laid at the beginning of 
the nineteenth century, when Wollaston and Fraunhofer observed well de-
fined, narrow, dark lines in the spectra of flames and the sun. Some fifty 
years later, Bunsen and Kirchhoff discovered that the spectral lines are 
distinctive for different chemical elements and started to characterize ter-
restrial and celestial objects. 

At the end of the nineteenth century, when it was commonly believed 
that all physical science was well understood, the discrete nature of the 
spectral lines was one of a few phenomena that remained unraveled. The 
successive explanation of this and other inconsistencies, like the black body 
radiation, by Einstein, Bohr, Schrödinger and others, eventually paved the 
way to quantum physics and a deeper understanding of the interaction be-
tween light and matter. In fact, most of our knowledge about the structure 
and properties of atoms and molecules is based on spectroscopic investiga-
tions. Until today, these investigations rely on the mutual support of theory 
and experiment. 

With the invention of the laser in the 1960’s the field of optical spec-
troscopy virtually exploded. Equipped with a monochromatic, intense and 
often tunable light source branches such as nonlinear and high-resolution 
spectroscopy rapidly evolved. Ultra-fast pulsed lasers nowadays allow 
time-resolved spectroscopy on the attosecond time-scale and frequency 
combs using ultra-stable lasers locked to weak but narrow molecular lines 
serve as frequency standards. It became customary to distinguish between 
the term spectroscopy, which is associated with the study of spectra of at-
oms and molecules in general, and spectrometry, which refers to the use of 
spectroscopic information to assess atomic and molecular number densities, 
i.e. concentrations.  

Most of the optical spectroscopic or spectrometric methods are based 
upon the principles of either absorption, emission, fluorescence, ionization 
or scattering [1]. A variety of techniques is regularly applied to solid, liquid 
and gaseous samples, exploiting a manifold of physical phenomena such as 
saturation and polarization or the photo-acoustic- and Raman-effect [2,3]. 
They utilize a substantial part of the electromagnetic spectrum, restricted 
only by the lack of suitable light sources or optical components in some 
wavelength regions.  



2 

A further step was taken in the 1980’s, when laser spectroscopy 
emerged from the universities as an analytical discipline with important and 
increasingly commercial applications in chemistry, medicine, geology and 
biology.  

1.1 Why ultra-sensitive?  
It has become clear during the last decades that there is an urgent need for 
assessment of species, in particular hazardous gaseous components, in our 
environment, even if they exist only in low concentrations. This includes 
applications as diverse as environmental and air-pollution monitoring, re-
mote sensing in the atmosphere and clean rooms, detection of explosives 
and the monitoring and regulation of industrial and agricultural processes. 
Spectrometric techniques are then used to assess the composition of gase-
ous media or the concentration of certain molecules therein. However, de-
spite immense achievements, not all species can be detected with requested 
sensitivity by the spectrometers available today.  

In medicine, the analysis of exhaled breath becomes increasingly mean-
ingful as an aid to establish or support diagnoses. The amount of ammonia 
(NH3), for example, can give information about protein metabolism or liver 
and renal diseases. Formaldehyde (CH2O) is an indicator for cancer and the 
formaldehyde concentration a person is exposed to in the environment. The 
concentration of ethane (C2H6) in exhaled breath, on the other hand, sug-
gests oxidative stress or lung cancer. These are just three of many species 
that may serve as human breath biomarkers when accurately measured in 
the ppb range [4-6]. More complex molecules have to be detected to reveal 
doping agents in vapor phase urine samples [7].  

To optimize production in the petrochemical industry, at hydrogenation 
plants and in the organic chemical industry (plastics, polyethylene), it is 
necessary to detect gases such as ethene (C2H4), acetylene (C2H2) and hy-
drogen sulfide (H2S) in low ppb concentrations [8]. 

Combustion processes in engines and incineration plants, produce reac-
tive and strongly toxic nitrogen oxides (NOx), especially nitrogen oxide 
(NO), that affect our health directly but also contribute to ground-level 
ozone (O3), and cause acid rain. Regulation systems, installed at almost all 
combustion sites worldwide to reduce the emission of these pollutants, for 
example by adding NH3, require means to accurately and continuously 
monitor ppb concentrations of NOx or NH3 [9]. 

While atmospheric methane (CH4), water (H2O) and carbon dioxide 
(CO2) can already be measured with sufficient sensitivity with tunable di-
ode laser absorption spectroscopy (TDLAS), airborne trace gas detection of 
other important species for climate research, such as hydrogen chloride 
(HCl), hydrogen fluoride (HF), isotopic methane (13CH4) and carbon mon-
oxide (CO) requires more sensitive techniques [10,11]. The monitoring of 



  

3 

greenhouse gases requires exceptional good accuracy to identify minute 
changes (of the order of 1 ppm) in concentration over years [12,13]. A high 
accuracy is also needed for isotope-ratio measurements.  

There is thus a strong demand for instrumentation that can detect vari-
ous molecular species in low or sub-ppb concentrations with high accuracy. 
Apart from the choice of wavelength region, the key to meet these demands 
is the selection of a suitable detection technique. 

1.2 Choosing a technique 
The most important aspects that have to be weighted against each other 
when choosing a spectrometric technique for a certain application are sensi-
tivity, precision, accuracy, selectivity and complexity.  

The sensitivity is the response of an instrument to changes in the ana-
lyte concentration. The smallest response an instrument can sense, or the 
lowest concentration it can detect, is called the limit of detection (LOD), an 
entity often used to evaluate the performance of a technique or to compare 
it to others. The detectability denotes the ability to achieve low LODs. A 
low LOD therefore means that the technique has a high detectability for the 
analyte [1]. Highly sensitive instrumentation is also required for applica-
tions that work at low pressure, such as saturation spectroscopy. A rule of 
thumb is though that the more sensitive a technique is, the more complex is 
its implementation (Fig. 1.1).  

Rather than merely on the sensitivity, many applications rely on the ac-
curacy of detection, i.e. how close the measured analyte concentration is to 
the true analyte concentration, and the precision, which indicates the re-
producibility of a measurement. It is also an advantage to have a wide dy-
namic range, i.e. the ability to measure with reasonably high accuracy over 
a wide range of concentrations. 

In many practical applications, a number of species are present in a sam-
ple, whose transition lineshapes might partly or fully overlap in frequency 
with the transition used for detection. This hampers a correct assessment of 
the concentration of the atoms or molecules under investigation and justi-
fies the request for techniques that provide high spectral resolution. The 
selectivity is related to the ability of the technique to detect and assess the 
concentration of the analyte in the presence of (large concentrations of) 
concomitant species. A high selectivity thus means that the technique is 
rather insensitive to spectral interference effects.  

Whether the constituents of the atmosphere of Titan or the gases that ef-
fuse from a volcano or at an industrial site should be measured: applica-
tions outside the laboratory (but not only those) require compact, robust, 
cost-effective and easy to use spectrometers. The complexity of a tech-
nique, and with it its technical implementation and design, is thus also an 
important factor. 
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The most sensitive among the available spectroscopic techniques is 
probably fluorescence, which often is used in chemistry and biology and 
has demonstrated single molecule detection [14]. Fluorescence spectros-
copy is, however, not suited for quantitative measurements because it is 
strongly influence by quenching (collisional deexcitations), so that slight 
changes in the measurement environment will affect the measured signal. 
Also emission spectroscopy is not suited for most practical applications, 
since it requires hot media to give any appreciable signals. Popular methods 
for remote and atmospheric sensing are light detection and ranging (LI-
DAR), which gives information about distant targets, and Fourier transform 
infrared spectroscopy (FTIR), which is used for measuring atmospheric 
constituents [15].  

The probably most versatile hence widespread technique for rapid, non-
intrusive in situ detection of atoms and molecules in gas phase is however 
absorption spectrometry (AS). This technique is simple in its basic mode of 
operation and well adopted for detection of species over long distances and 
for quantitative measurements. AS thus offers the best compromise be-
tween sensitivity, accuracy and complexity. Atomic absorption spectrome-
try (AAS), for example, is a well established technique using hollow cath-
ode lamps for trace element analysis in flames, furnaces and plasmas, and 
tunable diode laser absorption spectroscopy (TDLAS) is commonly used 
for quantitative measurements in gaseous media. 

Over the last decades, one did not only realize the tremendous potential 
of AS but also experienced profound advances in material sciences (with 
the diode laser being a prominent example), which stimulated the develop-
ment of new, powerful AS techniques, particularly in combination with 
modulation techniques and external cavities. A selection of important AS 
techniques, roughly sorted by their practically achievable sensitivity, is 
shown in Fig. 1.1.  

The techniques mentioned in this figure have been realized in a variety 
of implementations and they cover a wider sensitivity range than depicted. 
Direct AS (DAS), wavelength modulation absorption spectroscopy 
(WMAS) and multi-pass absorption spectroscopy (MPAS) have been used 
extensively for practical applications. Substantial research has recently 
been performed on and with cavity ring-down spectroscopy (CRDS), (off-
axis) integrated cavity output spectroscopy (ICOS) and photo-acoustic 
spectroscopy (PAS). As a result, the first practical applications and com-
mercial instruments have appeared. However, even those techniques are 
sometimes not sensitive enough. As has been shown lately, and which is 
highlighted in this thesis, noise-immune cavity-enhanced optical hetero-
dyne molecular spectroscopy (NICE-OHMS) not only offers superior sensi-
tivity but also additional features that might make it an interesting alterna-
tive in the future. 
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Figure 1.1. Selected absorption techniques roughly sorted by their sensitivity 
and complexity. The font size symbolizes their current importance for trace 
species detection (both academic and commercial). Most of the acronyms are 
explained in the text. FMS means frequency modulation spectroscopy, OF-
CEAS stands for optical-feedback cavity-enhanced absorption spectroscopy 
and DCEAS denotes direct CEAS. 

1.3 Aim and Outline 
The scope of the work presented in this thesis is to contribute to an im-
provement of AS techniques regarding their detectability, accuracy, selec-
tivity and complexity, as well as to stimulate the development of new sensi-
tive techniques. Since the particular aim of the author’s work was to build a 
simple and compact, yet highly sensitive NICE-OHMS spectrometer suit-
able for trace species detection, the thesis mainly deals with aspects of 
NICE-OHMS. Earlier experimental and theoretical contributions to AS and 
WMAS have been summarized in the author’s Licentiate thesis [16]. 

Following this short introduction, Chapter 2 reviews the basic princi-
ples of absorption spectrometry from the viewpoint of trace species detec-
tion, whereas Chapter 3 gives a brief account on more advanced AS tech-
niques. Chapter 4 then continues with a rather detailed description of 
NICE-OHMS and its experimental implementation as well as a summary of 
achieved results for detection of acetylene and carbon dioxide. The subse-
quent chapter, Chapter 5, is dedicated to the revival of dual-frequency 
modulation spectroscopy (DFMS) as an alternative technique for ultra-
sensitive trace species detection. In Chapter 6, finally, the results are dis-
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cussed and compared to other techniques in the field, before some ideas for 
future development are given.  

The publications upon which this thesis is based are attached at the end, 
preceded by a short presentation of the group and a summary of the au-
thor’s contribution to the group’s achievements and to each paper. The 
thesis includes data, results and ideas that are not yet published. 
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2. Absorption Spectrometry 
In its basic form absorption spectrometry (AS) is called conventional or 
direct AS (DAS). The idea is simple: light with a frequency close to a tran-
sition frequency of the atom or molecule under investigation is sent through 
the sample, and its power is detected afterwards (Fig. 2.1). The amount of 
absorption, which is related to the concentration of the absorber (analyte), 
is determined by comparing the incident power to the one measured after 
transmission through the sample. One can use either broad-band light in 
combination with a spectrometer or monochromator as a wavelength selec-
tive device, or narrowband light sources, such as hollow cathode lamps or 
lasers, for which no wavelength-dispersive detection is needed. 

0P ( )P ν

( )nLσ ν

0P ( )P ν

( )nLσ ν

 

Figure 2.1.  The principle of absorption spectrometry. The curve symbolizes 
the exponential attenuation of the light predicted by Beer’s law, which relates 
the amount of absorption to the sample concentration. 

Instead of merely standing at the peak of an absorption profile, the en-
tire absorption lineshape is usually recorded by scanning the light source 
(or the spectrometer) in wavelength around the transition center frequency. 
A part of the light may be absorbed even in the absence of an analyte. 
Therefore, to obtain the analytical signal, a so-called background signal 
needs to be recorded and subtracted from the measurement in the presence 
of the analyte. 

In general, AS has the advantage that the signal is kept along the line of 
sight, it is not significantly affected by non-radiative deexcitations (colli-
sions), and that absolute analyte concentrations and absorption cross-
sections can be measured. Also, AS does not necessarily need calibration, 
although more advanced AS techniques usually utilize such procedures. 
The main drawback of AS constitutes the fact that not a small signal is 
measured but rather the small difference between two, almost equally large, 
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signals, i.e. the power of the light in the presence and in the absence of 
absorbers. The information about the absorption can therefore easily be 
hidden by noise in the detection of the two large signals, which makes 
noise reduction an important aspect of AS. 

2.1 Principles and Nomenclature 
The attenuation of the light passing a sample originates from the destruc-
tive interference between the incident field and the coherently driven dipole 
moments of the atoms/molecules. In a simple, phenomenological picture 
one can consider the electromagnetic radiation as being composed of pho-
tons, and each atom or molecule having a unique set of states with distinct 
energies. Exposed to narrowband light1, an atom or molecule might absorb 
a photon if its frequency ν  (or wavelength λ ) is such that its energy corre-
sponds to the energy difference between the two states i  and j , according 
to / i jh hc E Eν λ= = − .  

The presence of a particular constituent in a gas can then be determined 
by probing the gas with light whose frequency corresponds to only that of a 
transition of the atom or molecule. The amount of absorbed light can be 
related to the concentration of the analyte if calibration measurements with 
samples with known concentrations under otherwise identical conditions 
have been performed or by using a model of the absorption process. 

2.1.1 Beer’s law 
The attenuation of the power of the light, ( )P ν , with momentary fre-
quency ν , that passes through a uniform gaseous sample with a number 
density of absorbers n  (cm-3) and length L  (cm), is usually described by 
Beer’s law2, 

 ( ) ( ) ( )0 0exp exp ,P P nL Pν σ ν α ν= ⎡− ⎤ = ⎡− ⎤⎣ ⎦ ⎣ ⎦  (2.1) 

where 0P  (W) denotes the power of the light prior to entering the medium 
and ( )σ ν  (cm2) refers to the absorption cross-section of the atomic or mo-
lecular transition. 

The dimensionless exponent in Beer’s law, ( )α ν , is often called ab-
sorbance, although chemists define this entity only in base 10 logarithmic 
units. Alternatively, the exponent is denoted as sample optical thickness, 
optical depth or simply absorption. A medium is called optically thick in 
case ( ) 1α ν > , and optically thin whenever ( ) 1α ν .  

                                                      
1 In the following, the light source is assumed to be a laser. 
2 Sometimes referred to as Beer-Lambert law in the literature 
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To suit different experimental conditions or available sets of parameters, 
the absorbance can also be written in other forms, such as 

 ( ) ( ) ( ) ( ),0 ,0 ,abs abs c abs
L L relS cpL L c Lα ν χ ν α χ ν α χ ν= = =  (2.2) 

where S  is the line strength (cm-2/atm), ( )absχ ν  an area-normalized ab-
sorption lineshape function (1/cm-1), c  the fractional concentration of the 
analyte at atmospheric pressure (dimensionless), p  the pressure of the gas 
(atm), ,0Lα  is the absorption coefficient on resonance (cm-1) and ( )absχ ν  a 
peak-normalized absorption lineshape function (dimensionless), whereas 

,0
c
Lα  is the absorption coefficient on resonance for a relative concentration 

of the analyte of 100% (cm-1) and relc  is the relative concentration of the 
analyte with respect to atmospheric pressure (dimensionless).  

Sometimes, an entity referred to as integrated absorbance is used. Since 
this entity is defined as ( )dα ν ν∫  it has the advantage that it is independ-
ent of the lineshape function and thereby the broadening mechanisms, i.e. 
the environment in which the species is detected. 

There are circumstances under which Beer’s law is not valid in the form 
given in Eq. (2.1). One such condition is when the light does not merely act 
as a probe of the species under investigation, but itself affects the level 
populations. This happens, for example, in case of optical saturation or 
pumping (papers I-III). Further complications arise when the medium is 
optically thick (paper I). 

2.1.2 Analytical detector signal 
Under optically thin conditions, the regime in which AS techniques usually 
perform, the exponential term in Beer’s law can be approximated by 

( )1 α ν− . The absorbance is then equal to the fractional (or relative) ab-
sorption, ( ) 0/P PΔ ν , i.e. 

 ( ) ( ) ( )0

0 0

.
P P P

P P
ν Δ ν

α ν
−

= =  (2.3) 

The analytical absorption signal detected with DAS instrumentation, 
( )dasS ν , defined as ( )PηΔ ν , where η  is an instrumentation factor that 

includes the detector responsitivity and the gain within the detection sys-
tem, can thus be written as 

 ( ) ( ) ( )0 0 ,0 .das abs c
L relS P P c Lν η α ν η χ ν α= =  (2.4) 
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This shows that, under optically thin conditions, the absorption signal is 
linearly dependent on the analyte concentration. 

2.1.3 Lineshapes 
Due to various broadening processes, absorption does not only occur at a 
single frequency but has a frequency distribution around the line center. 
The shape of the absorption profile depends on the prevailing broadening 
mechanism. If the lineshape originates from a homogeneously (natural/life-
time or collision) broadened transition it is represented by a Lorentzian 
function, whereas in case of inhomogeneously (Doppler) broadened media, 
the lineshapes is a Gaussian function (Fig. 2.2). 

A peak-normalized Lorentzian absorption lineshape can be written as 

 ( ) ( )
( ) ( )

2

2 2
0

/ 2
,

/ 2
Labs

L
L

γ
χ ν

ν ν γ
=

− +
 (2.5) 

where 0ν  is the transition center frequency and Lγ  is the full width at half 
maximum (FWHM) of the (peak-normalized) Lorentzian lineshape.  

A peak-normalized Gaussian absorption lineshape can be expressed as 

 ( ) ( )2 2
0exp 4ln 2 / ,abs

G Dχ ν ν ν γ⎡ ⎤= − −⎣ ⎦  (2.6) 

where the Doppler width, Dγ , is given by 02 / 2 ln 2 /c kT mν . The absorp-
tion profiles in Fig. 2.2 both have a width of 473 MHz.  

In general, if neither of these two broadening mechanisms dominates, 
the lineshape is described by a Voigt function. When a Voigt profile is 
recorded under the condition of weak collision broadening or small mean 
free path, an additional narrowing of the Doppler component might occur 
(Dicke-narrowing) resulting in modified Voigt lineshapes, such as the Ga-
latry (soft collisions) or the Rautian profile (hard collisions) [15,17,18]. 

Some AS techniques can not only detect the analyte absorption but also 
its dispersion, i.e. the change in refractive index in the vicinity of a transi-
tion. The corresponding dispersion lineshapes are related to their absorption 
counterparts by the Kramers-Kronig relations as long as the light solely 
acts as a probe of the level populations. 
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Figure 2.2. Peak-normalized Lorentzian (dashed curve) and Gaussian (solid 
curve) absorption profiles with equal widths. 

2.2 At the limit of detection 

2.2.1 Noise and background 
The detectability of a technique is, in general, limited by noise masking the 
analytical signal. The types of noise that affect AS the most are noise asso-
ciated with the laser light as well as technical noise. 

The laser light will first of all have amplitude noise, also denoted 
‘flicker’, ‘pink’ or 1/f-noise, the latter due to its distinct frequency depend-
ence. Since DAS detects the signal at dc (up to the detector or filter band-
width), this type of noise is one of the major hurdles for this technique. A 
very effective way to reduce 1/f-noise is to shift the information about the 
absorption to a higher frequency where less noise occurs. This is the con-
cept of modulation techniques, which will be scrutinized in more detail in 
chapter 3.1. 

Technical noise can be of electrical (detector, electronics) but also me-
chanical or acoustic origin (vibration of optical components). A variety of 
improvements can usually be made on a given setup to reduce the technical 
noise, ranging from circuitry tricks, cooling of devices to special designs of 
optical components and the use of modulation techniques.  

Noise might also originate from residual amplitude modulation (RAM). 
RAM arises when the light amplitude varies as the laser frequency is 
scanned or modulated, or when the optical setup has a frequency dependent 
transmission. In case of the latter the RAM is termed etalon effects (or 
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fringes) since it usually arises due to multiple reflections inside or between 
optical components.  

Residual amplitude modulation can cause background signals, which, in 
turn, allow noise and drifts at other frequencies to couple in. If, for exam-
ple, temperature induced length changes of optical components cause a 
drift of already present etalon fringes, a corresponding drift can be ob-
served in the measurement. Unfortunately, an efficient way of completely 
eliminating RAM is not yet known, even though a number of approaches 
have been pursued, e.g. dithering of optical components [19], anti-
reflection coated or wedged optical components [20], Brewster-angled sur-
faces, polarization [21] and double modulation techniques (paper IV). In 
fact, all absorption techniques, including the more advances ones, are ham-
pered by RAM. 

A laser also exhibits (optical) frequency noise, i.e. it has a certain (short- 
or long-term) linewidth, which will convert to amplitude noise in the pres-
ence of a wavelength dependent transmission through the optical system. A 
wavelength dependent transmission can arise from, e.g. an absorption pro-
file, etalon effects or the transmission modes of an external cavity.  

The shot noise, finally, originates from the quantized nature of light, or, 
equivalently, from random fluctuations in the electrical current due to the 
discreteness of the electrical charge. It is frequency independent (white 
noise) but proportional to the square root of the power on the detector and 
the square root of the detection bandwidth. A well constructed AS system 
has a detectability close to the shot noise level. 

An additional source of measurement uncertainty is the background sig-
nal, which can never be recorded under exactly the same conditions as the 
analytical signal. Instead, different light paths, a frequency region that is 
different from that of the absorbing transition, or different moments in time 
are used. In the latter case, for example if a slowly drifting background 
signal due to RAM is present, the subtraction does not yield the pure ana-
lytical signal. Instead, the background signal may incorrectly be interpreted 
as absorption from the analyte.  

2.2.2 Analytical detectability 
The sensitivity of a technique or spectrometer is usually found from a cal-
culation of the signal-to-noise ratio (SNR). The SNR, in turn, can be de-
termined by standing at the peak of the absorption profile and comparing 
the signal amplitude to the root-mean-square (rms) of the background sig-
nal. Alternatively, and advantageously, a theoretical model can be fitted to 
the whole lineshape. The signal amplitude returned by the fit is then com-
pared to the rms of the noise or fits to the background. Not only can the 
concentration be obtained more accurately from such a fit, but also addi-
tional information can be recovered, such as the exact line center fre-
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quency, the transition width and the nature of the background. By having 
good knowledge about the basic properties of primarily the analytical but 
also the background signal, it is possible to extract the contribution from 
the analyte to a complex signal. One can then, to some extent, assess its 
correct concentration even the presence of other constituents and various 
types of background signals. 

The limit of detection can, in general, be calculated according to 

 ( )0
3 ,LOD
σα
ξ

=  (2.7) 

where σ  is the standard deviation of the noise (V) and ξ  is the detection 
sensitivity (V/absorbance). Sometimes it is convenient to quote absolute 
detection limits, which can be given in terms of pressure (Torr) or relative 
analyte concentration (ppm, ppb or ppt).  

Instead of the dimensionless absorbance one can also choose to quote 
the LOD in terms of the integrated absorption, 

 ( ) ( ) ( )int .absd ScpL d ScpLα ν α ν ν χ ν ν= = =∫ ∫  (2.8) 

The integrated absorbance can thus be written as ( ) 0/ absα ν χ , where 0
absχ  

is the peak value of the area-normalized lineshape.  
Another common entity is the absorbance per unit length, ( )Lα ν , 

which is given by 

 ( ) ( ) ( ) ( ),0/ .abs c abs
L L relL S cp cα ν α ν χ ν α χ ν= = =  (2.9) 

Both the integrated absorption and the absorbance per unit length are given 
in units of cm-1, which sometimes causes confusion, especially since 0

absχ  
and L  can have similar values under Doppler-broadened conditions 
( 1

0
abs

Dχ γ −∼ ~50 cm) and when external cavities ( L ~50 cm) are used. 
If the limiting noise is assumed to have a white spectrum, as is the case 

for the shot noise, the limit of detection decreases with the square-root of 
the effective detection bandwidth B . This bandwidth can be, but is not 
necessarily, the electronic bandwidth. In addition to a peak- or length-
normalization it is then customary to normalize the LOD with 1/ 2B  and 
quote it in units of Hz-1/2, i.e. for a detection bandwidth of 1 Hz or, equiva-
lently, an averaging/acquisition time τ  of 1 s.  

A 1/ 2B  normalization can, however, be problematic for at least two rea-
sons. First, the system noise normally does not have a white spectrum. The 
frequency dependence of the noise as function of the acquisition time can 
be characterized by measuring the Allen variance. This can help to identify 
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a suitable detection bandwidth. Second, the value of the effective detection 
bandwidth is not always obvious. For example, when the LOD is deter-
mined by lineshape fitting the effective bandwidth is smaller than the elec-
tronic bandwidth, which has to be chosen considerably larger than the in-
verse of the acquisition time to avoid distortion of the lineshape.  

It is therefore not unusual in the literature to quote the LOD as the di-
mensionless absorbance, or in units of cm-1 together with the acquisition 
time for which it was obtained, specifically if the results measured with a 
certain detection bandwidth cannot be extrapolated to other bandwidths due 
to a frequency dependent noise spectrum. 

The minimum detectable absorbance on resonance due to the shot noise 
is usually calculated for an SNR of 2. For a DAS measurement, it is given 
by 

 ( )0 min
23 ,das

D

eB
P

α
η

=
′

 (2.10) 

where e  is the electronic charge (C), B  is the detection bandwidth (Hz), 
η′  is the instrumentation factor expressed in A/W, DP  is the power im-
pinging onto the detector and we have assumed that 0χ  is equal to unity 
(on resonance). Thus, for a detection bandwidth of 100 Hz (high enough 
not to distort an absorption profile recorded with an acquisition time of 
around 1 s or above), a detector responsivity of 1 A/W and a power on the 
detector of 1 mW, the shot-noise-limited LOD for DAS is ~5×10-7.  

This limit is, however, never reached with conventional AS because of 
1/f-noise. Still, a comparison between the shot noise level and the actually 
achieved LOD may give a hint if there is room for improvement of a given 
setup. 
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3. Beyond conventional absorption 
spectrometry 

As is obvious from the discussion above, DAS, in its basic implementation, 
is not a particularly sensitive technique. Although certain extensions, such 
as differential absorption, can be applied, more drastic changes have to be 
made to bring AS to a new level of sensitivity. A scrutiny of Beer’s law 
reveals two ways to improve the detectability of an absorption technique: 
one may either decrease the noise in the detection system or enhance the 
absorption signal.  

Noise reduction is usually achieved by means of modulation techniques. 
A larger absorption signal, on the other hand, can be obtained by increasing 
the laser power, increasing the absorption path length, or by employing 
transitions with larger absorption cross-sections. The latter has been dem-
onstrated by measuring on fundamental vibrational-rotational transitions in 
the far-infrared with quantum cascade lasers (QCLs) [22,23] and lead salt 
diode lasers [24]. Yet stronger (electronic) transitions are available in the 
ultraviolet, where sensitive measurements are possible even with (differen-
tial) DAS [25,26]. Despite this, the weak vibrational-rotational overtone 
transitions in the visible and near-infrared stay attractive due to the avail-
ability of mature and inexpensive technology and devices in these spectral 
regions. As is shown in papers I-III, a more powerful laser can lead to 
phenomena such as optical saturation or pumping, which results in a 
nonlinear absorption response [16]. 

Accuracy and precision will in most cases increase with sensitivity al-
though they also depend on how well these enhancements are implemented 
experimentally and how well the experimental conditions can be modeled. 
A way to improve on the selectivity is to resolve Doppler-free signals with 
saturation spectroscopy.  

The following sections will briefly cover modulation techniques, path 
length enhancement by external Fabry-Perot cavities and saturation spec-
troscopy inside such cavities.  

3.1 Modulation techniques 
A modulation can be introduced to a setup in different ways. There are 
techniques that modulate properties of the sample, e.g. the concentration 
[27] or the level populations (paper IV) but here we will focus on those 
that modulate the frequency of the laser.  

From a time-domain point of view, a frequency modulation around the 
absorption profile enables the comparison of on-resonant and off-resonant 
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signals in quick succession. In the frequency domain one can say that the 
interaction between the (nonlinear) absorption profile and the modulated 
radiation field generates signals varying at the modulation frequency and its 
multiples, called “harmonics”. Subsequent demodulation of these harmon-
ics in a narrow frequency interval by a mixer or lock-in amplifier results in 
a significantly better signal contrast because the information about the ab-
sorption has been shifted to higher frequencies where the 1/f-noise is low. 

The shot noise level of modulation techniques is similar to the one of 
DAS, but since the 1/f-noise influences less they reach closer to this limit. 
RAM can, however, not be avoided since it occurs at the very modulation 
frequency at which the signal is detected. Due to the modulation process, 
the detected lineshapes differ from those measured with DAS. 

A general way to see frequency modulation is as a sinusoidal modula-
tion of the phase of the electromagnetic field. The field generated by a laser 
radiating at an optical frequency cν , with sinusoidal phase modulation 

sin(2 )mtβ πν , can be written as 

 [ ]{ }0( ) exp 2 sin(2 ) .c mE t E i t tπν β πν= +  (3.1) 

Different frequency modulation techniques use significantly different val-
ues of the modulation frequency mν  and the phase modulation amplitude3 
β , and are usually described by separate formalisms and nomenclatures 
[28-30]. Some authors have attempted to unify the two formalisms [31,32], 
although no fully consistent description yet exists. 

Methods that employ high modulation frequencies mν γ∼  (MHz to 
GHz) in combination with small modulation indices 1β ≤  are referred to 
as frequency modulation spectroscopy (FMS). As will be shown below, this 
choice of parameters results in a light spectrum composed of a strong car-
rier at frequency cν  and two weak sidebands at frequencies c mν ν± , a so-
called “spectral triplet” (Fig. 3.1a). 

On the other hand, techniques that make use of large modulation indices 
1β  and modulation frequencies that are small as compared to the transi-

tion width m mfν γ=  are called wavelength modulation spectrometry 
(WMS). As is described in some detail below, the light can then, in the 
time domain, be regarded as monochromatic with its instantaneous fre-
quency varying with the frequency mf  (kHz range) and an effective modu-
lation amplitude a mfν β=  that is similar to the width of absorption profile. 
Alternatively, in the frequency domain, the light can be seen as consisting 
of a carrier and a large number of sidebands, which are separated by the 
modulation frequency. The latter view is schematically shown in panel b in 
Fig. 3.1. 

                                                      
3 The amplitude of the phase modulation is often referred to as modulation index or modulation depth. 
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Figure 3.1. Illustration of the spectral triplet (strong carrier and two weak 
sidebands) in FMS (panel a), and the multitude of sidebands in WMS (panel 
b). 

3.1.1 Frequency modulation spectroscopy  
Due to the high modulation frequency, FMS (also called heterodyne spec-
troscopy) has a great potential for quick and sensitive detection of small 
absorption signals [28,29]. The technique is the basis for a number of ad-
vanced nonlinear spectroscopic techniques, such as optical heterodyne satu-
ration spectroscopy [33], two-tone FMS [34], dual frequency modulation 
(DFM) [35], modulation transfer spectroscopy [36] and NICE-OHMS [37] 
but it is probably most renown for its application to laser frequency stabili-
zation [38]. Phase modulation of the light is usually achieved by employing 
an electro-optic modulator (EOM). 

The spectrum of a sinusoidally phase-modulated electromagnetic field, 
as in Eq. (3.1), can be expanded in a series of Bessel function, ( )nJ β , as 

 ( ) ( )0( ) exp 2 ( )exp 2 ,c n m
n

E t E i t J in tπν β π ν
∞

=−∞

= ∑  (3.2) 

where each term represents a given mode (sideband), n , and the Bessel 
functions provide information about the magnitude of each mode.  

For small modulation indices ( 0.4β < ) this field consists of three com-
ponents, one carrier and two sidebands that are out-of-phase, the FM-
triplet. Demodulation at the modulation frequency, i.e. detection of the beat 
signals between the sidebands and the carrier, yields the FMS detector sig-
nal, fmS , that can then be expressed as 
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Figure 3.2. FMS absorption and dispersion lineshapes from a collision broad-
ened transition for two different ratios between the modulation frequency and 
the transition width (0.8 in panels a and b, and 20 in panels c and d). 

 ( ) ( ){
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χ ν χ χ ν θ

=

⎡ ⎤× − − +⎣ ⎦

⎡ ⎤+ − − + +⎣ ⎦

 (3.3) 

where fmη  is the instrumentation factor for FMS, ( )abs
c mvχ ν±  are peak 

normalized absorption lineshape profiles of an absorber, ( )disp
cvχ  and 

( )disp
c mvχ ν±  the corresponding dispersion lineshape functions and fmθ  is 

the FM detection phase [39]. Thus, depending on the detection phase, an 
absorption, a dispersion or a signal at arbitrary phase can be recovered, if 
the components of the FM-triplet have been attenuated or phase shifted 
with respect to each other. Detection of a balanced triplet gives a null sig-
nal. Examples of FMS lineshapes are plotted in Fig. 3.2. 

Panels a and c display absorption and panels b and d show dispersion 
lineshapes from a collision broadened transition, for modulation frequency 
to transition width ratios of 0.8 (panels a and b) and 20 (panels c and d). 
Signals as depicted in panel d are frequently used for laser frequency stabi-
lization due to their odd shape, steep slope around the center frequency and 
wide response. 
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The highest sensitivities can be reached in FMS if the modulation fre-
quency lies in a region of the noise spectrum where the 1/f-noise and other 
noise contributions approach the shot-noise level. Although often operating 
close to the shot noise, the technique is not as wide-spread as WMS in ap-
plied spectrometry because of its higher complexity (EOM and rf-
components). Also, FMS is in practice often limited by noise due to RAM 
from the EOM. 

3.1.2 Wavelength modulation spectrometry 
Wavelength modulation spectrometry, also called derivative spectroscopy 
or harmonic detection, cannot be described by the same formalism as FMS. 
For large modulation indices more and more terms in the summation in Eq. 
(3.2) (i.e. more and more sidebands) would have to be taken into account to 
properly describe the electrical field, its interaction with the analyte, and 
the resulting signals at multiples of the modulation frequency. This would 
make the entire description very cumbersome. 

In WMS, it is instead convenient to view the light as monochromatic 
and modulated in time around an absorption profile with an instantaneous 
frequency ( )tν . This instantaneous frequency is defined as the rate of 
change of the phase of the modulated light. The phase, in turn, is given by 
the argument of the complex exponential in Eq. (3.1), wherefore the instan-
taneous frequency becomes 

 [ ]1( ) 2 sin(2 ) cos(2 ) .
2 c m c m m

dt t f t f f t
dt

ν πν β π ν β π
π

≡ + = +  (3.4) 

The instantaneous frequency can thus be seen as being sinusoidally modu-
lated around a center frequency, cν , with a certain modulation frequency, 

mf , and modulation amplitude, aν , according to 

 ( ) ( )cos 2 .c a mt f tν ν ν π= +  (3.5) 

A comparison of Eqs. (3.4) and (3.5) confirms that the wavelength modula-
tion amplitude, aν , is given by mfβ . Since 1β , this modulation ampli-
tude is much larger than the modulation frequency, which justifies the view 
of WM light as monochromatic, modulated in time. 

A simple derivative approach is often used to describe WMS in the limit 
of  small modulation amplitudes, although a thorough formalism based 
upon Fourier series has recently been developed that predicts the shape of 
the analytical signal for any mode of (nth harmonic) detection, as well as 
the shape of the background signal [30]. 
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The full theory makes use of the fact that the detector signal is periodic 
in time and can be expanded in a Fourier series. The analytical detector 
signal, ( ),

wms
AS nS ν , can then be written in terms of the even components of 

the nth Fourier coefficient of the wavelength modulated lineshape function, 
( )even

nχ ν , as 

 ( ) ( ),
, 0 ,0 .wms abs even c

AS n wm n L relS P c Lν η χ ν α=  (3.6) 

Kluczynski et al. provide explicit analytical expressions for ( )even
nχ ν  for 

Lorentzian, Gaussian and Voigt lineshape functions [30]. 
It is possible to detect the WM signal at any harmonic, i.e. 1,2,3,...n = . 

The even ones are normally used since they give a large response at the 
peak of the transition. Among the even ones, the 2f-signal gives the largest 
response, wherefore it is mainly used. The higher components may be of 
advantage in the presence of certain background signals from etalons. 

Fig. 3.3 shows WMS lineshapes from a Lorentzian absorption profile 
for 2f-, 4f-, and 6f-detection (the solid, dashed and dotted curves, respec-
tively) under optimum conditions, i.e. with transition-width-normalized 
modulation amplitudes of 2.2, 4.12 and 6.08, respectively. 

Diode lasers are especially suited for WMS since (moderately high) 
modulation frequencies can easily be impressed on the light via the injec-
tion current. However, modulating the injection current of a diode laser 
does not only have an effect on the wavelength but also on the power of the 
emitted light, thereby causing RAM, which, in turn, gives rise to asymmet-
ric lineshapes. An example of an asymmetric 2f-lineshape is shown by the 
dash-dotted curve d in Fig. 3.3.  

When the light starts to influence the level populations, the shapes and 
strengths of the nf-WMAS signals will be slightly different. This has been 
described in paper II (optical saturation) and paper III (optical pumping). 
An extension of WMAS that reduces the influence of etalon effects on the 
WMAS signal has been developed in the work leading to paper IV. This 
technique is based on a simultaneous, purely optical, laser wavelength and 
sample population modulation, and is thus termed double modulation ab-
sorption spectrometry (DMAS). The frequencies of the two modulations 
are different, and the light is detected at one of their intermodulation (com-
bination) frequencies (or their harmonics). 

In contrast to FMS, WMS cannot detect the dispersion signal because its 
average over the many, closely spaced sidebands is zero. This is however 
no drawback for quantitative measurements. More important is that rela-
tively simple and robust instrumentation using diode lasers can be designed 
to perform WMS, which thus is the preferred detection method in many 
applications. 
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Figure 3.3. 2f, 4f and 6f-WMS lineshapes from a collision broadened transi-
tion. The dash dotted line shows a 2f-lineshape in the presence of RAM. 

3.2 Cavity enhancement 
Even though modulation techniques sometimes operate close to their shot 
noise level4, they can normally5 not overcome this fundamental barrier. To 
further improve on the detectability of AS one has to enhance the absorp-
tion signal, which is usually done by increasing the optical path length. 
Since free-space path lengths of several meters or kilometers are not suit-
able for most applications, intracavity enhancement or external resonators 
are employed. Such AS techniques are merged under the umbrella term 
cavity enhanced absorption spectroscopy (CEAS).  

With White or Herriott multi-pass cells a length enhancements above 
100 can routinely be reached [40-42]. A significantly larger improvement 
in signal contrast can be achieved with Fabry-Perot-, ring- or V-shaped 
resonators [42,43]. This brief introduction will concentrate on FP-cavities, 
such as the hemispherical resonator depicted in Fig. 3.4.  

The geometry of the cavity and the properties of the mirrors have to be 
chosen to fulfill the condition for a stable resonator, i.e. 1 20 1g g≤ ≤ , with 

1 /i ig L ROC= − , where L  is the length of the cavity and iROC  are the 
radii of curvature of the respective mirrors. A hemispherical cavity is stable 
whenever the condition 2L ROC<  is fulfilled [44]. 

                                                      
4 The shot noise level of modulation techniques is similar to the DAS shot noise level. 
5 Except, to some extent, by using squeezed light. 
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To successfully couple the light into and transmit through the cavity, the 
laser beam and the Gaussian cavity mode have to be both mode-matched 
and impedance-matched. Mode matching means that the shape, e.g. radius 
and curvature, of the laser beam are adjusted to spatially match the longitu-
dinal cavity mode. This prevents higher-order Gaussian modes, so called 
transverse modes, from being excited.  

,ref refE P

, ,in inR T L , ,out outR T L

,out outE PcavP
,in inE P

L

,ref refE P

, ,in inR T L , ,out outR T L
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,in inE P

LL  

Figure 3.4. A hemispherical Fabry-Perot cavity of length L with mirror re-
flectivity R, transmittance T, losses L, input power Pin, intracavity power Pcac 
and transmitted power Pout. The Gaussian mode of the beam is indicated. 

Impedance-matching refers to adjusting the reflectivity and transmission 
coefficients of the mirrors so that maximum intensity inside the cavity is 
obtained. This takes place when the transmission through the input mirror, 

inT , equals all other losses in the resonator, i.e. the (scattering and absorp-
tion) losses in the input and output mirrors, inL  and outL , as well as the 
transmission through the output mirror, outT . 

Under the assumption that the two mirrors have equal reflectivity, R , 
and that the field inE  is incident on the cavity, the electrical field transmit-
ted through the resonator, outE , can be expressed as 

 1 ,
1 Reout ini

RE Eϕ
−

=
−

 (3.7) 

wheras the reflected field amplitude refE  is 

 1 .
1 Re

i

ref ini
eE R E

ϕ

ϕ
−

=
−

 (3.8) 

The complex transmission function ( )exp iϕ  takes care of the attenuations 
and phase shifts in the cavity. For an empty cavity 4 /L cϕ π ν= . 
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The transmitted power out out outP E E ∗=  follows an Airy function 

 ( )
( ) ( )2 2

1 ,
1 2 / sin / 2

A
F

ϕ
π ϕ

=
+

 (3.9) 

where F  is the so-called finesse, which is solely defined by the mirror 
reflectivity R , as 

 .
1

RF
R

π
=

−
 (3.10) 

With ultra-high reflectivity mirrors ( 0.99999R = ), the finesse can reach 
values up to 105.  

The Airy function peaks every 2ϕ π=  so that only frequencies whose 
half wavelength is an integer number of the cavity length, i.e. frequencies 
at / 2qc nL  with q  the mode number, can be transmitted through the cav-
ity. The frequency difference between adjacent peaks is called the free-
spectral-range, defined as 

 ( )1 .
2 2 2

c c cFSR q q
nL nL nL

σ= = + − =  (3.11) 

For small deviations around the peak the Airy function converts to a 
Lorentzian profile with a FWHM given by / 2c c nLFγ = . Hence, the three 
entities F , σ  and cγ  are connected through the relation 

 .
c

F σ
γ

=  (3.12) 

A mirror reflectivity of 0.9997R = , for example, gives a finesse of about 
104. If the cavity has a length of 30 cm, its FSR is 500 MHz, which results 
in a cavity linewidth of 50 kHz. Figure 3.5 depicts two adjacent cavity 
modes simulated according to Eq. (3.9), indicating the FSR and the cavity 
mode width.  

Under impedance matched conditions and on resonance (imagine the la-
ser locked to one of the cavity transmission peaks), the power inside the 
cavity, cavP , the transmitted power, outP  and reflected power, refP , can be 
expressed in terms of the input power inP  as 
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( )

2

2
2

2
2

cav in in

out in in

ref in out out in in

FP T P

FP T P

FP L L T T P

π

π

π

⎛ ⎞≈ ⎜ ⎟
⎝ ⎠

⎛ ⎞≈ ⎜ ⎟
⎝ ⎠

⎛ ⎞≈ + + −⎜ ⎟
⎝ ⎠

 (3.13) 

Since 1F , the power inside the cavity can reach very high values, on the 
order of the finesse higher than the input power, i.e. for 1 mW input power, 
intracavity powers of tens to hundreds of Watts can be obtained.   

The finesse can also be expressed in terms of the total losses in the cav-
ity, cavL , wherefore the empty cavity finesse 0F  can be written in terms of 
the empty cavity losses, 0,cavL , as 

 0
0,

2 2 .
cav in out in out

F
L L L T T

π π
≈ =

+ + +
 (3.14) 

If a weakly absorbing gas is introduced to the cavity the finesse becomes 

( ) ( ) ( )0 0
0

0, 0,

2 exp ,
2 1 2 /cav cav

F FF F
L L

π α ν
α ν α ν π

⎡ ⎤= = ≈ −⎢ ⎥+ + ⎣ ⎦
 (3.15) 

where ( )2α ν  is the absorbance experienced for one cavity round-trip. The 
transmitted power contrast is then 

 ( )
2

0

0

2exp ,
abs

out

out

P FF
P F

α ν
π

⎛ ⎞ ⎡ ⎤= = −⎜ ⎟ ⎢ ⎥⎣ ⎦⎝ ⎠
 (3.16) 

which identifies 02 /F π  as the cavity (length) enhancement factor. The 
advantage of a cavity is thus that the absorption is enhanced by a factor up 
to 104 (or even 105 for ultra-high finesse cavities) and that the intracavity 
power is large, while, at the same time, the shot noise is still determined by 
an output power as low as the input power ( out inP P≈ ).  

CEAS techniques usually measure the power transmitted through the 
cavity and benefit from the enhanced signal contrast. For stable power 
transmission the laser frequency can be locked to the peak of the cavity 
mode. Some techniques however circumvent the lock. In integrated cavity 
output spectroscopy (ICOS) the laser is rapidly swept across several FSRs 
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in the vicinity of the absorption profile while the transmitted power is inte-
grated [45]. To randomize the buildup of power in the cavity, also its length 
can be modulated. The off-axis version of ICOS couples the light to the 
cavity in a way to at all avoid a frequency dependent transmission. Cavity 
ring-down spectroscopy (CRDS) is based upon the comparison of the cav-
ity decay times on- and off-resonance [46,47]. This has the advantage that 
the measurement is independent of the laser amplitude noise. On the other 
hand, CRDS is susceptible to various types of low-frequency noise that 
affect the on- and off-resonance measurements. An extensive review of 
cavity-enhanced methods is given by Paldus et al. [42]. 
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Figure 3.5. Two adjacent longitudinal cavity modes for a finesse of 10. The 
free-spectral-range and the cavity FWHM are indicated. 

In general, CEAS techniques have a higher detectability only by virtue 
of the cavity enhancement factor. In terms of noise, these techniques are as 
far away from their multi-pass shot noise as DAS is from the single-pass 
shot noise level, or even further because of the extra frequency-to-
amplitude noise that the sharp resonance of the cavity mode might intro-
duce. To reduce noise CEAS can be combined with modulation techniques. 
Successful ways to do this are described in Chapters 4 and 5. 

3.3 Saturation spectroscopy 
Saturation spectroscopy is frequently used to study the fine, hyperfine and 
isotopic structure of atoms/molecules, line broadening effects and for fre-
quency metrology. In spectrometric applications, however, optical satura-
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tion is often associated with a phenomenon better to be avoided because it 
leads to a nonlinear pressure dependence of the absorption signal (papers 
I-III). On the other hand, due to the narrowness of the obtained Doppler-
free signals, saturation spectroscopy is yet another way to enrich absorption 
spectrometry if one thinks of it as a way to prevent spectral interference.  

When a narrowband light source interacts with a Doppler-broadened 
transition it will interact with a certain velocity group of the moving at-
oms/molecules at a time. If the power of the light is large enough to satu-
rate the transition it will burn a hole, a so-called Bennett hole, in the popu-
lation distribution of the transition. A weak (unsaturating) probe beam that 
is scanned across the transition will then experience less absorption (a 
Lamb-dip) at the position of the Bennett hole. Traditional experimental 
setups for saturation spectroscopy therefore usually involve overlapping 
two beams, a strong pump and a weak probe beam, in the sample cell. 

To saturate weak molecular transitions (with small dipole moments), 
one can make use of the large powers that build up inside FP-cavities. The 
standing wave in an FP-cavity can be seen as two counterpropagating 
beams of equal intensity and frequency. Because of the opposite Doppler 
shifts, the two waves burn two Bennett holes in the population distribution, 
symmetric around the line center. At resonance, however, the two beams 
interact with the same velocity group (essentially the molecules that move 
perpendicular to the laser beam) and the holes will overlap, thereby increas-
ing the degree of saturation and thus decreasing the amount of absorption. 
A saturated Doppler-broadened absorption profile is still Gaussian, yet 
smaller and with a Lamb dip at line center (Fig. 3.6). 

An inhomogeneously broadened absorption profile in a strongly saturat-
ing standing wave can, neglecting coherent effects, be written as [48] 

 ( ) ( )
( )2 2

0

(1 / ) ,
4( )

S
sat

A B

A B

γ
α ν α ν

ν ν

+
=

+ − −
 (3.17) 

where ( )2 2
0 SA ν ν γ= − + , ( ) ( )2 2

0 1 2SB Sν ν γ= − + +  and S  is the 
saturation parameter. The shape of the Lamb dip can be approximated by a 
Lorentzian profile with a power-broadened homogenous (life-time/natural, 
transit time or collision broadened) width 1s Sγ γ= + , where γ  is the 
homogenous width of the transition. 

Equation (3.17) is plotted in Fig. 3.6 for a Doppler-broadened width of 
473 MHz, a Lamb dip width of 15 MHz and a saturation parameter of 1, 
together with the unsaturated Doppler-broadened absorption profile. Far 
away from resonance the absorption profile is reduced by 1 S+ , whereas 
it is a factor of 1 2S+  smaller exactly on resonance.  
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Figure 3.6. An unsaturated and a saturated Doppler-broadened lineshape 
(widths 473 MHz) for a saturation parameter of 1. The Lamb dip (width 15 
MHz) can clearly be seen at line center of the saturated profile. 

  The saturated absorption coefficient on resonance due to the Doppler-
free signal, ,

0
c satα , i.e. the depth of the Lamb-dip, is therefore related to the 

unsaturated absorption coefficient on resonance, 0
cα , by 

 ,
,0 ,0

1 1 .
1 1 2

c sat c
L L S S

α α ⎛ ⎞
= −⎜ ⎟+ +⎝ ⎠

 (3.18) 

According to Eq. (3.18), the largest absorbance the Lamb dip can give rise 
to is 13% of the Doppler peak value, which occurs for 1.4S = . The relative 
dip depth slowly levels off for higher saturation parameters.  

The saturation power, satP , i.e. the power for which the saturation pa-
rameter is unity, is defined as 

 ( )22 2
0 0

2
12

,
4

sat
ch Bp

P
πω ε

μ
=  (3.19) 

and hence depends on the transition dipole moment 12μ  (C·cm=3.3×10-30 
Debye), the beam radius 0ω  (m) and the pressure broadening, given as the 
product of the pressure p  (Torr) and the pressure broadening coefficient B  
(MHz/Torr). Here, 0ε  is the permittivity, c  is the velocity of light and h  is 
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Planck’s constant. The saturation power can be of the order of Watts for 
transition in the infrared. 

Prerequisites to perform saturation spectroscopy are thus (i) a low sam-
ple pressure (<10-3 atm) to prevent collision broadening of the Lamb dip 
beyond recognition (ii) high power and (iii) sufficient spectral resolution 
(narrow laser linewidth) to actually resolve the Doppler-free feature. 

Given these requirements and taking into account that the Lamb dip sig-
nal is considerably smaller (max 13%) than the Doppler-broadened signal 
(since not interacting with all molecules) and that the experimental setup 
becomes more complex, it is not surprising that saturation spectroscopy has 
not been used for analytical applications. Cavities, though, provide both 
high sensitivity and high power and might be the key to achieve reasonable 
detection limits even with saturation spectroscopy. 
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4. NICE-OHMS – the ultimate absorption 
technique? 

Noise-immune cavity-enhanced optical heterodyne molecular spectroscopy 
(NICE-OHMS) elegantly combines modulation techniques, external cavi-
ties, and saturation spectroscopy6. Originally developed in the mid 90’s by 
Ye, Ma and Hall at JILA for frequency metrology applications it is today’s 
most sensitive absorption technique, able to detect a fractional absorption 
as low as 5×10-13 [49]. 

4.1 Basic principles and noise immunity 
The high detectability of NICE-OHMS is achieved by performing FMS in 
an optical cavity while avoiding amplitude noise originating from laser 
frequency noise with respect to the cavity mode. The key to this “noise-
immunity” is to first lock the laser center frequency to one of the cavity 
transmission modes and then adjust the FM modulation frequency to ex-
actly match the FSR of the cavity. The FM-triplet is then transmitted with-
out being brought out of balance by the cavity, while, at the same time, 
experiencing the effective path length enhancement.  

As can be seen from the general schematic of a NICE-OHMS setup in 
Fig. 4.1, when the laser frequency is locked to the cavity mode using the 
Pound-Drever-Hall (PDH) technique, it is actually modulated with two 
different frequencies, pdhν  and mν . The first modulation provides the side-
bands needed for the PDH lock, while the second generates the sidebands 
for FM detection. The cavity reflected light is used twofold: the signal at 

pdhν  provides the error signal for laser locking, whereas the signal varying 
at the intermodulation frequency m pdhν ν−  is employed to lock the FM 
modulation frequency mν  to the FSR of the cavity. The latter is needed to 
ensure the noise-immunity, because the FSR is not constant during a scan 
through a (Doppler-broadened) absorption profile, which is accomplished 
by scanning the cavity length (and thereby the laser frequency). The cavity 
transmitted light (although the reflected light could also be used) is de-
tected and demodulated at mν  to obtain the pure frequency-modulated 
NICE-OHMS signal (fm-NICE-OHMS). In addition, to reduce residual 
low-frequency noise, a wavelength modulation dither with frequency mf  
can be applied via the cavity length. This yields, after further demodulation 
at mf , the wavelength-modulated NICE-OHMS signal (wm-NICE-OHMS). 

 

                                                      
6 NICE-OHMS is sometimes also referred to as cavity-enhanced frequency modulation spectroscopy. 
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Figure 4.1. An general NICE-OHMS setup using the PDH technique to lock 
the laser to one of the cavity modes. One or two EOMs generate the sidebands 
at two frequencies, of which one is locked to the FSR. The laser frequency is 
scanned and dithered via the cavity length. The analytical signal is detected in 
cavity transmission. 

Figure 4.2 illustrates the noise-immune principle and the fm-NICE-
OHMS signal generation in more detail. Panel a represents three adjacent 
modes of an empty cavity together with the spectrum of a laser coupled to 
the cavity, which consists of a carrier and the sidebands generated by the 
two frequency modulations. The laser carrier is locked to the center mode 
and the modulation frequency mν  is equal (and locked) to the empty cavity 
FSR 0σ . When an analyte is introduced to the resonator, an absorp-
tion/dispersion profile with width γ  will be present (panel b). The FM 
sidebands now experience different attenuations and phase shifts corre-
sponding to their detuning from line center. Panel c depicts the situation for 
an arbitrary detuning. This disturbs the otherwise balanced FM-triplet and 
leads to the well-known FM absorption and dispersion signals (panel d). 

Evidently, NICE-OHMS has several different modes of detection. Wm-
NICE-OHMS can be applied when highest sensitivity is needed, fm-NICE-
OHMS, when a slightly simpler setup is of advantage, Doppler-broadened 
NICE-OHMS when high pressure samples have to be analyzed with high 
detectability and wide dynamic range, and Doppler-free NICE-OHMS 
when high selectivity is required. Furthermore, as in FMS, one can chose to 
measure absorption, dispersion, or signals at arbitrary phase. 

In general, but in particular for Doppler-broadened detection, the condi-
tion for noise-immunity is not fulfilled perfectly for two reasons: First, as 
will be described in more detail in Chapter 5, in the presence of a disper-
sive medium it is not possible to exactly align the FM sidebands with the 
cavity modes (except on resonance). The dispersion forces the two FSRs to 
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be slightly different except exactly on resonance. Hence, the modulation 
frequency can only be locked to an average FSR. 
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Figure 4.2. Noise immune principle and NICE-OHMS signal generation. 
Three cavity modes and the laser spectrum with sidebands from two fre-
quency modulations for an empty cavity scan (panel a). A gas inside the cav-
ity leads to absorption/dispersion in the vicinity of a gas transition (panel b). 
The otherwise balanced triplet is disturbed by the absorption/dispersion (panel 
c), yielding the NICE-OHMS absorption and dispersion signals (panel d). 

Second, due to (practically inevitable) RAM at the modulation fre-
quency, induced by the EOM, and any other etalons thereafter, the side-
bands are already unbalanced before entering the cavity. Also this under-
mines the noise-immunity because even equal relative attenuations or phase 
shifts of the sidebands will lead to a variation in the FM signal that does not 
originate from the analyte. 
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4.2 NICE-OHMS lineshapes and detectability 

4.2.1 Doppler-broadened 
Under optically thin conditions, NICE-OHMS performs cavity-enhanced 
FMS without being handicapped by the cavity transfer function and the 
obtained signals can be described by the frequency modulation formalism 
given in section 3.1.1, however multiplied by the cavity enhancement fac-
tor 2 /F π .  

In accordance with Eq. (3.3), the Doppler-broadened fm-NICE-OHMS 
signal, fm noS − , can therefore, under optically thin and unsaturated condi-
tions, be written as 

 

( ) ( )

( ) ( ){
( ) ( ) ( ) }

0 1 0 ,0
2

cos

2 sin ,

fm no c
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abs abs
c m c m fm
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v v v v v

η β β α
π

χ χ θ

χ χ χ θ

− =

⎡ ⎤× − − +⎣ ⎦

⎡ ⎤+ − − + +⎣ ⎦

 (4.1) 

where the factor in front of the parenthesis is called the fm-NICE-OHMS 
signal strength. Figure 4.3 shows simulated fm-NICE-OHMS absorption 
(panel a) and dispersion (panel b) lineshapes, which thus are a combination 
of two absorption and three dispersion lineshape functions, respectively. 
There is no absorption contribution at the line center because the FM-triplet 
is balanced for zero detuning. As can be concluded from Eq. (4.1), and seen 
in the figure, the absorption contributions come from the two sidebands, 
whereas the three dispersion lineshapes originate from the carrier and the 
sidebands. 

To obtain the wavelength modulated NICE-OHMS signal lineshapes the 
FMS theory has been merged with the description of WMS given in section 
3.1.2, based on the work by Kluczynski et al. [30]. The Doppler-broadened 
wm-NICE-OHMS signal for nf-detection, wm no

nS − , can then be expressed as 
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Figure 4.3. Simulated Doppler-broadened fm-NICE-OHMS lineshapes from a 
Gaussian profile for a modulation frequency to transition width ratio of 0.8. 
The individual absorption and dispersion profiles that make up the final 
NICE-OHMS signals are shown.  
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where ( ), ,abs even
n c m av v vχ ± , ( ), ,disp even

n c m av v vχ ±  and ( ), ,disp even
n c av vχ  are 

the even components of the nth-order Fourier coefficients of the peak nor-
malized absorption lineshape function for the sidebands and the corre-
sponding dispersion lineshape function for the sidebands as well as the 
carrier, respectively. The factor in front of the parenthesis is the wm-NICE-
OHMS signal strength. 

Figure 4.4 presents simulated wm-NICE-OHMS absorption (panel a) 
and dispersion (panel b) lineshapes, which are again a combination of two 
absorption and three dispersion lineshape functions, respectively. The wm-
NICE-OHMS lineshapes might look similar to ordinary 2f-WMS line-
shapes, but their generation is different since one first obtains a 1f-FMS 
lineshape, which is then demodulated again at mf . The wm-NICE-OHMS 
absorption signal is therefore a combination of the 1f-signals of the two 
absorption profiles in Fig. 4.3a, and the wm-NICE-OHMS dispersion signal 
is combined from the three 1f-signals of the dispersion lineshapes that gave 
rise to the fm-NICE-OHMS dispersion signal in Fig. 4.3b. 

The theory presented above is based on several approximations. The 
modulation index, for example, has to be low, i.e. 0.4β < , to avoid second 
order sidebands. Moreover, the absorption response from the medium has 
to be linear and therefore small, i.e. ( ) ,02 / 1c

L relF c Lπ α . In addition, if 
the single pass absorption in the cavity is large, the finesse will decrease 
considerably in the vicinity of the transition. This will, in turn, decrease the 
cavity enhancement factor and thus give a nonlinear absorption response. 
Therefore, the single pass absorption should be smaller than the intracavity 
losses, i.e. ,0 2 /c

L relc L Fα π . Towards lower pressures the response of the 
system will be nonlinear if optical saturation is present. 

A linear absorption response thus requires that these phenomena are 
properly taken into account in the theory. To some extent a calibration 
curve will help, although at high pressures the lineshapes will be quite dif-
ferent from the predicted and the theory presented here cannot be used for 
fitting. Since optical saturation reduces a Doppler-broadened lineshape by 
the frequency independent factor 1 S+ , the lineshapes are not distorted 
under these conditions.  

4.2.2 Doppler-free 
For low intracavity pressures and if the intracavity power is high enough to 
saturate the transition, there will also be a Doppler-free response. However, 
with NICE-OHMS one does not simply perform saturation spectroscopy in 
a cavity, but frequency modulated saturation spectroscopy in a cavity. All 
three components of the FM-triplet will then burn their own hole in the 
population distribution. During a scan through the absorption profile there 
will therefore be nine occasions where two of the holes overlap, resulting in 
nine Lamb dips (5 in the dispersion and 4 in the absorption signal) [50]. At  
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Figure 4.4. Simulated Doppler-broadened wm-NICE-OHMS lineshapes from 
a Gaussian absorption profile for a modulation frequency to transition width 
ratio of 0.8. The individual absorption and dispersion lineshapes that make up 
the final NICE-OHMS signals are shown.  
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dispersion phase, the largest sub-Doppler signals arise at frequencies 0ν  
and 0 / 2mν ν±  where the carrier hole overlaps with itself and with the 
holes caused by the two sidebands at mν , respectively. At absorption phase, 
large Doppler-free features will appear only at 0 / 2mν ν±  for reasons given 
above. 

Assuming a Lorentzian profile of the Lamb dip and wm-NICE-OHMS 
detection the Doppler-free NICE-OHMS dispersion signal, df no

nS −  for de-
tection at line center can be written as  

 ( ) ( ) ( ), ,
0 1 0 ,0 ,

4 , sindf no c sat disp even
n wm fm L rel L n c a fm

FS J J P Lc v vη η β β α χ θ
π

− = (4.3) 

where ,
0
c satα  denotes the saturated absorption coefficient on resonance 

given in Eq. (3.18), and ( ),
, ,disp even

L n c av vχ  is the even component of the nth-
order Fourier coefficient of a peak normalized Lorentzian dispersion line-
shape function.  

4.2.3 Shot noise limit 
The theoretical shot noise limit, i.e. the minimum detectable absorbance on 
resonance that can be measured with NICE-OHMS, ( )0 min

noα , (for SNR=2) 
is given by  

 ( ) ( ) ( )0 min
0 1

1 .no

D

eB
F P J J
πα

η β β
=

′
 (4.4) 

Typical values, such as a finesse of 104, a detection bandwidth of 100 Hz, 
an instrumentation factor of 1 A/W, a power on the detector of 1 mW and a 
modulation index of 0.4, yields a shot noise limited, minimum detectable 
fractional absorption of 2 ×10-10. 

4.3 Construction of a compact NICE-OHMS spectrometer 
Naturally, the features and the high sensitivity of NICE-OHMS take their 
toll in terms of complexity. Hence, the question arose: is it possible to de-
sign a relatively simple and compact yet very sensitive spectrometer based 
on the NICE-OHMS principle? Well, it all depends on the definition of 
“relatively simple”… 

As can be seen from the detailed schematic of our experimental setup 
presented in Fig. 4.5 and anticipated from the photos of the whole and just 
the optical setup in Figs. 4.6 and 4.8, respectively, a NICE-OHMS spec-
trometer consists essentially of a laser, a tunable FP-cavity, one or two  
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Figure 4.5. A detailed schematic of the experimental setup used to perform 
the NICE-OHMS experiments presented in this thesis. EDFL is the erbium 
doped fiber laser, OI an optical isolator, pol a polarizer, PBS a polarizing 
beam splitter, PD a detector, DBM a double-balanced mixer, BP a band-pass 
and LP a low-pass filter. The dotted line indicates the free-space beam path. 

 

Figure 4.6. A photo of the experimental setup. The casing at the top middle 
contains the fiber laser. The optical setup can be seen on the optical table, the 
gas system is behind the table and a part of the electronics to the right of the 
optical setup. The long piece of glass in the middle of the optical setup is the 
Zerodur bar that is part of the high-finesse cavity. 
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EOMs, two feedback loops, two photodetectors, demodulation and filter 
electronics and a gas system. These parts will now be discussed separately. 

4.3.1 A suitable laser 
One of the major hurdles for a practical implementation of NICE-OHMS is 
to robustly lock the laser to one of the usually narrow (kHz range) trans-
mission modes of the cavity and to maintain a stable lock when scanning 
(or dithering) across a transition. Obviously, the strain on the lock increases 
with decreasing frequency stability of the laser, a fact that makes its 
linewidth one of the most critical issues. Other important laser properties 
are tunability and amplitude noise. 

When we started the project, NICE-OHMS setups had been realized 
with Nd:YAG, Ti:sapphire, QCL, and external cavity diode lasers 
(ECDLs). Our original aim was to build a compact setup around a diode 
laser in the infrared. Free-running diode lasers have linewidths of several or 
tens of MHz, wherefore, in practice, only ECDLs (i.e. diode lasers with 
“prestabilized” linewidths below a MHz) could be considered for NICE-
OHMS. In the course of the project, however, a narrowband erbium doped 
fiber laser (EDFL) was found to be a better alternative. Some properties of 
the ECDL and the EDFL used in this project are given in Table 4.1. 

An ECDL in the Littman/Metcalf configuration consists of a Fabry-
Perot diode laser with an antireflection coating on one facet, placed in an 
external cavity with a wavelength selective grating and a mirror. The zeroth 
order beam from the grating becomes the laser output, whereas the first 
order beam is retroreflected back to the diode via the mirror. The output 
wavelength is tuned by changing the angle and/or position of the mirror so 
that a different wavelength is reflected. Coarse tuning is achieved with a 
screw, whereas a PZT is used for fine tuning. A well aligned ECDL can 
have a side-mode suppression of 40 dB and allows tens of GHz continuous 
tuning. 

An ECDL bears the advantages of large overall range (many transitions 
can be accessed with a single laser), large PZT fine tuning range (ability to 
scan across even pressure-broadened lineshapes), and availability in a 
broad spectral region (basically everywhere where FP-diode lasers exist). 

Due to its design, the performance of an ECDL is, however, hampered 
by acoustic and mechanical noise in the environment, i.e. sounds and vibra-
tions. Other problems are connected to the diode laser itself. The frequency 
response of FP-diode lasers, for example, is rather unpredictable. It is gov-
erned by thermal effects at low frequencies, while it is determined by the 
refractive index change due to a variation of the charge carrier density at 
higher frequencies. The transition between these two effects can occur at 
any frequency between tens of kHz and 1 MHz, depending on the specific 
laser, and causes gain and phase variations. Even worse, these properties 
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are subject to change due to aging of the diode. Other disadvantages of 
diode lasers are mode hops and the notoriously elliptic beam profile. 

Table 4.1. Basic characteristics of the ECDL (Sacher, Lion) and the EDFL (Koheras, 
Adjustik E15) used in the NICE-OHMS project. The linewidth of the EDFL was meas-
ured over 120 μs, whereas the linewidth of the ECDL was measured over 50 ms. The 
coarse tuning ranges of the EDFL and the ECDL are achieved by temperature and exter-
nal cavity length tuning, respectively. 

 EDFL ECDL 
Linewidth [kHz]* <1 <750 
Max Output power [mW] 14 5 
Operating range [nm] 1530.62 – 1531.60 1494 - 1545 
Coarse tuning range [nm] 1  50  
Fine tuning range piezo [GHz] 3 130 
Fine tuning range current [GHz] - >20 
Piezo resonances [kHz] >30 >2 
Mode hopping no yes 
Polarization extinction ratio >20 15 
Side mode suppression [dB] >54 35 
RIN peak @ 500 kHz [dBc/Hz] -111  - 
Beam profile circular elliptic 

Wavelength regions [nm] 
1030-1160  
1530-1565 

400-1700 

Cost [k€] ~15 10-30 

 For applications involving frequency stabilization to narrow cavity 
modes, a laser with a narrower linewidth than provided by an ECDL would 
be advantageous. Good candidates in this respect are narrowband fiber 
lasers. One such laser, an EDFL from Koheras (Adjustik E15), was used in 
the later part of this project.  

Understandably, the exact working principle of the EDFL was not dis-
closed by the manufacturer. In general, however, the heart of an EDFL is a 
(in this case erbium) doped optical fiber. Population inversion is achieved 
by pumping the active fiber with a DFB-laser. The output wavelength is 
precisely selected by a Fiber Bragg Grating (FBG) imprinted in the core of 
the active fiber. Wavelength tuning is achieved by stretching the fiber with 
the help of a piezo. Due to the radiation generation in the optical fiber, the 
laser is considered a solid-state laser. 

Apart from the extremely narrow linewidth of 1 kHz, advantages of 
EDFLs include mode-hop free tuning and a circular beam profile (due to 
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the fiber), the latter simplifying mode matching to the cavity. The laser can 
also easily be combined with integrated fiber or fiber-coupled devices.  

On the other hand, EDFLs have a small overall tuning range (1 nm - 
careful selection of the center frequency is required), small fine tuning 
range (barely enough to scan across a Doppler-broadened lineshape) and 
they are available only in a limited spectral range.  

A list of transitions of several species of interest for trace species detec-
tion that can be reached with the available EDFL is given in Table 4.2 

Table 4.2.  Some transitions of species that can be reached with the available EDFL. 

Species Wavenumber 
[cm-1] 

Wavelength 
[nm] 

Strenght 
[cm-1/(molec cm-2)] 

Dγ  
[MHz] 

Ref 

CO2 6528.89397 1531.653 5.19×10-25 364 [51] 
C2H2 6529.1721 1531.588 1.17×10-20 473 [51] 
NH3 6529.184 1531.585 1.39×10-21 585 [52] 
N2O 6529.5318 1531.503 3.05×10-24 364 [51] 
CH4 6530.9845 1531.163 5.91×10-26 603 [51] 

13C2H2 6531.1521 1531.123 1.17×10-22 456 [51] 
CH2O ~6530 ~1531 ~5×10-24 440 [53] 

4.3.2 The cavity  
The sturdy FP-cavity of stable length that can contain a low pressure gas 
sample was built by attaching two high-reflectivity mirrors to the ends of a 
bar made of a low thermal expansion material. Suitable materials with 
thermal expansion coefficients between 10-10 to 10-6 K-1 at room tempera-
ture are glass ceramics such as ultra-low expansion glass (ULE), Zerodur 
and Macor, or Invar. Our cavity was based upon a bar made of Zerodur, 
ordered to have a well-defined length and parallel surfaces. A hole was 
drilled through the bar lengthwise that serves as the gas chamber and lets 
the light pass through the resonator. Another hole was drilled widthwise to 
allow connection to the gas system. To make the cavity length tunable, 
piezo-electric stacks (piezos, PZTs) were mounted between the bar and the 
mirrors.  

The principle of construction of our resonator is schematically shown in 
Fig. 4.7. Photos that show the cavity in the optical setup can be seen in 
Figs. 4.6 and 4.8. A close-up on the mirrors and piezos is shown in Fig. 4.9. 
Important properties if the cavity parameters are listed in Table 4.3. As 
glue, high vacuum glue (Varian, TorrSeal) was used. The PZTs were high-
voltage, ring-shaped (tubular) devices sealed for ultra-high vacuum applica-
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tions. Their physical and stroke lengths were chosen to match the cavity 
length and the scanning requirements.  

Zerodur

Zerodur

Gas inlet

Macor PZT Mirror

Zerodur

Zerodur

Gas inlet

Macor PZT Mirror

 

Figure 4.7. The construction principle of the cavity illustrated by a cross-
section through half the resonator. Gas inlet refers to the hole for the connec-
tion to the gas system. 

First, a precisely manufactured piece of Macor was glued in the open-
ings of the Zerodur bar to adapt the dimensions of the opening to the di-
mensions of the PZT and to ensure that the PZT has a position centered on 
the opening. Then the piezo was glued to the Macor fittings. With the pie-
zos in place, the cavity was installed on the optical table, and the mirrors, 
mounted in adjustable mirror mounts, were positioned very close to the 
piezos. Next, glue was put on the surfaces of the piezos that were to be 
glued to the mirrors. With the laser light coupled to the cavity, and con-
stantly observing the transmission, the mirrors were then translated forward 
using the mounts, until they came in contact with the glue. While the glue 
hardened, the position of the mirrors could still be adjusted to optimize the 
coupling, i.e. maximize the transmission of the longitudinal modes and 
clean it from transverse modes.  

The overall length of the cavity was chosen to yield an FSR of the order 
of the width of the targeted Doppler-broadened transition (for near opti-
mum FMS conditions) but also to give a long optical path length. The mir-
ror reflectivity, i.e. the finesse, was selected as a compromise between a 
reasonably large cavity enhancement factor and a moderately narrow cavity 
linewidth (for a robust lock). The mirrors did not have an antireflection 
coating on the rear substrate (although this would have been an advantage) 
or wedged surfaces. 

In general, to mode-match the light to the cavity mode, the relevant 
properties of the Gaussian mode in the cavity, such as the spot size at the 
mirrors, the position of the waist and the Rayleigh range, were calculated. 
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Together with the properties of the laser beam (measured with the “razor-
blade method”), these data were used to calculate a suitable lens or lens 
system for the laser beam to match the cavity mode [44]. 

The cavity linewidth was first determined by a ring-down measurement, 
but more reliable results were achieved by fits to the Pound-Drever-Hall 
error signal. The FSR was initially estimated from the knowledge of the 
cavity length. Once the FM modulation frequency was locked to the FSR, 
its exact value could be read off a spectrum analyzer and used to calculate 
the finesse. 

Table 4.3. Properties of cavity with which the experiments for papers VI and VII were 
performed. OD denotes outer diameter, and ID stands for inner diameter. 

Material Zerodur 
Thermal expansion coefficient [K-1] <10-7 
Total Length [cm] 39.45 
Free-spectral-range [MHz] 379.9 
Mirror reflectivity 0.9993 
Finesse  4800 
Half-width-half-maximum [kHz] 40 
Radii of curvature mirrors1/2 [m] ∞ /1 
Diameter of lengthwise hole [mm] 12 
PZT voltage range [V] 0-1000 
PZTs length/OD/ID [mm] 27/25/16 
PZT deflection [μm] 26 
PZT frequency tunability [GHz] 8 

Several similar cavities were built in the course of the project, the dif-
ference being the reflectivities of the mirrors, the type of piezo, and 
(slightly) the length. The cavity that was used to perform the measurements 
presented in paper V had to be rebuild because the coating of one of the 
mirrors had been deteriorated by electric discharges from the piezo, which 
had caused an etalon in the mirror. The new cavity was then used for the 
experiments in papers VI and VII. 

Due to the fact that the conductivity of inert gases is higher in a certain 
pressure range (1 Torr – 500 Torr), dielectric breakdown might occur, and 
care has to be taken concerning the voltage applied to the piezos. Too large 
voltages (>300 V) can lead to electric discharge (arcing). It was therefore 
recommended by the manufacturer to not operate the PZTs at those 
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Figure 4.8. Picture of the optical setup. The laser light comes in the optical fi-
ber from above. The long glass-ceramic bar in the middle is the cavity, 
whereas the gas system can be seen behind the optical table. The lenses are 
mounted on micrometer stages to facilitate reduction of etalon effects. 

 

Figure 4.9. Close-ups on one end of the Zerodur bar. First the Macor fitting, 
was glued to the Zerodur bar, then the piezo and finally the mirror. 
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pressures (or at least only at low voltages), especially if inert gases are 
used. The use of low-voltage piezos could thus be an advantage. 

Working with reactive gases is also difficult, since they deposit on all 
surfaces, gas system walls and mirror coatings. This can damage the mirror 
and other coatings and materials in the gas system and lead to increased 
outgasing, which can imply an uncertainty in the actual concentration of the 
gas in the cavity. Our original goal to use ammonia as a pilot species was 
therefore soon abandoned. In fact, the coating of one of the piezos in the 
cavity used for the experiments presented in paper V was presumably de-
stroyed because a rather large concentration of ammonia had been in the 
cavity unnoticed for some time. This, we believe, has increased the possi-
bility for arching due to dielectric breakdown, which in the following dete-
riorated the coating of one of the mirrors of that resonator.  

4.3.3 Implementing scan, frequency and wavelength modulation 
The scan of the laser frequency across a transition (usually utilizing the 
entire EDFL piezo tuning range) was accomplished by tuning the length of 
one of the cavity piezos. This changes the frequency of the cavity modes at 

/ 2q qc nLν = , whereby the laser, locked to one of the modes, will follow.  
Since the Pound-Drever-Hall technique was used for laser frequency 

stabilization the light had to be modulated with two different rf frequencies, 
one higher frequency, equal to the FSR (~380 MHz, 1β ~0.4) and one lower 
frequency (20 MHz, chosen not to coincide with transverse cavity modes, 

2β <0.1, as low as possible) to create sidebands outside the cavity mode. 
To phase modulate the light we initially used two free-space EOMs. 

However, after introducing the EDFL to the setup, we soon switched to a 
single fiber-coupled EOM (fiber EOM), which could accommodate both 
modulations. The basic properties of these modulators are compared in 
Table 4.4. A picture of the fiber EOM (Photline, MPZ-LN-10) can be 
found in Figure 4.15a. In general, an EOM exploits the Pockels- or Kerr 
effect to vary the refractive index of an electro-optic crystal in response to 
an applied electric field. A modulation of the voltage applied to the EOM 
will therefore give rise to a modulation of the phase of the optical field 
passing the crystal. 

Notable, the fiber EOM had a much larger electrical bandwidth than the 
free space EOM, which is why both frequencies can be applied to a single 
device. Also, the half-wave voltage was considerably lower, requiring less 
voltage to achieve the same modulation index (even allowing for large in-
dices). This means that lower electrical powers circulate in the system, 
which reduces electric pick-up by other equipment.  
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Similarly to the scan, the wavelength modulation dither was imple-
mented by modulating the cavity length via one of the piezos. Both scan 
and dither were also, after proper adjustment of gain and phase, feed-
forwarded to the laser frequency lock, to ease the strain on the locking. The 
WM modulation frequency and amplitude were limited either by the servo 
loop gain or a non-ideal behavior of the cavity piezos. 

Table 4.4. Properties of the fiber EOM and the resonant free-space EOM used. 

 Fiber EOM Free space EOM 
Crystal LiNbO3 LiNbO3 
Wavelength range [μm] 1.510 - 1.565 1.0 – 1.6 
Modulation frequency range 30 kHz – 10 GHz 380 MHz 
Max opt power [W/mm2] 0.1 1 
Max RF power [W] 0.64 4 
Half-wave voltage [V] 6 45 
Alignment possibility no yes 
Cost [k€] <2 >3 

Due to a nonlinear response of the cavity piezo, the scan was nonlinear 
in frequency. The correct frequency scale for each measurement series was 
obtained by recording the cavity transmission of an empty scan with the 
unlocked laser and using the cavity modes (spaced by the well-known FSR) 
as frequency markers. In case of wm-nice-ohms, the 1f-signals of the modes 
were recorded while the cavity length was scanned and dithered. 

4.3.4 Laser frequency stabilization 
Although NICE-OHMS provides a certain immunity to frequency noise, 
due to heterodyne detection, active laser frequency stabilization to a stable 
reference frequency, i.e. “laser locking”, is needed to ensure that the laser 
carrier always stands at the peak of the cavity mode, that most of the light 
is transmitted (laser linewidth reduction) and that the laser follows the scan 
and wavelength modulation applied to the cavity mode via the cavity 
length. Laser locking and CEAS can easily be combined because the nar-
row transmission mode of the sample compartment readily serves as optical 
frequency discriminator. 

A manifold of techniques exist to achieve such a lock. Resonant optical 
feedback [54], self-heterodyne beat frequency control [55], tilt-locking 
[56], the Zeeman effect [57], saturation [58] and polarization spectroscopy 
[59], the Pound-Drever-Hall (PDH) [38] and the Coulliard-Hänsch method 
[60] and combinations thereof, are all used for this purpose. The majority 
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of these techniques derives an error signal reflecting the frequency excur-
sions of the laser and applies negative feedback to correct for the frequency 
noise.  

Negative feedback is a very general concept that appears in many con-
texts. A negative feedback system consists of a source that generates a sig-
nal, an error amplifier a  that gives the output signal, a feedback network 
β  that provides the feedback signal and a summing network that generates 
the difference between source and the feedback signal (Fig. 4.10).  

Source a

β

LoadSource a

ββ

Load

 

Figure 4.10. Schematic of a negative feedback loop.  

The closed loop gain, ( )G f , at frequency f  is then 

 ( ) ( )
( )

,
1

a f
G f

a fβ
=

+
 (4.5) 

where a  denotes the open loop gain, β  is the gain of the feedback circuit, 
and the noise in the system is reduced by a factor 1 aβ+  [61]. In practice, 
the entities ( )G f , ( )a f  and ( )fβ  are complex transfer functions with 
frequency dependent gain and phase. 

One of the most common locking techniques is the Pound-Drever-Hall 
(PDH) stabilization scheme. It was developed in the early 80s by Pound, 
Drever and Hall [62] and provides a tight, high-bandwidth lock with a wide 
acquisition range, high laser center frequency stability as well as an effec-
tive reduction of the laser linewidth. The technique employs a frequency 
modulation scheme, as described in chapter 3.3, with a modulation fre-
quency larger than the cavity mode linewidth, to obtain information about 
the frequency deviation of the laser with respect to the frequency of the 
resonator mode. The PDH scheme can therefore be seen as FMS with the 
cavity transmission (or reflection) profile replacing the absorption profile. 
With a sufficiently high electronic feedback bandwidth, one can then obtain 
an effective laser linewidth that is orders of magnitude narrower than the 
free-running laser linewidth [63,64]. 

A typical PDH-setup is schematically shown in Fig. 4.11. The cavity re-
flected light is picked off by a quarter-wave plate and a polarizing beam 
splitter. The reflected signal is then demodulated at the PDH modulation 
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frequency pdhν  to yield the error-signal. After amplifying and filtering the 
error signal in a proper way (depending on the actual laser and cavity prop-
erties), it is sent back to the laser to correct for unwanted frequency excur-
sions [65,66]. A comparison between Figs. 4.10 and 4.11 identifies a  as 
the combined transfer functions of the laser and the cavity, and β  as the 
transfer function of the laser servo electronics that provide the feedback. 

Laser

~
PDLaser

Servo

EOM Cavity

Phase

Laser

~~
PDPDLaser

Servo

EOM Cavity

Phase

 

Figure 4.11. Schematic of a Pound-Drever-Hall setup for laser frequency sta-
bilization. PD stands for photodiode. The dotted line symbolizes the free-
space beam path. 

The error signal has the shape of the FMS dispersion signal plotted in 
panel d in Fig. 3.2. Its odd symmetry around line center enables locking to 
the peak of the cavity mode. At low frequencies, i.e. lower than the 
linewidth of the cavity, the resonator acts as a frequency discriminator and 
is very sensitive to small deviations from the cavity mode center frequency. 
At larger frequencies, the gain for correction rolls-off and the error signal 
will cease to be useful as the magnitude decreases to the level of the back-
ground noise, although this limit should be well above the attainable servo 
bandwidth (typically a few MHz).  

In the design of the overall transfer function one aims in general for as 
high gain as possible at low frequencies, and then tries to realize the re-
quired bandwidth while keeping a phase margin of about 45°. This is usu-
ally achieved by decreasing the gain with slopes of 20 or 40 dB/decade. 
Around unity gain, a slope of 20 dB/decade is recommended to prevent the 
phase from approaching 180° too quickly and thereby causing oscillations 
due to positive feedback.  

The transfer functions of the laser and the cavity also have to be consid-
ered when designing the servo electronics. As mentioned above, the phase 
of a diode laser may lag considerably already at 100 kHz and another roll-
off is introduced by the cavity, with the corner frequency equal to the cav-
ity linewidth. Phase-leads can then be added to the servo to compensate for 
these slopes.   

The ECDL had three inputs to control the output frequency: slow modu-
lation via a piezo, intermediate current modulation from dc to tens of kHz 
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(coupled to the diode via the current driver) and fast current modulation via 
a bias tee (ac-coupled directly to the diode and custom made with gain 
from 300 Hz to tens of MHz). All three inputs had to be addressed with 
different transfer functions to realize a bandwidth of several MHz, which is 
needed to stabilize (and narrow) the free-running ~1 MHz linewidth of the 
ECDL down to at least the cavity linewidth (300 kHz at that time). More-
over, care has to be taken that the phase difference between two channels 
stays below 90° at their cross-over. The piezo channel additionally included 
a notch filter at 2 kHz to damp out a piezo resonance.  

-20

0

20

40

60

80

100

120

10-1 100 101 102 103 104 105
-180

-135

-90

-45

0

45

90

135

180  

M
ag

ni
tu

de
 [d

B
]

Frequency [Hz]

 

Ph
as

e 
[d

eg
re

es
]

 

Figure 4.12. Bode plot of the servo loop transfer function used to lock the 
EDFL to the high-finesse cavity. The dashed line indicates unity gain. 

After we had successfully locked the ECDL, the diode unfortunately 
changed its frequency response in a way that made locking very difficult, if 
not impossible. At the time, narrowband fiber lasers with promising proper-
ties became available, which facilitated the decision to abandon the ECDL. 

The EDFL had only one input to control the frequency, namely the 
piezo that stretches the fiber. Although this input has a total bandwidth of 
100 kHz, it can effectively be used only up to 30 kHz before piezo reso-
nances are excited, therefore limiting the overall bandwidth to below 30 
kHz. A higher bandwidth is however not needed due to the narrow free-
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running laser linewidth. The transfer function for this single input can thus 
be kept much simpler than that needed for the ECDL.  

Feedback loop transfer functions can conveniently be displayed in form 
of Bode plots, which show gain and phase as a function of frequency on a 
double logarithmic scale. Figure 4.12 presents the transfer functions of the 
servo electronics that was used to lock the EDFL to the 4800 finesse cavity. 

As shown in the figure, the servo electronics consisted of a double inte-
grator with a corner frequency of a few hertz to provide high gain at low 
frequencies, a phase lead at kilohertz frequencies to ensure stability at unity 
gain, and further roll-off at tens of kHz to limit the bandwidth. Due to the 
low servo bandwidth, the cavity roll-off above 80 kHz did not have to be 
considered. A photo of the electronic circuit can be seen in Fig. 4.15b. Fur-
ther guidelines for stabilizing (diode) lasers to high-finesse cavities are 
given in [67]. 

4.3.5 Free-spectral-range locking 
During a scan accomplished via the cavity length the value of the FSR is 
not a constant but will change according to / 2c nLσ = . Moreover, the 
presence of a dispersive medium in the cavity will additionally affect the 
FSR due to the associated change in refractive index. Under Doppler-
broadened conditions, both these FSR changes can reach values in the low 
kHz range. This is of the order of the cavity linewidth and will therefore 
counteract the noise-immune condition. For these reasons the FM modula-
tion frequency has to be actively locked to the instantaneous FSR at each 
time of the scan. 

According to deVoe and Brewer [35], it is possible to use the inter-
modulation frequency m pdhν ν−  to derive an error signal that is propor-
tional only to the deviation of mν  from the actual FSR and hence can be 
used for this purpose. This technique is called dual-frequency modulation 
(DFM). 

The principle of DFM is illustrated in Fig. 4.13, where panel a shows 
three adjacent cavity modes spaced by the empty cavity FSR, 0σ , and the 
spectrum of a laser modulated with two frequencies, pdhν  and mν . The 
laser center frequency is locked to one of the cavity modes, accomplished 
with the sidebands at pdhν , and mν  is locked to the FSR. In case of this 
perfect match there will not be any signal at the intermodulation frequency 

m pdhν ν−  because the corresponding sidebands are reflected in exactly the 
same way but with opposite phase. However, when the physical or optical 
cavity length changes (panel b), the two FSRs from the center mode to its 
adjacent modes will change to σ −  and σ +  (in panel b σ σ− += ). This un-
balances the sidebands at the intermodulation frequency and an error signal 
proportional to the average modulation frequency deviation from the FSR, 
δ , arises (panel c). 



50 

b

c

0ν ν−

a

0ν ν−

pdhν

pdhν

0mν σ= 0mν σ=

σ +σ −

pdhν

pdhν

m pdhν ν− − m pdhν ν−

mν

δ

δ+δ+

mν σ −− mν σ ±− mν σ +−

ε

b

c

0ν ν−

a

0ν ν−

pdhν pdhν

pdhν pdhν

0mν σ= 0mν σ= 0mν σ= 0mν σ=

σ +σ +σ −σ −

pdhν pdhν

pdhν pdhν

m pdhν ν− −m pdhν ν− − m pdhν ν−

mν mν

δ

δ+δ+δ+

mν σ −− mν σ ±− mν σ +−

ε

 

Figure 4.13. The principle of dual frequency modulation. Panel c shows the 
error signal that arises at the intermodulation frequency. The nomenclature is 
further described in Chapter 5. 

Figure 4.14 illustrates the experimental DFM setup. To realize the lock 
one needs to first generate the intermodulation frequency. This is done by 
mixing the two frequencies and thereafter filtering out all frequencies but 
the difference (or sum) frequency (a photo of the narrowband filter is 
shown in Fig. 4.15c). This signal is then used as local oscillator and mixed 
with a part of the signal from cavity reflected light containing the inter-
modulation frequency component. The so demodulated error signal is then 
fed back to the tunable rf frequency source, i.e. the voltage controlled oscil-
lator (VCO). This VCO (thus working at 379.9 MHz) was custom made to 
provide a high stability (i.e. a linewidth of ~10 Hz and therefore a relative 
stability of ~107) and, at the same time, a certain tunability (>50 kHz). The 
FSR servo was based on a simple double integrator with a corner frequency 
at 80 Hz. 

In Chapter 5 the DFM technique will be described in more detail. It will 
be shown there how DFM can be used to not only lock the modulation fre-
quency to the FSR of the cavity but also to directly obtain the analyte con-
centration by counting the modulation frequency. 
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Figure 4.14. Schematic of the DFM setup that is used in NICE-OHMS to lock 
the FM modulation frequency to the free-spectral range. The dotted line de-
picts the free-space beam path. 

4.3.6 Gas system 
The gas system consisted of a rotary vacuum pump (to establish a rough 
vacuum) and a turbo molecular pump, which could routinely evacuate the 
cavity to below 10-7 Torr. With the available pressure sensors and valves 
we could reliably measure and control pressures down to about 10 mTorr. 
At the high pressure end we were limited to 1 Torr by the cavity piezos. 

4.3.7 Free space and fiber optics 
It was important to use high quality optical components that were anti-
reflection coated for 1530 nm and mounted in mechanically stable mounts 
at low height on the optical table (that did not have vibration damping). 
Etalons could be reduced by free space isolators in front of the detectors, 
and by fine-adjusting the positions of critical optical components, such as 
the isolators and lenses, with the help of micrometer stages. 

All optical fibers were polarization maintaining with angled connectors 
(APC). Whenever needed, fiber isolators were used to reduce optical feed-
back to the laser and etalons in the fiber. Since an EOM is very sensitive to 
the polarization direction of the input beam, a fiber-coupled polarizer was 
inserted before the EOM. Care has to be taken with optical fibers because 
their transmission can be strongly influenced by vibrations and bending. 
Moreover, temperature drifts affect the chromatic dispersion in the fibers, 
which, in turn, disturbs the phase balance of the FM-triplet and introduces 
drifts in the NICE-OHMS dispersion signal. 

4.3.8 Electronics and data acquisition 
As photo-detectors we used fast, 1 GHz-bandwidth detectors from NewFo-
cus. Due to the small diameter of their photo-diodes they were very sensi-
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tive to spatial alignment. In addition, since the detectors start to saturate for 
laser powers above 1 mW, neutral density filters were used to damp the 
light in front of the detector whenever needed. 

Most of the demodulation electronics (mixers, phase shifters, filters) 
was bought from MiniCircuits. The electrical cables in the system were 
specially shielded (>50 dB attenuation) and kept as short as possible to 
reduce electronic pick-up. The laser locking and FSR servo electronics, as 
well as the low pass filter after demodulation of the fm-NICE-OHMS sig-
nal, were home-built, whereas the VCO and the filter to extract the inter-
modulation frequency signal for the FSR lock (Fig. 4.15c) were custom 
made (T. Lock, Metrinova AB). The final signal was acquired by a data 
acquisition card and using LabVIEW. The theoretical expressions were 
fitted to the data using MATLAB. 

 

Figure 4.15. The fiber EOM (panel a), the laser servo electronics for locking 
the EDFL to the cavity (panel b, designed and built by A. Foltynowicz), and 
the narrowband filter used to extract the intermodulation frequency for the 
FSR lock (panel c, designed and built by T. Lock). 

4.3.9 Running procedures 
As pilot species we used C2H2, specifically the Pe(11) transition of the 
strong 1 3ν ν+  combination band at 1.5 μm with S=1.17×10-20 cm-

1/(molecule cm-2). This transition has a relatively large dipole moment and 
was therefore easily saturated even with laser powers below 1 mW incident 
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on the cavity. The gas was available as a mixture of 1000 ppm of C2H2 in 
N2, but was occasionally diluted to reach lower acetylene concentrations. 

A five orders of magnitude weaker CO2 transition at 1531.19 nm with 
S=8.44×10-26 cm-1/(molecule cm-2), well separated from other carbon diox-
ide transitions, was used as an alternative to assess the weakest absorption 
signals. CO2 was available in pure form.  

For each measurement the resonator was first evacuated down to 10-7 
Torr before it was filled with a given pressure of one of the gas mixtures. 
All measurements were performed at room temperature. 

4.4 Main results - detection of C2H2 and CO2 
In order to characterize the system and the properties of the technique, a 
number of measurements were performed under a variety of conditions. 

The main results of our investigation of NICE-OHMS with the devel-
oped fiber-laser based spectrometer are (i) that the derived expressions 
accurately predict the lineshapes measured in various modes of detection 
and at arbitrary FM detection phase (ii) that the spectrometer has a linear 
absorption response (taking into account optical saturation) and (iii) that a 
fractional absorption sensitivity of 3×10-9 (5×10-11 cm-1 integrated absorp-
tion), close to the shot noise level, can be achieved. 

4.4.1 Doppler-broadened detection 
The validity of the lineshape theory is demonstrated with the help of Figs 
4.16 and 4.17, which present measurements using cavities with two differ-
ent finesse values, 1400 and 4800, respectively.  

Figure 4.16 presents background-corrected fm-NICE-OHMS (panels a 
and c) and wm-NICE-OHMS (panels b and d) signals from 93 μTorr (120 
ppb) of C2H2. The solid markers display experimental data points (only 
every 10th data point is displayed for clarity), whereas the solid curves 
show the corresponding fits, using Eqs. (4.1) and (4.2). In panels a and b 
the FM phase was in the vicinity of absorption (2.1°), whereas it was close 
to dispersion (92.9°) in panels c and d.  

The fm-NICE-OHMS signals were recorded over 5 s with a filter band-
width of 80 Hz, whereas the wm-NICE-OHMS signals were acquired over 
50 s with a lock-in amplifier bandwidth of 5.3 Hz, a WM modulation am-
plitude of 200 MHz and a WM modulation frequency of 15 Hz. 

The detection limit for acetylene achieved with wm-NICE-OHMS using 
the low finesse cavity, calculated according to Eq. (2.7), was 100 nTorr 
(130 ppt), corresponding to a fractional absorbance of 1×10-7. The limita-
tion in these measurements was a large, drifting background signal from an 
etalon in one of the cavity mirrors. Further results of the measurements 
with this cavity are in detail reported in paper V. 
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Figure 4.16. Doppler-broadened fm-NICE-OHMS (panels a and c) and wm-
NICE-OHMS lineshapes (panels b and d) from 120 ppb (93 μTorr) of acety-
lene, detected in the vicinity of absorption (panels a and b) and dispersion 
(panels c and d) phase. 

In paper VI we are able to report a much higher detectability using a 
cavity with a finesse of 4800 that did not exhibit an etalon. Since the setup 
was still affected by a low frequency drift and the cavity piezos did not 
allow wm-NICE-OHMS to be run under optimum conditions, the system 
was optimized for fast fm-NICE-OHMS detection with an acquisition time 
of 0.7 s and an electronic filter bandwidth of 320 Hz. A background-
corrected fm-NICE-OHMS dispersion signal from 10 μTorr (13 ppb) of 
C2H2 detected with that setup can be seen in Figure 4.17. 

The two panels to the left in Fig. 4.18 show the absorption responses of 
acetylene (panel a) and carbon dioxide (panel c). The open and solid mark-
ers represent fm-NICE-OHMS absorption and dispersion signal strengths as 
a function of absorbance, respectively. The solid lines show linear fits to 
the data. The fm-NICE-OHMS dispersion signals to the right in Fig. 4.18 
are from 30 mTorr (40 ppm) of CO2, corresponding to an absorbance of 
2×10-7. Panel b presents the originally recorded signal (solid black curve) 
together with the background signal (solid gray curve), whereas panel d 
displays the background-corrected, analytical signal (solid markers), the fit 
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(curve) and the residual of the fit below. Also this signal was recorded with 
an acquisition time of 0.7 s and an electronic filter bandwidth of 320 Hz. 

-6

-4

-2

0

2

4

6

-1200 -800 -400 0 400 800 1200
-1
0
1

fm
-N

IC
E-

O
H

M
S 

si
gn

al
 [V

]

 

Frequency detuning [MHz]

 

 

 

Figure 4.17. Doppler-broadened fm-NICE-OHMS dispersion signal from 13 
ppb (10 μTorr) of acetylene (solid markers), a fitted lineshape (curve), and the 
residual to the fit (separate window). 

Figures 4.16, 4.17 and 4.18d clearly show that the theory is in excellent 
agreement with the experiment. The derived expressions also have the ad-
vantage that the exact FM detection phase, which was determined experi-
mentally in previous NICE-OHMS systems, e.g. using a method proposed 
by North et al. [68], can now be obtained from the fit to a signal at an arbi-
trary phase.  

The sharp features that appear in the residuals of the fits at 0 mν ν±  (ab-
sorption) and 0 0, mν ν ν±  (dispersion), constitute the Doppler-free signals, 
whose existence confirms that the acetylene measurements were done un-
der optically saturated conditions.  

The influence of optical saturation on the signal strength can also be 
seen in the absorption response of C2H2 in Fig. 4.18a, where a slight 
nonlinearity of the response can be observed for the signals recorded at 
absorption phase. This nonlinearity has the previously described 1 S+  
dependence. Note, however, that S  is here the saturation parameter of the 
sidebands, since only those contribute to the absorption signal. From calcu-
lations of the saturation power for this transition (a few mW) we estimate 
the sideband saturation parameter to be ~1 at 10 mTorr. Therefore, the sig-
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nal strength of the saturated signal is only a factor of 2∼  smaller than 
that of the unsaturated lineshape at that pressure. 
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Figure 4.18. Signal strengths of Doppler-broadened fm-NICE-OHMS line-
shapes as a function of absorbance for C2H2 (panel a) and CO2 (panel c). The 
solid lines show linear fits to the data. Doppler-broadened fm-NICE-OHMS 
dispersion signals from 40 ppm of CO2 are shown in panels b (original signal 
and background) and d (background-corrected signal, fit and residual).  

Since the dispersion signal does have a contribution from the carrier, 
which has 30 times the power of a sideband (for 0.36β = ), we would ex-
pect it to be accordingly smaller. This is however not the case. On the con-
trary, it seems that the Doppler-broadened dispersion signals are much less 
affected by optical saturation than those at absorption phase. This phe-
nomenon is presently investigated by our group [50]. It can phenome-
nologically be explained by the fact that the (dispersion shaped) contribu-
tions from the Bennett holes due to the two beams average out at every 
point of the Doppler-broadened dispersion profile, except at the positions 
where the holes overlap and give rise to the Doppler-free features.  

A perfectly linear response is obtained for CO2, owing to a significantly 
smaller dipole moment of the investigated transition. At higher absorbances 
than displayed in panel a, the sensitivity would level off due to the decrease 
in finesse in the vicinity of the absorption profile.  
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The detection limit of the present fiber-laser based NICE-OHMS setup 
for C2H2 was determined from the signal in Fig. 4.17 to be 3.5 nTorr (4.5 
ppt). The corresponding minimum detectable absorbance on resonance is 
3×10-9, i.e. 5×10-11 cm-1 in terms of integrated absorption, or 8×10-11 cm-1 
per unit length. 

For the CO2 measurement in Fig. 4.18d, given the flat structure (white 
noise spectrum) of the residual, we can estimate a SNR of ~30 by dividing 
the signal amplitude with the rms of the noise. The detectability for CO2 
determined in this way is a fractional absorption of 7×10-9.  

This value can now be compared to the shot noise level calculated for a 
detection bandwidth of 320 Hz. With the other experiment parameters be-
ing a finesse of 4800, an instrumentation factor of 1 A/W, a power on the 
detector of 0.49 mW and a modulation index of 0.36, the shot noise level 
for the detectable fractional absorption becomes 1×10-9. This shows that the 
sensitivity of our spectrometer is, for the given acquisition time, within one 
order of magnitude from the shot-noise level. 

In the course of the measurements, the dispersion was identified as pre-
ferred detection phase because the obtained signals are larger than those at 
absorption phase and almost unaffected by optical saturation. The disper-
sion signal corresponds, however, to extremely small refractive index 
changes and it is therefore strongly affected by changes in the dispersion in 
any part of the setup after the EOM. For example, detection of an absorp-
tion coefficient of 10-10 cm-1 corresponds to a refractive index difference 

( )/ 4LnΔ λα π=  of only ~10-15. The dispersion in both the EOM and the 
optical fibers might easily exhibit changes of this order, for example due to 
temperature drifts in the environment. The influence of such drifts can be 
reduced by a fast acquisition time or employing wm-NICE-OHMS. 

4.4.2 Doppler-free detection – preliminary results 
Although Doppler-free NICE-OHMS has not yet thoroughly been studied 
with the present setup, but is subject to ongoing investigations, some pre-
liminary results will be presented here. 

To emphasize the nature of the sub-Doppler signals, panels a and b in 
Fig. 4.19 present saturated Doppler-broadened fm-NICE-OHMS and wm-
NICE-OHMS dispersion profiles, respectively. On top of these signals one 
can see the narrow Doppler-free features, whereby the features at line cen-
ter are encircled. The saturation signal in panel b is very broad because the 
WM modulation amplitude is optimized for the Doppler-broadened line-
shape. In panel c the laser is scanned around the Lamb dip at line center 
and the modulation amplitude is optimized for the saturation signal, which 
is only a few MHz wide. A first estimate of the detectability of Doppler-
free NICE-OHMS yields a LOD corresponding to an absorbance of 8×10-9.  
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Doppler-free detection offers high-spectral resolution with the potential 
for interference-free measurements and is less affected by etalons than its 
Doppler-broadened counterpart (due to the considerably reduced scan 
range). The signal vanishes though for pressures above a few hundred 
mTorr, a fact that severely reduces the detectability when analyzing atmos-
pheric pressure samples. 
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Figure 4.19. Doppler-free features on top of Doppler-broadened lineshapes 
(panels a and b). The wm-NICE-OHMS signal from the Lamb dip at line cen-
ter is shown in panel c. 
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5. A free-spectral-range sensor for trace 
species detection 

When performing NICE-OHMS, the FM modulation frequency has to fol-
low the FSR to keep the noise-immunity to laser frequency noise. In our 
setup this is accomplished by dual-frequency modulation (DFM). Under 
locked conditions the modulation frequency is then equal to the (average) 
FSR. Hence, counting the modulation frequency and linking its variation to 
the dispersion due to a sample inside the cavity is an alternative way to 
obtain the analyte concentration. Applied in that way, the technique will be 
referred to as dual frequency modulation spectrometry (DFMS) in the fol-
lowing. 

The DFM technique was originally developed by deVoe and Brewer to 
measure and stabilize an optical frequency to an rf standard or vice versa. 
The technique was subsequently used by Courteille et al. to accurately de-
termine the frequencies of molecular tellurium transitions [69]. As pro-
posed by Mugino et al. [70] and demonstrated here, DFM can also be util-
ized for ultra-sensitive and calibration free quantitative measurements. 
Pendrill had a similar suggestion using two lasers (instead of a laser and an 
rf source) for refractive index and gas density measurements [71]. As indi-
cated above, DFM is also regularly employed in NICE-OHMS to lock the 
modulation frequency to the FSR. In addition, Ye et al. have used it to con-
firm the absorbance measured with their NICE-OHMS setup [49,72]. 
Clearly, DFM can assess the free-spectral-range, and thereby the length, of 
an optical resonator with very high accuracy. In fact, instead of locking an 
rf frequency to the FSR one can also lock the FSR to a stable rf-source, and 
thereby stabilize the length of a cavity. This was demonstrated by Hagel et 
al. and could be useful for gravitational wave detectors [73]. 

5.1 Theory 
When attempting to probe the FSR, i.e. the position of two cavity modes 
adjacent to a center mode, with the sidebands from a single frequency 
modulation, the obtained error signal will be proportional to the deviation 
of the modulation frequency from the FSR, but also to the detuning of the 
laser carrier from the center mode. This error signal will thus vanish when 
the laser is locked to peak of the center mode, which makes it useless for 
the detection of the FSR. 

DFM overcomes this problem by modulating the light at two different 
frequencies and deriving an error signal at the intermodulation, i.e. the dif-
ference, frequency, that only depends on the detuning of one of the modula-
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tion frequencies from the FSR, while being independent of a detuning of 
the laser from the cavity mode. This gives DFMS, in principle, the same 
noise-immunity to residual laser frequency noise as NICE-OHMS. 

An electrical field with two phase modulations with frequencies mν  and 
pdhν , and modulation indices 1β  and 2β  can be expressed as 

 ( ) ( ){ }0 1 2( , ) exp 2 sin 2 sin 2 .c c m pdhE t E i t t tν πν β πν β πν⎡ ⎤= + +⎣ ⎦  (5.1) 

Let us now assume that pdhν  is again used to tightly lock the laser car-
rier to the cavity mode qν  with the PDH technique. Let us further assume 
that this mode and its neighboring modes 1qν ±  are in the vicinity of a tran-
sition of an analyte in the cavity, which induces a refractive index change  

 ( ) ( ),0 .
4

c
L disp

rel
c

n c
α

Δ ν χ ν
πν

=  (5.2) 

When scanned across the transition, the two FSRs to the neighboring 
modes, σ ± ,  take values depending on the frequency shifts of the individual 
modes due to the dispersion, i.e. 

 ( ) ( ) ( )0 1 1ˆ .q q q q qn nσ ν σ ν Δ ν ν Δ ν± ± ±= ± ∓  (5.3) 

After interaction with the cavity, the reflected field is detected and demodu-
lated at the intermodulation frequency m pdhν ν− , which yields an error 
signal, ( )cε ν , that can be written as 

 
[ ]

0 0 1 0 2 1 1 1 2( ) 2 ( ) ( ) ( ) ( )

Im ( ) ( ) cos ,
c dfm

cav cav fsr

P J J J Jε ν η β β β β

χ δ χ δ θ− +

=

× − −
 (5.4) 

where mδ ν σ± ±= −  are the deviations of mν  from the actual FSRs, and 
fsrθ  is the detection phase. The generation of the error signal is schemati-

cally shown in Fig. 4.13. 
The full expression for the cavity lineshape function, ( )cavχ Δν , for a 

detuning around the peak m qΔν ν ν= − , taking into account its general 
(non-Lorentzian) form, is, according to Eq. (3.8), 

 ( )
( )

( )
1 ,

1 Re

i

cav i

eR
ϕ Δν

ϕ Δν
χ Δν −

=
−

 (5.5) 
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where ( )ϕ ν  now includes an absorptive part, i.e. ( )2 /iϕ α πΔν σ ν= − + , 
and ( )σ ν  is the FSR due to the dispersion at the position of the mode. 
Under locked conditions the error signal is kept to zero, so that 

 [ ]Im ( ) ( ) 0 ,cav m cav mχ ν σ χ ν σ− +− + − − =  (5.6) 

whereby the modulations frequency mν  follows the average FSR σ ± .  
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Figure 5.1. The principle of dual-frequency modulation spectroscopy 
(DFMS). A dispersive medium (panel b) asymmetrically shifts the cavity 
modes, while the FM modulation frequency is locked to an average FSR value 
(panel c). This average FSR is measured and used as analytical signal. 

For weak absorption the cavity lineshape can be approximated by a Lor-
entzian function. In that case, an analytical expression for the DFMS signal 
in units of Hertz, dfms

waS , can be derived and written in terms of two disper-
sion lineshapes as 
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 (5.7) 

where δ̂  is the deviation of mν  from the empty cavity FSR. This DFMS 
signal is thus not directly dependent on the cavity finesse and the laser 
power. There is no contribution from the center mode since the modulation 
frequency is locked to the average FSR.  

The principle of DFMS is depicted in Fig. 5.1. Panel a, shows the three 
cavity modes and the spectrum of a laser that is phase modulated with fre-
quencies mν  and pdhν  at an arbitrary position of an empty cavity scan. 
Upon introduction of a dispersive medium in the cavity (panel b), the three 
cavity modes are frequency shifted according to the dispersion at their de-
tuning from line center (panel c). At an arbitrary detuning there are two 
different FSRs, σ +  and σ − . The modulation frequency is locked to an av-
erage position, σ ± , and the deviations from the actual positions of the 
modes are δ± . The widths of cavity modes will change as well due to their 
dependence on the finesse. Panel d, finally, shows the deviations δ±  for a 
scan of the triplet across the dispersion profile, as well as their average 
which constitutes the DFMS signal, dfmsS . Note that the modulation fre-
quency is exactly equal to the FSR only at line center. 

Equation (5.6) does not have an analytical solution for mν  why it has to 
be solved numerically. DFMS signals have been calculated in that way for 
various conditions, under the assumption that the detuning from the cavity 
mode peak is small compared to the value of the FSR. Figure 5.2 shows 
DFMS lineshapes for a fixed ratio of / mγ ν  (1.24, as in the experiment) but 
for different absorbances around 10-6. Figure 5.3, on the other hand, pre-
sents DFMS profiles for a fixed absorbance of 10-6 but for a range of ratios 
of transition width to modulation frequency between 0.5 and 3. 
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Figure 5.2. DFMS lineshapes for absorbances of 0.5, 1.1, 1.8, 2.3, 3.4, 4.5, 
5.7 and 6.8×10-7, and for a transition width to modulation frequency ratio of 
1.24. 
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Figure 5.3. DFMS lineshapes for an absorbance of 10-6 and transition width to 
modulation frequency ratios of 0.5, 0.75, 1, 1.24, 1.5, 2, 2.5 and 3 (from wide 
to narrow signals).  
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5.2 Experimental implementation 
A schematic of the experimental DFMS setup is shown in Fig. 5.4. The 
instrumentation was very similar to the one used for NICE-OHMS, the 
difference being that the detection of the cavity transmitted light could be 
omitted, and that a new FSR servo, including a filter for the DFMS signal, 
was built.  
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Figure 5.4. Schematic of the experimental setup for DFMS. The dotted line 
symbolizes the free-space beam path. PBS for polarizing beam splitter, pol for 
polarizer, DBM for double-balanced mixer, LP for low-pass filter an SPA for 
spectrum analyzer. 

Here, the modulation frequency was not measured directly, although 
this can be done with frequency counter. Instead, the DFMS signal was 
detected as the voltage needed for the VCO to follow the average FSR. 
This voltage was later converted to frequency (FSR deviation) using the 
gain of the VCO (in units of Hz/V). The gain was obtained separately by 
scanning the VCO over the same input voltage range that gave rise to the 
analytical signal, while recording the output frequency with a spectrum 
analyzer (SPA). The optical frequency scale was determined in the same 
way as in NICE-OHMS. 

The scan across the Doppler-broadened profile by means of the cavity 
length causes an (almost) linear background in terms of the FSR, which for 
each measurement was recorded separately and subtracted from the analyti-
cal signal (although it can also be fitted). The phase and the offset of the 
FSR error signal had to be adjusted accurately. 

It should be noted here, that it is possible to also detect the NICE-
OHMS signal in cavity reflection. It has, however not yet been shown that 
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this mode of detection can reach the same sensitivity levels as the usual 
recording of the cavity transmission. 

5.3 Results - detection of C2H2 
Figure 5.5 shows an average over 10 background-corrected Doppler-
broadened DFMS signals from 200 μTorr (260 ppb) of C2H2, each recorded 
over 1.25 s (solid markers). A signal numerically calculated from the full 
theory, i.e. from Eq. (5.6), has been fitted to these data points (solid line). 
The residual of the fit is shown in the separate window below. Evidently, 
theory and experiment are in good agreement. Small Doppler-free features 
can be seen in the residual. The Lamb dip at the transition center frequency 
cannot be seen with DFMS because the technique is insensitive to shifts of 
the cavity mode in the center (the modulation frequency is locked to the 
average of the FSRs to the two neighboring modes). The noise is largest at 
detunings where the deviation δ±  is large, because the noise-immune con-
dition is least fulfilled there. 
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Figure 5.5. Experimental DFMS signal from 200 μTorr (260 ppb) of C2H2, a 
fit to the data and the residual in the separate window below. 

Figure 5.6 demonstrates that the theory also correctly predicts the line-
shapes of signals from other concentrations. Panels a and b show back-
ground-corrected DFMS signals from 4.5 μTorr (6 ppb) of C2H2 in 200 
mTorr of N2 and from 400 μTorr (520 ppb) of acetylene in 400 mTorr of 
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N2, together with fits to the data. The lineshape change significantly with 
concentration. This can also be seen from panel c in the same figure, which 
presents several signals from total pressures between 20 and 500 mTorr. 
The amplitudes returned by fits to these signals are plotted in panel d as a 
function of absorbance (solid markers) together with the absorbances de-
duced from the readings of the pressure gauge in the gas system at each 
measurement (open markers). The solid line is a linear fit to the solid mark-
ers. The response of the instrumentation can thus be considered linear. 
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Figure 5.6. DFMS lineshapes from 4.5 μTorr and 400 μTorr of acetylene (10 
times averaging) are shown in panels a and b, respectively. Panel c shows 
lineshapes from of 20, 50, 80, 100, 150, 200, 250, 300, 350 and 500 μTorr of 
acetylene. The peak FSR deviation of these signals is plotted as a function of 
absorbance in panel d. 

To estimate the LOD the amplitude of the signal in Fig. 5.6a (123 Hz) 
was compared to 3 times the rms of the noise in the residual (4 Hz). This 
gives an SNR of 30 and hence a LOD of 140 nTorr (180 ppt), which corre-
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sponds to a minimum detectable absorbance of 1×10-7 (integrated absorp-
tion of 2×10-9 cm-1). We can thus resolve a change in FSR of about 5 Hz, 
which also demonstrates how accurately the FSR can be measured. 

In paper VII, we show that the shot noise equivalent absorbance for 
DFMS instrumentation can be written as 

 ( ) ( ) ( ) ( ) ( )
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0 2

0 min
0 1 0 2 1 1 1 2
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where /c Fγ σ=  is the cavity FWHM and ς  is the cavity coupling effi-
ciency. With the parameters from the experimental, i.e. a laser power of 0.5 
mW, a bandwidth of 60 Hz, modulation indices of 0.4 and 0.08, a coupling 
efficiency (i.e. everything that is not reflected) of 98% and a cavity 
linewidth of 80 kHz, the shot noise limited smallest detectable frequency 
deviation, including averaging, is 0.07 Hz. The LOD is thus a factor of 70 
above the shot noise level, probably due to residual laser frequency noise. 

Although the DFMS signal in Eq. (5.7) does not directly depend on the 
finesse, the shot noise decreases with increasing finesse. The purpose of the 
finesse is however not to enhance the signal as in NICE-OHMS (the abso-
lute FSR change due to the dispersion is the same independent of the fi-
nesse), but to enhance the stability (coherence length) of the light probing 
the cavity mode. If the cavity modes are very narrow, the linewidth of the 
laser will be narrow too, thus producing a frequency marker that can sense 
the small FSR changes with high resolution. 

The present DFMS setup might not be as sensitive as NICE-OHMS but 
has other advantages. From the FSR deviation (at resonance) one can di-
rectly, without calibration, calculate the concentration of the analyte. 
Moreover, the RAM at the intermodulation frequency is the product of the 
RAM coefficients at mν  and pdhν , which are of the order of 10-4 [35]. 
Therefore, the DFMS signal is less influenced by residual amplitude modu-
lation, e.g. etalon effects, than most AS techniques. Saturation spectroscopy 
can also be performed with DFMS although only the small signals from the 
carrier-sideband interaction appear. 
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6. Discussion and Outlook  
Evidently, CEAS techniques using the noise-immune principle are highly 
sensitive. In the years after Ye et al. had achieved a record high sensitivity 
with Doppler-free wm-NICE-OHMS, however, only a handful of groups 
explored this technique further.  

Ishibashi et al. studied Doppler-free methane transitions in the 1.66 µm 
region [74] and Gianfrani et al. employed an ECDL to investigate molecu-
lar oxygen around 763 nm, demonstrating, for the first time, Doppler-
broadened NICE-OHMS [75]. Taubman et al. used QCLs to detect Dop-
pler-free N2O lines in the infrared [76], whereas van Leeuwen et al. charac-
terized ultraweak, pressure-broadened transitions of molecular oxygen in 
the visible region with an ECDL [77,78]. Weise measured ultra-cold atoms 
[79] and Silva used Ye’s setup to investigate the Χ  and Α  state dynamics 
of 13C2H2 [80]. Finally, Bood et al. employed a Ti:Sapphire laser to study 
the sixth overtone band of nitric oxide near 792 nm by Doppler-broadened 
fm-NICE-OHMS [81]. Details about their setups are listed in Table 6.1.  

Table 6.1. Comparison of the setups and achievements of the research groups that so far 
have performed NICE-OHMS. The acquisition time τ  is the total time (including aver-
aging) it took to record a signal. M is the detection mode, i.e. Doppler-free (DF) or 
Doppler-broadened (DB). *Silva used the setup of Ye et al. 

Group Laser Finesse Species λ [μm] M τ [s] α  

Ye Nd:YAG 96 300 C2HD 1.064 DF 1 5×10-13 
Ishibashi ECDL 300 CH4 1.660 DF 1.25 3×10-9 
Gianfrani ECDL 6 000 O2 0.763 DB 10 2×10-9 
Taubman QCL 2 415 N2O 8.511 DF 1 4×10-9 
Leeuwen ECDL 11 000 O2 0.771 DB 30 2×10-8 
Weise Ti:sapph 89 000 O2 0.761 DB 1 9×10-9 
Silva* Ti:sapph 16 400 13C2H2 ~0.8 DF 1 4×10-11 
Bood Ti:sapph 20 700 NO 0.797 DB 10 6×10-9 

Schmidt EDFL 4 800 C2H2 
CO2 

1.531 DB 0.7 3×10-9 

The results achieved with the fiber-laser based setup presented here are 
thus comparable with or better than previously obtained sensitivities for 
Doppler-broadened detection. Since the experimental setup is rather com-
pact and robust and can acquire its signals with reasonable fast acquisition 
time and a dynamic range of more than four orders of magnitude, it can be 
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seen as a step towards an application of the technique to practical trace 
species detection. 

Admittedly, in applications that deal with atmospheric pressure samples, 
Doppler-broadened detection bears the disadvantage that it requires sample 
pressures <0.1 atm. This deteriorates the detectability at least a factor of 10 
compared to techniques that can directly measure at atmospheric pressure. 

Table 6.2 lists some of the best results achieved with other ultra-
sensitive CEAS techniques for comparison. Many of these techniques have 
been under development for a rather long time and are thus better opti-
mized than NICE-OHMS. In addition, to achieve these sensitivities, sophis-
ticated setups are needed that might not be much simpler than NICE-
OHMS instrumentation.  

Table 6.2. Published results obtained with other ultra-sensitive CEAS spectrometers 
aimed for trace species detection. DL-DFG - diode laser pumped difference frequency 
generation; ICL - interband cascade laser; Q is the quality factor of the resonant cavity 
that amplifies the sound wave in PAS; NO - NICE-OHMS; DFB-distributed feedback 
laser. 

Technique Laser Mol λ  
[μm]  

F 
τ  
[s] 

α   LOD 
[ppb] 

cw-CRDS  [82] ECDL C2H2 1.53 4×104 1 3×10-8  0.37 

cw-CRDS [8] ECDL C2H2 1.53 3×104 1 3×10-6  20 

cw-CRDS [83] EDFL C2H2 1.544 3×104 1 9×10-9  400 

ICOS [84] DFB CO 1.565 8 000 1 2×10-10 - 

OA-ICOS [85] DL-DFG CH4 3 104 1 5×10-7  0.85 

OA-ICOS [86] DFB NH3 1.565 8×104 1 2×10-9  2 

OA-ICOS [87] ICL H2CO 3.5 500 3 - 150 

OF-CEAS [88] DFB H2O 1.31 2×104 1 3×10-8 - 

PAS [89] CO2-laser NH3 10.8 Q=20 40 9×10-9 0.032 

PAS [90] DFB NH3 1.532 Q=20 10 - 3 

fm-NO [VI] EDFL C2H2 1.531 4 800 0.7 3×10-9 0.005 

DFMS [VII]  EDFL C2H2 1.531 4 800 12.5 1×10-7 0.14 

The LOD, which represents the smallest detectable concentration for a 
certain species, can vary considerably between applications even if the 
fractional absorption sensitivities of the spectrometers are comparable, 
because it depends, among other things, on the line strength of the transi-
tion used. 

Also DFMS has a good potential, given the fact that the detection limit 
certainly can be improved. Apart from being an interesting method by it-
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self, the technique can find application in calibrating NICE-OHMS and 
other CEAS spectrometers in concentration regimes where this is not pos-
sible with direct cavity-enhanced transmission.  

On the basis of the findings presented in this thesis, there are several 
possibilities for future development of the technique. 

Regarding the theory, it will be challenging to develop a full description 
of the Doppler-broadened and the Doppler-free mode of detection of NICE-
OHMS, including optical saturation. Such a description, which is basically 
optical heterodyne saturation spectroscopy in a cavity, could also be useful 
for an accurate determination of saturation parameters and collision broad-
ening coefficients. Another possibility is to extend the theory to suit larger 
absorbances. Although CEAS techniques are designated to detect a very 
small amount of absorption, a large dynamic range can be an important 
factor in practical applications.  

Experimentally, it will be interesting to investigate the usability of 
Doppler-free NICE-OHMS for spectral interference free concentration 
measurements and to study optically saturated Doppler-broadened signals 
more thoroughly. The sensitivity of NICE-OHMS signals in cavity reflec-
tion could be investigated. One should also demonstrate the detection of 
other important trace gases that can be accessed with the fiber-laser, such as 
NH3, N2O, CH4 and CH2O (compare Table 4.2), maybe even in a first ap-
plication outside the laboratory.  

Technically, one can try to make NICE-OHMS and DFMS setups even 
more compact by using e.g. narrowband DFB-lasers, or fiber optical circu-
lators to pick off the cavity reflected light. It would also be interesting to 
use ring-cavities [42], flow-cells or extend the technique towards liquid or 
solid samples. This includes designing a system with which high pressure 
samples, up to 1 atm, can be analyzed with Doppler-broadened NICE-
OHMS (i.e. using Gaussian or Voigt profiles). The use of shorter optical 
fibers might reduce drifts due to dispersion variations and a reduction of 
RAM could be achieved, for example, with a method suggested by Wong 
and Hall, where a dc voltage is applied to the EOM in addition to the sinu-
soidal modulation [91].  

Two, somewhat visionary, questions in the end: would it be possible 
(and a good idea) to build an entirely fiber-based NICE-OHMS spectrome-
ter, e.g. using fiber Fabry-Perot (FFP) cavities together with evanescent 
wave technology or hollow core fibers? Or is it more feasible to work to-
wards miniaturizing NICE-OHMS for on-chip detection? 
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7. A historical view on the NICE-OHMS 
project 

Considering the fact that, at the start of the project, our group had little 
knowledge about (let alone experience with) feedback systems in general 
and laser frequency stabilization in particular, frequency modulation spec-
troscopy, cavity-enhanced spectroscopy, saturation spectroscopy as well as 
rf electronics, the NICE-OHMS project was a great challenge. 

Two graduate students and their supervisor, and, during the last year, 
one postdoc have put their efforts into making NICE-OHMS accessible to a 
wider community. Although almost all aspects of the project were con-
stantly discussed by the whole group, and many findings and decisions 
were made together, it was clear that responsibilities had to be distributed.  

When everything began, in spring 2003, some of us traveled to Boulder, 
Colorado, to discuss our ideas for a simple NICE-OHMS spectrometer with 
the developers of the technique, John Hall and Jun Ye at JILA. Back home, 
I built a first setup, which significantly improved a year later, after I had 
had the chance to stay at Ye’s lab during August 2004.  

In general, I have been involved, and most often mainly responsible, for 
the planning and purchasing of the equipment, as well as the design and 
construction of the cavities, the optics, the demodulation electronics and the 
vacuum system. Apart from the contributions to the individual papers de-
scribed below, I could also supply the group with new ideas and technical 
solutions, most prominently the fiber laser and fiber-coupled EOM. Over 
the years, I have been in contact with a large number (around 75) different 
companies and distributors worldwide. About 150 orders, covering a sub-
stantial amount of individual products, have been placed at approx. 55 of 
those companies (Fig. 7.1). Not all of these components are part of the pre-
sent fiber-laser based NICE-OHMS setup, but most of them were needed 
during its development. 

A. Foltynowicz got involved with the project in 2004. One of her main 
responsibilities was the design and building of the servo locking electronics 
for both the ECDL and the fiber laser, as well as of the FSR servo and the 
home built electronic filters. She played a significant role in many other 
aspects of the project, including theory, experiment, development of fitting 
routines, as well as the writing of the papers. Many of the final measure-
ments and optimizations during the last year were done by her.  

W. Ma joined our group as a postdoc in spring 2006. He participated 
with immense technical and experimental skills in the experiments that led 
to the papers V and VI. In addition, he was significantly involved in the 
experimental and theoretical considerations for paper VII.  
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Figure 7.1. Number of companies per country at which products have been 
purchased that were used for the construction of the NICE-OHMS spectrome-
ter (and other setups) during my PhD. Seven out of the fifteen companies in 
Sweden are distributors. 

The papers V and VI comprise the results of all combined efforts (suc-
cessful as well as unsuccessful) throughout the entire development of fiber-
laser based NICE-OHMS. Several publications reporting on research per-
formed with the existing experimental setup, with A. Foltynowicz or W. 
Ma holding the main responsibility and first authorship, are under way. 
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8. Summary of the papers  

Paper I 

Absorption spectrometry by narrowband light in optically saturated 
and optically pumped collision and Doppler broadened gaseous me-
dia under arbitrary optical thickness conditions  
O. Axner, F. M. Schmidt, A. Foltynowicz, J. Gustafsson, N. Omenetto, J. D. 
Winefordner,  
Appl. Spectrosc. 60, 1217-1240 (2006). 

This work examines absorption spectrometry by narrowband light in 
gaseous media for situations when the media has a non-negligible optical 
thickness and the light simultaneously saturates the transition, giving rise 
to a decreasing degree of saturation along the beam. Two quantities are 
defined: the observed absorbance (measured under the existing condi-
tions) and the true absorbance (one would measure if the light acted 
solely as a probe of the populations). A general integral equation for the 
propagation of light in media of arbitrary optical thickness in which the 
light influences the populations of the levels involved is derived. This 
expression is transcendental in the observed absorbance and cannot be 
solved analytically. It is shown that an analytical expression can be de-
rived by investigating the inverse relationship between these entities, and 
that a nonlinear response results if the medium is optically saturated (or 
pumped) and not optically thin. Expressions for the error introduced if 
the technique of standard additions is uncritically applied to such a sys-
tem are derived. 
I contributed to this paper by performing the simulations presented in the 
figures and by discussing the implications of the results. 
 

Paper II 

Wavelength modulation absorption spectrometry from optically 
saturated collision-broadened transitions 
F. M. Schmidt, A. Foltynowicz, J. Gustafsson and O. Axner 
J. Quant. Spectrosc. Radiat. Transfer 94, 225-254 (2005). 

We present a theoretical investigation of the influence of optical satura-
tion on wavelength modulation absorption spectrometry (WMAS) sig-
nals from collision-broadened transitions. We derive expressions for the 
nth Fourier coefficient of the analytical detector signal, (and thereby also 
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for the nth harmonic signal from a WMAS instrumentation) from a 
wavelength modulated collision broadened transition exposed to optical 
saturation. The laser flux and modulation amplitude dependences of the 
nf-WMAS signal on resonance are scrutinized in detail. We find that the 
nf-WMAS signal on resonance decreases faster than an ordinary AS sig-
nal as a function of laser flux when smaller-than-optimum modulation 
amplitudes are used, but slower when larger-than-optimum modulation 
amplitudes are used. When optimum (or close-to-optimum) modulation 
amplitudes are applied, on the other hand, the flux dependence of the 
WMAS signal resembles to a large degree that of ordinary AS. The con-
ditions for when WMAS from collision-broadened transitions has the 
same irradiance dependence as ordinary AS are identified. 

My contributions involved the simulations presented in the figures, dis-
cussions about the theory and the writing of some of the text. 
 

Paper III 

Wavelength modulation absorption spectrometry from optically 
pumped collision broadened atoms and molecules 
A. Foltynowicz, F. M. Schmidt, J. Gustafsson and O. Axner 
J. Quant. Spectrosc. Radiat. Transfer 108, 220-238 (2007). 

This paper deals with a theoretical investigation of the influence of opti-
cal pumping on wavelength modulation absorption spectrometry 
(WMAS) signals from collision broadened atoms and molecules. General 
expressions for the nf-WMAS signal from atomic and molecular sys-
tems, modeled as three-level systems that can accommodate both optical 
saturation and optical pumping, are derived by the use of a previously 
developed Fourier series-based formalism in combination with rate equa-
tions solved under steady-state conditions. The expressions are similar to 
those describing the nf-WMAS signal from two-level systems that can 
accommodate optical saturation (paper II), the difference being the value 
of the saturation flux, wherefore the general parametric dependence of 
WMAS signals from optically pumped systems is the same as that from 
optically saturated systems. The additional effect of optical pumping on 
the WMAS signal is investigated for three typical cases: molecules or 
atoms in an ordinary atmosphere, atoms in an inert atmosphere, and at-
oms or molecules possessing metastable states. The possibility to de-
scribe any of these systems with a two-level model is investigated. 

To this work, I contributed in discussions and by writing a minor part of 
the paper. 
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Paper IV 

Double modulation diode laser absorption spectrometry by simulta-
neous wavelength modulation and optically induced population 
modulation - application to trace element detection in window-
equipped graphite furnaces 
J. Gustafsson, F. M. Schmidt, R. Guerra and O. Axner 
Spectrochim. Acta, Part B 59, 67-92 (2004). 

A novel diode laser-based double modulation absorption spectrometry 
(DMAS) technique for detection of species in trace amounts concentra-
tions is presented in this publication. The technique makes use of a si-
multaneous modulation of the wavelength and the level population in 
order to reduce the background signals from multiple reflections in opti-
cal components (so-called etalon effects) that normally appear in ordi-
nary wavelength modulation absorption spectrometry (WMAS). The 
simultaneous wavelength and population modulations are achieved by 
splitting the light from a wavelength-modulated diode laser into two 
beams—one strong pump beam and one weak probe beam—that subse-
quently are overlapped in an interaction region inside a sample com-
partment. The pump beam is modulated with a chopper and thus periodi-
cally transfers population from the state with which the probe beam in-
teracts. The probe beam is detected and demodulated at a frequency that 
is a combination of various harmonics of the wavelength modulation and 
chopping frequencies. The purely optical modulation makes the new 
technique more generally applicable than other DMAS techniques. A 
thorough description of the technique by the Fourier series-based WMAS 
theory is provided. The theoretical description is general in the sense that 
it considers DMAS for a variety of modes of operation and for any sam-
ple compartment providing homogeneously broadened transitions. Ex-
periments were carried out on the 780 nm transition in Rb in a window-
equipped graphite furnace (GF) used as an atomizer for aqueous solu-
tions of Rb in ppt concentrations. The limit of detection obtained for the 
DMAS technique applied to a window-equipped GF was found to be 
more than an order of magnitude better than that for the ordinary WMAS 
technique applied to the same type of window-equipped GF, and similar 
to that from an ordinary WMAS instrumentation coupled to a window-
less GF, i.e. approximately 10 fg. 
For this paper, I conducted all experiments, was involved in discussion 
concerning the theoretical description of DMAS and wrote a minor part 
of the text. 
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Paper V 

Fiber-laser-based Noise-Immune Cavity-Enhanced Optical Hetero-
dyne Molecular Spectrometry for Doppler-Broadened Detection of 
C2H2 in the Parts per Trillion Range 
F. M. Schmidt, A. Foltynowicz, W. Ma and O. Axner  
J. Opt. Soc.Am. B 24, 1392-1405 (2007). 

This paper presents a compact noise-immune cavity-enhanced optical 
heterodyne molecular spectrometry (NICE-OHMS) spectrometer, based 
on a narrowband erbium-doped fiber laser and an integrated optics elec-
tro-optic modulator. A general theoretical description of NICE-OHMS 
signals demodulated at an arbitrary FM detection phase is provided in 
terms of the analyte concentration. Explicit expressions for Doppler-
broadened NICE-OHMS line shapes, which are in excellent agreement 
with the measurements, are given. In a first demonstration, using a cavity 
with a finesse of 1400, acetylene has been detected on a Doppler-
broadened transition at ~1531 nm. A limit of detection of 130 ppt, corre-
sponding to an absorption of 2.4×10-9 cm-1 has been obtained. 

My contributions to this paper involved the planning and construction of 
the major part of the experimental setup and the conduction of a large 
part of the experiments. I also participated in the development of the 
theoretical description and wrote a substantial part of the paper. 
 

Paper VI 

Doppler-broadened fiber-laser-based NICE-OHMS - Improved de-
tectability 
F. M. Schmidt, A. Foltynowicz, W. Ma, T. Lock and O. Axner 
Opt. Express 15, 10822-10831 (2007). 

In this paper we report on a significant performance improvement of 
fiber-laser-based NICE-OHMS, which had been achieved by elimination 
of the technical constraints that limited its first demonstration. Doppler-
broadened detection of C2H2 and CO2 at ~1531nm is demonstrated using 
a cavity with a finesse of 4800. Frequency and wavelength modulated 
detection at absorption and dispersion phase are compared and the opti-
mum mode of detection is discussed. A minimum detectable absorption 
of 8 ⋅ 10-11 cm-1, which corresponds to a detection limit of 4.5 ppt (2 
ppt·m) for C2H2, was obtained for an acquisition time of 0.7 s by line-
shape fitting. The linearity of the pressure dependence of the signal 
strengths is investigated for both C2H2 and CO2. 
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My contributions were the construction of the new cavity, some of the 
optimization of the setup, the conduction of some of the experiments and 
the writing of the major part of the paper. 
 

Paper VII 

Probing the free-spectral-range of a high-finesse cavity with dual-
frequency modulation spectroscopy – application to trace species 
detection 
F. M. Schmidt, W. Ma, A. Foltynowicz and O. Axner 
in manuscript. 

In this paper we propose to use dual-frequency modulation spectroscopy 
(DFMS) to probe the free-spectral-range (FSR) of a Fabry-Perot cavity 
while the laser is scanned across a transition of an analyte inside the 
cavity, and to use the information about the change in FSR due to the 
anomalous dispersion to directly determine the concentration of the 
analyte. A theoretical description of DFMS is presented, which shows 
excellent agreement with the experimental results. The FSR change due 
to a C2H2 around 1531 nm has been measured with a resolution of 5 Hz 
using an acquisition time of 1.25 s and averaging over ten lineshapes. 
This corresponds to an fractional absorption detectability of 1×10-7 
(3×10-9 cm-1 per unit length) and a detection limit for C2H2 of 180 ppt. 
To this paper I contributed with the idea, the development of major parts 
of the theory, the supervision of the experiments, as well as the writing 
of the manuscript. 
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