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[1] 

Door gebruik te maken van zowel het Stark effect als intermodulatie technieken, is het mogelijk via 

fotoakoestische detectie ammoniak op een relatief eenvoudige wijze in de buitenlucht te meten. Dit 

proefschrift. 

[2] 

Een dun metalen stripje, aan 6&a kant ingeklemd in een blok, kan als geluidsbron in fotoakoestische 

experimenten gebruikt worden voor de bepaling van de gevoeligheid van fotoakoestische 

meetmicrofoons als functie van de druk . Dit proefschrift. 

[3] 

Theoretisch is bewezen dat Photothermische technieken honderd keer gevoeliger zijn dan 

Photoacoustische technieken (F.Lepoutre, J.de Physique, 688, (1985)). 

Sub-ppbv detectie van atmosferisch ammonia moet daarom in de toekomst eerder van de eerste dan 

van de tweede techniek verwacht worden. 

[4] 

In gepulste photoacoustische experimenten kan door het plaatsen van een parabolische akoestische 

reflector de detectiegevoeligheid met een orde van grootte verhoogd worden. 

I.Carrer, L.Fiorina, E.Zanzottera, 7* International Topical Meeting on Photoacoustics and 

Photothermal Phenomena, Conference Digest, 401-402 (1991). 

[5] 

Voor fotoakoestische metingen van sporengassen waarin gebruik wordt gemaakt van resonante 

fotoakoestische meetcellen met hoge versterkingsfactoren Q (Q > 50), is het noodzakelijk de : 

veranderingen in chemisette samenstelling en temperatuur van het te analyseren gasmonster correct 

te ondervangen door de resonantiefrequentie van de meetcel instantaan te meten en electronisch bij 

te regelen. 

Gy.Z.Angeli, Z.Bozdki, A.Miklds, A.L6rincz, A.Thony and M.Sigrist, Rev.Sci.Instrum., 62, 810-

813, (1991). 



[6] 

Voor het meten van de absolute waarde van de warmtegeleidingscoefficient met behulp van de niet-

stationaire naaldmethode dienen de meetnaaldkarakteristieken voor verschillende ijkstoffen bepaald 

te worden. 

W.van Loon, Heat and Mass Transfer in Frozen Porous Media, 123-131, proefschrift 

Landbouwuniversiteit Wageningen (1991). 

[7] 

Opschaling van plantprocessen naar gebiedsprocessen in berekeningen van meteorologische parameters 

(verdamping, fotosynthese) staat gelijk aan het zoeken van een naald in een hooiberg. Derhalve 

kunnen dit soort technieken beter achterwege gelaten worden. M.Rapach, Canopy Transport 

Processes, in: "Forward Transport in the Natural Environment" Springer Verlag (1988). 

[8] 

In meteorologische energiebalans berekeningen nabij het aardoppervlak worden de warmtecapaciteit 

van bodem en vegetatie maar ook de fotosynthese onterecht verwaarloosd. A.F.J Jacobs en A. van Pul, 

Conference Agricultural Forrest Meteorology (1991). 

[9] 

Een goed abstract is niet abstract. 

[10] 

In het LU-regelement is een equivalent genomen van "omstreeks 5000 studie belastingsuren als norm 

voor het promotieonderzoek en de afronding daarvan". Dit equivalent is i.h.a. een onderschatting van 

de hoeveelheid werk en een overschatting van de capaciteiten van de promovendus. 

[11] 

Het dragen van een walkman kan een teken van sociale armoede zijn. 

[12] 

Het verdwijnen van de overtreffende trap in het Nederlands is een teken van de invloed van de 

Engelse taal. 



Was wir besiegen, ist das Kleine, 
und der Erfolg selbst macht uns klein. 
Das Ewige und Ungemeine, 
will nicht von uns gebogen sein. 

R.M. Rilke 

jeschreSve vuur der Pap enn de Mam 
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Preface 

This study is concerned with the development, construction and testing in the practice 
of a prototype C02 laser photoacoustic monitor for interference-free and 'on-line' detection 
of ammonia trace gas concentration levels in the ambient air. 

The motivation for conducting research towards the development and testing of a 
novel field type ammonia detector was a two-fold one. It was proposed to employ optical 
methods and in particular C02 laser photoacoustic spectroscopy, as a possible candidate 
technique to overcome the problems of spectral interferences (met with conventional 
photoacoustic ammonia monitors). Secondly, there is a demand for an ammonia point sensor 
capable of trace level detection and fast signal response times (10 sec or less). This last 
requirement is important in atmospheric chemistry and in research studies concerned with gas 
flux measurements revealing the net upward or downward ammonia transport rates from the 
atmosphere to the ground level and vice-versa (deposition and uptake by vegetation). 

At the time of writing this thesis (1991), optical detection of ambient ammonia is 
mainly performed by long-path spectroscopic absorption measurements. The systems most 
commonly encountered in the practice of air-pollution monitoring are tunable diode laser 
absorption spectroscopy (TDLAS) and differential absorption spectroscopy (DOAS). Both are 
based on the proportionality existing between the attenuation of a light beam due to molecular 
absorption and the (average) gas concentration along its optical path (Lambert-Beer's law). 
As the concentration of air-pollutants is normally very low, long pathlengths (hundreds to 
thousands of meters) are required in order to achieve detection sensitivity at ppbv-level (1:10s 

in units of volume). A distinctive drawback common to DOAS and TDLAS is the poor 
spatial resolution as the absorption measurements only reveal the averaged gas concentration 
along the optical path. As a consequence, these systems are of little use in gas flux 
measurements. However, by incorporating sophisticated techniques a reasonable degree of 
spatial resolution has been reported in the literature1. 

Attempts towards detecting ambient ammonia using C02 laser photoacoustics as a 
point sensor have lately received attention within the scientific community. The utilization 
of a C02 laser in trace detection of ammonia is advantageous for different reasons. To start 
with ammonia exhibits several strong absorption lines in the C02 laser wavelength region. 
The availability of high laser output powers (few Watts) is of benefit in photoacoustic 
detection as the generated acoustic signal is proportional to the laser power and the 
concentration of the gas absorbing the laser radiation. Secondly, the wavelength tunability 
of the C02 laser enables the experimentalist (to some extent) to deal with the problem of 
spectral interference that is frequently encountered when working with gas samples consisting 
of more than one absorbing constituent. 

The photoacoustic experiments on ambient ammonia detection reported in the 
literature, utilize the 'classical' photoacoustic arrangement in which the gas sample is flown 
through a chamber (either acoustically resonant or non-resonant). Employing a radiation 
beam from a chopped C02 waveguide laser, the modulated radiation absorbed by the gas 
confined in the cell generates pressure fluctuations that are detected by a suitable transducer 
(normally a microphone). The resulting electric microphone signal is processed by phase 
sensitive detection techniques. The physical factors limiting the sensitivity of 'classical' 
photoacoustic ammonia detection in the practice are molecular spectral interferences, the 



kinetic cooling effect and the cell window noise. Additionally, all photoacoustic experiments 
performed so far reported the annoying effect of ammonia adsorption to the photoacoustic 
cell walls. 

The prototype ammonia monitoring system described in this thesis is based on the 
combined use of a traditional beam chopped ,2C1602 laser photoacoustic spectroscopy 
(frequency fchop), Stark modulation (frequency fstait) and intermodulation spectroscopy 
respectively. The photoacoustic signal generated at either the sum (fchop+fsurk) or the 
difference (fstok'fchop) sidebands of the modulated laser and Stark electric fields (heterodyne 
frequency mixing) is detected at fdet=rsuuk±fchop> using lock-in technique and a photoacoustic 
cell the resonant frequency of which equals fM. 

Employing such hyphenated technique, the kinetic cooling effect, the spectral 
interferences (due to the absorption of water vapor and carbon dioxide at the 10R(6) and 
10R(8) 12CI602 laser lines used) as well as the window noise, were all effectively suppressed. 
At present the achieved (2-3 ppbv NH3) detection sensitivity is limited by the system's overall 
noise (lock-in amplifier, signal preamplifiers and gas flow noise), the restricted range of 
Stark electric field strengths (EsUlit<6 kV/cm) and the moderate laser output power 
(J'IHC^I.S Watts) respectively. In addition, the adsorption of ammonia to the walls of the 
photoacoustic cell shows to be dependent on the amount of water vapor present in the gas 
sample: the chemical gas phase equilibrium between ammonia and water vapor changes as 
a result of variation in water vapor content thereby affecting the magnitude of the recorded 
photoacoustic signal and the response time of the system. 

Outline of this thesis 

This thesis is divided into 5 chapters. In Chapter 1 (Introduction) the need for a fast 
and accurate NH3-sensor and the importance of gaseous ammonia in atmospheric chemistry 
and air-pollution science are discussed. The problems frequently encountered in the practice 
when employing the 'classical' C02 laser photoacoustic detection mode are described too. 
InterModulated Photoacoustic Stark Spectroscopy (IMPASS) is proposed as a technique to 
surmount difficulties of the classical photoacoustic detection mode previously described and 
the mathematics of its operational principles given. 

Chapter 2 (Spectroscopy of Ammonia) is devoted to absorption features of ammonia 
in the 9-11 nm region and other molecules largely abundant in the atmosphere. This chapter 
is completed by a short theoretical description of the Stark effect induced in ammonia and 
the narrowing of molecular linewidths at reduced working pressure (Pgas=200 mbar). 

Chapter 3 (Constructional Details) deals with an improved design of the CO2 
waveguide laser constructed in this laboratory and used during the course of all IMPASS 
ammonia experiments. The results of experimental studies performed on the adsorption of 
ammonia to various surfaces, the material choice and the constructional details of the 
photoacoustic Stark cell are discussed in three published articles (3.3, 3.4, and 3.5). 
The optical and the electronic components of the IMPASS detection scheme are presented. 



The chapter is closed by a novel method used for the calibration of microphones at reduced 
gas pressures without making use of an actual calibrated gas mixture (section 3.6). 

Ammonia measurements performed in the IMPASS mode using a simulated 
atmosphere as well as realistic air samples are discussed in Chapter 4. 

Closing remarks concerning the outlook and suggestions that might lead to an 
improved performance are summarized in Chapter 5 at the end of the thesis. 



Chapter 1 Introduction 

Atmospheric deposition (tons*knv2*y"') of ammonia (NH3) in The Netherlands is 
found to be the highest among the northern and western European countries. The high 
deposition of NH3 originates almost entirely from emission sources in The Netherlands itself. 
Table I shows the total anthropogenic NH3 emissions in Europe around 19802. 

Emissions 1980 

Albania 
Belgium 
Bulgaria 
Denmark 

Finland 
France 
F.R.G. 
G.D.R. 

Greece 
Hungary 
Ireland 
Italy 

The Netherlands 
Norway 
Poland 
U.K. 

(tons per km2) 

0.73 
2.46 
0.67 
1.98 

0.11 
0.97 
1.43 
1.37 

0.33 
0.75 
2.14 
0.73 

3.10 
0.08 
0.99 
1.49 

Table I. Total anthropogenic ammonia emissions in Europe around 1980 

The dominant agricultural NH3 emission sources are livestock wastes. Maximum 
monthly-mean NH3 concentrations of 55 ppbv have been measured in areas with concentrated 
livestock breeding3. Hourly-mean NH3 concentrations as high as 90 ppbv have been found 
after manure deposition on agricultural fields. However, these figures largely exceed the NH3 

concentration levels measured in other parts of the country (< 10 ppbv). Numerous reports 
concerning the ecological conditions of Dutch forests indicate leaching of potassium (K), 
magnesium (Mg) and Calcium (Ca) from the soil and leaves due to high atmospheric NH3 

concentrations (> 100 ppbv). Ecophysiological experiments proved that increased ammonium 
to potassium ratios inhibit the growth of symbiotic fungi and the uptake of potassium and 



magnesium by the root system. This again can lead to a deficiency of both elements, severe 
nitrogen stress and as a consequence, premature shedding of leaves or needles4. Deposition 
of ammonia can also cause nitrification in soil, surface and ground waters according to the 
following chemical reactions: 

NH3 + H20 « NH4
+ + OH 

NH4
+ + 202 -» 2H+ + NO; + H20 

Under steady state conditions the NH3 deposition is determined from measuring gas 
concentrations at different sample points i (point source measurements revealing the 
concentrations CNH3J) along a vertical line5, i.e. 

FNH3=-Kz(dCNH3/dz) 

where Kz is the average eddy diffusity, z is the height measured with respect to the ground 
level and FNH3 is the ammonia flux. In order to calculate gas fluxes and to correlate different 
concentrations CNH3i the ammonia monitor used in such flux experiments must be fast and 
sensitive in the 1-100 ppbv concentration range. 

The commonly used NH3 gas point sensor is the one based on the catalytic conversion 
of NH3 to NOx in a high temperature oven and subsequent detection of the reaction product. 
Besides its intrinsically slow response time, interference effects due to other atmospheric 
molecules (peroxyacetylnitrate (PAN), NH4

+, nitrogen oxides) that, after catalytic conversion 
have the same end products as NH3, do affect the measurement. 

The problems of ammonia gas flux measurements met in the practice have stimulated 
the development of physical techniques based on infrared optical detection like laser 
photoacoustic spectroscopy. The resurgence of interest in photoacoustics is mainly due to its 
reasonably high sensitivity (sub-ppbv concentration detection levels have been reported in the 
scientific literature), moderate selectivity, a large dynamic range (linearity in signal response 
over more than 5 orders of magnitude; the detected microphone signal S(V) is directly 
proportional to the incident laser power P(W) and the gas concentration Q, operational 
simplicity, capability of performing multicomponent analysis, and reasonable cost. Competing 
techniques including gas chromatography, mass spectrometric analysis, and the already 
mentioned long path absorption techniques all fail in one or more of the above mentioned 
criteria. 

Optical air pollution monitors are based on the interaction between electromagnetic 
radiation and matter. The radiation emitted by a properly chosen light source is absorbed by 
the trace analyte molecule(s) of interest (absorption spectroscopy). As far as air pollution is 
concerned, the infrared region between 2 and 15 ^m is especially suitable for monitoring 
purposes. At first, many atmospheric gaseous species (for example, different hydrocarbons 
(e.g. C2H2, C2H4, CJHJ), CC14, NO, N02, CO, C02, H20, H202, HN03, NH3, S02, 
peroxyacetylnitrate (PAN), 03, freons, CIO, H2S and H2CO) known to play a crucial role 
in atmospheric chemistry exhibit multiplicity of moderate to strong absorption lines in this 



spectral region. Secondly, a wide variety of high power molecular gas laser systems 
operating on a large number of discretely tunable frequencies are found in this region. For 
example, the HF and DF lasers6 provide emission in the 2.8- to 3.4 /*m spectral region; the 
CO laser7 lases in the 4.7- to 7.5 /*m range with output wavelengths separated by = 4 cm"1; 
the N20 laser8 operates on lines spaced by * 1 cm"1 in the 9.5- to 11.2 /xm region and the 
CS2 laser9 covers the 11- to 11.5 /tm region on lines separated by =0.2 cm1. In addition, 
isotopic substitution further increases the number of discrete laser lines in the above 
molecules and extends the effective wavelength range. 

The C02 waveguide laser10"14 is especially suited for photoacoustic studies on 
ammonia; this molecule exhibits several large absorption cross-sections, the strongest of 
which coincide with laser lines at 9R(30) (a=56 atm^cm1) around 9.217 pm, 10R(6) (a=26 
atm^cm1) near 10.346 /*m and 10R(8) (a=20.6 atm^cm"1) at 10.331 /*m respectively. 
Furthermore, its high stability, compactness and several Watts of output power at most lines 
make the C02 laser waveguide laser a valuable instrument for field measurements. 

The first 'in situ' photoacoustic ammonia measurements were reported by McClenney 
and Bennet15. The system they utilized involved short term integrative sampling onto teflon 
beads with subsequent analysis of the desorbed ammonia by COj laser photoacoustic 
detection. Photoacoustic measurements by ammonia preconcentration employing selective 
NH3-adsorbers were performed by Copeland et al.16 and Gelbwachs et al.11 Although these 
measurements can be regarded as the first actual 'in situ' monitoring attempts of ambient 
ammonia levels, the determination of concentration levels by such methods reveal only 
information about the average concentration during the period of sampling rather then 
providing the 'on-line' values. 

1.1 .Basic principles of photoacoustic soundwave generation in gases 

Consider a beam of electromagnetic radiation with power P impinging on a gaseous 
column (cylindrical symmetry) of length L. The power transmitted Ptnms through the column 
is given by Lambert-Beer's law: 

Plnms=Pexp(-J}L) (1.1.1) 

with the coefficient fi (cm1) being the absorbance of the sample per unit length. The power 
absorbed by the sample is then: 

P^P-P^P-Pexpf-fiL) (1.1.2) 

In case of weak absorption, fi is small, and taking the first order term in the expansion of the 
exponential function yields: 



P*.=PfiL (1.1.3) 

The coefficientfi can also be expressed in terms of the absorption coefficient a (atm'cm1) 
or the absorption cross-section a (cmVmole): 

P^PoNJ. (1.1.4) 

where N„ is the number of absorbing molecules per unit volume. If C is the fractional 
concentration (defined according to Na=CN° where JV° is the total gas density) of the 
absorbing species then a and a are related through: Naa=Ca. 
For the power P^ absorbed by the sample, the following relationship is obtained: 

P+,=PotfCL (1.1.5) 

Using a modulated infrared radiation beam (frequency fmod) gas molecules are excited from 
the ground vibrational state into a rotational level of a higher vibrational state. In the infrared 
region the probability for radiative decay is small (proportional to the third power of the 
absorption frequency); therefore the relaxation takes place by collisions with surrounding 
bulk gas molecules along the non-radiative channel. For the majority of the molecules, 
collisional deactivation is fast (some usee) causing subsequently a periodic increase in kinetic 
energy of the gas molecules and hence of the gas temperature (57). The molecules confined 
within a vessel of constant volume V experience the periodic rise in temperature which leads 
to a modulated gas pressure 6P at a frequency fmad. Choosing the inverse of the modulation 
frequency fmod longer than the molecular collisional relaxation time, the pressure variation 
generated in the gas sample can be detected by a transducer. In photoacoustic studies 
involving the absorption of radiation of a single constituent, the electric signal S(V) in the 
transducer can be expressed as: 

S(V)=P(W)aCR(Vcm/W) (1.1.6) 

The factor R is called the responsivity of the photoacoustic system and depends, just like the 
absorption coefficient a, on the pressure. Inspection of eq.(l. 1.6) suggests that the measured 
microphone signal S(V) solely depends on the power incident on the gaseous medium if the 
remaining parameters a, C and R are kept constant. 

A little more than 50 years after its discovery (in 1881 by A.G.Bell18, J.Tyndall19 and 
W.C.Rontgen20) the photoacoustic effect found its first application when E.Lehrer and 
F.K.Luft21 two German scientists from the laboratory of Control Engineering of the 
I.G.Farben Industries utilized an infrared absorption recorder (URAS or 
Ultrarotabsorptionsschreiber) for detection of carbon monoxide (CO). The original URAS 
consisted of a double-beam transmission spectrometer that accommodated two cells. As only 



one of the cells contained the sampled CO gas, the CO concentration was determined by 
subtracting the magnitude of the photoacoustic signals (recorded with a membrane 
microphone) generated in both cells. With a limited available output power (150 mWatts) the 
achieved CO detection limit was not better than 10 ppmv. 

It was not any earlier than 1968 that photoacoustic spectroscopy, following the advent 
of powerful and wavelength tunable lasers, was recognized as a strong analytical tool for 
monitoring the concentration of atmospheric trace gases. In that year E.L.Kerr and 
J.G.Atwood22 performed a classical experiment in which they utilized a C02 laser for 
photoacoustic (PA) detection of carbon dioxide (CO2). A few years later L.B.Kreuzer and 
C.K.N.Patel developed a spin flip Raman laser PA monitor23 to measure nitric oxide (NO) 
in car parking lots. The availability of collimated and monochromatic light sources has 
upsurged a worldwide interest for photoacoustic quantization of ultra-weak absorptions of 
atmospheric and industrial pollutants ever since. 

At the end of the 80's several attempts were made using the 'classical' (or 
conventional) C02 laser photoacoustic spectroscopy for monitoring ambient ammonia. The 
term 'classical' refers here to photoacoustic detection systems by which the ammonia 
concentration levels were deduced from successive measurements with the laser tuned into 
coincidence with different gas absorption lines. The total number of laser lines taken for 
analysis is generally equal to or larger than the amount of absorbing constituents present in 
the gas sample. Only quite recently the C02 laser photoacoustics was combined with different 
spectroscopic techniques (e.g. photoacoustic Stark spectroscopy24) in order to enhance 
spectral discrimination without a need for sequential tuning of the laser. 

1.2.Photoacoustic instrumentation 

A typical experimental arrangement for gas phase photoacoustic studies is shown in 
Fig. 1.2.1 

light source • modulator 

signal 
processing 
electronics 

sample ceil 

microphone 

Fig.1.2.1 Schematic diagram of a photoacoustic set-up used for gas-phase studies 

Not more than a brief outline of the classical beam chopped C02 laser photoacoustic 
method is given here; details are available in many of the books and articles listed in the 
scientific literature. The traditional experimental set-up for beam chopped C02 laser 



photoacoustic monitoring of air pollution constitutes the radiation source and modulator 
(mechanical chopper), a chamber (cell) that accommodates the gaseous specimen and 
incorporates a microphone to detect the generated acoustic wave, a detector to measure the 
intensity of the radiation source, and electronic equipment for processing the signal. 

1) The light source (C02 laser) 

The 12C1602 laser25 provides radiation in the infrared region (at about 70 discrete lines) 
between the 9.2 and 11 ^m of the electromagnetic spectrum. The C02 (waveguide) laser 
emits on a gas mixture consisting of carbon dioxide, nitrogen and helium. Nitrogen 
molecules are excited into the first vibrational level, about 2360 cm"1 above the ground state 
by a discharge. As this level is close to the J'3(SU

+) C02 asymmetric stretching vibration at 
2350 cm1, the C02 molecules are excited to many of the rotational levels of the e3(£u

+) 
vibration through collisional energy transfer with the excited N2 molecules. Rotational levels 
up to 200 cm"1 above the lowest state of the c3 are effectively populated in this way. 
Stimulated emission is possible to many rotational levels of the J'I(TU

+) C02 symmetric 
stretching mode at about 1390 cm1. Transitions AJ = ±1 between the rotational states in the 
j'3(Eu

+) and i>i(iru
+) vibration modes result in a large number of discrete laser emission lines 

conveniently grouped into four (10P, 10R, 9P and 9R) bands26. 

2) The photoacoustic cell 

Depending on their operational principles, photoacoustic cells are usually divided into 
two categories: the non-resonant and the resonant type. As the theory and the operation of 
photoacoustic cells have extensively been covered in the literature27"30 only a brief description 
of the most important features of photoacoustic cells will be given. The non-resonant type 
is designed in such a way that acoustical amplification does not affect the cell's signal 
response. Most commonly used in the practice are the resonant cells. Although different 
types have been proposed, designed and tested, the most frequently encountered resonant 
photoacoustic cell is the one exhibiting cylindrical geometry. In most designs the radius R 
of this cylindrical sample chamber is substantially larger than the diameter of the excitation 
laser beam. Periodic heating of the gas caused by absorption of the modulated laser radiation 
and subsequent relaxation generates a local pressure increase which propagates radially 
outward (i.e. perpendicular to the direction of the exciting light beam). Successive periodic 
laser pulses result in a generation of a standing acoustic wave inside the chamber. The 
acoustic amplification of the resonant acoustic cell can conveniently be expressed by the 
quality factor (Q-factor) defined in terms of the resonant acoustic frequency wn and the 
change in frequency Au (full width at half maximum) required for the amplification to drop 
to half its value at the resonance frequency, i.e. 2=a>„/Aw (at w=w„±1/2A<i) the amplitude 
of the microphone signal is lhV2 times the maximum at w=wn). 
The pressure distribution Pkmn within a cylinder of length L and radius R is given by31: 



Pk,m,n(r,<t>,x,t)=cos(m<l>)cosOcrx/L)Jm(amnirr/R)exp(-iut) (1.2.1) 

where Jm is a m"1 order Bessel function of the first kind and the integers k, m, and n refer to 
the longitudinal, azimuthal, and radial acoustic modes, respectively. Since each mode is 
discrete, an integer is normally ascribed to indicate the mode excitation in the cell (k,m,n, 
respectively with k,m,n=0,l,2,..). The acoustic resonances in the photoacoustic cell, found 
by solving the wave equation in cylindrical coordinates, occur at frequencies f„,: 

2Trfres=o,=irc0V[(k/L)2+(amJR)2] (1.2.2) 

where c0 is the sound velocity in the sample and amn is the n* root of the equation 
dJm/dr | r=0. The sound velocity can be calculated from c0=V'(yRgT/M) with Rg the gas 
constant, T the absolute temperature of the sample, M the molecular weight of the gas and 
7=Cp/C„ its ratios of specific heats. For a mixture of chemically non-interacting gases the 
speed of sound is given by32: 

c0=^(%RgT/M) (1.2.3) 

where % and M are the effective ratio of specific heats and the average molecular weight 
respectively expressed by: 

2= E / A / I , ' A andM=E/,M,. (1.2.4) 

with r, being the fractional concentration of gas i, and M, the molecular weight of species i. 
Photoacoustic cells with low Q-factors (20-50) are less susceptible to drifts in laser 
modulation frequency fmod and temperature T. Since both, the sound velocity in the sample 
and the physical dimensions of the cell are temperature dependent, active frequency locking 
is required when working with cells exhibiting a high Q-factor (> 100). 

The noise sources31 present in photoacoustic systems can be divided into two 
categories, i.e., electrical noise NelK. and optical noise N^,. 
Electrical noise N ^ originates mainly from the microphone and the electronic detection 
equipment (signal preamplifiers). As these noise sources usually exhibit a l/fmod noise power 
dependence, the system sensitivity (defined as the system response for a signal to noise ratio 
of unity) favours operation at audio frequencies. Employing high quality FET amplifiers and 
a small electronic frequency bandwidth (1 Hz) upon integrating the periodic signal detected 
by the microphone, under practical conditions the system overall noise can be reduced 
typically to some 50 nV. 

The minimal theoretical noise present in a photoacoustic system results from random 
density fluctuations (Brownian motion) in the sample gas. In the practice the incoherent and 
random thermal noise presents the lowest achievable noise level of the photoacoustic system. 
The main optical noise source N^, and therefore the largest contribution to the signal 
amplitude arises due to absorption or scattering of the modulated laser radiation in the 
windows terminating the photoacoustic cell. The periodic window heating, generated at the 
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laser modulation frequency fmod, is transferred to the gas sample and generates a 
photoacoustic signal that fluctuates and impedes detection of weak acoustic signals. In the 
'classical' photoacoustic detection mode this background signal is one of the sources 
determining the ultimate detection limit. 

3) Laser beam modulation techniques 

In C02 laser photoacoustic spectroscopy either the amplitude or the frequency of the 
light source radiation must be modulated in order to generate acoustic signals. 

With a mechanical chopper, inexpensive and efficient, a modulation depth of 100% 
is easily achieved. Phase-locked, low vibration choppers are commercially available. 
Focusing the C02 laser beam (typical diameter 1-2 mm) onto the chopping slit reduces the 
chopper-induced sound vibration in the air that can be transmitted to the microphone as noise 
interference. 

In electro-optic modulation the plane of polarization of an incoming laser beam alters 
in a non-linear crystal through the application of a modulated electric field. Employing a 
polarizer the laser output power can be varied by adjusting the crystal voltage. Although the 
noise levels are lower than in the case of mechanical modulation, the limited amount of 
power the crystal can handle, the cost and the wavelength specificity, are the reasons for the 
fact that mechanical modulation is preferred in the practice. 

4) Electronic detection 

As the concentration of trace molecules in the ambient air is normally very low 
(ppbv), the sound pressure Pkmn of the standing wave generated in the photoacoustic cell and 
hence, the microphone signal S(V) is small. In order to detect low periodic signal levels, 
generally obscured by noise sources, phase-sensitive techniques are used. Figure 1.2 depicts 
schematically the basic operational principle of the lock-in amplifier. 
A periodic reference signal fr tuned to the frequency fs of the signal of interest is, together 
with the sample signal, fed into the lock-in amplifier. The sample signal is amplified by a 
high-gain AC coupled differential amplifier and its output multiplied subsequently by a phase-
locked loop (PLL) output (proportional to cos(fst+<£) in the phase-sensitive detector (PSD)). 
This multiplication shifts each frequency component of the output signal f, by the reference 
frequency fs, which results at the PSD-output in: 

Vpsd=cos(fst+4>)cos(ft) = >Acos[(fs+f)t+*l>]+>Acos[(fs-fit+<ft (1.2.5) 

The sum-frequency component is attenuated by the low-pass filter and only difference 
frequency components within the low-pass filter's narrow bandwidth will pass through the 
DC amplifier. The periodic signal (frequency fs) will be detected by the lock-in as a DC-
signal. 
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Fig.1.2.2 Lock-in amplifier scheme 

1.3.Multi-component photoacoustic analysis of gas mixtures 

The photoacoustic detection of ammonia in realistic air-samples in the 9-11 /tin region 
is impeded by the absorption of the C02 laser radiation due to other atmospheric constituents, 
in particular water vapor (H20) and carbon dioxide (C02). Before proceeding with the real 
time monitoring of ambient ammonia, the concept of multi-components photoacoustic studies 
is discussed. 

The relationship S(V) =PaRC describing the linearity between the signal strength S(V), 
the incident radiation power Pto(.r(Watts) and the concentration C is valid only when dealing 
with a single absorbing constituent. In a first approximation, when investigating multi-
component specimen, the above equation can be replaced by the more general expression 
S^ZotjjCj (where 5, are the measured photoacoustic signals at the different laser lines i, atj 

is the absorption coefficient of the j " 1 pollutant at wavelength i, and Cj are the unknown 
concentration levels of the gases present in the mixture). However, the expression is only 
valid under the condition that the phases of the recorded photoacoustic signals Si obtained at 
the different laser lines i remain constant during the entire course of the experiment. 

Perlmutter et al.M performed C02 laser photoacoustic studies using a 'classical' set­
up, on a four-constituents gas mixture (C2H4, H20, C02 and a mixture of atmospheric 
constituents producing a 'white' photoacoustic signature) dispersed in nitrogen (N2). The 
photoacoustic analysis involved four laser transitions, two of which coincided with sharp 
peaks of the C2H4 (at the 10P(14) line) and H20 (at the 10R(20) line) in the infrared 
spectrum. Sequential tuning of the laser to four different wavelengths resulted in the 
measured photoacoustic signals 5, and a set of four linear equations, containing the unknown 
concentration levels C,. Introducing three different noise sources, the intrinsic noise of the 
photoacoustic set-up i.e. the microphone's electrical noise, the instabilities of various 
components (e.g. laser power, window absorption) in the analyzing photoacoustic system, 
and incorporating the inaccuracy of reported gaseous absorption coefficients ai; the practical 
limitation of each noise source on the minimal detectable C2H4 concentration was 
investigated. Quantifying the different noise sources in terms of photoacoustic signal strengths 
Sj, the concentration Q of each gaseous species was calculated using a matrix scheme. Due 
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to the uncertainty in value of the C02 absorption coefficient as at the laser lines used, the 
minimal detectable C2H4 concentration decreased from 1.6 ppbv measured with a C02 

concentration of 300 ppmv, to 53 ppbv C2H4 in the presence of 1% CO2 (104 ppmv). A 
remarkable fact reported in their measurement of ethylene using a realistic atmosphere, was 
the evidence for a "negative" carbon dioxide concentration calculated from the obtained 
signal strengths S;. The minus sign was attributed to the kinetic cooling effect which 
experimentally manifested itself (in their resonant photoacoustic cell) by a 180°-phase reversal 
of the photoacoustic signal relative to the C2H4-phase. In addition, it was found that use of 
a NaOH-scrubber eliminated effectively both, the C02 and the H20 interference without 
changing the ethylene concentration (or introducing new interfering gases as a result of 
chemical reactions originating at the surface of the scrubber). The use of an isotopic 13C1602 

laser was proposed as an alternative to surmount the problems of H20 and C02 spectral 
interferences. 

At the University of Arizona Tilden and Denton35 performed 'classical' high 
concentration (10 ppmv or more) multi-component 12C1602 laser photoacoustic studies on a 
mixture of absorbing gases involving ammonia, ethylene, furan, freon-12 and methanol. 
Upon applying a least square multivariant analysis (including absorption coefficient weighting 
factors) the signal strengths S; at 10 respectively 20 laser lines were recorded. Using mixtures 
containing high furan and freon-12 concentrations the calculated concentration levels C; 
compared within 10% of the certified gaseous concentration levels admitted to the 
photoacoustic cell. However, in case of high ammonia concentrations (300 ppmv NH3) 
admitted together with low furan (20 ppmv) and freon-12 (14 ppmv) concentrations, the 
multivariant analysis failed to provide the correct concentration levels. This fact was 
explained by invoking the methanol and ammonia spectral overlap at the freon-12 and furan 
C02 laser absorption wavelengths, which impeded the determination of minor components 
in the presence of major interfering components. 
Multi-component photoacoustic analysis of trace pollutant becomes often even more difficult 
when working with realistic air samples. 

The most abundant components in the ambient atmosphere are nitrogen (N2*79%), 
oxygen (02«19%), water vapor (H20=1%), carbon dioxide ((3(1̂  = 350 ppmv) and the 
noble gases (He, Ar, Xe, Ra, etc.). In the C02 laser emission frequency region the 8 to 14 
ixm wavelength region is characterized by continuum absorption spectra of both water vapor 
and carbon dioxide. Although characterized by small absorption coefficients a, their large 
abundance in the atmosphere is relevant when attempting real-time detection of atmospheric 
trace pollutants. When dealing with multi-component photoacoustic studies involving a 
mixture of absorbing gases the photoacoustic signal is a linear superposition of the signals 
originating as a consequence of the absorption of each specific component. When interpreting 
the results, the phases of the photoacoustic signals have to be considered in addition to the 
photoacoustic amplitudes as well36,37, i.e. 

SiCosQ-XCiSifcosQif (1.3.1) 

In eq.(l .3.1) St and *, represent the normalized signal amplitude and phase at the given laser 
transition i, C} is the concentration of the mixture component j giving rise to a normalized 
and calibrated amplitude S~ and phase $ / . 

Sigrist and co-workers from the ETH (Zurich) utilized a C02 laser photoacoustic 
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system for in-situ measurements of trace pollutants in industrial and rural areas (car exhaust 
gases). Since air exhaust represents a complex mixture of numerous components (the 
concentration levels of which vary in time), the continuous monitoring of the main 
constituents is of great importance. In order to perform multi-component analysis a computer 
program has been developed for concentration calculations using the mathematical scheme 
discussed above. 

'Classical' C02 laser photoacoustic studies involving real time detection of ambient 
ammonia have recently been reported in the scientific literature. Olafsson et a/.38,39 used a 
single mode, 500 MHz line tunable C02 waveguide laser in conjunction with a 10 cm long 
non-resonant flow-through photoacoustic cell for detection of NH3 in power plant emission. 
To solve the problem of spectral interference of C02 and H20, the pressure inside the cell 
was reduced to 12 mbar. At this sub-atmospheric pressure the molecular absorption lines 
approach the Doppler limit (about 70 MHz), but the linewidths are still considerably below 
the 500 MHz tuning range of the laser. For detection of NH3 the sR(5,0) line, (located 190 
MHz below the 9R(30) C02 laser line center), was chosen, while carbon dioxide absorbs at 
the laser line center. Fitting the recorded spectrum to a sum of two Voigt profiles and a 
constant N2 background the NH3 concentration is calculated from the amplitude of the NH3 

signal. Including the phase reversal in the photoacoustic signal (resulting from the kinetic 
cooling effect) it was possible to uniquely resolve the NH3 concentration levels down to 1 
ppmv in the presence of 15% C02. 

At the KEMA-Institute in Arnhem (The Netherlands), R.Rooth and A.Verhage40 

utilized a C02 laser photoacoustic system (incorporating a resonant flow-through cell 
(fre9=560 Hz)) for low level (detection limit 1 ppbv NH3) ammonia monitoring. A 
mathematical model describing the molecular dynamics of ammonia and the main 
atmospheric constituents was derived from photoacoustic experiments performed in the 
laboratory using a simulated atmosphere. Such a model, which includes the effect of kinetic 
cooling on the photoacoustic signal, is necessary whenever using a resonant photoacoustic 
cell of which the operating frequency frcs is much larger than the inverse of the relaxation 
time dominating the molecular deactivation processes. 

As the recorded photoacoustic signal includes the absorption of ambient ammonia, 
water vapor and carbon dioxide, the 'real-time' ammonia concentration is derived by proper 
interpretation of the magnitudes and phases of the photoacoustic vector signals S. In order 
to do so the water vapor concentration is monitored at the 10R(20) C02 laser line, at which 
it exhibits maximum absorption. Accordingly the laser is tuned to the strongest ammonia 
absorption line located at 9.217 /xm (9R(30)) and the C02 concentration is than calculated 
from the measured photoacoustic signals recorded at the 9R(28) and 9R(18) laser lines. This 
method of consecutive laser tuning offers a means to account for both the water vapor and 
carbon dioxide spectral interferences as well as the kinetic cooling effect. 

However, the time needed (2 min.) for successive tuning and recording of the 
measured signal is a disadvantage when employing C02 laser photoacoustics as a point gas 
sensor in ammonia gas flux measurements. The time necessary to tune the CC^ laser to the 
different gaseous absorption can be substantially shortened when instead only one laser line 
is used for monitoring purposes. A prerequisite for this is a drastic suppression of the 
spectral interferences that mask the sensing of accurate gaseous ammonia at trace levels. 

Due to the notoriously adhesive properties of ammonia, the reduction of interfering 
water vapor and carbon dioxide using chemical scrubbers is precluded, since their effect is 
very likely to affect (chemical reactions occurring at the scrubber's surface) the ammonia 
concentration in the gas sample. Therefore, real-time trace level photoacoustic monitoring 
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of ambient ammonia using a single laser absorption line requires the use of an additional 
physical phenomenon that can be used to discriminate ammonia against other spectral 
interfering gaseous components. 

The heteronuclear structure of ammonia gives rise to a large dipole moment (1.48 
Debye) in the ground state. This forms the base for tuning the ammonia molecule into near 
coincidence with the C02 laser through the application of an electric (Stark) field. Since 
carbon dioxide exhibits infrared absorptions only at 667.3 cm'1 (P2(TU

+) bending mode) and 
at 2349.3 cm'1 (c3(Eu

+)) antisymmetric stretch mode), and doesn't possess a permanent dipole 
moment in the 10 jtm C02 laser wavelength region, the application of an electric field doesn't 
perturb its energy levels and therefore it cannot be shifted into resonance with the COj laser: 
carbon dioxide is said to be Stark-inactive. 

Although H20, (an asymmetric top molecule), possesses a permanent dipole moment, 
the application of an electric Stark field does not result in a substantial change of absorption 
strength. Therefore, Stark modulation (at a frequency f ^ ) of the ammonia absorption 
coefficient a offers a means to detect NH3 in a matrix of absorbing gases. The kinetic 
cooling effect can be avoided by chopping the laser at a frequency fchop which is much lower 
than the inverse of the relaxation time governing the molecular de-excitation of the sampled 
air. Using the photoacoustic cell as a audio-frequency heterodyne mixer and phase-sensitive 
processing (detection frequency of the lock-in amplifier fdtt), photoacoustic signals due to the 
absorption of ammonia can be detected at the sum (fchop+fsu*) o r difference frequency (fa^r 
fchop) sidebands of the modulated laser and Stark electric fields, i.e. fda^fstaiti fchop- Besides 
the already mentioned kinetic cooling effect, the window absorption signal (modulated at 
frequency fchop) as well as the absorption of the modulated laser radiation (laser is chopped 
at frequency fchop) due to water vapor and carbon dioxide is effectively suppressed using this 
detection scheme. 
In mathematical terms detection of a photoacoustic signal, composed of the convolution of 
the Fourier transform ^bf two block-waves with frequencies w, and co2, is performed at the 
sum (w1+co2) or difference (<o,-c»2) frequency of the carrier waves «! and w2. Let L(t) and S(t) 
represent the periodic laser and the Stark electric fields respectively, with 

S(t)=E, 0<t<T, and S(t)=0 T,<t<2T1 a1T1=2ir 
L(t)=E2 0<t<T2 and L(t)=0 T2<t<2T2 U2T2=2TC 

The interaction of both the modulated laser and Stark electric fields with the ammonia 
molecule is described as: 

&=$L(t))#S(t)) = {cos(a,t) +cos(3(j3,t)+....} {cosfaj) -l-cosfia)^+....; (1.3.2) 

Neglecting the harmonics no (n> 1) in the Fourier expansion, gives: 

&^£(L(t))*J(S(t)) =COS<j>1tCOS032t = COS(^I-U2)t+COS(ul +032)t ( 1 .3 .3) 

Using narrow-bandwidth (w=l Hz, oweu!,^ phase-sensitive detection at either the sum 
(a),+w2) or the difference (wrw2) frequency sidebands, complete suppression of photoacoustic 
signals generated at the fundamental frequencies «[ and w2 is obtained. 
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Chapter 2 Spectroscopy of Ammonia 

2.1. Introduction 

Next to nitrogen (N2) and oxygen (02), water vapor (H20) and carbon dioxide (CO2) 
are the most abundant components in the atmosphere. Contrary to nitrogen and oxygen, the 
latter ones are known to absorb in the 2-20 /im (5000 cm_1-500 cm"1; 10^m = 1000 cm1) 
infrared region. As seen from the low-resolution spectrum depicted in Fig.2.1.1, their 
absorbance is considerable over a large part of the spectrum, with exception of the 9-11 /*m 
(1110 cnv'-990 cm1) region. 

1600 1400 1200 1000 800 600 cm-1 

Fig.2.1.1 The infrared spectrum of atmospheric water vapor and carbon dioxide (taken from 
C.N.Banwell, Fundamentals of Molecular Spectroscopy1) 

Water, an asymmetric top molecule, belongs to the C2v point group. This implies that 
the molecule has a 2-fold axis C2, and two symmetry planes <rv symmetrically oriented at 
angles x/2 through the molecular symmetry axis. The observed low-resolution infrared 
absorption bands in Fig.2.1.1 are due to three fundamental vibrations: the vt symmetric 
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stretch vibration around 3651.7 cm1, the i>2 symmetric bending vibration around 1595.0 cm1 

and the v3 asymmetric stretch vibration around 3755.8 cm"1 (the vibrations are labelled in the 
order of decreasing frequency within their symmetry type). 

In the C02 laser wavelength region (Fig.2.1.2) the H20 spectrum is characterized by 
a few weak (typical absorption coefficients a «10"5 atnv'cm1) purely rotational absorption 
lines superimposed on a weak continuum, that has been the subject of numerous experimental 
and theoretical investigations. 

Fig.2.1.2 Absorption coefficients of H20 vapor at 12C1602 laser wavelengths taken from 
Bernegger et al.2 

For example, Wood et al? assume that the collision broadened wings of the rotation band 
extending from the far infrared give rise to absorption features near 10.6 urn. Lately, it was 
tried to account for the continuum in terms of far-wing absorptions, water dimers and 
clusters of water vapor2; a satisfactory theoretical model however has not been developed so 
far. The strongest (a=8.36*10"4atnv'cnv1) water vapor absorption line is that at the frequency 
coinciding with the 10R(20) emission frequency of the C02 laser (967.276 cm1). 

The C02 molecule belongs to the C^ point group having an oo-fold axis. An infinite 
number of rotations around the molecular symmetry axis transform the molecular 
configuration into an equivalent one. As only the v7 bending mode and the i»3 asymmetric 
stretch vibration cause a change in dipole moment, two infrared absorption bands are found 
around 2349.3 cm"1 and 667.3 cm"1 respectively. Similar to the case of water vapor, the C02 

absorption spectrum in the 9-11 /xm region is characterized by a broad band continuum with 
a few weak lines atop (Fig.2.1.3); the strongest absorption (a=3.8*103 atnv'cm"1) is located 
at the 9R(18) laser line. 
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Fig.2.1.3 Absorption coefficients of C02 at 12C1602 laser wavelengths after Bernegger et al.2 

and Rothman et ah* 

Investigations of the rotational Raman and infrared spectra have established that the 
NH3 molecule is a symmetrical top molecule possessing a permanent dipole moment. From 
the recorded spectra, a symmetrical pyramidal structure of the ammonia molecule (symmetry 
group D3h) is deduced5. From four fundamental vibrations the c, (centered around 3335.9 cm" 
1 and 3337.5 cm1) and the v2 (centered around 931.58 cm1 and 968.08 cm1) are symmetric, 
while the c3 and the i»4, centered around 3450 cm"1 and 1627 cm1, are doubly degenerate. A 
peculiar feature of the ammonia symmetric fundamentals vx and v2 is the evidence of double 
lines in the vibration spectrum. Such a doubling is due to the fact that there are two 
equilibrium positions for the N atom at either side of the H3 plane which leads to a splitting 
of all vibrational levels into two sublevels (inversion doubling). Subtracting the splitting in 
the vibrational ground state (0.79 cm"1)6 from those in the infrared, it follows that the vt (vu 

"2, "3, H = 1.0.0.0) and the v2 (0,1,0,0) upper states are split by 0.9 cm"1 and 35.69 cm • 
respectively. The NH3 (v2) fundamental vibration band overlaps with the 9-11 /xm wavelength 
region of the 12C1602 laser emission. In this region fourteen AJ=0, + 1 lines corresponding 
to (0,0,0,0)-»(0,1,0,0) transitions, (all exhibiting an absorption coefficient a larger than 1.0 
atm^cm*1), are found7. The strongest NH3 absorption (a =56 atm^cm"1) line is the one 
coinciding with the 9R(30) (9.217 ^m or 1084.95 cm1) 12C1602 laser line, followed by the 
10R(6) (a=26.0 atm'cm1) and 10R(8) (or=20.6 atm-'cm"1) coincidences, located at 10.346 
jum (966.56 cm"1) and 10.331 /*m (967.96 cm1). The NH3(i<2) rotational-vibrational 
(rovibronic) absorption spectrum in the 12C1602 laser emission region is depicted in Fig.2.1.4. 
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Fig.2.1.4 Absorption coefficients of 14NH3 at 12C1602 laser wavelengths measured by Brewer 
and Bruce7. 

The fractional absorption of these gases can be estimated by calculating the magnitude 
of the expected photoacoustic signal strength S(V) oo Ca (C is the fractional concentration 
of the species in air and a is the molecular absorption coefficient). For H20, C02 and NH3 

the mean ambient concentration C is about 107 ppbv, 35*10* ppbv, and 10 ppbv respectively. 
At the 10R(6) line the NH3 photoacoustic signal strength S is about 26* 108 atnv'cnv1, while 
for H20 and C02 at this line the signal strength is about 10*lO8 atm'cm"1 and 35*10"8 atnr 
'cm1. The effect of atmospheric water vapor and carbon dioxide hence produces the 
absorption that is comparable to that of ammonia. This interference effect together with the 
kinetic cooling process (section 2.7) imposes serious problems when the unambiguous 
photoacoustic detection of ambient ammonia is considered. 

As the IMP ASS approach in detecting ambient ammonia relies on the use of the Stark 
effect, it is necessary to discuss the infrared (rovibronic) spectrum of this molecule in the 
unperturbed case (zero E-field), as well as its Stark effect. 

2.2. Rotation of molecules 

In this section only the pure rotation of polyatomic molecules is considered neglecting 
their vibration and, in case of NH3, the electronic motion. The selection rule for dipole 
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transition requires that a state function \p+ (i.e. rotational states \//+ which are symmetric in 
their coordinates under the inversion operation) combines only with state functions ~̂ (i.e. 
state functions which are asymmetric under the inversion operation). Further the AJ= + 1 
selection rule holds true for linear molecules (e.g. C02), while for the symmetric top 
molecule NH3 AK=0 and AJ=0, +1 are obeyed. 

The three dimensional rotation of a body1'58 is described about three mutually 
perpendicular directions (called the principal axes of rotation) through the centre of gravity. 
A rigid body exhibits three (one about each axis) principal moments of inertia usually 
denoted by I*,, I„„ and 1 .̂ The moment of inertia of a rigid body about a single axis is 
defined by 

l=Ymfi\ (2.2.1) 

where px is the perpendicular distance of the mass element ni; from this axis. 
Classically the kinetic energy of a rotating body with a moment of inertia \ and angular 
velocity Wj about an axis j yields 

T^Y.'Al^j (2.2.2) 

or 

T=>AI„w2
x+

1AIyyo}
2
y+>AIzzw

2
z (2.2.3) 

Introducing the classical expression for the components of angular momentum Jj=Iijci)j, gives 

r=/V2/^+/V2/
w+-/V24 (2.2.4) 

Molecules are classified according to the relative values of their three moments of 
inertia; molecules with three different principal moments of inertia are called asymmetric 
tops (or asymmetric rotators). If however two of the three principal moments of inertia are 
equal, one deals with a symmetric top (symmetric rotator). It is possible that one of the 
principal moments of inertia is zero or very small, while the other two are equal; this is the 
case for all linear polyatomic molecules. Finally, the term spherical top applies to a molecule 
with three equal moments of inertia. Consider now a symmetric top molecule such as NH3. 
The Hamiltonian describing the energy of the molecular system is written as 

H='AJ2/(la) + 'AJ2
z/(IA-IB) (2.2.5) 

with IB=IXX=I„,, ^ = 1 ^ and J2=J2
x+J2

y+J2
z and J2 is the magnitude of the total angular 
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momentum. 
The energy eigenvalues E of the Hamiltonian H, H | ^ > = E | ^ > are related to the 
eigenvalues of the angular momentum operators: 

J2\t>=J(J+l)ti2\t>, J=0,l,2 (2.2.6) 

Jt\^> =Kh\i>>, K=J,J-1,....,-J (2.2.7) 

in which K is the projection of J on the molecular symmetry axis. When K=0 there is no 
rotation around the figure axis, and the angular momentum gives rise only to an end-over-end 
rotation. A third component of the angular momentum (about the space or laboratory axis 
Z) Jz must also be specified in order to present a full description of the molecule. The 
operator Jz commutes with J2 and J2 and its eigenvalues are written: Mh, M=J,J-1 ,-J. 
In the absence of any external field, for a given J,K quantum pair, different M-values 
represent the same rotational energy. Hence, for a symmetric top molecule the state 
| J,K,M > is completely specified by: 

\JKM>,J=0,1,2 / (2.2.8) 

K=J,J-1,...,-J;M=J,...,-J 

(neglecting centrifugal distortion) 

It is convenient to introduce the rotation constants A and B: (A=#/4TTCIA and B=#/4xcIB) 
and to write the rotational energy levels (neglecting centrifugal distortion) as 

Era=BJ(J+l) + (A-B)K2 (2.2.9) 

The states | ^ > = |JKM> with the same J and |K|-value, have the same energy. 
Consequently, all states with K>0 are doubly degenerate, i.e. their total degeneracy is 
2(2J+1). Two important cases have to be considered now: if the rotation constants A and 
B are equal the molecule is called a spherical top (examples are CH4 and SF6; these 
molecules belong to the cubic groups). Spherical top molecules exhibit an additional 
degeneracy due to the independence of the energy levels of K. The spherical top molecules 
are characterized by 

State vector: | JKM>, J=0,1,..; K=J,...-J; M=J,...,-J (2.2.10) 

Energy levels: EJKM/hc=BJ(J+l) (2.2.11) 
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