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INTRODUCTION 

The Division of Atomic Physics, Lund Institute of Technology (LTH), 

is responsible for the basic physics teaching at all sections of LTH 

and for specialised teaching in Optics, Atomic Physics, Atomic and 

Molecular Spectroscopy and Laser Physics. The Division has research 

activities in basic and applied optical spectroscopy, to a large 

extent based on lasers. It is also part of the Physics Department, 

Lund University, where it forms one of six divisions. Since the 

beginning of 1980 the research activities of our division have been 

centred around the use of lasers. The activities during the 1980 -

1982 building-up period and during the subsequent four years have 

been described in previous Progress Reports (Lund Reports on Atomic 

Physics, LRAP-20, LRAP-43 and LRAP-85). During the last two years the 

research programme has been further expanded. 

Research on emission spectroscopy and term analysis, a classical 

field for atomic physics in Lund, is being pursued with emphasis on 

the analysis of the spectra of multiply ionized inert gases. The 

study of such ions is strongly motivated by their importance in laser 

and collisional physics and for interesting interplay with theory in 

the interpretation of the spectra. This programme is supported by the 

Swedish Natural Science Research Council (NFR). 

Basic atomic laser spectroscopy is being performed both with CW high

resolution techniques and with time-resolved methods. In a programme 

which is supported by the NFR, excited atomic states are investigated 

with regard to radiative properties and hyperfine structure. During 

the last two years the activities have concerned light elements such 

as boron, carbon and silicon, ions such as Gd+ and group Ib elements 

such as Cu. New techniques for producing atoms using laser plasma 

generation and effusive atomic beam formation from a hollow-cathode 

discharge have been used. A precision method for lifetime measure

ments using a mode-locked dye laser in conjunction with photon coun

ting techniques has been developed and used for studies of sodium, 

bismuth, copper and iron. Additional spectroscopic techniques have 

been introduced during the last two-year period, such as pulsed 

level-crossing spectroscopy and Doppler-free frequency modulation 

-- 1 --



and degenerate four-wave mixing spectroscopy. In addition, static and 

dynamic properties of saturation spectroscopy have been studied. Our 

experimental laser spectroscopy programme is closely integrated with 

corresponding theoretical calculations using many-body perturbation 

theory, Hartree-Fock and configurationinteraction schemes. A project 

for generating VUV laser radiation is supported by the Research 

Council of the Swedish Board for Technical Development (STUF). Cohe

rent radiation down to 93 nm has been generated by nonlinear optical 

techniques and has been applied in the study of the CO molecule. 

Several projects within applied laser spectroscopy are being pursued. 

For several years, a major project regarding combustion diagnostics 

with lasers has been supported at the Division of Atomic Physics by 

STU and the Swedish Energy Board (STEV). Based on our diagnostic 

activities a Combustion Centre was formed at the Lund Institute of 

Technology in 1985. In addition to the physicists, researchers from 

the Mechanical Engineering, the Civil Engineering and the Chemical 

Engineering Sections now participate in the Centre's activities, 

which are coordinated by Prof. Thure Hogberg and Docent Marcus Alden. 

Most of the graduate students active within the Centre are enrolled 

in the Division of Atomic Physics. Many aspects of flame kinetics, 

NOx and soot formation, turbulence and spark ignition are being 

studied using laser-induced fluorescence, Raman and CARS 

spectroscopy. Theoretical work on kinetics and spark ignition 

supplements the extensive programme. A close coupling to industry is 

maintained through special projects with partial industrial funding 

(ABB, SYDKRAFT, VOLVO). 

An additional STU-funded combustion spectroscopy programme is being 

pursued at the Division in coordination with our other spectroscopic 

programmes. New methods for combustion and flow diagnostics based on 

degenerate four-wave mixing, frequency modulation spectroscopy and 

gas-correlation are being developed. 

Environmental remote sensing using optical techniques is another 

applied spectroscopy project. The programme includes the development 

of new optical measurement techniques for air pollution monitoring 

and field experiments to facilitate the transfer of technology to 
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practical applications in industry and air quality management. A 

powerful mobile lidar system is used for techniques development and 

field work. Range-resolved mapping of atomic mercury and NO was 

demonstrated for the first time. Geophysical aspects were added in a 

field experiment aimed at mercury detection in Icelandic geothermal 

fields. In parallel with the lidar work, differential optical 

absorption spectroscopy (DOAS) is being pursued. A powerful research 

doas system overlooking the city of Lund is being installed. The 

remote sensing group is participating in two European projects, 

TESLAS and TOPAS, within the EUROTRAC collaboration, dealing with 

vertical lidar ozone sounding and DOAS development, respectively. 

Basic research in remote sensing is supported by the Swedish Board 

for Space Activities (DFR) while applied work is supported by the 

Swedish Environmental Protection Board (SNV). Close cooperation with 

the Swedish Environmental Research Institute ( IVL) in Goteborg is 

maintained. As a spin-off from our research with the doas technique a 

company, OPSIS AB, is rapidly expanding in the IDEON Research Park in 

Lund under the directorship of two former group members. 

Other spectroscopic projects of industrial interest are also being 

pursued. A project concerning the development of diagnostics 

techniques in connection with ore smelting and processing has shown 

very interesting potential. A spin-off company (SEMTECH AB) has been 

formed at IDEON with participation of division members. 

During the last two years our activities in the medical field have 

further increased. A research programme on cancer tumour detection 

and treatment using lasers is being pursued jointly with the Lund 

University Hospital. The techniques rely on the properties of the 

tumour-seeking agent hematoporphyrin derivative (HPD). The first 

successful treatment of patients in Scandinavia has been performed 

within our group. Investigations of other photosensitizing agents are 

being performed. The possibility of performing tissue diagnostics 

without any drug administration is being actively explored. In 

particular, work on spectroscopic diagnostics of atherosclerotic 

plaque is in progress, aimed at spectroscopic guidance in fibre-optic 

plaque ablation using excimer laser radiation. Advanced diagnostic 
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equipment for point measurements and imaging, based on fluorescence 

is being constructed. This programme is supported by the Swedish 

Cancer Foundation (RmC), The Swedish Medical Research Council (MFR), 

STU and Radians Innova AB. 

The Division of Atomic Physics arranged the Eighth International 

Conference on Laser Spectroscopy in Are, Sweden, June 22-26, 1987. We 

have also been actively involved in the arrangement of several other 

international and national conferences. 

In our report series "Lund Reports on Atomic Physics" (LRAP) material 

which is not published in international journals is presented. The 

reports include dissertations, diploma papers and special 

investigations. So far 100 papers have appeared. At the end of the 

period covered by this progress report the staff of the Division 

totalled 47. This number includes 19 graduate students and 13 

supporting personnel. In addition about 10 diploma students perform 

their projects within our division every year. It is through the 

dedicated work of these people that the research and teaching 

accomplishments reported here have been made. 

We are very grateful for the support of various funding agencies, in 

particular the Swedish Natural Science Research Council (NFR), the 

Swedish Board for Technical Development (STU and STUF), the Swedish 

Energy Authority (STEV), the Swedish Board for Space Activities 

(DFR), the Swedish Environmental Protection Board (SNV), the Swedish 

Cancer Society (RmC), the Swedish Medical Research Council (MFR) and 

the Knut and Alice Wallenberg Foundation. In addition, the support 

and co-operation of the Swedish Environmental Research Institute 

(IVL) and industries such as ABB, 

Radians Innova AB and the Swedish 

gratefully acknowledged. Special 

SYDKRAFT AB, SAAB SCANIA AB, 

Space Corporation (RB) are 

thanks are due to Stefan 

Andersson-Engels, who has invested a great deal of time, patience and 

skill in serving as the editor of this progress report. 

Sune Svanberg 

Head of the Division of Atomic Physics 
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A. EMISSION SPECTROSCOPY 

Lars Jonsson, Lennart Minnhagen, Willy Persson, Sven-Goran 

Pettersson, Claes-Goran Wahlstrom 

The optical spectroscopy group has continued the studies of the 

emission spectra and energy-level structures of low and intermediate 

ionization stages of the rare gases outlined in the preceding 

progress report. The main interest has been directed towards the 

spectra of doubly ionized xenon (Xe III) and doubly ionized neon (Ne 

I II). Both studies are part of the long-lasting collaboration with 

the spectroscopy groups in La Plata and Tandil, Argentina. 

In the Xe III investigation [1] the number of classified lines was 

increased from about 300 to about 1400. The lines were classified as 

transitions between 73 even levels belonging to the configurations 
2 4 0 6 2 3 

Ss Sp , Ss Sp , Ss Sp 6p, 4f, and Sf and 83 odd levels belonging to 

the 
1 s 

Ss Sp , 
2 3 

Ss Sp 6s, 7s, Sd and 6d configurations. The 

experimentally observed level structure was compared with the results 

of Hartree-Fock calculations and parametric fits. In particular, the 

effect of Rydberg-series configuration interaction on 
2 3 

distributions in the Ss Sp nd configurations was 

the level 

studied. A 

comparison was also made between the results of our analysis and 

published data on the Xe N 00 Auger spectrum. 
4,5 

The spectrum of doubly ionized neon has been studied in the 

7000-300 A range [2]. The number of classified lines has been 

increased from about 100 to about 750, while the number of 

experimentally established energy levels has been increased from 

about 60 to almost 250. The known energy level system now includes 
24 s 06 23 

levels in the configurations 2s 2p , 2s2p , 2s 2p , 2s 2p 3s - 8s, 

3p - Sp, 3d - Sd, 4f - 8f and Sg - 7g. 

For some 
2 3 

2s 2p 3p levels a parametric fit using the 

single-configuration approximation shows large discrepancies between 

observed and calculated level values. It is possible to improve on 

the fit by the introduction of the a parameter. However, a still 
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better fit is obtained by omitting a and explicitly including the 
2 3 0 5 

2s 2p np 2s 2p np interaction, even if the number of free 

parameters is kept the same. This interaction is of the same type and 

of the same strength as the 2s2 2p4 - 2s0 2p6 interaction, which is 

known to significantly distort the (1S - 1D)/( 1D - 3 P) interval ratio 

in the ground configuration. 

In the fit to the even levels we include the 
2 3 0 5 4 {2s 2p +2s 2p }(3p+4p+Sp+4f+Sf)+2s2p 3s configurations 

2 4 0 6 2s 2p +2s 2p + 

while in the 

fit to the odd levels the following configurations were included: 
5 2 3 0 5 4 

2s2p +{2s 2p +2s 2p } (3s+4s+Ss+3d+4d+Sd)+ 2s2p 3p. For both even and 

odd levels the results are compared with the results of similar 

calculations for F II. 

The spectrum of singly ionized oxygen, 0 II, has been observed in the 

1070 A - 2150 A wavelength range [3]. The spectrum was excited in a 

theta-pinch discharge. The majority of the observed 1 ines connect 

previously known levels of 0 II but some 30 lines are transitions to 

newly established levels. On the basis of the measurements and known 

levels, calculated wavelengths, suitable as reference wavelengths, 

are given for a number of lines in the 1070 A - 2140 A wavelength 

range. 

References 

Al. W. Persson, C. -G. Wahlstrom, G. Bertuccelli, H. 0. Di Rocco, 

J. G. Reyna Almandos and M. Gallardo, Spectrum of Doubly Ionized 

Xenon (Xe III), Physica Scripta 38, 347 (1988). 

A2. W. Persson, C. -G. Wahlstrom, L. Jonsson and H. 0. Di Rocco, 

Extended analysis of the spectrum of doubly ionized neon, 

Abstract to 3rd ECAMP, Bordeaux 1989. 

A3. S.-G. Pettersson and I. Wenaker, Vacuum-ultraviolet lines in the 

spectrum of 0 II, submitted to Physica Scripta. 
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B. BASIC LASER SPECTROSCOPY 

Jonas Bengtsson, Hakan Bergstrom, Jorgen Carlsson, Gregory 

* Faris , Hans Hallstadius, Jorgen Larsson, Hans Lundberg, Per Jonsson, 

Anders Persson, Lennart Sturesson, Sune Svanberg, Claes-Goran 

Wahlstrom. 

* Visiting scientist 

The group engaged in basic laser spectroscopy and fundamental atomic 

investigations has continued its experimental and theoretical work on 

hyperfine interactions and radiative lifetimes. This work, as will be 

outlined below, has led to a number of technical achievements and new 

experimental techniques. The development of experimental techniques 

has been complemented by a simultaneous development of an improved 

software package for computer analysis and evaluation of the 

experimental data [ 1]. The theoretical program, including ab initio 

calculations of atomic oscillator strengths, lifetimes and hyperfine 

interactions, will be described in section Bl. 

The development of sources of coherent radiation at wavelengths in 

the vacuum ultra-violet (VUV) range has also continued. A number of 

methods are now available, and tunable wavelengths as short as 93 nm 

have been generated. The work dealing with this development and 

recent lifetime measurements in CO around 122 nm is presented in 

section B2. 

Spectroscopic investigations of inherent atomic properties require 

some means of producting free atoms (or ions) at a suitable density. 

This is often done by heating the material in an oven which has a 

small orifice. The evaporated atoms form an atomic beam which can 

then be investigated. However, certain elements of interest require 

very high temperatures to produce a sufficiently high vapour 

pressure, and oven material then becomes a severe problem. Different 

types of hollow-cathode discharges for laser spectroscopic studies 

have been investigated and compared [2]. One of these, "the diffusive 

discharge source", was described in the previous biennial report. A 
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quite different approach is to use a laser-produced plasma. This 

technique, which is described in section B3, has been introduced, 

investigated and successfully applied in a number of cases. 

Time-resolved laser spectroscopy for the investigation of lifetimes 

and quantum beats and corresponding theoretical calculations have 

played a central role in our activities for several years. This has 

resulted in a large number of papers published on this topic, as 

described in our previous reports. Techniques have been developed 

during the last two-year period leading to significantly increased 

measurement accuracy, especially for short lifetimes. These 

developments, and some relevant examples, are presented in section 

B4. 

New techniques for the measurement of hyperfine split tings using 

pulsed lasers have also been introduced and are being further 

developed in our group. This work focuses on level crossing and 

optical double-resonance spectroscopy using pulsed laser excitation, 

and has been found to be very promising [3, 4]. Pulsed lasers can 

generate radiation at considerably shorter wavelengths than 

continuous lasers, and these methods will therefore increase the 

possibilities to measure hyperfine structures in higher-lying excited 

states. By using delayed detection, signal resolution beyond the 

Heisenberg limit can also be obtained, as illustrated in Fig. 1, 

where level crossing signals for the 9 2 D level of 133Cs are shown. 
3/2 

2 
Presently the structure of the Sp P state in neutral Cu is under 

3/2 

study at an excitation wavelength of 202 nm. 

During the last two-year period, some new investigations, dealing 

with the interaction between resonant laser radiation and atomic 

vapours, have been included in our research programme. In the 

biennial report 85-86 a new technique for Doppler-free laser 

spectroscopy was described: "High contrast saturation spectroscopy on 

optically thick atomic samples". An optically thick sample, e. g. 

sodium vapour in a cell, is exposed to a high-intensity (saturating) 

pump beam and a counterpropagating probe beam of the same frequency. 

When the frequencies of the beams are tuned, within the Doppler 
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Fig. 1. Hanle signal and 

high-field level crossing 

signals in the 9 2D state of 
3/2 

133Cs observed to narrow as 

delay in switching on 

detection electronics 

the 

the 

is 

increased in a pulsed laser 

experiment. 

profile of the resonance line, the weaker probe beam can only 

penetrate the sample when the absorption is low, and this occurs only 

at the line centre where the cell is "opened up" by the strong 

saturating pump beam. This technique and the physical processes 

involved are now being analysed further in our laboratory. A more 

complete theoretical model for the "hole burning" process is being 

developed and computer simulations are being performed. The effect of 

possible signal shifts is being especially investigated [5]. Certain 

time-resolved experiments are also being performed on the 

high-contrast setup. The dynamic properties of pump probe 

interaction are being investigated by pulse-modulating the pump beam 

with an acousto-optical modulator and studying the rise and fall time 

of the penetrating probe beam. Interesting effects are expected due 

to the strong nonlinearity inherent in the high-contrast regime and 

experiments show that these times can differ drastically, depending 

on the experimental condition [27]. Data are shown in Fig. 2. Further 

experiments and theoretical modelling are planned in order to gain a 

more complete understanding of the underlying phenomenon. 

-- 13 --



9 switch on 0 
Vl 
::I.. 8 switch off X 

..... 
c 
d 7 

f t f ...... 
Vl 
c 6 0 

!! u 

QJ 5 E 
i= 

4 

3 ! I !I 
t 2 I 

110 120 130 140 150 (CJ 

Fig. 2. Temperature dependence of the rise- and fall time for the 

Doppler-free signal of the sodium D2 line. 

Another of these new types of investigation is the study of 

degenerate four-wave mixing (DFWM). This project is closely related 

to the combustion project outlined in section C, Combustion 

diagnostics, in this report, and is described further there. DFWM is 

a special case of the four-wave mixing technique used in, for example 

CARS. A demonstration, illustrating different aspects of the method, 

using sodium vapour as mixing medium, has been performed as a diploma 

project [6]. In this technique the signal, as in CARS, is in the form 

of a coherent beam and is therefore well sui ted for spectroscopic 

investigations where background light would normally be a limiting 

factor. Furthermore, the signal is a phase-conjugated replica of a 

coherent laser beam, and this makes the method ideal for 

investigations in, for example, turbulent media. Of special interest 

for the basic laser spectroscopy programme is that Doppler-free 

signals are obtained from low-pressure samples. A further non-linear 

laser spectroscopic tool has been added to our arsenal: frequency 

modulation (FM) spectroscopy. Here side-bands on a single-mode laser 

beam are produced using an electro-optic modulator. The side-bands 

are equally strong and 180° out of phase and normally the beat 

frequency cancels. However, a sample absorption results in an FM 

modulation that can be detected with high sensitivity. In Fig. 3 

Doppler-free DFWM and FM spectroscopy are illustrated, together with 

ordinary saturation spectroscopy. 
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Fig. 3. Examples of sodium D-line Doppler-free recording with 

Degenerate four-wave mixing, frequency modulation 

spectroscopy and ordinary saturation spectroscopy. 

As a complement to narrow-band CW dye lasers, semiconductor lasers 

offer interesting possibilities. Such a system has been used for 

collimated atomic beam spectroscopy on the resonance line of 

rubidium, an experiment which is now available in the undergraduate 

laboratories. 

Results of our measurements and theoretical calculations have been 

presented at several major international conferences [19-27]. We have 

also arranged a major international conference, Eighth International 

Conference on Laser Spectroscopy in Are, Sweden, June 22-26 1987. 

Over 230 scientists from 20 countries participated in this 

conference, and the proceedings have been published by Springer 

Verlag [28]. In collaboration with the Dept. of Atomic Spectroscopy, 

we have also organized a local conference dealing with the frontiers 

in atomic structure calculations and spectroscopy. 

The manuscript for a comprehensive textbook on Atomic and Molecular 

Spectroscopy has been submit ted to Springer Verlag. The book will 

appear as volume 6 of Springer Series in Atoms and Plasmas [29]. 
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Bl. Theoretical calculations 

Most of the experimental results obtained have been compared with 

results of theoretical calculations. In some cases theoretical 

predictions have already been used in the planning stages of an 

experimental study. The theoretical ab initio methods we have used 

are many-body perturbation theory (MBPT) and multi-configuration 

Hartree-Fock calculations (MCHF). 

The MBPT method was employed for the hyperfine interactions in the 
2 

4p P states in neutral boron [7]. In this approach the hyperfine 

interactions and the non-central part of the electrostatic 

interactions are treated as perturbations to a spherically symmetric 

ion-core. It was found that correlation effects are extremely 

important in this light system with only one valence electron (4p) 

outside the closed 1s2 2s2 core. The correlation contribution to the 

magnetic dipole-interaction constant, A( 2P ) , is larger than the 
3/2 

entire central-field contribution from the valence p electron, and to 

obtain convergence the perturbation expansion had to be carried to 

high orders. The contribution to the Fermi contact interaction from 

core polarization and correlation have the same sign in excited 2 P 
2 2 

states, and add constructively. In the ground state, 2s 2p P, 

however, the core polarization contribution is of the same order of 

magnitude but with the opposite sign to that of the correlation 

effect. Accurate calculations of the net contribution are therefore 

more elaborate for the ground state. Work is in progress regarding 

this matter in collaboration with the Atomic Physics Group at 

Chalmers University. 

During the last few years, the experimental work of the group has 

extended from group II and III elements to atoms with a more 

complicated electronic structure. This leads to new difficulties, 

particularly in connection with theoretical calculations. An 

experiment is not necessarily more complicated by the atom having 

several open shells, whereas a theoretical calculation certainly is. 

Our present computer code, the MBPT method, however accurate and 

-- 16 --



elaborate, is limited to systems which can be treated as having a 

single electron outside a closed core (filled shells or sub shells). 

Neutral group IA, IB and IIIA atoms are examples of such systems. 

An alternative method of calculating ab initio values for the 

hyperfine interactions in systems with more than one "valence" 

electron is to use MCHF wavefunctions and series expansions. A 

computer program for the evaluation of magnetic and electric 

hyperfine interaction constants and effective radial integrals has 

been developed during the last two-year period [8]. Due to its 

simplicity, relative to MBPT, this MCHF approach allows fast 

estimations of ab initio values and has proven useful on several 

occasions during the initial stage of an experimental study. A 

theoretical analysis of the magnetic hyperfine interaction in the 

3snd 1D sequence in neutral Mg has recently been completed [9]. The 
2 

hyperfine interaction in this sequence would be small, and not 

experimentally resolvable, in the absence of any interaction with the 

3p2 configuration. One way to probe this configuration mixing is 

therefore to measure the hyperfine structure splittings and to 

compare them with the theoretical results. The possibility of 

performing such measurements is presently being investigated. 

The MCHF method has mainly been used for oscillator strength and 

1 ifetime calculations. Accurate results were obtained for neutral 

boron [7] in connection with the experimental study of that element. 

Another system, which has been studied quite intensely during the 

last two years, is the copper atom. Copper, and also silver and gold, 

lie between the simpler systems, where the excited states form 

Rydberg series, and the transition metals which have electrons in 

several open shells. The ground state in copper is 3d104s 2 S By 
1/2 

exciting the 4s electron the same Rydberg series as in potassium are 

formed, as can be seen in Fig. 4. But in copper there are also bound 

states in which one of the 3d electrons has been excited to a 4s or 

4p orbital. One effect of this is a strong configuration interaction 
• 9 10 10 

between the many different 3d 4s4p states and the 3d np and 3d nf 

states. The most obvious symptom of this configuration interaction is 

the highly irregular fine-structure in the 3d10np 2 P series. 
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Fig. 7. Level diagram (left) showing the singlet states in mercury. 

Two-photon resonant frequency mixing generates VUV radiation 

in the shaded regions. w = 2w ± wD. Here AD is tuned vuv uv 
between 420 and 670 nm. In the figure to the right, parts of 

the shaded regions are shown with enlarged wavelength scales. 

laser is necessary. For example, in Krypton, VUV radiation was 

produced around 202 nm and 122 nm using R640 as laser dye. Changing 

to Xenon and R6G, radiation in the regions around 185 and 112 nm was 

generated instead. However, the mixing processes in these gases are 

non-resonant and therefore the generated VUV power, as yet, is too 

low to be practically useful. 

Using mercury vapour as the non-linear medium, the VUV output can be 

strongly enhanced by tuning 2w uv 
two-photon transitions 615 - 715 

0 0 

nm) or 61 5 - 71D (2• 259. 4 nm). 
0 2 

into resonance with any of the 

(2•312.8 nm), 615- 61D (2•280.3 
0 2 

A second tunable dye laser (w ) 
D 

makes it possible to scan the output wavelength in the VUV, with a 

pulse energy high enough for that required in laser spectroscopy. The 

shortest wavelength that has been generated so far is 93 nm, which is 

the third harmonic of 280.3 nm. 
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Fig. 8. The sum frequency signal in VUV generated in mercury vapour 

as a function of the second dye laser wavelength i\ , when 
D 

i\ is set to 312.8 nm. The vapour pressure was 10 torr and uv 
the mercury was mixed with about 15 torr of argon, used as 

buffer gas. 

The details of the system used for doing laser spectroscopic studies 

in the VUV wavelength region are shown in Fig. 9. 

w, 

dichroic 
mtrror 

mercury 
heot pipe 

mirror 

Fig. 9. Details of the experimental setup. In this arrangement, 

w = 2w while w = w . 
UV 1 D 2 

Two separate dye lasers allow the 

VUV output to be tuned with a high conversion efficiency, 

using resonant sum or difference frequency mixing. The PMT 

is movable. When studying the induced fluorescence in a gas, 

the PMT is placed close to the entrance slit of the 

monochromator (broken lines in the figure). 
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The energy of the transition X1:E - A1IT (0-13) in the CO system is 

about 81300 cm-1 . Tunable radiation in this region was produced using 

sum frequency mixing in mercury vapour (see Fig.7). 123 nm radiation 

was generated by scanning A around 576 nm (R6G+R610) and the 
D 

fluorescence was captured with the detector placed close to the CO 

cell (as shown in Fig.9). At a CO pressure of 0.1 torr the rotation 

structure was clearly resolved (Fig.10). Through laser excitation of 

high-lying vibrational levels, we can improve our knowledge regarding 

molecular constants in the electronic level. The lifetime of this 

vibrational level was determined to be 11.9 ns [15]. 

123,08 123,04 Hrrn 123,00 122,96 

Fig. 10. Fluorescence spectrum of the X1IT - A1 :E (0-13) transition in 

CO. The pressure was 0.08 torr. 

-.- --..• , .... • 

so tIns 100 150 

Fig. 11. Decay curve for the A 1IT v=13 J=2 level in CO. 
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B3. Laser evaporation as a source of free atoms and ions 

For several materials it is very difficult to produce free atoms with 

standard methods such as evaporation from an oven. Among these 

elements are the theoretically interesting light elements boron and 

carbon, which have very low vapour pressures. Other elements from 

which it is difficult to produce free atoms are oxygen and nitrogen, 

which form diatomic molecules in the gas phase. We have produced free 

atoms of some of these elements with laser evaporation and have made 

measurements of some atomic properties of boron and carbon [7, 13]. 

The element that is to be studied is placed on a rotating shaft in a 

vacuum chamber and is irradiated with the focused light from a 

Q-swi tched Nd: YAG laser. The evaporating laser needs only a modest 

energy of about 25 mJ/pulse. When the pulse hits the target a plasma 

is created and a shower of particles, molecules, atoms, ions and 

electrons, expands from the target. The velocity of the atoms and 

ions is of the order of 10-20 km/s. Performing measurements of atomic 

properties in this chaotic environment could produce erroneous 

results due to collisions, Doppler shift etc. To avoid systematic 

errors we waited a few microseconds after the laser pulse to allow 

the plasma to "settle down" before directing a laser beam from a dye 

laser into the plasma region. The dye laser beam ( s) excites the 

atomic state we wish to study. In this way, we have measured 

lifetimes and hyperfine structure splittings in boron using time

resolved spectroscopy. In Ref. [13] we also report on measured number 

densities. The plasma can also be used without an exciting laser 

pulse. By detecting the fluorescence from the plasma with time- and 

spectrally-resolved detection it is easy to distinguish between the 

light from different species and from different ions of one element. 

By detecting the fluorescence light at a certain distance from the 

target and in a small time window after the laser pulse, we could 

preferentially detect only neutral boron and suppress the signal from 

singly and doubly ionized boron. 
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B4. Accurate lifetime measurements 

In the group's long established study of lifetimes of excited states 

in atoms, an effort has now been made to make very accurate 

measurements. Lifetime measurements with laser excitation are 

basically quite reliable because of the selective excitation of one 

state. However, laser-based measurements usually give lifetime values 

with uncertainties of the order of five percent, or more. This is due 

to a number of difficulties, such as the non-linearity of the 

photomultiplier tube when making a direct, time-resolved recording of 

a short transient, the influence of the shape of the laser pulse (for 

short lifetimes) and the movement of the atoms during the time from 

excitation to de-excitation (for long lifetimes). We have been able 
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to avoid, or at least reduce, the effects of these difficulties when 

measuring short lifetimes, by using a mode-locked dye laser and the 

delayed coincidence technique. The experimental setup is illustrated 

in Fig. 13. 

The first measurements with this technique were performed on 

resonance lines of sodium and bismuth. Lifetime values with an 

uncertainty of 0. 5% were obtained [16]. A comparison between this 

technique and other methods for measuring lifetimes is made in [17]. 

Recently, this technique has been extended to states in copper and 

iron [18]. Copper and iron atoms were produced in a rare-gas 

discharge from which they diffused into a vacuum chamber. The 

investigated states were then populated, starting from meta-stable 

states. Lifetime values with uncertainties around 1% were obtained. 

This technique can also be used to record fast quantum beats. This is 

demonstrated in the case of copper, where the hyperfine structure of 

the 3d104p 2 P3 / 2 state causes quantum beats with frequencies up to 1 

GHz, as can be seen in Fig. 14. 
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C. COMBUSTION DIAGNOSTICS 

* Sara Agrup, Muhammad Akram , Marcus Alden, Juha-Petri Aunola, 

** *** Per-Erik Bengtsson, Gregory Faris , Hans Hertz, Goran Holmstedt 

* Thure Hogberg, Stefan Kroll, Ebbe Lundgren , Lars Martinsson, David 

Nilsson, Sune Svanberg, Wilhelm Wendt, Ulf Westblom 

* ** *** Dept. of Mechanics; Visiting scientist; Dept. of Fire Safety Engineering 

In the field of combustion diagnostics several projects are currently 

in progress. The majority of these are administrated by the 

Combustion Centre (FTC) to which most of the above are affiliated. 

The Combustion Centre is operating projects in laser diagnostics, 

chemical kinetics and spark ignition. The largest project in the 

field of laser diagnostics is a framework project financially 

supported by the Swedish Board for Technical Development, STU, and 

the National Swedish Energy Administration, SEV. In total, five 

persons are financially supported by this project, which is concerned 

with spatially and temporally resolved flow velocity measurements, 

sooty flame diagnostics, picosecond investigations, theoretical 

aspects of nonlinear diagnostic techniques and practical applications 

of CARS spectroscopy. There is significant industrial interest in 

these activities, and one project is sponsored by Sydkraft AB. 

Discussions are in progress with VOLVO Flygmotor AB and United 

Turbine AB regarding projects in the fields of laser diagnostics and 

autoignition studies, respectively. In the field of ignition 

currently four persons work full time. They are financially supported 

by STU and SAAB. In terms of equipment for combustion diagnostics, 

grants have been awarded for a streak camera (FRN) and a mobile CARS 

system (STU), which are currently being purchased. 

During the last two years members of the department have taken part 

in two international collaborations; one with the International 

Energy Administration, lEA, and one within the CEC, where the FTC has 

been granted special permission to join this collaboration which 

includes most major combustion laboratories in Europe. 
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Cl. Laser-induced fluorescence and related techniques 

Several projects have been completed in the field of laser-induced 

fluorescence. Firstly, it was shown how atomic oxygen, 0, nitric 

oxide, NO, and the hydroxyl radical could be simultaneously detected 

using one single laser pulse [1-4]. This was achieved by spectral 

coincidences between the one-photon transition of NO and the 

two-photon transition of 0 around 226 nm. Since this wavelength was 

0 80 0 220 
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Fig. 1. Spatially resolved distributions of NO, OH and in a N20IH2 

flame. 
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produced by frequency doubling of a dye laser beam at 574 nm and 

mixing with the residual YAG beam at 1.06 ~m. a laser beam at 287 nm 

was also produced which was used for excitation of OH. It was also 

demonstrated how spatially resolved distributions of NO, OH and 0 

could be measured using a diode-array detector. Some of these 

distributions recorded using a N 0/H flame are shown in Fig. 1. The 
2 2 

left curves were recorded using a broadband dye laser (0. 4 em -t) 

whereas for the right ones a narrow band dye laser (0.08 cm-1 ) was 

used. The numbers indicate the peak intensities. 

In another project it has been demonstrated how spatially and 

temporally resolved velocity measurements can be achieved [S-7]. A 

single-mode laser beam was pulse-amplified using a Nd:YAG laser and, 

by tuning the narrow band pulsed laser to the wing of a Doppler 

broadened line of I that was seeded to the flow, two counter 
2 

propagating laser beams could give both spatially and temporally 

resolved velocity measurements, utilizing the Doppler effect. In Fig. 

2 spatially resolved velocities are shown using both the 

"conventional" CW laser approach as well as the results using the 

pulse-amplified laser. As was described above, in these experiments 

velocity (m/s) 

120 

100 

pulsed 
80 

0 5 10 15 20 25 
Distance along the flow (mm) 

Fig. 2. Spatially resolved velocities using cw and pulsed lasers. 
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I was used as test species. However, this species is not ideal for 
2 

this purpose since it is corrosive and poisonous and since the 

concentration is comparatively low. The optimum choice in many 

respects would be N2 , 

VUV. We have, however, 

however, its resonances lie well down in the 

recently been able to detect N in a flow at 
2 

atmospheric pressure by using a five photon process exciting an 

intermediate state, followed by ionization and fluorescence detection 

inN+ [8]. We are now in the process of investigating this technique 
2 

for velocity measurements and also for temperature measurements. 

During laser-induced multi-photon flame experiments it has been 

commonly assumed that the main optical radiation was the fluorescence 

decay. However, it was recently realized that in add it ion to the 

fluorescence signal there is a stimulated signal in the direction of 

the primary laser beam [9, 10]. In the case of oxygen atoms in flames 

it was found that this laser-induced stimulated emission was more 

than 104 times stronger than the fluorescence signal. In Fig. 3 

relative distributions of the fluorescence and stimulated emission 

intensities from oxygen atoms are shown as a function of height above 

Fig. 3. 
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the burner in an H /0 flame at 15 torr. Using the same technique, we 
2 2 

have also recently for the first time, to our knowledge, detected 

carbon atoms in a hydrocarbon flame [11]. A more detailed investi

gation of the technique for diagnostic purposes is in progress [12]. 

When making imaging measurements it is of course essential that the 

image really mirrors the actual distribution in the probe volume. We 

have observed that if great care is not taken in the optical 

collection optics, severe distortion can arise [13]. However, it was 

also shown that this optical distortion could be corrected for by 

using a Fourier convolution technique. 

C2. Experiments related to soot formation 

One project has been directed towards studies of soot formation in 

premixed flames. In this project, a technique has been developed 

where a pulsed Nd: VAG laser is used for scattering and extinction 

measurements in atmospheric pressure methane/oxygen flames yielding 

information about soot particle properties, such as soot particle 

sizes, number densities and volume fractions [14-16]. By probing at 

different heights in the flame, the time evolution of these parame

ters was studied and information on soot formation processes, such as 

nucleation, surface growth and coagulation was obtained. Since we 

would like to probe the flame temperatures through vibrational CARS 

thermometry of nitrogen, we have started to work with a new flame 

system where an ethylene/oxygen/nitrogen mixture is being burnt. This 

flame system was chosen as several other combustion groups are 

working with it. A commercially available burner has been purchased 

in order to be able to compare our results with those presented by 

others. The scattering/extinction technique mentioned above has been 

applied to the ethylene/oxygen/nitrogen flames and in Fig. 4 (a and 

b) the size profiles and concentration profiles are illustrated for 

fuel-oxidant mixtures at different C/0 ratios [17]. The nucleated 

soot particles are very small (1-2 nm) and can be measured with the 
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scattering/extinction technique from about 3-4 nm. After nucleation, 

a rapid increase in size occurs and the only process which affects 

the concentration is coagulation (inelastic collision between 

particles which stick together) which leads to a decrease in the soot 

particle concentration, as illustrated in Fig. 4 b. Carbon atom 

profiles have also been measured in these flames through the 

stimulated emission technique mentioned above [11]. PAH-profiles have 

been obtained through laser-induced fluorescence [18] and a project 

has recently been started where temperature profiles will be obtained 

through rotational CARS and vibrational CARS thermometry, as 

described below. Also, projects on detection of the phenyl radical, 

which is thought to be crucial in soot formation, and measurements of 

the ground-state concentrations of C and C radicals are planned. 
2 3 
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Another project on sooty ethylene/oxygen/nitrogen flames has been 

concentrated with the laser-induced C emission which is associated 
2 

with the use of intense pulsed lasers in sooty environments [18]. It 

is important to study and understand such interferences, since they 

can give undesired signals in diagnostic situations. It has generally 

been thought that C production originates from laser ablation of 
2 
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soot particles. However, it was found that under the premixed flame 

conditions studied here, large molecules associated with soot 

formation, such as aromatic hydrocarbons are probable source species. 

In Fig. 5 a spectrum is shown where Nd:YAG pulses with energies of 

162 mJ at 532 nm have been focused with an f=20 em lens, and the 

detection has been performed perpendicularly to the propagating laser 

beam. Together with the residual Rayleigh scattering at 532 nm, the 

Swan bands of the C radical are seen. 
2 

A diploma project has dealt with optical detection of the broadband 

fluorescence from aromatic hydrocarbons when exciting at different 

wavelengths, both in a heated cell and when seeded into a flame [19]. 

Development of diagnostic methods for aromatic hydrocarbons is 

essential since these hydrocarbons are important intermediates in the 

soot formation mechanisms. They are often both carcinogenic and 

mutagenic and also contribute to the contamination of the ambient air 

since when soot is spread in the environment and then ages, the 

aromatics which are incorporated into the soot evaporate. 
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c2 production in a sooty ethylene flame, when laser pulses 

at 532 nm and pulse energies of 162 mJ have been focussed 

with an f=20 em lens. 
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C3. Vibrational CARS activities 

The project on vibrational CARS thermometry has continued with an 

investigation of precision and systematic errors [20]. Consequently, 

different sources of error have been considered, such as uncertainty 

in input parameters in the computer code, saturation phenomena in the 

probed molecules and detector non-linearities. Regarding saturation, 

the use of intense lasers can give rise to a hot band, even at room 

temperature, since the v=l vibrational energy level can be populated 

through stimulated Raman scattering. In the case of detector charac

teristics, non-linearities were found at low signals when partially 

illuminating the pixel areas but was absent for total illumination. 

An effect of gain reduction was observed when using less than about 

1000 counts in single-shot mode which may give a systematic error in 

the evaluated temperature of about 50 K. Also, temperature profiles 

in a low-pressure acetylene/air flame have been obtained and an 

example of such a profile from a flame at a pressure of 51 torr is 

shown in Fig. 6. A fast rise in temperature occurs for the unburned 
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Temperature profile in an acetylene/air flame at 51 torr 

measured with vibrational CARS thermometry of N2 . 
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mixture due to heat conduction from the reaction zone. In the 

reaction zone the chemically bound energy is released and the maximum 

temperature is reached. After the reaction zone the species 

concentrations have reached their equilibrium values, and the small 

drop in temperature is the result of heat losses to the environment. 

The evaluated temperatures in Fig. 6 are assumed to be correct within 

50 K. 

In the field of vibrational CARS, activity has also been directed 

towards the investigation of the potential for the detection of SO 
2 

[21,22]. These experiments were performed both in a heated cell and 

in an SO -seeded flame. 
2 

C4. Rotational CARS and noise in the CARS process 

In the field of pure rotational CARS, effort has been concentrated on 

examining and improving the accuracy of temperature determination, 

both at room and flame temperatures. Different techniques have been 

compared experimentally [23-25] and a theoretical and quantitative 

model that can be used to estimate the noise in a general nonlinear 

optical process, e.g. CARS, has been developed [26-31]. In this model 

it is possible to separate noise contributions from laser mode 

amplitude and phase fluctuations and also to identify the noise 

contribution from each laser source. In the dual-broadband rotational 

CARS technique (RDBC - presented at several conferences [32,33]) a 

dye laser beam is split into two components. To a large extent, for 

any frequency component in one of these beams, one can select a 

frequency component in the other beam such that these together can 

excite an arbitrarily chosen rotational Raman transition. According 

to the theoretical calculations the averaging of the stochastic laser 

intensity fluctuations over all these pairs make RDBC superior to 

conventional rotational CARS, as regards temperature accuracy. This 

was also verified by the experimental results. The theoretical model 

also showed that a multimode pump laser gives better temperature 
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accuracy in single-shot CARS at lower pressures. A single mode laser 

may, however, still be better at higher pressures. 

Parallel with the experimental development, improvements in the 

computer codes have been achieved [34], leading to more rapid and 

accurate data evaluation. With rotational CARS in moderate pressure 

environments the possibility of fitting only the areas of the well 

separated Raman resonances, instead of the usual contour fitting 

(Fig. 7), reduces the computer time required to determine the 

temperature to about one second. 

At lower temperatures, rotational CARS definitely offers a 

competitive alternative to the more conventional vibrational CARS 

technique, but at higher temperatures (>lOOOK) rotational CARS may 

suffer from low signal levels and rather temperature-insensitive 

spectral shapes. An absolute temperature calibration of the 

rotational CARS method is planned for the near future, followed by 

temperature measurements in sooty flames and in high-pressure 

environments. 

Fig. 7. 

Nz 
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Rotational dual broadband CARS spectrum from a flame and 

difference to a fitted spectrum [23]. 
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CS. Optical tomography 

Tomography is an established method for the reconstruction of 

quantitative 2-D or 3-D spatially resolved measurements from 

multi-angular, integrated measurements (projections) [35]. Optical 

tomography is a versatile diagnostic technique for the study of 

combustion and fluid flows. However, much of the previous optical 

tomography work has examined stable flames and flows using 

sequentially recorded projections. Since many interesting flows are 

highly fluctuating, such as explosions or turbulence, techniques for 

simultaneous recordings of the projections are desirable. We have 

developed two such techniques: an arrangement for simultaneous 

recording of emission projections for the determination of 

excited-state species distributions in flames and a tunable 

differential interferometer for temperature and density determination 

through interferometric tomography. 
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We have demonstrated that emission tomography can yield spatially

resolved distributions of the excited-state radicals in flames 

[36,37]. Mesurements with high temporal resolution of, for example, 

CH provide important information about flame front motion. Such 

information is useful for monitoring the development of explosions or 

turbulent combustion. Fig. 8 shows the experimental arrangement for 

simultaneous recording of 3 emission projections. Reconstructions are 

performed with a modified MART (Multiplicative Algebraic Reconstruc

tion Technique) algorithm which has. proven to yield good quality 

reconstructions from as few as 2 or 3 projections. Fig. 9 shows the 

distribution of excited state CH in a slot Bunsen flame reconstructed 

from 3 projections. Using a Rayleigh scattering technique the 

distributions can be calibrated to absolute number density. 
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Tomographic reconstructions from integrated measurements of phase 

(refractive index) can yield spatially resolved values of temperature 

or density. Previously demonstrated techniques using a Mach-Zehnder 

interferometer and scanned beam deflection suffer from sensitivity to 

drift and slow data acquisition, respectively. Differential inter

ferometers are much less sensitive than conventional inter-

ferometers to mechanical and thermal drifts, since both interfering 

beams are geometrically superimposed. We have constructed a tunable 

stable differential interferometer which allows measurements on a 

wide range of fluid flows and flames. A diagram of the interferometer 

is shown in Fig. 10. The birefringent calcite crystal separates the 

vertically and horizontally polarized light by a distance ~x. 

resulting in an intensity profile after the polarizer which is a 

function of the integrated gradient of the refractive index in the 

flow. The separation ~x is varied by tilting the crystal, allowing 

the sensitivity of the interferometer to be matched to the gradients 
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SPHERICAL LENS 

POLARIZER 
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Fig. 10. Experimental arrangement of the tunable, stable 

differential interferometer. 
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of the flow. Fig. 11 shows a tomographic reconstruction of a 

rectangular methane jet in air. A multiple arm arrangement with this 

interferometer would allow instantaneous recording of the projections 

without problems due to fringe ambiguity and drift. 
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Fig. 11. Tomographic measurement on an asymmetric methane jet in air. 
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C6. Ignition studies 

The experimental and theoretical study has continued on the temporal 

development of ultra-short high-current spark discharges. From an 

earlier experiment on ultra-short sparks produced in nitrogen of 

atmospheric pressure, the spatially and temporally resolved number 

densities of electrons and neutrals and ions are known. From these 

values the electron temperature, the plasma composition and the 

pressure in the spark are calculated under the assumption of local 

thermodynamic equilibrium. Examples of the results are shown in Fig. 

12. 
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Fig. 12. The electron temperature (a) and the pressure (b) versus 

radius for different times in nanoseconds, calculated from 

experimental values 
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The condition for the validity of the assumption of local 

thermodynamic equilibrium is essentially that the local concentration 

of free electrons is high enough, and it is shown to hold for the 

results above. A spark-discharge simulation program [39], based on 

Plooster' s model, has been implemented and modified. It contains a 

hydrodynamical model for one-dimensional super-sonic flow coupled 

with simple laws governing the state of the gas and the transport of 

heat and radiative energy in the spark. The only inputs to the 

simulation program are the experimental values of the current versus 

time and parameters necessary in the shock-fitting procedure. Despite 

this, a surprisingly good agreement is obtained between the 

experimental and simulated results, shown in Figs. 13 and 14 [40-41]. 
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Fig. 13. The electron temperature versus radius in a spark, from the 

simulation. 
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Fig. 14. The pressure versus radius in a spark, from the simulation. 

C7. Further technique developments 

In addition to the above-mentioned activities a further project 

concerning development of new techniques is supported by STU. These 

activities are pursued in close coupling to the atomic spectroscopy, 

remote sensing and medical spectroscopy programmes at the department. 

Three projects have been pursued recently: degenerate four-wave 

mixing spectroscopy, frequency modulation spectroscopy and gas 

correlation velocimetry. Experiments on multi-colour fluorescence 

imaging of flames are being prepared. 

Degenerate four-wave mixing spectroscopy This method combines 

advantages of laser-induced fluorescence (sensitivity) and CARS 

(coherent signal). Extensive experiments with CW and pulsed dye 

lasers have been performed on sodium atoms in a cell and seeded to a 

flame. The signal is phase conjugated, i.e. an exact compensation for 

turbulence in the flame is obtained. An example of a degenerate 

four-wave mixing signal is shown in Fig. 15. The dependence of the 

signal strength on the atomic concentration and the laser power has 

been studied. It is also possible to perform coherent imaging. 

Different aspects of degenerate four-wave mixing are covered in two 

diploma papers [42,43]. 
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Fig. 15. Degenerate four-wave mixing signal in a flame seeded with 

500 ppm sodium. 

Frequency modulation spectroscopy - This technique combines laser

and microwave spectroscopy in an interesting way. Using an 

electro-optic modulator driven by microwaves, sidebands are generated 

on the optical carrier frequency. Since the sidebands are equally 

strong and of opposite phase a microwave modulation in the 

transmitted beam is normally cancelled. However, if one of the 

sidebands coincides with an absorption line an asymmetry occurs and a 

modulation can be detected. Very weak absorptions can be detected in 

this way. Measurements with this technique have been performed at 50 

MHz and at 8.45 GHz. At the latter frequency a modulator utilizing a 

lithium tantalate crystal was employed. Experiments on sodium and 

iodine have been performed demonstrating a very high sensitivity. 

Measurements on flame radicals of low concentration will be feasible 

and the technique can be combined with tomographic reconstruct ion. 

Our experimental arrangement for frequency modulation spectroscopy is 

shown in Fig. 16, whereas an example of a signal corresponding to a 

sample absorption of 0. 01 per cent is shown in Fig .. 17 [44]. 

49 



PUMP LASER 

TRIG 
OUTPUT 

CRYSTAL 
OETEcrOR 

X 

y 

Fig. 16. Experimental 

microwaves. 

~ 

" " 
0 

~ 
0 
~ 

" 
~ 
0 

'-' 
5. 
w 
0 
0 

~ 
w 
X 

"' 

arrangement for 

ABSORPTION 1: l 0' 

I __y_ 

T 

I 
4 

LASER FP.EQUENCY (GHz) 

SAMPLE 

INTER

fEROKETEn 

HIXDI 

BANDPASS 

rJLTER 

AHP 

1-----l~ LO Rr 1-4-----" 

I XV-RECORDER I 

FN spectroscopy using 

10 

Fig. 17. FN spectroscopy signal from a sample of atomic sodium 

exhibiting a 0.01 percent absorption. 

50 



Gas correlation velocimetry - This technique is based on a new 

approach for imaging of a velocity field through a cell containing an 

optically dense absorbing gas, that blocks light from the 

corresponding emitting gas constituents in a hot flow. Only if the 

gas is flowing the light is shifted in frequency and can pass at the 

side of the absorption filter line and reach the detector. The 

principle is shown in Fig. 18. 
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Fig. 18. Principles of velocimetry using gas correlation techniques. 

A model experiment using this technique has been performed on a 

laser-excited sodium atomic beam, that was observed at an angle of 

135° through a hot sodium cell. We are planning experiment at the 

exit of a jet engine. 

During the years of 1987 and 1988 members of the combustion 

diagnostics group gave invited talks at the CARS conference in 

Stuttgart in 1987 [45], at the IX Vavilov Conference on Nonlinear 

Optics in Novosibirsk in 1987 [46] and at the CARS conference in Pisa 

in 1988 [47]. At the XIth International Raman Conference an oral 

presentation was also given on industrial applications of CARS [48]. 

The conference poster contributions that have not been mentioned 

above are lis ted as Refs. 49 and SO. In addition to the diploma 
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projects already mentioned, another diploma project directed towards 

the construction of a single mode pulsed dye laser has been carried 

out [51]. Furthermore, combustion diagnostics has been discussed in 

several invited talks on applied laser spectroscopy. Two published 

papers are listed in Refs. 52 and 53. Important aspects of combustion 

diagnostics with lasers were covered at a conference arranged jointly 

by the Royal Swedish Academy of Engineering and the Swedish Board for 

Technical Developments [54]. 
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Dl. Monitoring of atmospheric pollutants 

* * •• Raafat Amer , Hans Edner, Gregory Faris , Bo Galle , Par Ragnarson, 

Anders Sunesson, Sune Svanberg, Eva Wallinder 

* ** Visiting scientist; Swedish Environmental Research Institute (IVL) 

The remote sensing work at the department is supported by the Swedish 

National Environment Protection Board and the Swedish Board for Space 

Activities. General interest lies in developing different optical 

techniques, both laser and non-laser, to measure atmospheric 

parameters, mostly pollutant concentrations. The laser method used is 

the differential absorption lidar (DIAL) technique, which has been 

employed during the last two years in several measurements of 

atmospheric mercury and nitrogen oxides. The non-laser methods 

consist of passive gas-correlation techniques and active long-path 

absorption; differential optical absorption spectroscopy (DOAS). 

During the last two years the work has resulted in two Ph.D. Theses 

[1,2]. Several presentations at various international conferences (5 

invited) have also been given [3-9]. 

D1.1. Laser methods 

The new mobile laser radar system [10] has now been in operation for 

some years, but is being continuously updated, especially with regard 

to software. During the later field campaigns, the lidar set-up was 

equipped with a new more powerful laser source (Quante! YG581C Nd:YAG 

and TDL-50 dye laser). This laser system is shared with other 

projects at the department, but the group now has sufficient funds to 

buy a similar system, which will be installed in early 1989. 

Several field campaigns have been devoted to DIAL measurements of 

atomic mercury, which is an atmospheric pollutant that is directly 

generated from chlorine-alkali plants, coal-fired power plants and 

refuse-incineration plants. A complex and not fully understood 
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interaction between water and gas phases occurs in the environmental 

mercury cycle. Atomic mercury is also an interesting geophysical 

tracer gas associated with certain ore deposits, as well as 

geothermal, seismic and 

concentrations of the gas 

volcanic activities. Typical background 
3 are a few ng/m . Such exceedingly low 

number densities can still be measured by the DIAL technique as the 

oscillator strength of the electronic transition at 254 nm is 

concentrated in an atomic line rather than spread out over the large 

number of rotational-vibrational molecular transitions normally 

encountered. Range-resolved measurements of atomic mercury around a 

chlorine-alkali plant are described in a forthcoming paper [11]. The 

field measurements were supplemented with extensive laboratory 

investigations of absorption cross sections and interfering lines of 

molecular oxygen. A White multipass cell was utilized in order to 

identify possible interference from oxygen in a measurement of 

mercury vapo~ in the atmosphere. Fig. 1a shows the measured 
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Fig. 2. Horizontal scan of Hg distribution over a chlorine-alkali 

plant. 

absorption in a region close to the mercury resonance line with a 

recorded Hg spectrum inserted as a dotted line. An enlargement of the 

Hg cell spectrum is shown in Fig. lb, where the comparatively broad 

structure is due to the different isotopic and hyperfine lines 

present, as indicated in the figure. By using frequency doubling of a 

coumarin dye with a betabariumborate (BBO) crystal it was possible to 

generate pulse energies up to 5 mJ at 254 nm. This made it possible 

to carry out three-dimensional mapping of atomic mercury to a 

distance of about 1 km at normal visibility. An example of a Hg 

concentration map from the chlorine-alkali plant is shown in Fig. 2, 

where a horizontal scan was performed at low height. Several scans 

were averaged to give a more representative picture. The result here 
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is copied directly onto a map of the plant, which is often a useful 

representation, for examples in locating different sources. In Ref. 

11 the effects of Hg resonance fluorescence are also discussed. The 

fluorescence contribution to the lidar signal leads to a displacement 

of the calculated concentration curve and a distortion of the 

concentration profile. We have presented a theoretical technique for 

correcting for these effects, and an experimental technique for 

measuring the fluorescence to background factor necessary to 

implement this correction. 

Mercury in connection with geothermal fields was investigated in a 

field campaign in Iceland in August 1987. The project was carried out 

in cooperation with the Geothermal Division of Orkustofnun in Iceland 

and was sponsored by the Nordic Industrial Foundation and the Swedish 

Natural Science Research Council. The aim of the project was to 

assess the possibility of using atmospheric atomic mercury anomalies 

for geothermal prospecting. Previous independent studies with point 

monitors in California and Mexico revealed very high concentations of 

atomic mercury in the steam emerging from wellheads, and also 

elevated concentrations in the ambient air. The Hg DIAL technique, 

being a remote sensing technique, is of particular interest for 

geophysical surveys, since it could potentially cover large areas, 

particularly if the equipment were airborne. During the campaign, 

DIAL measurements were performed in three different Icelandic 

geothermal fields, each of different character. All measurements gave 

surprisingly low values, both of plume content and ambient air 

concentration. The levels were often close to or under the detection 

limit of the DIAL system. The absence of elevated concentrations of 

atomic Hg can have two different explanations. Either the Icelandic 

geological formations in the investigated areas contain very little 

mercury, or chemical reactions occur, induced by geogas constituents 

resulting in mercury compounds that are undetectable with the lidar 

technique. Comparative measurements of the total mercury content have 

since been performed with conventional techniques. The results of 

these and the DIAL mesurements will be discussed in a forthcoming 

paper [12]. 
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Preliminary studies of the emission of mercury from a water surface 

were performed during the summer of 1988 [ 13]. It is known that 

volatile mercury vapour is oxidized in the atmosphere to unknown 

forms that are soluble and can be scavenged by precipitation or dry 

deposited at the surface. The oxidation process is not known but 

photochemical oxidants (including ozone) are likely to be important. 

Some of the mercury bound in soil and water may slowly be transformed 

to volatile species that are re-emitted to the atmosphere. This 

evasion from continents and oceans is probably mainly due to atomic 

mercury and dimethyl mercury, which can both be formed by biochemical 

processes. Which of the two volatile compounds that dominates the 

evasion process is not known and others may also contribute. A test 

with DIAL techniques to measure atomic mercury over a water surface 

was performed at a lake north of Goteborg, where simultaneous 

measurement of the total mercury content was performed by a group 

from the Department of Inorganic Chemistry at Chalmers University of 

Technology with an amalgamation technique. With a mirror system DIAL 

measurements could be performed at two different heights above the 

water surface against a topographic target. A background value of 2 
3 

ng/m was measured but no gradient could be seen in these preliminary 

measurements. This is probably due to the fact that the lowest height 

of about 50 em was still too high, but the accuracy in the DIAL 

result must also be improved. 
3 

2.3 ng/m as background value 

surface. 

The 

and 

amalgamation 
3 

3. 7 ng/m a 

technique yielded 

few em over the 

The emission of nitrogen oxides, NOx, constitutes a significant 

environmental problem. NO is formed in all high-temperature 

combustion processes and is emitted from stationary sources as well 

as vehicles. In the atmosphere, NO is oxidized to NO in a process 
2 

that is believed to be the major source of atmospheric NO . In 
2 

photochemical smog situations, NO and several organic molecules are 
X 

involved in the formation of ozone, peroxyacetylni trate, and other 

secondary pollutants. In the normal unpolluted atmosphere, NO and NO 
2 

together control the formation of ozone. Earlier DIAL measurements of 

NO during inversion situations in an urban area have recently been 
2 
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reported [14]. During the last year the first range-resolved 

measurements of NO have been performed [15]. The 0 (0,0) band of the 

NO molecule near 226 nm was used to monitor the NO level. The part 

chosen is a bandhead at 226.8 nm, where the baseline absorption is 

smaller than at the centre of the band, and where the interference 

from· SO absorption in a DIAL measurement is negligible. The 
2 

wavelength was generated by frequency-mixing of the frequency-doubled 

dye laser and the fundamental 1.06 ~m from the Nd:YAG laser. Enough 

power could be achieved to carry out mapping of the NO content in a 

spreading plume from a small heating plant. An example of a vertical 

scan in 5 directions through the plume is shown in Fig. 3. Ambient 

monitoring was also investigated, with an estimated detection limit 

of 3 ~g/m3 for an integration interval of 350 m. The range at this 

short UV wavelength was limited to about 500 m due mostly to the 

oxygen dissociation continuum. An obvious refinement of the 

measurement technique is to adapt it for simultaneous monitoring of 

NO and NO . This can be performed with only one laser source if the 
2 

NO plume 

300 

Fig. 3. NO plume mapping. 
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UV radiation is generated by direct doubling of a blue wavelength 

with a BBO crystal. Spectroscopic studies of the best wavelength pair 

have been performed [16]. 

The group has also been involved for some time in a European project 

called TESLAS (Tropospheric Environmental Studies by Laser Sounding), 

which is a subproject of EUROTRAC. EUROTRAC is a joint European 

environmental project studying the impact of human activities on the 

troposphere over Europe. It is an interdisciplinary project involving 

field mesurements, laboratory studies and comprehensive model 

simulations of the physical and chemical processes involved in 

atmospheric chemistry. The objectives of EUROTRAC are to increase the 

basic knowledge in atmospheric science and to improve the scientific 

basis for future political decisions on environmental management in 

the European countries. It should also promote the technological 

development of sensitive, specific and fast-response instruments for 

environmental research and monitoring. EUROTRAC is scheduled for 

8 years with a reassessment after the first 4 years. The goal of the 

subproject TESLAS is to reach, in a first phase, a consensus on the 

performances of a state-of-the-art lidar for ozone measurement in the 

planetary boundary layer and the free troposphere, to develop 

optimized systems and validate the data during intercomparison 

campaigns. In a second phase, the development of measurements for 

other species of interest (water vapour) and of an industrial 

standardized system for ozone will be undertaken in order to maximize 

scientific return. 

D1.2. Non-laser methods 

The possibility of imaging effluent gases in the atmosphere with a 

passive gas-correlation technique in the UV and visible regions has 

been investigated in a diploma project [17]. The basic gas-correla

tion technique is nondispersive and all wavelengths are present at 

the detector making it fully multiplexed. The fundamental advantage 

compared with many other spectroscopic methods is the simplicity in 

handling. A gas cell filled with the gas to be detected is used as a 
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matched spectral filter to identify the gas in a mixture of gases, 

and the gas itself is therefore active in the discrimination against 

interfering gases. Gas-correlation techniques have the advantage of 

working with dimensionless ratios, where the detection geometry is 

eliminated and has no effect on the signal. In the present paper, the 

combination of gas-correlation and an image detector to produce 

images of effluent gases in a plume, using the background sky as a 

light source was studied. The present system used a 1-D diode array 

detector but the extension to a 2-D matrix detector is being planned. 

The final image could be presented using a false-colour technique 

showing the gas plume only, together with a normal black and white TV 

monitor to display the gas in its proper environment. 

Departmental activities in the DOAS field have been somewhat reduced 

for some time since two members of the group left to form a company 

(OPSIS) which markets DOAS systems for urban monitoring. A new effort 

has, however, been made during 1988. Laboratory studies of the UV 

absorption cross section of H S have been performed in a diploma 
2 

project [ 18]. At present, the absorption of NH in the deep UV is 
3 

being studied and compared with different interfering gases. This is 

part of a joint contribution, together with the Swedish Environmental 

Research Institute (IVL), to the TOPAS (Tropospheric Optical 

Absorption Spectroscopy) project, another subproject of EUROTRAC. The 

general goal of TOPAS is to develop high-performance instruments 

capable of simultaneous observation of several atmospheric 

constituents, and to improve the sensitivity of the technique by at 

least one order of magnitude. At a later stage, intercomparison 

campaigns should also be performed. As a part of the development 

work, a fixed link over Lund is being set up (December 1988). A 2 km 

path over the central city (Fig. 4) will be used with the detection 

system in the rooftop laboratory at the department. Other lamps or 

retroreflectors will be installed later in order to provide 

additional paths. 
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Fig. 4. DOAS measurement path over Lund. 
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D.2. Laser-induced fluorescence of marine oil-spills 

and land vegetation 

* Stefan Andersson-Engels, Bo Galle , Sune Montan and Sune Svanberg 

* Swedish Environmental Research Institute (IVL) 

Laser-induced fluorescence has been investigated as a tool for marine 

oil-spill identification and for detection of early damage to 

conifers due to ozone. It would be interesting to be able to classify 

the oil contained in a oil-spill from an aircraft into three types of 

oil, light oil, crude oil and heavy oil. Much time could then be 

saved from the moment when the oil-spill is detected until it can be 

combated, since the combat procedures are totally different for the 

various kinds of oils. The aim of the measurements on conifer needles 

was to study whether laser-induced chlorophyll fluorescence could be 

used as a tool for diagnosis of damage to the respiratory process 

caused by ozone in the air. If fluorescence could give a 

significantly better discrimination between diseased vegetation and 

normal vegetation than studies using reflected light, then this 

modality could be used as a remote sensing method. 

To be able to detect weak fluorescence signals remotely, the optical 

arrangement and detection scheme have to be carefully considered. 

Parameters such as laser pulse length, telescope field of view and 

background light level have been studied theoretically and in 

practical measurements [19]. Utilizing these results it was possible 

to suggest how an airborne fluoresensor could be designed in order to 

be capable of remotely differentiating between the three types of oil 

mentioned and sea-water [20]. 

Chlorophyll fluorescence in spruce needles was recorded from plants 

growing in open-top field chambers with a well controlled atmosphere 

with a 50% increased concentration of ozone compared with normal air 

at the same location (i.e. 45 ppb compared with 30 ppb). At the time 

of the measurements the plants were three years old and they had been 

in this environment during all three years. The equipment used was 
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the mobile medical fluoresensor described in the next chapter. Two 

kinds of measurements were performed, one comparing the shape of the 

fluorescence spectra for ozone-stressed plants and plants grown in 

chambers where no ozone was added to the air, and one studying the 

response in time of the chlorophyll fluorescence during irradiation 

for normal and diseased plants. In Fig. 5 a fluorescence spectum of 

an ozone-stressed spruce needle is shown, where the three wavelength 

bands used in the statistical evaluation of the spectra are 

indicated. This evaluation for both kinds of investigation showed 

that the variations within the groups were larger than the difference 

between the groups. Laser-induced fluorescence seems thus not to be a 

method well sui ted for remote detection of early ozone damage to 

conifers. 

FLUORESCENCE INTENSITY 
OZONE-STRESSED SPRUCE NEEDLE 

500 550 600 650 700 750 

Fig. 5. A typical fluorescence spectrum of an ozone-stressed spruce 

needle excited at 405 nm. 
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E. MEDICAL APPLICATIONS 

* * * Stefan Andersson-Engels, Jaro Ankerst, Arne Brun, Ake Elner, Anders 

* * * Gustafson, Jonas Johansson, Sven-Erik Karlsson, Dick Killander, 

* Elisabeth Kjellen, * Erik Lindstedt, * Sune Montan, Leif Salford, Bo 

* * * * Simonsson, Unne Stenram, Lars-Goran Stromblad, Katarina Svanberg, 

Sune Svanberg. 

* Lund University Hospital 

Laser-induced fluorescence (LIF) has been investigated as a tool for 

tissue diagnostics in Lund since 1983. The main project in this 

context has been to optimize the discrimination between cancer 

tumours and surrounding normal tissue through animal studies. During 

the last two years clinical measurements have been initiated and 

studies on the demarcation of atherosclerotic plaque regions have 

also been performed. Reviews of this work are given in Refs [1-4] and 

in a thesis that mainly focuses on this subject [5]. 

In a model of a large molecule several parameters important for the 

understanding of tissue fluorescence can be illustrated. Following 

the absorption of a photon, a large molecule can be de-excited in 

several ways, see Fig. 1. Internal conversion to the lowest energy 

level in the first excited singlet state is a very fast process (of 

the order of femtoseconds). From this state several processes can 

occur, among them transitions to the ground state yielding 

fluorescence, intersystem crossing to the first excited triplet state 

and internal conversion to the ground state. Internal conversion is a 

non-emitting thermal relaxation process. Transitions from the triplet 

to the singlet state are said to be forbidden, that is they have a 

much lower probability than corresponding processes within the same 

multiplet system, due to the difference in electronic spin. Due to 

the broad energy bands of a large molecule, the wavelength of the 

excitation light does not need to be very precisely tuned to the 

specific molecule to make absorption possible, even if various 

wavelengths are absorbed with varying efficiencies. A high quantum 
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yield for the fluorescence is of course of importance but, as will be 

shown later, what is most important is to obtain as high a contrast 

as possible between diseased and normal tissue. Another parameter 

that should be taken into account in the choice of excitation 

wavelength is the penetration depth of the excitation light in 

tissue. The shorter the wavelength in the near UV and blue wavelength 

region, the shorter the penetration depth, and thus the sample probe 

volume. The fluorescence peaks obtained from tissue are broad due to 

the broad energy bands and therefore contain only little information. 

Further, the shape of the fluorescence spectra will not only be a 

superposition of the fluorescence spectra of the different 

chromophores in the tissue, but reabsorption of fluorescence light 

can also be seen in the resulting fluorescence spectra. Parameters 

useful for analysis are not only the shape of the fluorescence 

spectra, but also the absolute fluorescence intensity and lifetimes. 
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Fig. 1. Energy levels of a large molecule together with some 

processes competing with fluorescence. General fluorescence 

and phosphorescence spectra are outlined (From Ref. [5]). 
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Although little information is contained in the fluorescence from 

large molecules, the development of fluorescence techniques for the 

detection and identification of different diseases has advanced 

during the last years. Utilizing a fluorescent tumour-seeking dye, 

cancer tumours can be distinguished from normal tissue by studying 

the tissue fluorescence. This drug, which is selectively accumulated 

in cancer tumours, can also be used for therapy, by destroying the 

tumour tissue upon light irradiation, i.e. photodynamic therapy 

(PDT). The drug molecules are excited by the absorption of light and 

the excitation energy is transferred to the oxygen molecules in the 

cells, converting them to their singlet state, in which they are 

toxic. 

A mixture of porphyrins, denoted haematoporphyrin derivative (HPD) 

has been used throughout the world for this purpose since 1978, while 

a purified form of haematoporphyrin derivative, in which the 

therapeutically effective component, dihaematoporphyrin ether (DHE), 

is concentrated, has now been available for some years. A permit to 

use DHE clinically for therapy has been obtained from the Swedish 

health authorities. In Sweden, a few patients have been treated with 

this modality during the last two years. The two first patients in 

Scandinavia were treated at the Oncology Clinic at Lund University 

Hospital. During the actual treatment sessions, the radiation with 

laser light was performed at the Department of Physics. 

New drugs are under investigation to enhance the performance of PDT 

and fluorescence diagnostics. These tests show that it is not 

necessarily the same drug that optimizes PDT effect and tumour 

marking capability by means of fluorescence, but parallel 

developments of drugs for the two modalities can be foreseen. 

During recent years, the potential of laser angioplasty in the 

removal of atherosclerotic plaque in the blood vessels has been 

demonstrated. This kind of treatment of occluded blood vessels is at 

present under clinical trials in the USA. To make this form of 

treatment safer and more successful, new techniques for plaque 
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identification must be developed. Two possible ways of guiding the 

treatment to the correct location is to probe the target with 

laser-induced fluorescence using a UV light source or to use the 

plasma emission during ablation. 

The work presented here has been performed as a collaboration between 

the Department of Physics and several clinics at Lund University 

Hospital. It can be divided into six smaller areas. Firstly, we have 

tried to optimize the contrast between tumours and surrounding normal 

tissue in animal tumour models. Parameters varied in the more recent 

studies are tumour marking drug, drug concentration, and excitation 

and detection wavelengths. Secondly, some experiments have also been 

performed with samples extracted from humans. Here, fluorescence 

spectra from various kinds of tumours as well as effects on the 

fluorescence signal of different sample preparations will be 

presented. Thirdly, clinical studies have started involving 

photodynamic treatment of tumours and the demarcation of different 

cancer tumours in patients both with and without DHE is being 

investigated. After these investigations of laser-induced 

fluorescence in oncology, our studies on the identification of 

atherosclerotic plaque regions and kidney stones using laser-induced 

fluorescence and plasma emission will be discussed in the following 

two subsections. Parallel to the investigations of different tissue 

types, instrumentation has been developed. This will be described in 

the last subsection. 

E1. LIF studies of malignant tumours in animal experiments 

The tumour marking capabilities of haematoporphyrin derivative (HPD) 

and its purified form dihaematoporphyrin ether (DHE) have been 

investigated for an adenocarcinoma tumour model implanted in the hind 

legs of Wistar Furth rats [6]. Both the dependence of drug 

concentration and excitation wavelength were tested. In rats injected 

with HPD the tumours were somewhat better demarcated in fluorescence 

compared with rats injected with DHE. Also, as can be seen in Fig. 2, 

the demarcation increased significantly by changing the excitation 
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wavelength from the porphyrin excitation peak at 405 nm to the 

shorter wavelength of 337 nm. This increase was found to be due to a 

higher contrast in the intrinsic fluorescence from tumours and the 

surrounding muscle tissue when using the shorter excitation 

wavelength. 
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Fig. 2. The dimensionless ratio AlB for tumour exterior and muscle, 

evaluated for different excitation wavelengths. (From Ref. 

[6]) 

The appearance of the intrinsic tissue fluorescence, or 

autofluorescence, in various organs of a rat and the above tumour 

model is discussed in Ref. [7]. Here the spectral shapes of 

autofluorescence spectra obtained with 337 nm excitation are 

presented. Paper [7] stresses both the potential of using pure 

autofluorescence in tumour demarcation and gives information on the 

shape of the tissue fluorescence spectra without any tumour-marking 

drug. 
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The tumour marking properties of drugs other than HPD and DHE were 

tested in the same tumour model [8, 9, 10]. These experiments showed 

that the monomeric compound haematoporphyrin (Hp) gives a contrast of 

about 4: 1 between tumour and surrounding tissue using our 

fluorescence criteria. This is about half the contrast obtained using 

DHE. Hp can, however, despite the resulting lower contrast, still be 

very useful for tumour marking, since Hp does not cause skin 

hypersensitization of the patient and it needs only to be 

administered 2 h prior to the examination, compared with 2 days for 

DHE. Tetra sulphonated phthalocyanine and poly-haematoporphyrin 

ester, two drugs under investigation for PDT, were also tested in 

these experiments. Neither of these drugs had better properties than 

DHE for tumour delineation using laser-induced fluorescence. 

The fluorescence in DHE-injected animals using two other tumour 

models, TCVC and RG-2 glioma models in Fisher rat brains, was 

examined, and the result presented in Ref. [11]. The contrast between 

these tumour models and the normal surrounding brain tissue was found 

to be much better than the contrast between any other tumour model 

and surrounding tissue studied by us, although only a small dose, 1 

mg/kg b. w. , was utilized. The high contrast in the HPD retention is 

thought to be due to the fact that the blood brain barrier is intact 

in the unaffected brain tissue, whereas it is not in the tumour 

tissue. 

A new, more basic, project has just been initiated. In this project 

we intend to study fluorescence lifetimes and polarization effects of 

the fluorescence at different fluorescence wavelengths of tissue and 

various tumour-marking drugs in order to try to improve the 

discrimination criterion for cancer tumours by means of laser-induced 

fluorescence. It is hoped that results from these investigations will 

help to give a better understanding of retention mechanisms and 

binding sites within the tissue for these drugs. In this project we 

hope to start a collaboration with biochemists to be able to better 

interpret the information obtained from the fluorescence signals. 
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E2. LIF experiments of human tumours in vitro 

The autofluorescence of certain human brain tumour samples in vitro 

was studied and compared with the fluorescence from normal brain 

tissue samples. The investigation showed that biopsies of astrocytoma 

can not be distinguished from biopsies from normal brain tissue, but 

biopsies from meningiomas can. Further, fluorescence signals from a 

number of fresh samples were compared with the signals from the same 

samples after various kinds of sample preparation. Both fluorescence 

intensity and spectral shape were changed after the samples had been 

stored at -20° C, while formaldehyde fixation did not alter the 

fluorescence shape, but only the fluorescence intensity [12]. 

E3. Clinical investigations of laser-induced fluorescence 

Clinical recording of laser-induced fluorescence spectra in Lund was 

initiated with the start of the local PDT programme in April 1987. 

Fluorescence spectra from two patients injected with DHE were 

recorded. One patient had seven basaliomas spread all over the body, 

while the other showed eight superficial recurrent breast cancer 

lesions on the chest wall. Fluorescence spectra of one of the 

basalioma and surrounding skin, as well as the fluorescence 

intensities at selected wavelength bands in a scan from normal skin 

over the tumour and out onto the skin on the other side of the tumour 

are shown in Fig. 3. Details of the PDT treatment and the results are 

throughly discussed in [13, 14]. Our intention was to monitor as many 

important parameters as possible during the PDT procedure, so that 

the effect could be computer-simulated according to the best model 

that was available for PDT at that time. After the evaluation of a 

large number of similar treatment sessions, the model could be 

modified to better fit the results. In order to measure all the most 

important parameters in the correct manner, the work was carried out 

in close collaboration with Prof. Lars Svaasand at The Norwegian 

Institute of Technology in Trondheim, who is a leading expert in the 

field of PDT modelling. The work later resulted in a protocol for the 

treatment of basalioma and recurrent breast cancer metastasis [15]. 
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The PDT programme in Lund, and worldwide, was suspended during the 

latter half of 1987 and the first half of 1988 while production of 

DHE was moved from one factory in the USA to another one in Canada. 
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Fig. 3. Fluorescence spectra for a basalioma and normal skin as well 

as fluorescence intensity functions in a scan from the skin 

over the basalioma lesion and out onto the skin on the other 

side of the tumour (From Ref. {14]). 

Meanwhile, more extensive clinical autofluorescence measurements have 

been performed at three different clinics at Lund University Hospital 

[ 16, 17]. The results show that one may be able to demarcate some 

cancer tumour types by using the tissue autofluorescence only, 

whereas other tumour types need the higher contrast provided by a 

tumour-marking drug. Further investigations are under way, the 

results of which will help us to draw more precise conclusions about 

the potential of autofluorescence as a tool for tissue diagnosis for 

different tumour types. 
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E4. LIF studies of human atherosclerotic plaque in vitro 

In 1985-86 a few groups started to investigate whether it was 

possible to differentiate atherosclerotic plaques from the normal 

vessel wall by using Ar-ion laser-induced autofluorescence. This is a 

very interesting method for guiding the laser light in laser 

angioplasty. Small differences could be seen, but it was later shown 

that the criteria used in the diagnostics were sensitive to sample 

geometry and the presence of blood. However, it was shown by us for 

the first time that the autofluorescence from an atherosclerotic 

plaque lesion in vitro is different from that from the normal vessel 

wall when using a nitrogen laser as an excitation source [ 18, 19]. 

Later, further investigations have confirmed these observations and 

that the criteria can be very consistent in in vitro studies. One can 

actually distiguish between three different classes of transformation 

to more and more severe atherosclerotic damage and normal vessel wall 

[20,21]. In Fig. 4 a comparison between four discrimination criteria 

is shown for 23 different plaques and surrounding normal vessel wall. 

As can be seen, 

from the normal 

the functions F 
1 

and F 
2 

regions very well. In 

discriminate the diseased 

this study, ablation of 

atherosclerotic plaque lesions was also performed using a XeCl 

excimer laser. During the ablation, emission spectra from the plasma 

were recorded. A typical series of plasma spectra obtained while 

ablating through a calcified plaque down into the normal underlying 

vessel wall is illustrated in Fig. 5. Ca lines and the sodium D line 

are present then ablating the calcified region, while only the sodium 

line is present from the normal vessel wall. This observation 

suggests that the plasma emission can be used for laser guidance in 

laser angioplasty. 
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Fig. 4. Discrimination using four different discrimination functions 

for 23 atherosclerotic plaque samples (From Ref. [21]). 
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Fig. 5. Plasma emission spectra at different depths when ablating a 

calcified atherosclerotic plaque (From Ref [21]). 

ES. Laser lithotripsy 

One diploma project focused on spectroscopy for diagnostic purposes 

in connection with the fracturing of kidney stones using 

high-intensity light pulses from a Nd: YAG laser or a XeCl excimer 

laser. To guide the firing of the laser, ensuring that the optical 

fibre is pointing towards the target stone, both the fluorescence 

spectrum following UV light excitation and the plasma spectrum from 

the previous laser pulse can be utilized [22]. This investigation 

gives examples of fluorescence spectra as well as plasma emission 

spectra from a number of kidney stones and a porcine urethra. 
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E6. Development of instumentation 

In all the investigations presented above the entire fluorescence 

spectra have been recorded. But, as pointed out previously, tissue 

fluorescence spectra have very broad peaks, and the intensities at a 

few characteristic wavelength bands contain all the information about 

the spectrum. After the characteristic wavelengths have been 

determined for the tissue types of interest, it is only necessary to 

measure the intensities at these wavelengths. Furthermore, in a 

clinically useful system one would like to process the signals to the 

degree that the system is able to classify the tissue into a few 

types of different degrees of diseased tissue as well differentiating 

normal from diseased tissue. For technical reasons, it is a clear 

advantage to form a dimensionless function of the measured 

fluorescence intensities. One of the aims of the more basic 

spectrally resolved measurements discussed above is to find the 

optimal dimensionless contrast function which can be used to 

demarcate the diseased regions and also to try to find the 

appropriate discrimination level for this function. 

In order to fulfil the intentions in these concepts three different 

medical fluoresensors are under development at the department. One is 

a point monitoring filter fluoresensor based on a high-pressure 

mercury lamp and constructed with a chopper/filter wheel that 

contains a number of excitation and detection filters [23]. In 

further developments of this equipment the filter wheel has been 

reconstructed to suppress stray light and the signal processing has 

been improved in two diploma projects [24,25] with the help of two 

summer school students [26]. The present status is that six 

independent fluorescence signals as well as the background light for 

each filter are detected. The electrical signal from the 

photomultiplier tube is amplified in an electrical amplifier and 

integrated in a gated integrator. The integrated signal from each 

detection filter is converted to a digital signal in a 12-bit 

analogue to digital converter. This signal is then fed to an 

IBM-compatible personal computer for further processing. 
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Another point monitoring system, which has been used in the clinical 

measurements discussed above, can record the entire fluorescence 

spectrum of a sample after pulsed nitrogen laser excitation. The 

excitation source, optics, fibre-optics and detection unit are all 

placed on the shelf in the middle of a mobile trolley, while the 

electronics and computer mainframe are placed on top and dry air 

supply for the detector and cables are at the bottom. The trolley is 

mobile and totally covered to ensure sterility. An optical fibre 

guides the excitation light to the tumour location and the 

fluorescence light back to the equipment. A photo of this equipment 

is shown in Fig. 6. 

Fig. 6. Photograph of the fluorescence system used clinically. 

(From Ref. [17]) 
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Imaging instrumentation utilizing the concept of an optimizing 

discrimination function is also under construction. The concept and 

planned optical arrangement as well as measurements in one-dimension 

are discussed in Ref. [27]. The two-dimensional version that we are 

working on now is illustrated in Fig. 7. Apart from spatial 

resolution and the possibility of displaying an optimized contrast 

function calculated from the fluorescence intensities in four 

fluorescence bands, it will also include the option of very fast 

gating (5 ns) giving a temporal resolution of the order of tissue 

fluorescence lifetimes. This feature is very interesting in 

combination with the newly initiated project in which we are studying 

the fluorescence lifetimes of tissue and various tumour markers using 

picosecond spectroscopy. 
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Fig. 7. Schematic diagram of the two-dimensional fluoresensor under 

development at the department (From Ref. [4]). 
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F. INDUSTRIAL APPLICATIONS 

Fl. Optical spectroscopy for control of pyrometallurgical processes 

Marcus Alden, Willy Persson, Wilhelm Wendt 

Optical techniques and optical spectroscopy have for a long time 

formed integral parts of metallurgy. However, during the last few 

years very rapid development has taken place in the field of optical 

techniques and it is reasonable to expect new applications of optics 

and spectroscopy also in metallurgy. 

For process control purposes, an optical technique in combination 

with advanced atomic and molecular spectroscopy has a number of 

attractive features, in particular in hostile environments such as 

those found in metallurgical plants. Optical spectroscopy has the 

following advantages: 

* it is a remote sensing technique meaning that 

- the measurement does not affect the process or the measured 

process parameters; 

there is no need that 

sensors, which might 

measurements; 

into the 

be damaged 

process introduce probes 

or destroyed during 

* it is an on-line technique meaning that 

or 

the 

- it diminishes the need for sampling and subsequent chemical 

analysis; 

- it facilitates the detection of unstable constituents such as 

radicals or atoms and molecules in unstable states; 

- it offers real-time information on the progress of the process 

with time constants of the order of seconds or even less; 

* it is a perturbation-insensitive technique in the sense that 

- the detector system and all electronics can be placed far away and 

shielded from sources of electronic noise. 
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Preliminary studies of the flame above a copper converter were 

described in the preceding report. These investigations have been 

continued and extended to include studies of steel converting 

processes [ 1-4] . 

The possibility of monitoring the slag-blowing stage of the 

copper-converting process by observing the relative intensity of the 

light emission from gas-phase PbO and PbS in the converter flame was 

discussed in the preceding progress report. Typical behaviour of the 

PbO/PbS intensity ratio close to the end of a slag blow is shown in 

Figure 1. The ratio increases drastically during the last ten minutes 

of the blow (a full blow lasts for about one hour). 
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Fig. 1. 

Time behaviour of the 

PbO/PbS intensity 

ratio close to the 

end of a slag blow. 

Repeated measurements show that there is a strong correlation between 

the PbO/PbS intensity ratio and the copper content in the white 

metal. This is illustrated in Figure 2, which shows the copper 

content in the white metal, determined by X-ray fluorescence analysis 

of a sample taken just after the end of a blow, versus the PbO/PbS 

intensity ratio measured just before the interruption of the blow. 

The scatter between the individual measurements shows that it is 

possible to determine the copper content to within 0.5% in the range 

75-78% copper. 
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Fig. 2. Relation between the PbO/PbS intensity ratio and the 

copper content in the white metal. 

The possibility of interrupting a slag blow at a predetermined copper 

concentration (generally 77 78%) has a number of attracting 

features. For instance, it would be possible to avoid under- and 

over-blows which are often disastrous to the process. It is also 

possible to optimise the ratio between copper losses to slag and 

impurity removal from the white metal and thereby achieve a more 

effective slag handling. 

Whereas the observed discrete features in the spectrum of a 

copper-converter flame are of molecular origin, the spectrum emitted 

during the steel-converting process is dominated by atomic emissions. 

Recordings have been performed at an LD converter and also at a CLU 

converter for alloy steel production. The spectra observed are very 

rich in iron lines. In addition, a large number of lines from 

impurities and from alloy metals are present. 

The preliminary results from the steel-converter measurements 

indicate that it should be possible to monitor the temperature of the 
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off-gases continuously and thereby to obtain information on the 

average temperature of the melt. It is also possible to monitor the 

relative intensities of the light emission from different elements 

such as iron and manganese or iron and chromium and thereby to 

control critical process steps. 

In conclusion, the prospects for using optical spectroscopy in 

conjunction with atomic and molecular spectroscopy for on-line 

monitoring and control of smelt-metallurgical processes look very 

favourable. The studies of both the copper- and the steel-converting 

processes are being continued and will be extended to include other 

smelt-metallurgical processes. The techniques are now being made 

commercially available through cooperation with a R&D company 

(Scandinavian Emission Technology AB) at the Ideon Research Park in 

Lund. 
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TEACHING PROGRAMME 

A. Undergraduate teaching 1987-1988 

Elvir Andersson, Hakan Bergstrom, Per-Erik Bengtsson, Stig Borgstrom, 

Jorgen Carlsson, Hans Hallstadius, Hans Hertz, Bodil Jonsson, Gilbert 

Jonsson, Goran Jonsson, Per Jonsson, Rune Kullberg, Jorgen Larsson, 

Hans Lundberg, Anders Persson, Sven-Goran Pettersson, Rolf Petersson, 

Lennart Sturesson, Sune Svanberg, Claes-Goran Wahlstrom + about 25 

junior assistants. 

At the Department of Physics, basic physics teaching is provided for 

the schools of Engineering Physics (F), Electrical Engineering (E), 

Computer Science and Technology (D), Mechanical Engineering (M), 

Civil Engineering (V) and Chemical Engineering (K). Furthermore, 

specialised courses in atomic physics, laser physics, optics and 

spectroscopy are given. 

The basic courses are, with one exception (M3), given for students in 

their first year (Fl, El, Dl, Ml, Vl and Kl) while the other more 

specialised courses are given in later years, e.g. F2, F3 and F4. It 

is also possible for students from other schools (mostly E, M and K) 

to follow these more specialised courses. 

The courses contain both theory (lectures and problem solving) and 

laboratory practicals. The number of hours devoted to experimental 

work is, as a rule, about the same as the number of hours used for 

theoretical education (See Fig. 1). During experimental training on 

basic courses the students generally work in groups of two, and each 

supervisor teaches four such groups, i.e. 8 students at a time. For 

the specialised courses each supervisor can teach only 4 or 6 

students at a time since the amount of equipment is limited, for 

economical reasons, to two sets. In the course on atomic and 

molecular spectroscopy, research equipment is used by the students in 

their experimental work. 
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B. Basic courses 

For the school of engineering physics (courses F1, F2 and F3) the 

basic course Physics, Extended course is given. This consists of 

three parts, Introductory course, Waves and Atomic Physics coupled 

with laboratory practicals of 44, 50 and 35 hours, respectively. The 

Introductory course comprises experimental methods, gas physics, 

thermodynamics and geometrical optics. The Wave physics course makes 

the students well acquainted with phenomena in physical optics and 

acoustics. Atomic physics gives basic knowledge on the building of 

atoms and molecules and their properties. The course also gives some 

orientation in spectroscopic methods in different energy ranges. 

For the schools of electrical engineering (course E1) and computer 

science and technology (course D1) the basic course Physics course 

for E and D is given. This comprises gas physics, thermodynamics, 

waves and modern physics combined with 48 (E) or 60 (D) hours of 

laboratory practicals. 

For the school of civil engineering (course V1) and fire defence 

engineering (course B1) the basic course Physics basic course for V 

is given. This consists of gas physics with thermodynamics and 

fundamental electricity combined with 18 hours of laboratory . 
practicals. For the course V4 the specialised course Physics 

continued course is given, which is directed towards physical 

measuring techniques with 36 hours of laboratory practicals. This 

course is attended by about 20 students. 

For the school of chemical engineering (course K1) the basic course 

Physics course forK is given. It consists of electricity, wave 

physics, geometrical optics and nuclear physics combined with 32 

hours of laboratory practicals. 
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The course on the History of Science is given for all sections of the 

Inst. of Technology. This course, given in collaboration with 

teachers from the Faculty of Humanities, illuminates the impact of 

science in relation to the development of society. 

C. Specialized courses 

The specialised course Laser Physics is designed to give the students 

knowledge concerning the physical principles of laser physics and to 

teach them about the most general types of lasers and their most 

important fields of application. In laboratory practicals the students 

learn to make simple adjustments and measurements with different types 

of lasers. This year the course will be followed by about 50 students 

from the schools F, E, M and D. 

The specialised course Atomic and Molecular Spectroscopy is intended 

to give knowledge about modern atomic and molecular spectroscopy with 

special emphasis on technical applications. About 25 students follow 

this course. Together with the laser physics course this course forms 

the natural introduction to post-graduate studies at the Department. 

A course in Holography is also given to those interested in 

photography, image techniques and optical measurements. The course 

starts with lectures in ray optics and wave optics and, together with 

laboratory practicals, the fundamentals of holography and related 

topics are discussed and different types of holograms are made. 

A new specialised course in Optical Techniques has been set up at the 

Department. This course, emphasising Fourier optics, interferometry, 

fibre-optics, holography and phase-conjugation techniques was given 

for the first time in the autumn of 1985. 
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