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10, LASER~SPECTROSCOPIC APPLICATIONS

In the previous chapter we have seen how tunable lasers can be
used in a multitude of ways for galning baaic information on
atomic and molecular systews. Thus, while the laser has had a
very large limpact on basic research ita utility within the
applied spectroacopic field ia not amaller. We shall here discusse
some applications of considerable interest. Previously, we have
mainly chosen atomic spectroscoplc examples rather than molecular
ones, but fn this chapter we shall mainly discuss applied mole-
cular spectroscopy, First we will describe diagnostices of com-
bustion_ procssses and then discuss atmospheric monitoring by
laser techniques. Diffarent aspects of laser-induced fluyorescence
in liquids and solids will be considered with exanples from the
environmental, industrial and medlcal field. We will alao de-
scribe laser-induced chemical processass and i1sotope separation
with lasers. Finally, spectroscopla aspects of lasers fn medicine
will be discuased.

10.1 Diagnostics of combustion processes

10.1.1 Background

Lately, research in the Qombustion fleld has been intenaifled
because of the appreclation of the need for efficient combustion
combined with low pollution formation., In order to get a deeper
understanding of combustion processes it ia necessary to perform
the study on a molecular level, Laser-spectroscopic techniques
provide unique possibilities of non-intrusive measuresents on the
extremely aggresive media, that burning or exploding gases
constitute, Because of the unlque propertiea of laser beanms,
both high apattal and temporal resolution can be achieved,
Before we describe scme measurement techniques we will give an
elementary background to combustion processes,

A detailed undersatanding of combustion must start with simple
proceases auch as hydrogen, methane or acteylane combusation in
oxygen or air. Normal liquld hydrocarbona are considerably more
complex whereas wood or coal combustion hardly can be attacked on

4 molecular level. Pelow we glve some "effactive® chemical reac-
tions leading to a tranaformation of fuel and oxidant tnto carbon
dioxide and water. The processes are strongly exothermlc, which
13 of course a common feature for combustion processes,

Flame Effective Reactions Temperature(K) Energy release(J/g)
Hir0, 2Hp+0p+2H 0 3,100 24,000
CHys0, CHy+20,+C02+2H20 3,000 10,000
Calpsop 2CoH2+502+4C02+2H20 3,300 t2,000

Combustion occurs with a large number of intermediate ateps and
even sisple processes such as the ones listed above ogcur through
dozens of coupled elementary reactions. With ¢omputer simulations
it is poasible to describe the interaction between the reactlions
and concentration profiles can be calculated., In order to accomp-
liah the computer calculations is ia necessary to knhow the rate
constants for the 1individual slemantary reactions, Comparisons
between theory and experiments are best made for a flat, premixed
flame, which in its central psrt can be considered to have only
one-dimenaional (vertical) variation, allowing computer calcula-
tions to be performed comparatively easy. In the computer de-
scription the most i1mportant reactions are included. In Flg. 10.1
experimental and theorectically calculated concentration curves
are given for the case of low-preasure athane/ocxygen combustion.

Flg. 10.1 here,

As sxamples of important elementary processes we give the reac-
tions below:

CO + QH » coa + H

H+0, +0+0H



fleactive molecular fragments or radicals, such as OH, H and O are
very important in combustion. The combustion zone of & stochlo-
metric CHy/0, flame contains about 10 $ OH, and 5 § of H and O
each., In the latter of the two reactions glven above the number
of radicala is doubled. A fast 1increase in radical forpation
frequently leads to explosive combustion. Bascause of the high
reactivity of radicals. they cannot be measured by probe (extrac-
tion tube) techniques, since wall reactions immedliately eliminate
them. Thus laser techniques are particularly valuable for radfoal
monitoring. Pollution foramation in flames should also bhe oon-
sidered. Nitrogen and sulfur oxlides, fncompletely burnt hydro-
carbona and soot particles form important pollutanta. It ts of
outmost importance to underatand which elementary reactions foram
and elimate pollutanta, respectively. The formation of nitrlc
oxide is reasonably well understood. At temperaturesa above 2000 K
the nitrogen of the air ia attacted:

0+ Ny o 00 + N
N+0y; 550 +0

The two reactions constitute the so called Zeldovieh mechanism,
NO 18 then oxidized to the toxie NO; by the oxygen of the air. NO
can be elimated from the post flamse gases by addition of NH3, The
following reactions occur [10.1}:

NH3 + oW » WHz + H20
NO + NH24l2 + HzO

For the case of sulphuroxide S0 It 1is immediately further oxi-
dized to S0, {n the flame. It seems 1ike a reduction of SO0z can
only be obtained by wusing low sulphur fuels, 802 and KO are

further oxidized to H2504 and HNO3 in the atmosphere with subse~
quent aofd rain forpation.

Soot formation 1ia presantly much atudied. Soot o formation 1is
enhanced at high fuel/air mixing ratios (rich flamesa), when using
hydrocarbons with comparatively 1little H and for bad mixing
conditions. Since avallable fuels will be succesaively more poor
in K, scot formation will become on increasing problem. The
cheelstry of scot formation 1a not well understood. Many pro-

cesaes lncluding polymerization of simple hydrocarbons to heaver
ones and reactions with polyaromatlc hydrocarbons msay be {m-
portant, Basic fleme combustion is described in Refs [10.2-3] ang
emission and absorption spectroscopy of flames are discussed in
Rer. [10.4].

Laser techniques have a great potential for studies of micro-
scoplie aa well as macroscopio combustion in flawmes and engines,
Combustion diagnoatics with laser is discussed in several reviews
[10.5-5]. We will nere give examples of meapurements of con-
centrations and temperature (flame kinetios) using fluorescence,
Raman and ooherent Raman techniques., In practical combustion
systema turbulence s extremely important and we will also
briefly mention laser techniques for flow and turbulence measure-
ments.

10.1.2 Laser-induced rluorescencs (LIF) andrelated techniques

In laser-induced fluorescencs (LIF) experimenta a laser 1ia
hormally tuned to an allowed dipole tranaition Proe a lower to an
upper state of the species under conaideration and fluorescence
light, that is released at the subsequent decay 1s observed., We
will start this section by considering the corresponding sponta-
heocus emission process. At the high temperatures in a flame,
upper levels beconme thermally populated and a natural emission
giving the flame {ts colour oceurs. In fig. 10.2 part of the
emission spectrum from a Calig/air Bunsen burner flame is shown,
featuring storng bands due to the radical Cz. This emlsalon was
described by Swan already in 1857 fin one of the earliast mole-
cular spectroscopy experiments. C, 1a responsible for the blue-
gresn light from the lower parts of hydrocarbon flames., A schema-
tic energy-level diagram for Co with the wavelengths of the
individual bandheads {s shown in Fig. 10.3.

Fig. 10.2 here Fig. 10.3 here
Hydrocarbon flames also exhibit strong bands due to the CH (~390

and 430 ne) and the OH radicals (-300 nm). In apoty flames the
strong yellow light is due to incendescence of aoot particles.



LIF yields a much more well-defined emiasion situation than the
one pertaining to the thermal emiasion. Howevar, for quantitative
LIF measurements it 1a heceasary to oconsider and control the
quenching of the fluorescence becauae of collisjional, radiation-
less transitiona. The quenching can be represented by a term Q to
be accounted for on egqual footing with A (dosorlﬁing spontaneous
emisaion). The observed light intenaity will be atrongly reduced
due to the strong but rather unpredictible degres of quanching.
Eq. (9.X), describing saturation now must be written:

N 2
- S . (10.1)
NI‘NZ 1,!-:_9_
2Bp(wv)

Since Q 1a frequently 103 times larger than A a very high spec-—
tral energy denaity p(v) 1» needed to obtaln saturation with a
laser beam. However, this can often be achieved and then the
Baximum fluorescence intenajity is obtained deapite the quenching,
which no longer influenceas the feasurement. Alternatively, the
degree of quenching can be measured directly by time-resolvad
fluorescence apectroacopy. This 1s possible, since the lifetinme <
18 shortened from its natural value 1/4 to 1/(A+Q). With a prior
knowledge of the low-pressure "true" lifetime valus the observed
value immediately yislds the quenching at the particular pres~
sure. Clesrly, the quenched lifetimes Are normally very short and
have to be measured by picosecond laser techniques (See Section
xxy [10.9].

An eaxperimental Sst-up for studying LIF in flames ia shown 1in
Fig. 10.4, The output of a Nd:YAG pumwped dys laser can be fre-
quency doubled and If needed tha doubled output can be mixed with
residual 1,06 um radiation to achleve still shorter wavelenghts,
The beam 18 directed through the flame and the fluorescences can
be spectrally analyzed with the spectrometer shown in the upper
part of the figure. In the lowsr part of the flgure it 1s shown
how a diode-array detector can be used to obtain a one-dimen-
sional image of the diatributlon of a radical across a flame

[10.10]. The streak of LIF ia imaged onto the detector, which is
gated with the laser firing. Fig. 10.5 shows distributions of OH
fluoreacence at various heights in a CHy/0; tlame. & stngle 10 na
pulse is used for each recording.

Fig. 10.4 hare, Fig. 10.5 here.

Using matrix detectora or Vidicon tubes the LIP imaging tech-
niques can be extsnded to two-dimensicnal imaging [lo.li]. Using
single-photon LIF, many flame species Iincluding OH, Cz, CN, CH
and NO have been studied.

Sevaral Important flame species have thelp aingle-photon excita-
tion wavelenghta in ths VUV reglon, where the flame gases abaord
and tunable lasers are not readily avallable. It is then possible
to use two-photon or aven three-photon exoitation (See Section
9.1). In Figs., 10.6 and 10.7 an excitation scheme and a 2-photon
LIF apectrus for oxygen atoms in a Cali2/02 welding torch are
shown. The collisional transfer from the triplet to the quartet
syatem in ¢ should be eapecially noted.

Fig 10.6 here, Fi1g. 10.7 heras,

Hydrogen atoms can be detected chbaerving Ha or HBR emission from
the n = 3 or 4 lavela following two- or three photon excitation
{10.12). CO molecules are also best detected using two-photon
excitation [10.13]. The excitation of flame apecies to an upper
leval can also be deteoted by other means. Thus optogalvanic
apectroscopy (Section 9.x) [10.14]) and photoacoustio apectroacopy
(Section 9.x) [10.15] employing pulsed lasers have been used. The
former method 1s not non-intrusive In nature because of the nsed
for electrodea. The latter technique utilizes the local pressure
lnorease following excitation and for the detection a mierophone
close to the flame is used, Spatlal resolution is limited asfnce
the signal is collected along the laser beam, Ordinary absorption
Reasurements olearly constitute the bast examples of such line-
of-sight messurements. Diods lasers as well as dye lasers have
succeaafully been used in flame absorption measurements [10.16].
With tomographic techniques, simllar to those used in medical
X-ray 1imaging [70.11]. epatially resclved information can be



obtalned from integrated absorption measurements in different
directions through the flame [10.18]. Laser beam deflectlon ocan
also be used to detect optical resonance. In the region of
optical éxoltntlon the index of refraction of the gaa changes and
& probing laser beam {frequently s He-Ne laser beam) crossing the
excited region will be deflected [10.1%].

10.1,3 Raman spectroscopy

Because of its insensitivity to quenching (the lifetimes of the
virtual state is —10““3). Raman spesctroscopy is of considerable
interest for quantitative measurements on combustion processss,
Further, important flame species such as 0,5, N2 and Hp that are
only Raman-actlive (See Section K.X) can be readily studied with
this technique. However, because of the inherent weakness of the
Raman acattering proceas (Section §.X) only non-lusinous {(non-
sooting) flames can be studied.

Extractive Raman measurements on stable flame specles can readily
be performed. Here gases are transferred from the flame thrcugh
2 thin tube to the scattering cell of a laser Raman gas analyzing
system, In Fig. 10.8 Stokes Raman spectra from the lower and
upper part of a C3ug/air Bunsen-burner flame are ahown as ob-
tained using an Ar* laser cperating on the 488 nm line., The

conversion of fuel and 0, jypto €02 and Hp0, constituting the
over-all combustion process, 1is clearly demonstrated. The Ha0

Fig. 10.8 hers

slgnal does not increase becauses of a water~vapour condenaer in
the feeding gas line. Soot particles, that give rise to a broad-
band LIF background are also filtered away. The lower trace also
displays algnals due to CO and H2, gases that will mostly burn up
higher up in the flame, The weak signala in the ajoulder of the
strong Rayleigh line in the lower trace are due to plre rota-

tlonal Raman tranaitions in the Hy moleculs, which because of its
swall mass has an exceptionally large rotation constant B (Sec-

tion 3.X). The main hydro-carbon signal at about 570 nm has many
components correponding to slightly different C~H atretch vibra-
tional frequencies. Overtone and combination bands are also
observed at smaller Raman shifts.

Using pulsed iasers and gated detection electronios, Raman mea-
aurements can also be performed for major species in flames, that
do not contain too ®any particles, Temperature measurements can
then alsc be amade using the Stokes/snti-Stokes aignal asyemetry
or Lthe occurrence of slightly displaced Stokes hot~-bands as
discussed In Section 4.X, Flame Raman spectroscopy ls discussed
in further detail in Ref. [10.20],

10.1.% Coherent Anti-Stokes Raman Scattering {(CARS)

The CARS proceas has previcualy been described (Section B8.6).
CARS spectroscopy 1is of particular {nterest for ocombustion
diagnostios because of the strong signal available as a new laser
beam seserging from the irradiated gas sample. Thus CARS 1is
largely inaensitive to the strong background 1light that charac-
terizes practical combustion systems such as industrial flames
and internal combustion engines. We recall, that the spectro-
scoplc information is contained in the third order susceptibility
tern y(3), Thia term 1s given by sum a of a coaplex resonant
term, (proportional to the concentration of the studied moleacule)
and a non-resonant background term. Thus, whan the expresaion
F|(3)'2 Boverning the signal strength is forsed (Eq, B.11) inter-
ference betwesn the resonant signal and the background occurs
resulting in asyametrico eignals, very much 1like in polarization
apectroscopy (Section 9.X), For a molecule with vibrational and
rotational levels, that are populated depending on the tempera-
ture, there are many close-lying resonances and the algnal shape
has to be calculated with a computer program. In Fig. 10,9
theoretical curves for the N2 molecule are shown for different
temperatures, The occurrence of the first hot-band and the
gradual widening of the vibrational peaks due to Inereasing



rotational level population can clearly be seen for increaaing
temperatures. Fig., 10.10 showa experimental spectra for a CHy/aip
flame and for room temperature air recorded with a set~up of the
type shown in Fig. 10.11,

Fig. 10.9 here Fig., 10.10 here

The BOXCARS phase-msatching acheme [8.x.x] 1is illustrated for the
Pump beams at “p and the Stokea beam at wy. After fraquenogy
doubling the main part of the Nd:YAG laser output 1s used for
Pumping the dye laser, that generates the tunable Wy beanm,
whereas the rest 1s used for the pusp beam. The anti-Stokes beam
at uwpg - 2up ~ws, emerging when w = wp - wg MWatches a rotaticnal-
vibrational transition for the molecule, is detected after propear
spectral isolation froam the strong pump beam. When the dye laser
13 slowly tuned through the slgnal region with the laser conti-
hucusly firing, curves such as the ones shown in Fig. 10,10 are
recorded using a boxcar gated integrator, The resoclution in the
spectrum 1is given by the (amall) laser linewidths and not by the
resclution of a spectrometer as 1in normal spontanesous Raman
spesctroscopy.

Fig. 10.11 here

Becauss of the highly non-linear nature of the CARS process (the
signal ts proportional to the square of the molecular number
density and to I,2I,  Eq, (8.11) ) signal averaging does not
yleld a trues value for rapldly varying, turbulant media, It is
thus desirable to be able to perform the measurement using a
single laser pulse. This i» poseible using an amplified broad-
band dye laser (Seotlon 8.X) for the Stokes beam that in con-
Junction with & narrow-band pump-laser beam will cover all the
differencs frequencies Wp - wy of Llnterest ror a specific mole-
cular spectrum., The anti-S$tokes signal frequency coaponents arae
then all generated sisultaneously through the actiop of the third
order susceptibility x(3), , gated and intensified linbar diode
array 1is used for capturing the single pulss spectrum. The
technique can be used for Weasurements in speclally adapted
internal combustion engines. The laser firing can be atrobed on a
particular crank-angle and the temperature at various time inter-

vala can then be assassed. An experiamental spesctrum from uz
molecules in a firing internal combustion engine ia shown in Fig.
10.12. CARS techniques have also been applied to full ascale coal
furnaces [10.21]. CARS 18 especially useful for remote thermo-~

Fig. 10.12 here

metry but also spaecies concentrations can be determined, espe-
clally for major species. CARS techniques are discussed in more
detall In Refs. [10.22-24]. For minor apectes LIF is freaquently
the moat suited technique. Since the LIF signala also depend on
the population of the initial level, temperature can also be
deterained in such experiments if excitationa from two metastaple
levels with different energlea are used (Two-line fluorescencs
method [10.25].

The techniques discussed here in connection with combustion
diagnostics can clearly also be used for monitoring of other
reactive media, Thus spark and ignition phenomena can be studied
(10.26] as well as processes in ochemical reactions [10.27-28].
The techniques have alasc been found to be valuable {n the charac-
terization of ohemical vapour deposition {(CVD) processes for
semloconductor fabrication [10.29~30].

10.1.5 Velocity measurements

Laser Doppler ¥elocimetry {LDV) 1s an important non-spectroscopic
laser technique for intrusion-fres measurements of velocities in
liquid or gaseocus flowa, including combustion flows. In this
technique two laser beams (frequently from an Ar* laser) are
crossed at a small angle in the medium to be atudied as shown In
Fig. 10.13. a atanding interfersnce pattern with bright and dark
fringea is then formed. If a smell particle, that is carried by
the flow passes the Interference pattern it will produce periodic
glimpses of 1light that can be detectad hy a photo-multiplier
tuba. The frequancy of the periodic signal (the Doppler burat)
can be analyzed by Fourfer transformation (See page XXX) and the

velooity v can then be determined since the fringe separation d
is glvin by the laser wavelength A and the beam erosaing angle a.

/(



We have v = . (10.2)

Ciearly, 1f the particle ia larger than the fringe separation
contrast i{s reduced and thus LDV measurements alsg provide infor-
mation on the particle slzes.

Fig. 10.13 here.

With one pair of erosaing laser beams only ons velocity component
in the flow fleld ia determined. Furthermore, it 1s not posaible
to determined the aign of that velocity component asimce elther
flow direction produces the aame Doppler burat. However, by
frequency shifting one of the erossing beams with a Bragg cell
(acoustooptic modulator), moving interference fringes are pro-
duced. Then ft 1s possible to decide from which direction a
particle passed the interference fleld by noting if the burst
frequency was ashifted upwards or downwards from the frequency
from a rixed object. A second veloclty component can ba msasured
by using two additonal laser beams propagating in a fplane per-
pendicular to the firat laser beam plane and crossing a: the same
point. In order to be able to distinguish the Doppler bturst from
this interference pattern, 4ifferent wavelenghts are used for the
laser beams. Thus, it {s customary to use the 5145 i line of an
Ar* laser for the one velocity component and the 4880 line for
the other one. The elastically scattered light 1s then detected
through sharp interference fllters in front of fndividuial photo-
multiplier tubes. The third velocity component (in the direction
of the blsectrice of the crossing laser beams} is karder to
measure. However, by using three erossing beama in the same plane
&nd extracting the information pair-wise from the cen:ral beam
and one or the other of the external beass the third velocity
component can be projected out, although at lower accuracy. When
the scattered intensity ia low, e.g. because of amall particles,
it 1s st111 possible to extract velocity information Yrom the
time correlation of the recorded fndividual photons. Spacial
auto-correlation techniques have been developed for ana optimum

information extraction [(10.31], Frequently it 1a necessary to
seed the flow with small particles. These partlcles do not
necessary truly follow the gas flow, which constitutes a compli-
cation with this technique,

We should conclude thias description of LDV techniques with a
comment on its common name. In our description of the technique
we have not used a Doppler language at all but rather expressed
the observed phenomena 1in terms of a spatial {nterference
pattern, However, alternatively we can consider the Doppler shift
in the psocattered light frequency caused by the motion of the
particle, This shift is detected as a beat frequency againat the
light scattered from the other croasing beam. The baat frequency
exactly corresponds to the frequency produced by a particle
crossing the fringe pattern, so the two pictures are as a matter
of fact equivalent. LDV techniquea are discussed in detail 1in the
monographs [10.32-33].

A further class of velocity measureament techniques use molecular
“"tagging® using a first pump pulses. The movement of the tagged
package of molecules is then monitored with s second laser bdeam
(to.34].

¥e will also consider a technique for velocity measurements,
which is based on Doppler shifting of absorption lines of atoms
or amolecules in the flow [10.35]. The principle of the technique
Is illustrated tn Fig, 10.18, A narrow band CW laser is

Fig. 10.14 here,

tuned to a frequency v in the shoulder of a Doppler broadered
absorption line, where fluorescence light of half the maximum
intensity can be induced., If the gas molecules are displaced by a
flow the whole Doppler-broadended profile will shift In fre-
quency. Depending on the direction of this flow the fluorescences
light intensity will increase or decrease. In order to measure
the presence of a net Flow, two alternate laser bsams are sent
through the medium 1in opposite direction. The fluorescencs
intensitles are balanced out for a statle gas, by adjusting the

/2



relative powera in the two beams. If the gas 1s moving a modula-
tion will be observed at the frequency of the beam direction
ahifting., By normalizing the signal it becomes independent of the
nueber denaity of the molecules.

¢ I -1 )
We have v = - -l!!E---_!!lL‘E . ..E!.‘.'--- (]0.3)

MRS TY I Irignt (dg/dw)

where Ijeft and Irjgne are the two detected fluorescence inten-

sities and g(v) 1is the value fo the line shape function at the

c¢hosen frequency v,

A single-mode CW dye lasar can be used for measurements of this
kind. The experimental set-up 1is simlar to the one used In
Doppler-frea inter-modulated fluoreacence measurements (See page
XXX), but now the beams are presented to the stoms/molecules only
one at a time, For measurements of this kind sodium atoms or I,
molecules can be seeded to the flow. Imaging measurements using
array detectors as discussed above can be performed. In Refs
[10.36-37) imaging measurements of apecles concentrations,
temparatureas and flows utilizing LIF are deacribed.

10.2 Laser remote sensing of the atmoshere

Different aapects of remote sensing have besn discussed in
Sections 6.6 and 7,2, In this sectlon we will desoribe how laser
techniques can be used for monitoring of the atwosphere and its

pollutanta, General information on the atmosphere and its optical -

properties is given in Rer. [10.38-40], Laser beams ars parti-~
cularly useful for monitoring over large distances because of the
low divergence of the beams. Typlcally a divergence of 0.5 mrad {s
obtained, corresponding to a spot dlameter of 0.5 m in 1 km
distance. Dry aftr contains 78.) %2 of Ny and 20.9 % of 02. The
noble gases Ar, Ne and He are present at 9300, 18 and 5 ppm
(parta per million) respectively, The co, contgng; is presently
320 ppm, a value that 1is lncreastng annually by 0.7 pps. This
might give rise to anp incresse of the average global temperaturs
becauss of the change in the atmos-pheric radiation budget - thae
30 ocalled greenhouses effect [t0,h1-427, Ordinary air also

13

containas widely varying amounts of water vapour., The gases N»a,
Hy, CHy, NOp, 03, 302, CO, NH3 etc. alsc are naturally present in
the atmosphere in concentrations, that vary from several ppm to
fractions of ppb (parts per billion). If such gases are found In
higher concentrations in the air because of human activities they
are consldered as pollutants [10.43-47], Measuremsnts in the
tropospheres as well as in the stratosphere are of great interest.
In the troposphere monitoring of industrial emissions as well as
smblent afr quality 18 needed for environmental protection

‘purpoaes. Stratospheric measurements ars important, e.g. for

assessing possible long tere changea in the absorption character-
iatica that could result in an altered radlation environment at
the earth's surface (ses also the discussion of possible ozone
destruction, p.XXX). Further, laser technique alao provide
powerful means of remotely measuring meteorological conditions
auch aa temperature, pressure, humidity, visibility and wind
speed. We will discusa two active remocte senaing techniques for
the atmosphere - the long-path absorption technique and the
lidar technique, but we will first consider a passlve technique,
in which lasers play an important part. The field of laser

aonitoring of the atmosphere ia covered in several monographs and
articles [10,48-53].

10.2.1 Optical heterodyne detection

Heterodyne detection is an important technique for low-nolse
signal recovery. Wellknown In the radic frequency region it haa
its counterpart also in the optical regime. The principle of
optical heterodyne detection la glven in Fig. 10.15. The incoming
radiation is mixed in the deteotor with the radiation from a

Fig. 10.15 hare

local osclllator, which eould be a diode lamer or a CO, laser. In
the detector beats are generated at the difference frequency
batween the silgnal frequency Vs and the local oaclllator fre-
quency vy, A narrow band electronie filter, that only tranamits a
Fixed frequency v;p, the intermediate frequency, selacts the beat
frequeney vy-vyevip. vy 18 chosen In the radio frequenoy region



in which amplification eanily can be performed. When the fre-
quency of the local oscillator is swept the frequency of the
recorded external aignal 1is also Swept and the spectrum will
sucgeasively be recorded. The aixing of the signals o¢an be
described as

I = [a, sin(2xvat)+A] sin{2av)t)]? = (10.4)
Ash) sin[2w(vg-v1)t] ¢+ tarms osclllating at high

frequencies

As we can see, the amplitude of the recorded signal is proportio~
ral to that of the incoming signal {Ag) as well as to that of the
local oscillator (ll). By inereasing the amplitude of the local
oacillator a nolae-rree amplification can be achieved. Heterodyne
detection 1is frequently referred to as coherent detection,
Sometimes it is convenient to alsc use a phase-sensitive (lock-
in) detection at the frequency of a bean chopper for further
Increase of the signal-to-noise ratlc and background rejection.
In Fig. 10.16 an example of heterodyne detection ia shown. The
sun-disec is used aa a radiation aource and the absorption of the
earth's atmosphere is monitored. The sun disc 1s tracked with a
helioatat. '

By tuning the local diode laser oacillator through the apectral
region of an ozon infrared absorption line a algnal with a pres-
Sure broadened component (See p.XXX) from the tropospheric ozon
and a narrow component from the atratospheric layer {(p.XXX) is
recorded. By a mathematical deconvolution procedure the vertical
0zon concentration profile can be caleulatad.

Fig. 10.15 here

10.2.2 Long path_abmorption technigues

]
The principle or long-path absorption tschniques 1s shown in Fig.

10.17. A continuous laser beam {5 transmitted into the atmoaphere

Fig. 10,17 here

5

against a corner-cube retro-reflector (p. xxx), that ias placed at
& distance of up tc 10 km., The reflected beae is received by an
optical telescope that ia plsced at the site of the laser and is
directed towards the retro-reflector. The received light inten-
sity 1s measured photo-electrically as a function of the laser
wavelength., The abasorption spectrum of the atmoaphere betwean the
laser and the retro-reflector is then recorded and the mean

concentrations Ny of poliutant molecules can be determined using
the Besr-Lambert relation.

n
1n -2220 2R :z 9 (VINy  + Kegt) (10.5)
-1

Here P,(y) fs the received light {intensity and Po{v) I8 the
intensity that would have been received in the absence of at-
mospheric absorption. 9i1{v) 1= the absorptfon cross ssction for
the molecules of the xind i, 93(n} normally strongly variea with
the wavelength while Kaxt rapresents particle extinction that 1a
largealy wavelength independent in a small wavelength region. If
several molecules absorb in the Same wavelength range 1t 1a
necessary to perform the measurements in a suffioclently large
wavelength interval, preferably with a continoualy tunable laser
to allow an unambigous determination of the individual molecular
speciea. Frequently one tries to work 1in a wavelength region
where the gas of interest is thas dominant absorber, Then the
&pasurement can convenintly be performed by rapidly switcehing the
laser wavelength frow the line center to a close-by off-line
wavelength. Clearly, it 1is hecessary to work in a wavelength
region where the dominant atmospheric absorbers 002 &nd Hy0 have
a4 low absorption (See page XXX). Such regiona can be found where
the CO, and DF lasers emit, around 10 and &% um, respsctively,
These gas lasers are normally only line tunable and accldental
wavelength coincidences are utilized, Sometimes two lasers, tuned
to a resonance and an off~resonance frequently, respectively, are
used and a rapld switching between transmission from the two
lasers 1a performed. High~preasure CO0; 1lamers and diode lasers
are continously tunable. The long-path absorption technique |is
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mainly used for monitoring gases such as CoHy (ethylene), C2H3C1
(vinyl cloride) 03 ang co utilizing sultably located vibrational
transitions. Reasults from a measurement of CO across a highway
are shown in Fig 10.18.

Fig 10.18 here,

In a variant of the long-path absorption technique radiation from
a diode laser or a light-emitting diode 1s transmitted fiber-
Ooptically to remotely located multi-pass absorption aells and the
partially absorbed beam is sent back, also using fiber optics, to
the measurement systea. Using such a system which operates at
short IR wavelength (1-2 ve), at which optlcal fibers transmit
well, many points can be monitored form a central system with
laser and computer facilities [10.54].

10.2.3 Lidar techniguea

Lidar, whioch 1s an acronya for Light detection and ranging, is a
Reasurement technique Ln which pulased laser radiation is trana-
maitted into the atmosphers and back-scattered light is detected
at a certaln time delay in a radar-liks fashion. The principle of
lidar (also called laser radar} is illustrated in Flg. 10.19.
Laser light, that 1is back-scattered from a distance R arrives at
the lidar receiver at a time delay t = 2R/¢ after the trana-
misslon of the pulss, The light veloaity c 1a 300 m/us. From the
time delay range-resolved information can bes obtained and the
range-resclution AR is given by the duration of the laser pulse
tp: 8R=t_ 0/2. (Due to finite electronic response of the detection
system the range resolution may be further impaired). The {in-
tenalty of the received 1lldar signal 1a given by the general
lidar equation:

AR R

R(R,4R) « CWNy(R)q, o OxP(-20/(0(vIN(r)+Kgyt(r)) ar (10.6)
F o

Fig. 10.19 hers
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W la the transmitted pulse energy and Nh(R) 18 the number density
of acattering objecta with back~scattering cross aecticn 9. The
exponential factor describes the attenuation of the laaer beam
and the back-scattered radiation because of the presence of
N(r) and absorption cross
seotion o¢(v), and due to attenuating particles with wavelength
independent extinction coefficent Kaxt: A slngle absording

absorbing molecules of conaoentration

molecular specle ia assumed. C 1a g aysteam constant., The product
¥p(R)op 1n the 1lidar equation determines the strength of the
back-scattering which can be caused by several processes. It can
be due to fluorescence from molecules that are reaonantly execited
by the laser light. At high pressures, 1{.e. In the troposphere,
radiationless transitions dus to collisions strongly quench the
fluorescence light (Ses page xxx). On the other hand, fluore-
scence detection ia very efftent for monitoring of stratospheric
constituents. In the stratosphere there arse layers of Li, Na, X
and Ca atoms at about 100 ka height. These layers of atoms, that
are produced mainly through evaporation of meteorites impinging
into the atmosphere have very successfully been mapped out with
ground-based fluorescence lidar systems operating with tunable
dye lasers [10.55].

The backscattering can also be ocsused by the Raman process.
Because of the weakneas of this kind of scattering, high power
laser beams are normally required even for monitoring of major
atmospheric apecies, Here light backscattered with a charac-
teristic Stokes frequency ahift is detected. The technique has
been used for vertical monitoring of water vapour prolfiles and
for temperature Measurements. Atmospherio visibility can also be
assessed by meaauring signals from "2 molecules, that are re-
corded with reduced intensity because of mist and fog particles,
Slant visibility measurements ars of great interest, e.g. at
sirporta,

The very strongesat back-scattering proceas in the normal at-
mosaphere is the Mie scattering againat particles {Sese page XXX).
Slnoe the scattering 1is elastio, no information on the chealical
composition of the particles s obtained. {(Such information can
be obtained using very high power laser pulsea that through
focusing can induce air break-down (laser sparka) at distances up
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to 100 m. The emission spectrum from the spark carries informa-~
tion on vaporized particlea [(10.56]. The LIBS (Laser Induced
Breakdown Spectroscopy) 1s also a powerful laboratory technique
f10.57).) The intensity of the Mie-spatterad light depends on
the nusber density, size, shape, index of refraction and abasorp-
tion properties of the particles [%.x.x]. Thus, a quantitative
analysils requires a calibration, whereas relative particle
spatial distributions can be obtained without large coaplica-
tions, Since the particle backscattering frequently strongly
dominates over particle extinction Kext the range-resoclved lidar
signal directly maps out the particle distribution Np(r).

The conatruction of a lidar syatem 15 illustrated in Fig, 10,20.
Fig. 10.20 here.

A Nd:YAG laser is used elthar directly or after frequency con-
veralon in a dye laser to produce pulses that are transmitted
into the atmosphere via a planar first-surface aluminlzed airror.
The same mirror is used for directing back-scattered light down
into a fixed WNewtonian telescope, 1In the focal plane of ths
telescope there fa a pelished metal mirror with l'anall hole,
which definea the fleld-of-view of the telescops, For a telescope
with a focal length of 1 B, a 1 am hole correaponds to a tele-
scope fleld~of-view of 1 arad, which matches typical laser beam
divergences. In order to suppress background 1ight it is essen-
tial that the teleacope only observes regions from which laser
photons can be backscattered. The light paasing the aparturs is
detected by a photomultiplier tube, whereas all the other 1light
is directed into a TV camera, that produces a picture of the
target area, except for the laser beam region which is seen as a
black apot, The detected lidar signal is transferred to a tran-
slent digitizer (page XXX) and is read out to a computer aystem,
The computer is used for controlling the planar mirror, the laser
wavelength etc and also performs signal averaging and necessary
processing of the lidar signals, In Fig. 10.2% particle monitor-
ing with 1l1dar techniques is {llustrated. Increased back-soatter-
ing i1 wmonitored frrom particle plumes whereas a smoothly
falling-off 1/R2 intenaity 1s obtained from the uniform back-
ground particle distribution in the atmosphere,

Fig 10.21 here. Fig. 10.22 here,

In ordesr to measure the concentration of gaseous pollutants with
lidar techniques, resonance absorptlion c¢an be used inp a similar
way as in the long-path-abaorptlon method that was described
above, However, In the lidar technique no retro-reflector is
required but the scattering from particles {is utilized for
generating s reflected signal, The particles serve as a "distri-
buted mirror®™. The differsntial absorption at cloSe-lying wave-
lengthe of molecules in the atmosphere is used. The method, which
is ocslled dial (differential absorption lidar), f{s useful rfor
qualitative as well as quantitative range-resolved measurements
of air pollutants. The principles ars |llustrated in Fig. 10.22.
For the sake of argument we consider an atmosphere with a uniforas
particle distribution and with two localized olouds of absorbing
gas molecules. Lidar curves are recorded et & frequency of strong
apecific absorption V1 and at a closeby reference frequancy va.
For atmosheres with typical particle size distributiona, %, and
Kext will not change 1in the small frequency range, since the
oacillatory behaviour, that is oharactertstie for uniform par-
tlclas (page XXX), will be washed out. If particle extinction
Kext 18 small the recorded curves will ror both frequencies have
a simple t/R2 dependence for the region preceeding the firast gasa
eloud. For the nor-absorblng frequency the ildar curve contfnues
with a 1/R2 intensity fall-off even through the gas clouds,
Whereas intensity reductions cccur in the on-resonance 1lidar
curve at the site of the gas clouds. If no gas had been present
both curves would have looked the same. The presence of an
absorbing gas is best exhibited if the twe curves are divided by
each other as i{llustrated in the figura. Mathematically, this
ratio can be formed by dividing the expressions for the lidar
equation (1¢.6}) for the two frequencies v, apg vyt

R
-——---; = exp(-2(elvi)~a(vp)) f N(r)ar) (10.7)
4}
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As can be seen, all unknown parameters asuch as Npir), op and Kexg
are eliminated at the division and only the absorption croaa
sections at the two frequencies have to be known from laboratory
measurements for an evaluation of the gas concentration N(r) as a
function of the distance R. We also realize that the method as a
matter of fact not at all requires a uniform particle distpibu-
tion, &ince any husmps In the curves due to particle olouds would
be divided away,

In Fig. 10.23 the absorption spectrum for 505 in the wavelength
region around 300 nm is shown. In practical dial measurementsz of
S0 the laser wavelength ia changed between 300.0%5 nm and 299.30
na every other laser pulss and the correaponding lidar curves are
averaged 1in separate computer memorles. An 30, measurement la
illustrated in Fig. 10.24. Ozon can also be measured at wave-
lengths cloae to 300 nm, whereas NO> 1s monitored in the blus
spectral region. Pollutants such as NO and Hg can be meansured at
short UV wavelengtha, whereas CO, HF and hydrocarbons demand IR
wavelengtha. A review of atmospheric polliution monitoring using
lidar techniques 1s given in Ref, [10.58].

Fig. 10.23 here. Fig. 10.2% here.

It should be noted that the atmospheric back-scattering is con-
slderable weaker at long wavelengths because of the atromg
wavelength dependence of Mis as well as Raylsigh scatterfing. In
order to increass the signal-to-nolse ratio of IR laser radar
8ystems uaing e.g. pulsed TEA CO, lasera, heterodyne detection ia
frequently used (Seoction 10.1). Wind velocities can be remotely
measured directly by frequenoy analyzing the beat between the
back-scattered radiation that 1is Doppler shifted from wmoving
particles and radiation from a CW laser tuned to the same fre-
quency as the pulsed laser. Global wind fleld measurements aa
well as monitoring of molecules, especially 03. are planned with
space-borne 1lidar aystems. OGround~based and air-borne 1lidar
systems have been used in extensive studies of stratoapheric dust
particles following voleanic eruptions [10.59]. The particle
contents of the atmosphere ia lmportant In considerations of the
éarths radiation balance. Meteoroclogical paramaters such as humi-
dity, temperature and pressure can be measured with dial tech-
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niques using weak absorption lines of abundant species such as
I‘120 and 02 in the red spectral region. Tunable solid state lasera
such as alexandrite lasers (page XXX) are particularly sulted for
auch measurements {10.60].

10.3 Laser-jinduced fluorescence and Raman spectroscopy in l1iquids
and solids.

Laser-induced fluorescence (LIF)} in liquids and ao0lida can be
uaed for diagnoetic purposes iln many contexts. Moat substances
have broad absorption bands in the UV reglon and a pulsed UV
laser is frequently moat useful for inducing fluorescence. The
nitrogen laser (i = 337 nm} is a simple and practical asocurce in
these contexts. Other useful laser aystems are tripled Nd:iYAG
lasers (A«355 nm) or excimer laaers (XeCl, A~308 nm; XrF, A=2i49
ne}. Liquids and solids exhibit broad flucrescence emiaslon bands
[10.61-63). As alresdy discuased for dyes, sharp emission fea-
tures are lost because of rotational quenching and mutual inter-
actions between the moleculea. Vibrational Raman spectra on the
other hand exhibit quite sharp lines. Raman spactroscopy 1s a
powerful tool for studing liquids and surface layers on solids.
In this section we shall describe a few application of LIF and
Raman spectroscopy of liquids and solids. We will fipst consider
hydrosphere remote senaing and then discuss monitoring of
suyrface layers,

10.3.1 Hydrospheric remcte sensing

The increasing pollution of seas and inland waters calls for
efficient methods for aquatic pollution monitoring. 011 spills
cause vary drastic damage to the environment. For marine moni-
toring, airborne surveillance ayatems are the moat operational
ones. All-weather capabllity generally calls for a microwave-
based system. Fluorescence can be monitored at a distance with a
modified lidar set-up and an ajirborne laser filuorocsensor can be a
valuable complement to a SLAR system (page XXX) for characte-
rizing detected oil slick, Clearly, 1t 1s necessary to perform
laboratory measurements of the substances of interest in order to



obtain the basic Information necessary for an operational system.
A laboratory aset up for LIF studias ia shown 1in Fig. 10.25.
Either a acanning monochromator connected to a boxcar integrator
is used, or bdetter an optical multichannel analyzer (page XXX).
In Flg. 10,26 LIF apectra for different substances in the aquatic
environment are shown ror No-laser excitation,
Fig. 10.25 here, Fig, 10,26 here,

A crude oil wspectrum {ia shown featuring a broad and strong
fluorescence spectrum., 011 producta flucresce quite strongly
because of their contents of urdlntlo hydrocarbons such as
antracene and naphtalene, Refined products fluoresce even
stronger and with its peak fluoreacence shifted to shorter wave-
lenghta, whereas heavy residual olls such as asphalt fluoreace
Weakly and wainly towards longer vavelengths. A apectrum of
Sea-water 1s also shown with a promient sharp signal dus to the
OH stretch Raman mode of Hy0, The broad blue fluorescence 1s due
to organic water pollution. The apectrum also shows a fluor-
esoence peak from a tracer dye that has been added to the water.
Such dyes can be used to mark a "package® of water allowing
studies of flow patterns in aquatic systems. A oconcentration as
low as 1yg/l is asufficient for such fluorescence tracing. In-
cluded In Fig. 10.26 1s also a spectrum from river water, pollut-
ed by lignine sulphonate from a pulp mill and a spectrum of water
containing microscopic green algae. The prominent peak at 685 nm
is due to the chlorophyll~-a pigment, that {is present in all
plants [10.64]. LIF can be uaed for studying algal blooms in the
3ea and in lakes Jnduced by sutrophication. Airborne oll
monitoring systems have been constructed [10.65]. 011 slicka are
detected by an Lncrease of the blue fluorescence at the same time
as the water Raman signal disappears because of full abaorption
In the oifl jlayer,

Fig. 10.27 heres .
An airborne 1idar system operating in the blue-gresn transmiasion
window of water (page XXX} can be used for heasuresents of water
depth [10.66). The principle of asuch measurements f{s gliven {n
Fig. 10.27. The apeed of light 1n water is about 0.75 o. Laser

with a short pulse length must be used. Water ia strongly atten-
uating and in order to enhance the weak bottom echo with respect
to the strong surface echo a polarization scheme can be used., 1If
the laser pulae !s linearly polarized the surface echo remains
largely polarized whereas the bottom echo is almost completely
depolarized, Thus, by using a crossed linear polarizer in front
of the detector s more reasonable relative strength of the two
echoes 18 obtained. Depths down to several tens of meters can be
Measured by laser bathymeters of this construction. A frequency
doubled Nd=YAC laser (A«532 nm), a copper vapour laser (a=510,
578 nm) or a HgBr laser (A~520 nm) are candidates for laser
bathyeetera. Spaceborne green lasers are also being discussed for
communication with submarines. The field of hydrospheric probing
by lasers is discussed in Ref, [10.49].

10.3.2 Monitoring of surface layers

We have already mentioned that oils atrongly absorb U¥ light,
Thus, LIF can be used for detecting very thin surface layers of
011 {10.67]. Industrially, 1t can be of interest of be able to
establish that aheet meatal componants are free from oil before
entering s painting shop. It is also interesting to monitor the
presence of surface layers, e.g. of corroslon-protective agents,
Examples of spectra of that kind are given in Fig. 10.28. Moni-
torlng of the application of oil for rust protection during sheet
metal colling in & stesl rolling mill uaing on industrial fluor-
osensor 18 illustrated in Fig. 10,29,

Fig. 10,28 here. Fig. 10.29 here.

The penetration depth in organie liquids rapidly increases for
longer wavelengths. By chosing the proper excltation wavelength
sensitive measurements of film thickness can be performed in
different thickness ranges.



The flucrescence of organic substances can also be used taor
sensitive detection of signals in liquld chromatography {10.68],
Then a UV laser beam is used for exciting fluorescence at the
outlet of the chromatography column., The varying wavelength
distridbutions for different compounds can be ussd for further
selectivly increase in complicated chromatography spectra,

Certaln salts of rare esarths exhibit sharp fluorescence lines
when exclted by UV light, It has been shown, that the reslstive
strengths of different lines and also the decay time of the
fluorescence at a certain fluorescence wavelength vary strongly
with temperature. Thus, by applying thin layers of such salts on
surfaces it ls posasible to remotely measure the temperature by
LIF {10.69). This technique could be particularly valable for hot
rotating machine parts.

Surfaces of solids can alsc be iInvestigated by Raman spectro-
scopy, which has a higher specificity than LIF [t0.70]. Thus,
this method 1s very sulted for atudying chemical processes such
aa corrision, elsctrochemical processes ete, Frequently, an Ars
lassr is used in conjunction with a double or triple monochro-
meter for isolating the Raman signals from the vary atrong
elastic scattering from the surface. In Fig. 10.30 a HRaman
spectrum iliustrating surface oxidation ias shown.

Fig. 10.30 here,

The Raman scattering from & surface can be strongly enhanced as
compared to the bulk material acattering. The enhancement is
connected to perlodic structures in the surface. Surface-enhanced
Raman scattering ls discussed in Ref. [10.71]. Surfaces can also
be studied by other optical techniques. A method, in which the
strength of surface frequency doubling of impinging laser light
is investigated 1is rapidiy evolving into a very poverful tech-
nique {10.72-73). An example of surface studiaep by frequancy
doudling is shown in Fig. 10.31. The general fleld of laser
apectroscopy of solida is covered in Ref, [10.74].

Fig. 10.31 hare

10.4 Laser-induced chemical processes

Laser 1light can be used for inducing or controllirg chemical
processes In different ways, New posaibilitles in comparison to
normal processss governed by thermodynamica thus arise. Photona
Oof suitable energy can much increase the apeed of a certaln reac-
tion leading to a strong increase in the yield of a deaired
subatance. In this ssction we will discusas laser~induced chemical
processes 1in gensral and also conaider processes, in which a
strong isotopic selectivity ias obtained leading to laser isotope
separation. The pressntly very active fleld to laser-~induced
processes s c¢overed in a number of conference proceedings and
reviews [10.75-79].

10.4.1 Laser~induced chemistry

A primary guestion in connectlon with laser-induced chemistry has
been whether 1t would be posalble to selectively break chemical
bonds in large molecules by irradiating the molecules at a
frequency oorresponding to the vibrational mode assaciated with
that particular bond. If thia could be accomplished the possi-
bilitles to manipulate molecules would be almost inexhaustable,
However, 1t turna out that the energy that is absorbed in a
certain vibrational mode very quickly s distributed over the
Wwhole molecule. Therefore thes excitation will be easentially
thermal and unselective, In order to break & bond it is necassary
to deposit a high energy in the bond in a time that muat be leas
than 1 ps. This ia tschnologiocally difficult, Thus, laser-induced
chemlatry instead has to rely on othar proceasses,

By exciting a molecule to a higher vibrational level it can be
made to react much faster (chemical activation), One example ia
the reaction

K + HCl + XC1 + N



This reaction occurs 100 times faster if the HC1l molsculss are
excited to v = 1 as compared to v « O, Laser radiation can also
act as a catalyst in certaln reactlons, e.g. in the production of
rinyl chloride CaH3C1 for the plastie industry. The process,
which basically 1s a thermal break-up of dichlorethane CoHyC1
into 02H3c1 and HCl, ~can be run at consliderably lower tempera-
ture In the preaence of laser light. With an XeCl excimer laser
(308 nm) free C1 radicals are forsed that open up new reaction
patha: Only one laser photon is needed for producing 10% vinyl
chloride molecule since a chain reaction 1s utilized [10.80].
Laser radiation s also very effective in many pyrolysis reac-

tions, Here a local heating of the reacting gases 1s accomplished
by the laser lIight. As &n example the cracking of heavy hydro-
carbona {nto lighter ones can be mentioned. In the petrochemical
industry 1t 1ia frequently desirabls to increases the yleld of
CoHy over CHy, since ethylene 1s a wmore desirable starting
material for wmany petrochemlical processes, Laser pyrolysis
results in a higher yleld than the one posaible with thermal
heating. Also for the production of ceramioc materials, laaer
pPyrolysis has a good potential. Uaing sailane ( SiHyy as one
starting product powders of S§i, Si3My or SIC can be produced,
later to be sintered into ceramics [10.79].

Laser chemistry can alsoc be used for purifying certain chesicals.
The production of ultrapure ailicon for the seaiconductor in-
dustry and for producing solar cells is of apecial interest, For
optical fibers the purest possible 810, 1s desirable. 4 suitable
starting materi{al is ailane gas (SiHy, Araine, AsH3, and phos-
Phine, PH3, are typleal lapurities. On radiation of the natural
gas mixture with an ArF exoilmer laser (A=193 nm) the impurities
are quickly dissocclated., The technique has a good production
potential and the cost for purification could be quite reaso-
nable. Since the cost of the laser photons always will be an
important factor it 1a likely that laser-induced chemical pro-
cesses will be advantageous especially for produclﬁg specialized
and expensive chemjicalsa, ¢.g., farmacsutica. Photoasaisted produc-

tion of vitamine D and prostaglandine has been considared
[10.79].

10.4.2 Laser Lsotope asparation

By using laser 1light of sharp frequency It tis, utilizing the
optical 1isotope shifts, possible to 1induce isotope selective
processes leading to isotope separation. Enriched or separated
isotopes are of great intersst in many contexta, Pure radio-
isotopes are much used in medicine. Also stable elements such as
3¢ can be used for studies of the metabolise and other bio-
logical processes, In NMR spectroscopy signals are only obtalned
from lsotopes with a nuclear spin, For sulphur and caleclum the
useful isctopes 333 and %3Ca are naturally present only in very
small concentrations, By using enriched isotopes In the bullding
up of organlc material completely new posslbilitlies would open
up. Enrichment of 1%C from organic objects that are to be dated
would mean a much higher sensltivity since the tracer element
could be concentrated into a small volume allowing small de-
tactors to be used with a resulting low background count rate. In
this way the time apan when dealing with the 1%C mathod could be
considerably increased,

However, the greatest interest for isotope separation comes from
the nuclear power industry. Production of heavy water for heavy
water reactors and separation of highly ective components from
the burnt out uranium fuel are two applications. The moat im-
portant aspect by far is, however, isotope aseparation of 235py,
Natural uranium contains only 0.7 % of 2350 snd an enricheent to
about 3 % 18 needed for use in light water reactors. The normal
separation wmethod 1ia diffusion of uraniup hexafluoride UFg
through porous filters. The process, which relies on the aligtly
different moblility of 2350F¢ and 238UF6. is very inefficlent and
the separation costs are very high and correspond to about 10 %
of the resulting price for the produced electricity. Several
nuclear rsactors are needed for providing the electricity ror a
typical separation plant. A technique based on high-speed gas
eentrlfugins is now being developed as a poasible alternative, At
the same time laser techniques for uranium isotope separation are
belng investigated in several countries, Clearly, any technique
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that could reduce the separation costs would be of great in-
tereat. Laser techniques can lead to high degree of enrichment
and may be useful also in procesaing of uranium tailings form
which most of the fissile material has already been removed.

Laser isotope separation schemes based on free atoms or on UFg
are possible. In both cases the presence of an isotope ashift Is
eritically utilized. We will first consider free atoms. For heavy
slement such as uranium the isotope shift is only due to the
volume effect {(page XXX). In Filg. 10.32 the different 1msoto-
pically separated components of a uranlum emission line are shown
for an enriched sample. The broadening in the 235U line is dus to
unresolved hyperfine structure. The basic principle for atomio
uranjum separation is shown in Fig. 10.33.

fig 10.32 hers, Flg. 10.33 here.

A narrow-band tunable laser selectively transfers 235U atoms to
an excited state. Since atomic transitiona can be saturated with
laser pulses {page XXX) a laﬁse fraction of the 235U atoms are
tranaferred to the higher state from which they can be photo-
ionized uaing a second lasaer pulse. The photon energy for this
laser 1a not sufficient for photo-ionizing ground-state atoma.
The 235U fons that in this way have been formed, are extracted
to a collector plate using an electric field. A separation scheme
With two selective exclitation steps induced by dye lasers that
are pumped by powerful copper vapour lassrs is being explored for
practical separtion purposes. A powerful excimer laser 1s used
for the photo-ionizing step. The properties of uranium call for
speclal evaporation techniques. It |i» neceasary to heat the
uranius to 2300 K for achieving a substantial avaporation.
However, molten ursnium ametal 1s extremely resctive and attacs
most oven materials. One technique to overcome this problem Ia to
use local surface heating with electron guna.

Uranium 1sotope aSeparation using a molecular approach is based on
selective multi-photon dissocation of UFg., The relevant vibra-
tional 1sotope shift 1a 0.6 cm~! in the primary vibrational
transition at 628 om~! (16um). In the development of the tech-
nique, experiments on SF¢ have been very important, The con-

29

ditions are amuch wore favourable for 3F¢ than fror UFg. The
lsotops shift 1s 17 om“! petween 325 and 395 in the IR active
vibrational mode that Involves aasymetric strecting of two S-F
bands. The spectrum has a typfeal P, Q and R~branch structure and
the whole reglon of absorptlon for the rotational level popula-
tlion distribution that 1is obtained at room temaperature 13 15
cm~1, Thus, the isotoplc molecules are spectroscoplcally totally
separated, Further, the vibrationsl tranasition In 325F; we11
Natchea the emisasion of a free-running pulsad coz laser,

The multi-photon dissoclation process is 1illustrated {n Fig,
10.34, Because of the anharmonicity of the vibrational potential

Fig. 10.34 here.

4 photon energy that is resonant in the first vibrational atep
will successively pull out of resonance higher up in the vibra-
tional energy level ladder. Still the molacule can be excited in
& multi-photon process {page XXX) until it {is dissccated (page
XXX). SFg then disintegrates into SF5 and F. By making the firast
step rescnant for one isotopic molecule the probability for
subsequent dissociation for this molecular specle ia drastically
increaaed,

The oorresponding process for UFg has as a prerequisite the
avallabllity of efficlent lasers in the 16 ua reglion. This has
spurred a considerable effort in accomplishing such lasers, An
officlent way to gensrate laser radiation at 16 yma 13 to Raman
Shift a pulsed CO; lager at 10.6 um, By stimulated Raman scatter-
ing in a pulti-pass cell filled with para -Hy g 16 ym beam can be
produced at & 50 % efficlency. fotational transitions in this
molecule with parallel nuclear spins are used, A problem with UFg

1s that the width of the sharpeat feature in the spectrus (the
Q~branch} 18 5 o1 at room temperature, which much exceeds the
isotope shift. Thus the seleotivity is poor, By using two €0,
laser wavelengtha iIn the 16 ¥R region the aelectivity can be
increased. By a dynamic cooling of the UFg gas through expanalon
from a super-sonic nozzle the number of populated rotatiocnal
laveals can be drastically reduced leading to a much better
resclution of the Q-branches of the two isotopic molecules., Even



then twc separate 16 um wavelengths are favourable and further
efficliency is gained by adding excimer laser UV photons for more
efficlent phroto-dissociation of moleculea that are excited in ths

Bulti-photon process. At the UFg dissociation, UFs molacules are
formed, constituting a powder, that can be collected.

For separation of 13c, nulti-photon dissocation of Freon-22
(CFahc1) or CF3l can be used and macroscoplc quantities are being
Produced utilizing COs TEA )amars. Heavy water (D30) can also be
enrlched with a multiphoton process utilizing CO0» 1aser radiation
acting on CP3p molecules:

CF3p nfv CFy + DF
2PF + Ca0O » 020 + CaPy

The isotope ahift between CF3D and CP3H 18 large and the cross
sectiona for multi-photon absorption differ by a factor of 6000
between the two molecules.

Formaldehyds, HCHO, has alsc been studied Ruch, Using multi-
photon processes this molecule can be usasd for separation of
hydrogen, carbon as well as oxygen.

Step~wise processes involving few photons can also bs used for
molecules. As a matter of fact one of the first laser sepiiétions
wWas performed in thts way., Thia experiment on NH3 molecules ia
1llustrated in Figs. 10.35 and 10.36.

Fig. 10.35% here. Fig. 10.36 here.

A mixture of TMMHy ang '5WH3 1a kept 1n & cell and is irradiated
by a pulsed €O, 1sser which only can excite 1"'"'13 vibrationally
because of the isotope shift. At the same time e atrong UY source
consiating of a spark discharge in air is flred..The UY¥ photons
dissociate the vibrationally excited molecules but becauas of
proper filtering no photons with sufficient energy to dissociate

ground-state molecules are available, The following reacttons
occur, but oniy for 1"Nus,

Sl

NH3 + hv + NHp + H
NH2 « NHz + NaHy
NoHiy + H HaH3 + Hp
2N2H3 * 2NH3 + Np

Thus, fsotopically enriched 1“"; gas has besn formed in the cell.
Similar procesaes can be used for boron and chlorine separatlion.

For production of clean radie isotopes for medical use it s
favourable to induce the nuclear reactions in the properly chosen
1sotopically pure elements. Examples of such processes are:

203r) 4 2017y, 120y, . 1231, 682n + 67Ga ana 19005 = 19715,

The annual world demand for such 1sotopea might be of the order
of 100 grama but salinge conventional production schemes are
extremely oostly, laser isotope separation might here be an
attraotive poasibility,

10.5 Spectroscopic aspects of lasers in medicine

Lasers are finding increasing applications in the fleld of medl-
cine. Normally the heating effect of laser beama 1ia utilized. At
4 temperature rise from 379 to 440C the enzymatic and electrical
activties of the cells ars disrupted. At 609C proteln denatura-
tion ocours and at 1009C the cells rupture dus to the boiling of
the cellular fluid. Carbonlization cccurs of temperatures above
2000C. The laser power densities required to attain a certaln
temperature riae clearly dependa on the absorption properties of
the tissue, which are much governed by the properties of water
and hemoglobine, Skin absorption {s largely due to melanine. The
corresaponding absorption curves are included in Fig. 10.37.

Fig. 10.37 here. Fig. 10.38 nhere,



Beams froa the three most ismportant medlcal lasep types, the

CO0,, the Nd:YAG and the Ar+ -laser have a surgical penetration
depth of about 0.1 mm, 4 mm and 1 om, respectively in normal
tissue. Short-wavelength excimer lasars have a very low penetra-
tion depth and tissue removal {s caused by ablation. Under the
pulsed irradiation the tissue is 1lifted off layer by layer., These
lasers are now being extansively inveatigated for medical use,

An lmportant feature of laser beams in surgery 1a thelr ability
to cut and at the same time cocagulate the blood vessels, which
strongly reduces the need for blood tranafuaions ("the blood-leas
knife"). The thickness of the coagulated zone varies with the
laser wavelength used, Other advantages are the sterile, non-
touching nature of the cutting and ths minimum mechanlical atraln
on the tissue. The last polnt is particularly important in
neurosurgery. Lasera are also used for vapourizing tumours., The
laser radiation from Nd:YAG and Ar+ lasers can conveéniently be
delivered through flexible optical fibers that are highly trans~
parant toc the ocorresponding wavelengths. However, for COZ no
flbers have bheen avallable until very recently, when first fiders
of limited applicability appeared., Noramally, CO> padiation ia
delivered through » specially designed aulti-joint arm that is
terminated with a handpleca,

The atrong absorption of green Ar+ radlation In blood c¢an be
utilized for selective coagulatlion of small blood vessela., This
i1s utilized in the treatment of portwine atains. This darmato-
logical disease {s caused by exceasive growth of a network of
tiny blood vesselas close to the skin, The laser light penetrates
the skin but 1a absorbed in the blood eliminating the ocause of
skin discolouration,

Ar+-lasers are aslso used for photo o¢cagulation treatment of
sxcessive blood vessel growth Iin the retina of diabetes patients,
It is also used for "spotwelding®” of the retina in the case of
retinal detachment, Because of the relatively easy optical access
to the interlior of the eye this organ is well suited for laser
treataent. The absorption characteristics of different parts of
the eye are glven in Filg. 10,38, The retina conalats of many
layera with different absorption properties. Thus by choosing the
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wavelength an energy dose can be delivered to a particular layer
with a certaln selectivity, One area in the retina has very
speclal abaorption properties because of its high oontents of
xantophyll. The optical and spectroscopice properties of the eye
largely detereins the criteria for safe utilization of lasers and
fors the basis for legal clasaifiocation of lasers. The US regula-
tions [10.81] are frequently used as a starting point {n setting
up national rules. The maximum permissible dose of laser light
for eye axpoaure obviously varies strongly with wavelength. The
strictest regulations apply for the wavelength reglon %00 -1XXX
nm, in which the retina is fully exposed to the radiation. As a
matter of fact, the NA:YAG laaer opsrating at 1.06 um ls one of
the moat dangerous lasers from an eye safety point of view since
it penetrates into the eye, yeat the presence of beams is not
revealed through scattering, since the wavelength falls in the
invisibls region. For wavelengthas below 400 nm absorption occurs
in- the ocornea. However, high doses of UV absorbed In the cornea
causae cataracts, The most relaxed regulations pertain to the
wavelength region above 1.X um where only the heat depasition in
the cornea sets the limit., For detalled accounts of the medical
use of the thermal energy 1n laser beams we refar to [10.82-
10.85].

Apart from the surgical application of laser beams discussed
above, a new Interesting fiald of laser utiljzation for tumour
localization and treatment |{s emerging., The techniquea take
advantage of the special propertiea of certaln agents, moat
notably hematoporphyrin derivative (HPD) [10.85-91}. After
intravenous {njection (typlcally at 3 mg/kg bodyweight), the HPD
Bolecules are distributed all over the body. However, after a few
days the material {s excreted from the body, but not from tu-
mours, where it is aselectively retained as 1lllustrated in Fig.
10,39,

Fig. 10.39 here, Fig. 10.40 hera,

Whereas the HPD molecules themselves have no therapeutic effect
they have two important properties that can be used in connection
with the selective retention just mentlioned. The molecules have a
very characteristic dual-peaked fluorescence in the red spectral



region as 1llustrated 1in Fig. 10.40. The excitatlon 1a 108t
efficiently performed in the Soret band peaking at 405 nm. The
viglet lines of a Kr+ laser (page XXX} falls conveniently in thkis
region, but Ar+ laser lines or the N2 laser emission can also be
used. The fluorescence ocan be utilized for localizing tumours
[10.92-95], e.g. in the lung or bladder, that would otherwise rot
be wviasible in normal endoscopic {investigations with viswing
devices based on flber opties, The other important property of
HPD is that upon excitation and aubsequent transfer to {ts
triplet state, 3r, the HPD molecules can transfer their exc.ta-
tion energy to ground state 3X Oxygen melocules that are preaent
in the tissue as indicated in Fig. 10.39. The oxygen molecules
are then excited from the triplet state to a singlet state.
Singlet oxygen 1s known to strongly react with tissue through
rapid oxidation and the tissue becomes necrotie, The procesa ia
thus of the 1laser-induced chemistry type (page XXX) and involvas
heating of the tissue only as a weak secondary effect, Since the
process only cocurs in the presence of HPD and HPD ls accumulated
in tumours a selective therapy 1is obtained, Again, the H®D
excitation most sfficiently takes place {n the Sorat bani.
However, normally the abaorption peak of HPD at 630 nm ia pra-
ferred since tissue transmits this radiation much better because
the wavelength ralls outside the region of strong hemoglobfine
absorption. (See Fig. 10.36.) An effective penetration depth of
about 1 cm 18 achleved. CW argon—1lon or a pulsed copper vapour
laser pumping a dye laser ia used for generating the 630 am
radiation but the 628 nam emission from a pulsed gold vapour laser
can also bes utilized. The laser radiation ocan conveniently bs
delivered through a quartz optical fiber. For supsrficial tumours
the radiation 1s appllied directly on the surface and doses of
tena of J/cm2 are norsally used. The radiation can also te
fiber-optically delivered through a bronchoscope or a cystoscofe
for lumg and bladder applications, respectively., For deep-lylrg
lesions the 1laser 11ght can be transmitted fibepr-optically
through the lumen of a syringe needle that is f{naerted Ilnto the
tumour mass. A remarkable rate of success has been reported for
this new type of treatment which is normally referred to as
HPD-PDT (Hematoporphyrin Derivative - Photo-Dynamie Therapy). Rew

photosensitizers are being investigated, Ptalocyanine has the
attractive property of abaorbing laser radiation at about 700 nm
wheare the tissue penetraticn depth 1s much Ilncreased (see Fig.
10.37).

We will end this section by further diacusaing fluorescence
diagnostics techniquea for tissue, since the techniques have &a
wide applicablility also 4in other areas. Clearly, practical
monitoring of HPD containing tisaue has to addreas the problems
of how to deal with background signals, that tend to obscure the
specific algnal. In Fig. 10.41 Spectra from a superficlial tumour

Fig. 10.4%1 here.

and surrounding =muscle from a HPD-injected rat are shown. A
nitrogen laser at 337 nm was used for the exclitation and the
fluoreacence spectra were recorded with an optical multichannel
analyzer (page XXX). In the upper part of the flgure the details
from a tumour spectrum are shown with the characteristic dual-
peaked HPD emisslon sitting on the slope of the strong bluse
natural tissue fluorescence. Below spectra that are recorded at
different locatlons along a line extending from normal muscle
into cancer tumour are shown. The signal {ntensities as defined
in the top figure are alsc evaluated. It can be seen that the
blue fluorescence intensity B decreases in the tumour tissue, The
background free HPD algnal A at 630 nm clearly increases 1in the
tumour whereas the signal A' which incluces the background varies
only 1little. By forming the ratio A/B contrast 1Is strongly
enhanced between normal and malignant ¢tissue. We note that
sonitoring of a dimensionless quantity has wmany advantages.
Temporal or spatial varlations in the exciting radiation will not
Influence the result., The ratio i{s alsc finsensitive to the
surface topography, 1.e. the asignal 1s not {nfluenced by the
angles of incldence and detection but only responds to changes in
the aspecific spectral signature. These concepts are valuable for
imaging fluorescence measurement techniques, that can be applied
for medical aa well as for industrial and remote-sensing applica~
tions [10.96],



Differences 1in the natural fluoreacence (autofluorescence) of
various tissuyes can alsoc be utilized for dlagnostics [10,97~
10.98], Thus, tissue autoflucrescence has been used for tumour
characterization [10.99-101] as well as for carfes studies in
tumours teeth [10.102-103]. An emarging application {s charac-
terization of artherocacleroris in blood vessels [10.104}, Fluor-
eacence dlagnhostics would be particularly valuable for guiding
laser removal of artherosclerotic plaque [t0.105-106].

Time-resolved fluorescence spectroscopy ia also a valuable tool
in bdlological and medical (10.107-108). Since the
lifetimes involved arse normally short, pico-second apectroscopy

research

techniques are frequently employed (p., xxx],
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