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Abstract. In recent years, various methods have been developed to observe and to influence
the course of chemical reactions using laser radiation. By selectively increasing the
translational, rotational, and vibrational energies and by controlling the relative
orientation of the reaction partners with tunable infrared and UV lasers, direct insight can
be gained into the molecular course of the breaking and re-forming of chemical bonds. As
examples for the application of lasers in chemical synthesis the production of monomers
and catalysts is discussed. The application of linear and nonlinear laser spectroscopic
methods, such as laser-induced fluorescence (LIF), Coherent anti-Stokes Raman Scattering
(CARS), infrared-absorption measurements with tunable diode and molecular lasers is
described for non-intrusive observation of the interaction of transport processes with
chemical reactions used in industrial processes with high temporal, spectral and spatial
resolution. Finally the application of a UV laser microbeam apparatus in genetic
engineering for laser-induced cell fusion, genetic transformation of plant cells as well as

diagnosis of human diseases by laser-microdissection of chromosomes is described.

PACS: 82.20, 82.30, 82.50, 82.80, 87

Irradiation with light can have a considerable in-
fluence on the course of chemical reactions. The best
known example is the photosynthesis in plants by
sunlight. In addition, electromagnetic radiation is the
most important aid to determining structure, pro-
perties, and behaviour of chemically reacting sub-
stances. In spite of great successes, spectroscopy with
conventional light sources has not been able to answer
many interesting questions. As in other areas of science
and technology, the laser has also created numerous
new possibilities for the investigation of chemical
processes. Particularly the introduction of tunable
laser light sources, such as the dye laser [1] and the
development of linear and nonlinear optical techni-
ques such as laser-induced fluorescence (LIF), reso-
nant multiphoton ionization (REMPI), coherent anti-
Stokes Raman spectroscopy (CARS), laser Raman
spectroscopy on surfaces (SERS), photoacoustic spec-
troscopy (PAS), laser magnetic resonance spectros-
copy (LMR) and Doppler-free absorption spectros-
copy, allow virtually every spectroscopic state of an

atom or molecule to be observed with high resolution,
from the far infrared with wavelengths of several
millimetres to wavelengths in the nanometre range in
the vacuum ultraviolet [2]. The high sensitivity makes
observation of single atoms and molecules possible.
Furthermore, laser spectroscopy can provide non-
intrusive observation of rapidly changing chemical
reactions, such as combustion processes, with high
temporal, spectral, and spatial resolution. In this
contribution the application of laser techniques to
observe and to stimulate chemical reactions will be
described in four different areas: chemical kinetics,
chemical synthesis, industrial chemical reactors and
genetic engineering.

1. Microscopic Dynamics
of Elementary Chemical Reactions

The strong dependence of the rate of chemical reac-
tions on the energy supplied is one of the most
important- observations for- the- chemist. - Often, - the
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Fig. 1. Characteristic energy requirements of the hydrogen
exchange reaction. E, is the Arrhenius activation energy, E, the
minimum collision energy that leads to reaction (threshold
energy), and E, the height of the potential energy barrier of the
reaction in the vibrational ground state, (E) is the average
thermal energy of all binary collisions per unit time and (E*) the
average kinetic energy of all collisions per unit time that lead to
reaction. ZPE is the zeropoint energy of vibration
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Fig. 2. Energy level diagram for the excitation and detection of
state-selected hydrogen molecules by Raman and CARS
spectroscopy

energy of the reaction partners can be represented by
one temperature and the dependence of the reaction
rate on temperature is described by the now nearly
one-hundred-year-old Arrhenius equation [3]. The
Arrhenius parameters obtained in this way do not,
however, provide any information on the respective
contribution of the degree of freedom of the participat-
ing reaction partners to overcoming the energy barrier
of the reaction. In the following examples, reactions in
the gas phase are used to show how information on
microscopic details of breaking and re-forming of
bonds in chemical reactions can be obtained in experi-
ments with lasers. Such information can be used to
influence chemical reactions much more selectively
than by classical thermal heating of the reactants.
The reaction of hydrogen molecules with hydrogen
atoms or their isotopes, as the simplest example of a
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bimolecular reaction of neutral particles, is particular-
ly suitable for a theoretical investigation of the in-
fluence of selective excitation of reacting species. The
energy of one vibrational quantum of the hydrogen
molecule considerably exceeds the Arrhenius activ-
ation energy (E,), the threshold energy (E,) as well as
the height of the potential energy barrier (E,) of the
reaction in the vibrational ground state (see Fig. 1). E,
was first calculated quantum mechanically by London
[4] more than half a century ago. Classical methods for
the study of reaction kinetics are difficult to apply to
this reaction, because known concentrations of vibra-
tionally excited hydrogen molecules have to be
produced and detected. Due to the lack of a dipole
moment and an electronic absorption spectrum in the
vacuum ultraviolet, state-selective studies using spec-
troscopic methods were difficult to perform for a long
time, before laser methods became available. Figure 2
shows the excitation and detection scheme of a laser
experiment for energy transfer and state-selective
reaction studies of hydrogen molecules. Stimulated
Raman pumping is employed to populate H, (v =1,
J"=1) selectively in the electronic ground state of
hydrogen within a 10ns laser puise. The time-
dependent populations in rotational and vibrational
levels in hydrogen and isotopic modifications can be
probed by coherent anti-Stokes Raman spectroscopy
(CARS). In the experimental arrangement [5] 50% of
the energy output of a linearly polarized frequency-
doubled Nd:YAG laser (Quanta Ray DCRI1A, at
532 nm) is focussed into a Raman cell containing a
hydrogen-helium mixture with partial pressures of
20 bar and 10 bar, respectively. The helium is used to
reduce the pressure-dependent line shift of the Stokes
line. Stimulated Stokes Raman radiation is generated
in forward and backward directions. Due to the phase
conjugation effect in stimulated Raman scattering, the
backward beam displayed a more homogeneous inten-
sity distribution over the beam cross section and a
smaller divergence than the forward scattered beam.
Both beams are focussed into the centre of the reaction
cell with a beam waist of about 200 pm diameter for
both fundamental and Stokes beams. The rate con-
stants obtained from this experiment for the relaxa-
tion processes

k1
Hy(o=1,J=1) 2 Hy(o=1,J=3)

of k;3=22x10"*?cm3/s and k3, =1.4x 107! cm?/s
are in good agreement with measurements using LIF
spectroscopy in the VUV spectral region for H, (v, J)
detection [6]. In a similar way, the vibrational energy
transfer from H,(v=1) molecules can be studied. The
diffusion of excited H, and HD out of the CARS beam
strongly influences the time evolution of the CARS
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signal. To estimate the influence of diffusion, an
analytical expression for the solution of the kinetic
equations coupled with transport processes is re-
quired. From such modelling calculations the rate
constants for the vibrational energy exchange pro-
cesses H,(v=1)+HD(@=0)2H,(v=0)+ HD(@=1)
+AE=4694cm™' of 1.9x107'3 cm?/s in the
exothermal and 1.4 x 10~ ** ¢m?/s in the endothermal
direction are obtained.

The CARS detection system provides an ideal
method for monitoring directly reactants and products
in the D+ H,(v=1) reaction. The reaction is followed
in a discharge flow system, where the atoms and
H,(v=1) molecules were generated by microwave
discharges [7]. HD(v=1) and HD(v=0) molecules can
be formed in adiabatic and non-adiabatic reaction
pathways in this reaction. Information on the compe-
tition of reactive and inelastic channels can be ob-
tained by monitoring the decrease of H,(v=1) in the
presence of D atoms corrected for the energy transfer
process described above. The experimental results
obtained so far indicate about equal importance of
inelastic and reactive channels as well as a pre-
dominance of the adiabatic over the non-adiabatic
reactive pathways (see Fig. 3). The experiments show
that when the H, molecule is excited to the first
vibrational state, only about a third of the vibrational
energy is used to overcome the potential energy barrier
E, [8,9]. Thus the reaction of vibrationally excited
hydrogen molecules still shows an energy barrier,
whose height can be predicted both from classical and
from quantum mechanical calculations of the course of
reaction on the “ab initio” potential surface, in good
agreement with experiments [7, 8]. As shown in the
Arrhenius diagram of Fig. 3, only at low temperatures
can significant differences between classical and quan-
tum predictions of the reaction rate be expected. Such
experiments are underway at the moment in our
laboratory.

The results obtained from the study of the hydro-
gen exchange reaction on the efficiency of a selective
vibrational excitation cannot be simply transferred to
similar reactions. Thus investigations of the similarly
thermoneutral reaction 37Cl+H3*Cl(v=1)-H3"Cl
(v=1,0)+3°Cl demonstrate the very effective use
of the vibrational energy for overcoming the energy
barrier [10]. The high efficiency with which the
vibrational energy is used to overcome the energy
barrier causes the chemical reaction, with increasing
temperature, to proceed preferentially via the excited
vibrational states. Thus, the temperature dependence
of the reaction deviates significantly from that predic-
ted by an Arrhenius equation [11]. The dynamics of
the reaction has been simulated by classical, semiclass-
ical, and quantum-mechanical calculations [10]. Par-
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Fig. 3. Arrhenius diagram for the temperature dependence of the
rate for the reaction D + H, (v=1) » HD (v=1,0) + H [8]
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Fig. 4. Energy diagram for the reaction of Br atoms with isotope-
selectively excited HCl molecules. P gives the probability for the
transfer of vibrational energy between laser-excited H*3Cl and
H37Cl and for the course of a reaction in the various collision
processes, respectively. The Br atoms react preferentially with
H3°Cl (v=2). The resulting *°Cl atoms further react with
molecular bromine to give easily separated Br3>Cl. AE! is the
energy difference between H3*Cl (v=1) and H3'Cl (v=1)

ticularly in very strongly endothermic reactions, vibra-
tional excitation can be used efficiently for increasing
the rate of the reaction. Thus, in the reaction [12]
Br + HCl(v) » HBr{v=0) + Cl an increase in the re-
action rate constant by more than 10 orders of
magnitude can be obtained by vibrationally exciting
the HCI molecule from v=0 to v=2. This dramatic
increase in the rate constant can be used to separate
chlorine isotopes (Fig. 4). **Cl atoms from HCl can be
transformed in this way into Br33Cl, which, because of
its different chemical and physical properties, can be
readily separated from the reaction mixture.
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Fig. 6. Experimental arrangement for the study of reactions with
translationally hot atoms and radicals by combination of
excimer laser photolysis and LIF product detection

Despite the large number of elementary reactions
taking place in the oxidation of hydrocarbons, import-
ant parameters of the combustion process are con-
trolled by few elementary reactions. Sensitivity analy-
sis shows that calculated flame velocities are relatively
independent of reactions specifically for the oxidation
of the fuel molecules. However, there is a strong
influence on the calculated flame velocity from unspe-
cific reactions, such as the reaction of hydrogen atoms
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with oxygen molecules H + O, — OH + O [13]. This
endothermic reaction leads to the formation of two
radicals and is therefore a very important chain-
branching step. As shown in Fig. 5, the dynamics of
such an elementary reaction with a high energy barrier
can be studied in microscopic detail by combining
translationally hot atom formation from laser photoly-
sis with time-, state- and orientation-resolved product
detection by laser-induced fluorescence spectroscopy.
The apparatus is depicted in Fig. 6. Two laser beams
are directed perpendicular through a flow reactor
equipped with long side arms to reduce the scattered
light from the dye laser analysis pulse. Fluorescence
light is detected as a function of the dye laser wavel-
ength through emission optics and a filter by a
photomultiplier. The experiments show [14] that the
major part of the relative translational energy of the
reactants is converted into rotational energy of the
product OH, in agreement with the results of quasi-
classical trajectory calculations [15].

The observed rotational energy distributions give
interesting microscopic details on the molecular dy-
namics of these elementary steps. Spin-orbit and
orbital-rotation interactions in the OH radical cause
fine structure splittings for each rotational level. Each
of these fine structure levels can be probed by different
rotational sub-bands. The two OH spin states *II,,
and 2II,, are, within experimental error, equally
populated. The 4-doublet fine structure states show a
clear preference for the lower energy I1*(A4’) compo-
nent. The experimental results indicate that break-up
of the reaction complex generates forces in a plane
containing the bond to be broken. The OH radical
rotates in that plane and J g is perpendicular to it and
to the broken bond. This picture is consistent with a
preferential planar exit channel in these reactions. This
could also be directly demonstrated by using polarized
photolysis and analysis laser beams [ 16]. The physical
difference between the two A-doublet components
II*(4) and I~ (A4”) arises from interaction of the
electronic spin-orbit momentum with the rotation of
the molecule. For fast rotation of the OH radical, the
unpaired electron in the p orbital of the oxygen is no
longer able to follow the movement of the atomic
nuclei. If the p orbital lies in the OH rotational plane,
the electron distribution on the oxygen atom changes,
becoming increasingly spherical. In contrast, for a
I~ (A”) configuration, the oxygen atom moves in the
nodal plane of the p orbital and thus continues to “see”
a dumb-bell-shaped electron environment, even for
fast rotation. This leads to a splitting of the energies of
the IT*(A4') and IT~(A") configurations, which selec-
tively increases with increasing rotational energy. At
1.8 €V collision energy, about three OH radicals were
found in the IT*(4’) state for each OH radical in the
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IT™ (A") state. This shows that the unpaired electron
formed after bond cleavage of O, stays in an orbital in
the rotational plane of the OH radical. During the
reaction, most of the HO, complexes do not rotate out
of the initial plane (see Fig. 7), which can be understood
on kinematic grounds [17]. Experimentally, a total
reaction cross-section of 0.42+0.2A% at E=2.6¢V is
found [14]. The theoretical reactive cross-section
obtained under these conditions by quasi-classical
trajectory calculations [15, 18] on the Melius and
Blint [197 surface is 0.38 A2. These numbers cannot be
compared directly, because the multiplicity of the 24"
surface and the influence of the first electronic excited
state of HO, are not taken into account. The observed
discrepancies may be attributed to a reduction of the
calculated reaction cross-section due to a “rigid”
character and a barrier of 8 kJ mol™?! in the Melius-
Blint surface for dissociation of the HO, in the reaction
HO, + M—>H + O, + M [20]. Later calculations
[21, 22] reduce this barrier. Also for the reaction (—1)
O + OH - O, + H the Melius-Blint surface appa-
rently overestimates the long-range O—OH attraction,
while the Quack-Troe interpolation scheme [20] leads
to better agreement with the experimental values at
low temperature if the two lowest electronic states of
the HO, radical are taken into account. Calculated
rate coefficients obtained by using this theoretical
cross sections from the surface [18] are in agreement
with shock tube measurements for k, by Schott [23].
However, recent shock tube experiments [ 24, 25] using
time-resolved atomic resonance line absorption give
higher values for k,, in agreement with the reactive
cross-sections obtained in state-selective experiments.
This example shows that even for a very simple
chemical elementary step in combustion more work
has to be done on the potential energy surface to obtain
satisfactory agreement between the results from quan-
tum chemistry and state-selective and thermal experi-
ments using laser stimulation and detection.

2. Chemical Synthesis with Lasers

It would seem obvious to use the methods described
for the selective control of chemical reactions by
vibrational excitation for making new products or
improving synthetic procedures. Under the typical
conditions of industrial chemical processes (high pres-
sures, reactions in the liquid phase, large molecules), a
selected molecular state cannot, in most cases, be held
stable until the reaction stage. The exchange of energy
between the degrees of freedom within a molecule and
between various molecules usually occurs on the 10~ 14
to 107 1% time-scale and is therefore generally con-
siderably faster than the reaction itself. On the other
hand, nonthermal isomer and isotope distributions as
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well as nonthermal radical concentrations from laser-
induced dissociation and isomerization processes can
readily be maintained under industrial chemical con-
ditions and used for the production of new, particular-
ly pure products, or products obtained with low energy
consumption. Here, the use of the laser offers a number
of advantages over conventional light sources: exten-
sion of the available wavelength range; the selective
excitation of just one kind of molecule, e.g. for isotope
separation or ultra-purification because of the narrow
spectral bandwidth of the laser light; spatially and
temporally controllable, homogencous excitation of
the reaction volume because of the possibilities of
pulsed operation and strong collimation; the possi-
bility multiphoton excitation because of the high
spectral density. Hg or Xe lamps are mostly used as
light sources for industrial photochemistry. Laser
photons have to compete both in investment and
operational cost as well as in maintenance expenditure,
long term power, and lifetime. For economic applic-
ation of lasers in this area, the effective cost of the
photons produced must lie considerably below that for
the desired product. One should remember that,
generally, the product price is determined only to a
small extent by the photochemical step involved in the
production and that techniques employing lasers have
to compete not only with a conventional photochem-
ical processes, but also with other methods of syn-
thesis. Ideally, the use of lasers should result in several
improvements simultaneously, such as cheaper start-
ing materials, fewer or more valuable by-products, and
fewer or cheaper process steps. In particular, the
production of cheap mass-produced chemicals using
lasers is only worthwhile if very high quantum yields
(number of product molecules produced per photon
generated) can be achieved in radical chain reactions.

Vinyl chloride (VC), the monomer of PVC, is
produced industrially mainly by thermal cleavage of
HCI from 1,2-dichloroethane (DCE) by a chain reac-
tion. With a world-wide production volume of over 25
x 10° tonnes per annum, VC is one of the leading
products of the chemical industry as far as quantity is
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concerned. The advantage of photolytic over thermal
initiation of the chain reaction is that the unimolecular
process C,H;Cl, — C,H;Cl 4 Cl is rate determining
with a low energy barrier. This leads to a low activation
energy for the total reaction and hence low reactor
temperatures, higher conversions, and fewer by-
products [26]. The use of laser radiation to initiate the
chain reaction also permits detailed investigations of
the reaction kinetics. Radicals may thereby be pro-
duced in a wide concentration range and the reactions
followed as a function of time. The experimental data
can be compared with those obtained from a kinetic
model, which for a given temperature and pressure
simulates the whole course of reaction (Fig. 8) by using
a system of coupled differential equations for the
elementary chemical steps. From a comparison of the
experimental data with the predictions of the model,
missing rate constants of selected elementary steps can
be determined [27]. The data so obtained on the
pressure and temperature dependence of the laser-
induced VC formation can then be used to predict the
DCE-VC conversion efficiency for industrially real-
istic conditions. The calculations show a clear increase
in the conversion ratio after laser photocatalysis. This
provides a method of using UV-laser radiation to
improve a large-scale industrial process. A pilot plant
presently under construction is shown schematically in
Fig. 9. The thermal cleavage of DCE takes place in a
tubular reactor. After heating the DCE, a segment of
the reactor can be irradiated with a powerful excimer
laser. The laser is tuned to a wavelength at which the
absorption in the medium is as small as possible. Due
to the highly parallel nature of the laser beam, a very
large volume can be irradiated and a steady, small
concentration of active chlorine atoms, and hence long

Excimer laser
light fractions HEL Ve
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recycling of DCE fuel

Fig. 9. Pilot plant for the production of vinyl chloride using an
excimer laser

chains, are produced. At the same time, irradiation of
the wall and hence the initiation of heterogeneous
processes is, to a large extent, avoided. With laser
radiation, faster conversion at lower temperatures can
be achieved compared with the previous process. Thus
higher total conversions with simultaneously reduced
formation of by-products are possible.

Another way to multiply the effect of laser photons
in chemical synthesis is the production of catalysts
with laser radiation. By laser pyrolysis of gas mixtures,
catalytically active solids of variable composition can
be produced (Fig. 10). On complete mixing of the
gaseous starting materials and rapid heating in the
laser beam, very small solid particles with homog-
eneous structure and large surface area are obtained,
whose composition can be varied over a large range.
By optimizing the composition of the laser-synthesized
Fe/Si/C catalysts, higher selectivity and preferential
formation of the valuable light olefins (C,—C,) can be
achieved [28]. With the arrangement shown in Fig. 10
fine chrome oxide powders can be produced for the
selective catalytic dehydrogenation of saturated hy-
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Fig. 10. Synthesis of chromiumoxide catalysts by CO, laser
pyrolysis of gaseous starting materials. By varying the partial
pressures of the component and the laser intensities, catalysts
with varying properties can be produced [28, 29]

drocarbons [29]. Metal carbonyl catalysts can be UV-
photoactivated instead of thermally activated. Active
centres are formed by cleavage of one or more CO
ligands, often resulting in catalytic activity, even at
room temperature. Besides polymerization, the iso-
merization and hydration of alkanes with Fe(Cl),
catalysts [30, 31] and the silylation of alkanes and
aldehyde with Co,(CO),, catalysts upon irradiation
with a XeF laser or a frequency-doubled Nd YAG
laser, have been investigated. For the isomerization of
1-pentene, quantum yields of 10* and “turn-over” rates
(quantum yield per average lifetime of the catalysts) of
4x103s™1 at 50% conversion of 1-pentene can be
achieved. Broad-band light sources, such as flash
lamps, lead more readily to direct photolysis and to
undesired by-products.

3. Laser Spectroscopy
of Industrial Chemical Processes

3.1. Application of IR Laser Spectroscopy to In Situ
Monitoring of NH; in Power Plants

Inhibition and sensitization of chemical processes by
nitric oxide are well-known phenomena. Recently, the
role of the nitrogen oxides in the formation of acid rain,
photochemical smog and the possible depletion of the
stratospheric ozone layer has stimulated interest in
chemical reactions which'can selectively remove nitro-
gen oxides. An interesting elementary chemical reac-
tion in this respect is the reaction of nitric oxide with
the NH, radical. First direct studies of the rate and
products of this reaction showed a very fast complex
addition rearrangement sequence which forms nitro-
gen molecules and highly vibrational excited
water molecules in the single step [32]:
NH, + NO - N, + H,O*. Using time-resolved in-
frared emission combined with laser photolysis, direct
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sections of NH; lines measured with a tunable IR diode laser

measurements of the distribution of reaction energy in
the water molecule formed in this reaction can be
carried out [33]. An enlarged volume for the produc-
tion of NH, radicals by photolysis of NH is created by
multi-reflection of an ArF exciplex laser beam com-
bined with a Welsh-mirror light gathering system for
the effective collection of infrared fluorescence from
excited H,O molecules. The spectrally resolved in-
frared emission can be approximately simulated with a
vibrational temperature for the H,O molecules formed
of 10* K. Significantly lower vibrational temperatures
are found in the nitrogen molecules by CARS spec-
troscopy [33]. The reaction is very selective in channel-
ling the available reaction energy preferably in the
stretching vibrations of one reaction product. There-
fore, many simultaneous and competing pathways
have to be considered in a simulation of the selective
reduction of NO by NH; in the presence of various
amounts of O, [34, 35]. Such model calculations can
now be applied to realistic situations. Under these
conditions one observes a very rapid reduction of NO
at the optimum temperature. The model also indicates
that rapid mixing of NH; with flue gases is essential to
obtain optimal reduction results. This can be achieved
by using steam or other media for producing a high
momentum of the injected material. The main practical
problem remaining is the control of the ammonia
injection level and location such that breakthrough of
NHj; is avoided under varying combustion conditions.
This problem can be attacked by using laser methods
for in situ monitoring -of NH;. Figure 11 shows
absolute absorption cross sections for NH, absorption
lines at higher temperatures obtained with a tunable
diode laser system. Using *3CO, in an infrared wave-
guide CO,-laser, one observes coincidences between
NH; and '*CO,-laser lines in spectral regions where
other components of the flue gas (H,O, *CO,, SO,,
hydrocarbons) do not absorb significantly, The 13CO,
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laser lines have a bandwidth of less than 0.01 ¢cm™?
while the distance to the line centre of the NH line can
be as little as 0.02 cm ™! where the NH; line width is
0.08 cm ™. By choosing a suitable reference line and a
multipath absorption arrangement, one can achieve a
detection sensitivity of less than 1 vppm for in situ
measurements of NH, concentrations at higher tem-
peratures by differential absorption [35] with kHz
repetition rates (see Fig. 12).

3.2. Non-Intrusive Temperature Measurements
in Counter-Flow Diffusion Flames
with CARS Spectroscopy

Industrial chemical processes are characterized by a
very complex interaction of elementary chemical reac-
tions and various transport processes. Measurements
of temperature by thermocouples, and of concentra-
tions of chemical reacting species by probe sampling,
can greatly disturb this complicated balance and give
results greatly in error. The development of non-
intrusive laser methods for monitoring industrial pro-
cesses opens up new ways to obtain unperturbed
information on the temperature and species con-
centrations which can be compared with detailed
mathematical modelling.

Laminar counter-flow diffusion flames constitute
an important basis for the simulation of turbulent
combustion processes [ 36]. Having a library of precal-
culated “flamelets™ at different strain rates and fuel/ox-
idizer mixture compositions, the numerical treatment
of turbulent flame structures with a “flamelet model”
[37] is reduced to a problem that can be solved within
a reasonable amount of time on existing computers.
Therefore, there is renewed interest in the study of
diffusion flames under a variety of different burning
conditions to test and refine the validity of chemistry
and transport properties in modelling these flame

Fig. 12. In situ detection of NH; in power
plants using differential absorption

-

structures. Among the different types of counter-flow
diffusion flames the configuration where the flame is
established in the forward stagnation region of a
cylindrical porous burner offers some inherent advan-
tages [38]. A schematic drawing of the burner con-
figuration is shown in Fig. 13. A simple nearly 1-di-
mensional interaction of laminar flow and chemical
reaction can be realized in this way. Two beams
emitted by a Nd: YAG laser (Quanta Ray DCR1A) at
532 nm were used to pump a broad-band dye laser
which delivered about 10mJ at the Stokes shifted
wavelength. The pump beams were achieved by se-
quentially doubling the fundamental and residual
1.06 um output from the first frequency doubler. The
secondary green beam was used to transversely pump
the Stokes dye oscillator. A Brewster plate polarizer
ensured an output beam 90% vertically polarized. The
dye laser and part of the 532 nm pump beam (30 mJ)
were collinearly combined in a USED-CARS phase
matching geometry [39]. The CARS signal emerging
from the measurement point (actually a cylinder
approximately 60 um in diameter and 1 mm long) was
filtered off the residual pump and Stokes beams
components and dispersed in a 1.3 m monochromator
(McPherson Mod. 209) equipped with a 2400 1/mm
holographic grating. The linear dispersion in the plane
of the intensified diode array camera (Sl, Mod. IRY,
512 pixels) mounted behind a magnifying lens was
measured to be 0.14 cm ™ ! per diode pixel. Throughout
the experiments possible non-resonant CARS contri-
butions complicating data evaluation [40] were
suppressed by polarization techniques [41]. Averaged
spectra (typically 300 laser shots) were stored in a
laboratory computer and transferred to a larger com-
puter (IBM 3090-180) for further analysis. Tempera-
tures were deduced from computer-generated least-
squares fitting spectral shapes of nitrogen vibrational-
rotational Q-branch CARS spectra to measured spec-
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tra with temperature as a variable parameter. To get
precise information on temperature from CARS spec-
tra, a simulation program has to take into account
collisional narrowing effects [42]. Another influence
resulted from cross coherence effects induced by using
a multimode laser as a light source in generating CARS
spectra. This phenomenon accounts for partial
coherences in the CARS signals [43,44]. Cross
coherence effects are mainly induced when correlated
laser fields are used in generating CARS signals leading
to convolution procedures different from the classical
descriptions given by Yuratich [45]. Following a
procedure of Koszykowsky et al. [46], the
temperature-dependent part of the complex G-matrix
was diagonalized. If the off-diagonal elements in the
G-matrix —which describe the relaxation rates between
states of different energy in the colliding molecule and
therefore are responsible for collisional narrowing —
were ignored, the previously used isolated line model
results. In the current version of the fitting program,
routines were included which use the closed form
solution of Greenhalgh and Hall [43]. For the fitting
routine, the procedure commonly used was replaced
by orthogonal “Houscholder” transformations [47].
To reflect the real measurement situation, the distor-
tion of the spectrum by the detector and spectrograph
instrument functions as well as the pump laser line-
width had to be included in the simulation program by
appropriate convolutions. Best result have been ob-
tained by a priori fitting of these parameters to a CARS
spectrum _taken at room temperatures.. Figure 14
shows a nitrogen Q-branch CARS spectrum takenin a
counter-flow diffusion flame together with the spec-
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flame. The best fit spectrum, characterized by a temperature of

1870 K, is shown as a dashed line together with the residuals of
both signatures (lower trace in the figure)

trum simulation. In Fig. 15 temperature profiles
measured by CARS in counter-flow diffusion flames
with velocity gradients a=2v/r=250s"* and 350s*
(v=free stream air velocity, r=radius of the porous
burner) are shown together with the numerical results
[48]. The measured locations of the temperature
maxima agree quite well with those of the calculated
ones. The general shapes and widths of the profiles as
measured with CARS are very similar to those of the
calculated profiles while previous thermocouple mea-
surements [38] show significant discrepancies. The
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computed peak temperatures in all cases are a little
higher than those measured by CARS. This may be
partly attributable to the fact that radiative losses are
not included in the modelling calculations. Heat flux to
the cylinder may be of increasing importance for higher
velocity gradients. Similar results are obtained for
concentration profiles.

3.3. 2-D Species Concentration Imaging
in Turbulent Reactors

The application of planar laser-induced fluorescence
(LIF) [49] gives access to multidimensional species
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Fig. 16. Principles of laser-induced fluorescence spectroscopy
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concentration and temperature and velocity infor-
mation in reacting flows [49]. As shown in Fig. 16, the
intensity of the fluorescence signal can be expressed by
the spectroscopic parameters, the ground state popul-
ation and the electronic quenching rate (Q). Since at
atmospheric and higher pressures, fluorescence life-
times (equivalent to 1/Q) for many key species in
combustion are of the order of nanoseconds or less, an
ultra-short-pulse laser coupled with fast detection and
data acquisition/processing is required for direct mea-
surements. The hydroxyl radical is an important
intermediate in all flames containing hydrogen and
oxygen and can serve to indicate the progress of
combustion. In laminar atmospheric methane/air
flames, for example, concentrations of up to several
thousand ppm are generally observed. The laser
wavelengths required for excitation are convenient and
the fluorescence from the Meinel bands can be used for
sensitive detection. Time-resolved measurements were
made with a home-built picosecond dye laser (Fig. 17),
using an excimer pump laser (308 nm, EMG MSC 103
Lambda Physik). The starting pulse length of 8 ns was
shortened first in a quenched transient dyc laser
(QDTL), which operates by suppressing resonator

. Computer
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Fig. 17. Experimental set-up for fluorescence
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transients in a double resonator system [50]. After
amplification, these pulses were used to pump the
oscillator of the second stage, the distributed feedback
laser (DFDL) [51]. In the DFDL, feedback is provided
by Bragg scattering from spatially periodic pertur-
bations of the optical gain and pulse shortening
achieved by spatial separation of the first resonator
peak from the following peaks [52]. For OH(4-X)
excitation, rhodamine B was used in the DFDL
cuvette. The second harmonic of the laser frequency
was generated by passing the beam through an 8§ mm
long crystal of f-BaB,0,. A UV pulse of 15 pJ energy
was used with a repetition rate of 1 Hz. The laser beam
was directed into an atmospheric pressure, water-
cooled (thermostat 50°C) burner of the flat-flame type.
Premixed flows of methane/air were supplied to the
burner using Tylan mass flow controllers. Integrated
fluorescence from the OH radicals was observed at
right angles to the focussed laser beam. Fluorescence
light was focussed onto the 100 um x 15 mm slit of a
streak camera (C1587 Hamamatsu, S-20 photocath-
ode), a streak time of 10 ns per 15 mm was set and the
data were interpreted by a temporal analyser (Hamam-
atsu C2200).

For most measurements, the Q, 5 line at 308.52 nm
was excited. Measurements of the OH(4-X) lifetime
were made at different heights above the burner
surface, i.e. from 0.5 to 20 mm, also with a constant
height of 20 mm but varying ¢ from 0.77 to 1.43.
Within experimental error, no change in lifetime could
be discerned in ecither series of measurements (see
Fig. 18). The experimental result, that the collisional
quenching rate is constant throughout an atmospheric
pressure of flame although for different mixing ratios,
allows the determination of absolute number densities
in such flames, as shown in Fig. 19. By combining an
integrated absorption measurement with spatially re-
solved LIF [54]. Figure 19b and c shows the OH
radical concentration in an unperturbed and per-
turbed Bunsen burner flame.

Various methods of imaging flame fronts in com-
bustion and flow processes using dopants have been
described. Some of these are based on the seeding of
particles into the flow to be investigated. For example,
TiCl, added to the combustion chamber reacts with
water formed in the flame front to form TiO, particles,
which can serve as centres for Mie scattering and can
be used for 2-D visualization. However, such methods
involve complex data processing and are not always
applicable (e.g. due to particle lag). These limitations
can be largely overcome by seeding with fluorescent
dopants. Experiments using acetaldehyde as dopant
will be described here [56]. Detailed investigations on
LIF of acetaldehyde in supersonic jets [57] have
provided information on the rovibronic levels of the S;
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Fig. 18. Lifetime measurements of OH excited at 308.52 om (@, 5
line) at various heights in a laminar premixed methane/air flame
at atmospheric pressure

state below the photodissociation threshold together
with lifetimes for many of these levels, and a more
reliable value for the origin of the S; state. The
conclusion of studies was that the dominant relaxation
process from lower vibrational levels of the S, is
irreversible internal conversion to §,. Studies of the
dependence of acetaldehyde fluorescence on added gas
pressures up to 25 bar establish that this molecule is a
suitable tracer to show up the flame front in an internal
combustion engine using the set-up shown in Fig. 20a.
The combustion engine, which was supplied by
Daimler-Benz, was operated as a compression expan-
sion machine with a square cross section cylinder to
allow easy access for line-of-sight measurements. The
XeCl excimer laser light sheet (308 nm) entered the
combustion chamber through a quartz window on the
cylinder head. The LIF signal from the acetaldehyde in
the detection region (35 x 35 mm) was collected by the
imaging optics of the image-intensified CCD camera.
Stray light was supressed by inserting a interference
filter between the imaging optics and the chamber and
attaching a dielectric mirror to the top of the piston to
reflect the laser beam out of the combustion chamber.
Fluorescence images were digitized and processed by a
frame grabber MATROX MUP-AT) and connected
to a personal computer (Zenith Z386). Images were
then taken at different times after ignition (Fig. 20b),
using a detection region of approximately 35 x 35 mm.
The bright parts of the image are those where the
acetaldehyde/propane/air mixture is still present, in
contrast to the dark parts of the image where the fuel
has been burnt. The boundary between the burnt and
unburnt zones c¢an casily be recognized. Only a small
zone with an intermediate concentration of the gas
mixture can be seen between the unburnt and burnt
regions. The small zone of intermediate fluorescence
intensity could not primarily represent a temperature
gradient between the flame front and the region of
unburnt fuel, since no significant fall in acetaldehyde
fluorescence yield with temperature could be observed.
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4. Lasers in Genetic Engineering

Many of the spectroscopic techniques described above
can also be applied in biochemistry and biology. While
biological applications of nonlinear techniques such as

J. Wolfrum

Fig. 19a—c. Determination of 2-D instantaneous OH con-
centrations in flames using tunable excimer lasers. (a) Experi-
mental set-up. (b) OH distribution in an unperturbed Bunsen
burner flame. (c) Perturbed flame

Fig. 20 (a) Experimental set-up for imaging experiments in an
internal combustion engine. (b) Imaging of the flame front in an
internal combustion engine using acetaldehyde for imaging the
flame front in the engine after ignition (burnt parts are the dark
regions)

CARS or REMPI are still in their infancy, other
techniques have contributed valuable information to
our knowledge of life processes. For example, practi-
cally all information on the primary processes of vision
and photosynthesis, i.e. the fast processes where the
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physical stimulus is transferred into chemical reac-
tions, stems from (sub-)picosecond absorption spec-
troscopy [ 58, 597. Laser-induced fluorescence, due to
its high sensitivity, is particularly suited to the study of
biological molecules which are available only in small
amounts or which are poorly soluble in water, the
natural solvent of many biological molecules. A very
attractive application of LIF is the study of protein-
DNA binding, which is governed by electrostatic
interaction of the positively charged amino-acids ly-
sine and arginine with the negatively charged DNA,
and by stacking interactions of the aromatic amino-
acids tyrosine and tryptophane with the heterocyclic
bases of DNA. The aromatic amino-acids reveal
intense fluorescence in the ultraviolet. When they bind
to DNA, they transfer their fluorescence energy to the
flatter, which is essentially dark [60]. This fluorescence
can therefore be used as a probe of the binding process.
LIF experiments have been used to elucidate the
binding kinetics of peptides such as lysine-tyrosine-
lysine to DNA. These peptides first bind unspecifically
via electrostatic bonds and in a second step specifically
(i.e. recognizing topological features of the DNA) via
stacking [61]. Such a stacking interaction also seems
to be responsible for the stabilization of a simple
bacterial virus, the phage Pfl, and for an unusually
large base-to-base distance in a rare structural form of
DNA (inverted DNA) [62].

LIF experiments have also been used to study the
electrostatic part of protein-DNA interaction. While
lysine forms pure electrostatic bonds [63], LIF has
revealed that arginine interacts via a mixture of
electrostatic and non-electrostatic bonds [64]. This
difference may explain why, in the life of a biological
cell, arginine-rich proteins are occasionally replaced by
lysine-rich proteins.

Studies of the wavelength dependence of laser
interactions with the surface of human red blood cells
have shown that UV photons interact much more
effectively with biological cells than visible or IR light
[65]. This finding has led to the extension of laser
microbeam techniques [66] to the ultraviolet.

A UV laser microbeam can be realized by an
excimer-laser-pumped dye laser, the pulses of which
are coupled into a microscope and focussed to the
diffraction limit. At the focal point, energy densities of
101°-10!2 W/cm? can be obtained. These energies are
sufficient to manipulate biological objects with spatial
accuracy of the wavelength of the light used, and even
below that, if nonlinear effects can be exploited. Spatial
accuracy is not only obtained in the object plane but
also along the optical axis. Because energy densities
sufficient for manipulation of biological material are
obtained only a few hundred nanometres above and
below the focal point, one can manipulate subcellular
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Fig. 21. Fusion of a mouse B-lymphocyte with a mouse myeloma
cell

structures in a cell without opening it. This UV laser
microbeam can thus be used for the treatment of
biological cells and subcellular structures. For
example, individual cells can be fused under total
microscopic control [67, 68], genetic material can be
introduced into plant cells [69] and chromosomes can
be dissected into small portions [70].

Figure 21 gives a series of photographs of a cell
fusion process, taken from a microscope at a magnifi-
cation of 1000. The small celi is a B-lymphocyte, a cell
from the immune system of a mouse, capable of
producing antibodies. In vitro B lymphocytes die after
34 generations, i.e. they cannot be held in culture. The
large cell is a long-lived myeloma (blood cancer) cell.
Both cells are induced to fuse by a few UV pulses
focussed on the contact area. The major advantages of
this laser-induced cell fusion, as compared with con-
ventional cell fusion techniques, are the total micro-
scopic control and the fact, that the process occurs
under physiological conditions. Therefore, even fragile
cells have a chance of surviving the fusion process. By
combining laser-induced fusion with coupling of the
two fusion partners via an antigen-avidin-biotin bridge
[72], one can preselect those B-lymphocytes which
have the potential to produce antibodies against a
given antigen. Only those B-lymphocytes are fused
with myeloma cells to give hydridoma, the long-lived
fusion products with the potential to produce anti-
bodies in vitro. Based on this technique, a method is
being developed which avoids the lengthy search for
the hybridoma specific for the “wanted” antibody. If
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some remaining cell-biological problems can be
solved, this may become the basis for a fast, specific
production of monoclonal antibodies for cancer
therapy. Such a fast method is required since cancer
cells change their susceptibility to a special antibody
within weeks, while present methods for the produc-
tion of antibodies take months to years.

Figure 22a shows a plant cell in which foreign
DNA has been injected by use of the UV laser
microbeam. A self healing hole of 0.5 to 1um is
punched into the cell wall of the plant cell and
fluorescently labelled DNA is forced into the cell by
slight osmotic pressure differences. The uptake of the
DNA is imaged by the fluorescence in a part of the cell
in Fig. 22b. This direct transfer of DNA into plant cells
is applicable for all cell types, and thus particularly
crop plants can be genetically modified, in which other
DNA transfer methods are only occasionally
successful.

The possibility to work in the depth of a cell
without opening it allows the study of the function of
subcellular particles. For example, the mitotic spindle,
the subcellular system which is responsible for accurate
separation of chromosomes during cell division, can be
inactivated by microbeam irradiation [66]. Since
erroneous chromosome partition may be responsible
for diseases such as mongolism (where chromosome 21
occurs in three instead of two copies), the laser
microbeam may become an attractive tool to study the
basic mechanism of these diseases. Furthermore, this
technique is suitable for studying the mechanism of
intracellular transport processes. For example, the
cytoplasmic streaming is stopped by focussing a UV
laser microbeam into the interior of a pollen tube and
calcium is released from depots into the cytoplasm
[71]. Studies are currently in progress to reveal the role
of this calcium release in intracellular transport
processes.

J. Wolfrum

Fig. 22a, b. Injection of
fluorescently labelled DNA into a
rape cell using an UV laser
microbeam

goantt

Fig. 23. Human chromosome dissected into slices of 300 nm using
the diffraction rings of a laser microbeam

Figure 23 shows a human chromosome which is
dissected into equal slices. For this experiment, diffrac-
tion, which is usually considered as an unwanted side
effect of focussing to the theoretical limit, has been used
to microdissect the chromosome. Microdissection is a
basic technique used to study the molecular basis of
disease. Many diseases such as muscular dystrophy,
Alzheimer, cystic fibrosis, leukaemia and solid
tumours are correlated with a defect in a specific region
of a chromosome. In the past, the study of the
molecular basis of such a disease took of the order of
ten years, as in the case of the recently solved muscular
dystrophy [73]. In those studies the portion of the X
chromosome, which is defective in the disease, was
isolated by sophisticated cell-biological methods.
Laser microdissection promises to speed up that
process by at least one order of magnitude, as is
indicated in studies on the molecular basis of cystic
fibrosis which are presently under way. With chromo-
somal material from the fruit fly drosophila, it has
already been shown that the molecular-biological
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techniques required for molecular analysis of disease
can be applied to chromosome slices after laser
microdissection [74].
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