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Laser Chemistry—What is Its Current Status?

By Kar!l Kleinermanns and Jiirgen Wolfrum*

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 translation-
al, 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. Examples for the ap-
plication of lasers include the synthesis of monomers such as vinyl chloride and polymers
such as polyethylene, the synthesis of biologically active substances such as vitamin D,, the
separation of isotopes, the removal of impurities, the production of catalysts, glasses, and
ceramics, and the deposition and ablation of material on surfaces. Finally, several applica-

tions of tasers in medicine are discussed.

1. Introduction

Trradiation with light can strongly affect the course of
chemical reactions. The best known example is photosyn-
thesis in plants. in addition, electromagnetic radiation is
the most important aid in determining the structure, prop-
erties, and chemical behavior of molecules. In spite of
great successes, spectroscopy with conventional light
sources has not been able to answer many interesting ques-
tions. Only the practica! realization of the principle of
stimulated emission (first formulated by Einstein'), in the
microwave region in 1955 and in the visible spectral re-
gion in 1960,"! led to a decisive advance. As in many other
areas of science and technology, the laser has also created
numerous new possibilities for chemistry.') Particularly
the introduction of tunable laser light sources, such as the
dye laser,” and the development of linear and nonlinear
optical techniques, such as laser-induced fluorescence
(LIF), resonant multiphoton ionization (REMPI), coherent
anti-Stokes Raman scattering (CARS), laser Raman spec-
troscopy on surfaces (SERS), photoacoustic spectroscopy
(PAS), laser magnetic resonance spectroscopy (LMR), and
Doppler-free absorption spectroscopy, allow virtually ev-
ery spectroscopic state of an atom or molecule to be ob-
served with high resolution, from the far infrared with
wavelengths of several millimeters to the vacuum ultravio-
let with wavelengths in the nanometer range." The higher
sensitivity ailows observation of singie atoms in ultrami-
croanalysis. Further, laser spectroscopy allows nonintru-
sive observation of rapidly changing chemical processes,
such as combustion with high temparal, spectral, and spa-
tial resolution.™

The high power of laser light sources within a narrow
spectral region allows specific degrees of freedom of mole-
cules to be excited in order to initiate or to influence reac-
tions and to investigate the reaction products state-selec-
tively. In this way, the relative velocity of reaction partners
can be adjusted very precisely over a wide region, mole-
cules allowed to rotate faster or slower, and bonds in a
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molecule stretched to various degrees; with polarized laser
light, the mutual orientation of chemical species during the
course of a reaction can be specified. Moreover, short-
lived “transition states™ of chemical reactions can be ob-
served. In the first part of this article, the selective excita-
tion and observation of chemical transformations with the
aid of laser radiation is exemplified by reactions in the gas
phase.

The progress achieved in laboratory investigations in
controlling the course of reactions by excitation with laser
light suggests that the newly developed methods could also
be used for the production of new products or the im-
provement of syntheses. However, it was found that, for
large-scale reactions performed in chemical reactors, the
energy exchange between molecules and the deactivation
of excited molecules take place very quickly and that
“memory” effects with respect to the initially prepared
state only rarely influence the reaction. In spite of these
limitations, a number of interesting laser-induced chemicat
processes have been described in recent years. In the sec-
ond part of this article, selected examples of the applica-
tion of high-power lasers for initiating chemical transfor-
mations are presented.

2. Influence of the Specific Excitation of -
Molecular Degrees of Freedom on the Course of
Chentical Reactions

The dependence of the rate of chemical reactions on the
energy supplied is daily laboraiory experience for the
chemist. Often, the energy of the reaction partners can be
represented by a temperature and the dependence of the
reaction rate on temperature by a simple Arrhenius equa-
tion. The Arrhenius parameters obtained in this way do
not, however, provide any information on the contribution
of specific degrees of freedom of the reaction partners to
overcoming the energy barrier of the reaction. in the fol-
lowing examples, reactions in the gas phase are used to
show how information on the molecular course of reaction
can be obtained in experiments with lasers.
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2.1. Translational Excitation

Chemical reactions of fast (“hot"") atoms from nuclear
recoil and photolysis processes have long been investi-
gated by analysis of their stable end products.” On bom-
barding *Li with neutrons, for example, tritium (*H) atoms
with a recoil energy of 2.7 MeV are formed. Collisions
then retard these fast *H atoms to the “chemical™ energy
range around 20 ¢V to give a broad, continuous distribu-
tion of velocities. Thus the reaction energy cannot be con-
trolled directly. Narrow-bandwidth laser light of high in-
tensity and short pulse Jength (10-%5), on the other hand,
allows high concentrations of atoms with defined veloci-
ties to be produced by photodissociation (Fig. 1).
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Fig. 1. Production of fast hydrogen atoms by photolysis with short-wave-
length laser radiation, a} The ArF excimer laser photolyzes a suitable hvdro-
gen-atom precursor such as HBr. b) The photolysis energy v is considerably
greater than the dissociation energy of HBr and is more than 98% converted
into the translational energy of the hydrogen atom. because the heavy brom-
ine atom is more or less stationary compared with the light hydrogen atom.
The hydrogen atom then passes with a velocity of 23 km s~ through the
reactor until it collides with an oxygen molecule. The average velocity of the
oxygen molecule at room temperatuce is more than two orders of magnitude
smaller than that of the hydrogen atom, so that, 1o a good approximation, the
velocity of H relative to O: is the same as the velocity of the hydrogen atom.
In this way, a collision energy of 251 kJ mol~' is obtained. By changing the
photolysis wavelength and the hydrogen-siom precarsor, the velocity of the
hydrogen atom can be set over a wide range and collision energies from 80 kJ
mol~" to ever 400 k! mo! ="' can be attained.

As an example, the reaction (a) of translationally excited
hydrogen atoms H™ with oxygen is examined. This endo-
thermic reaction leads to the formation of two reactive ra-
dicals and is the most important chain-branching step in
numerous exidation and combustion processes.!* '

H'(*S) + 0,(°L;) — OHnv, )N + OCP) (a)
AHy=69.9 k}/mol

v =vibrational quantum number,
J =rotational quantum number,
f =fine structure quantum number

One experimental setup that can be used to investipate
reaction (a) and other reactions of fast aloms with mole-
cules is shown in Figure 2. It consists of a flow system
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Fig. 2. Setup for state-specific 4and time-resolved inmvestigation of reactions of
fast atoms with molecules. The photolysis pulse of the ArF excimer laser
{193 nm, 200-m} pulse energy, 15-ns pulse length) and the analysis pulse of
the Nd-YAG laser-pumped dye laser pass through the Mow reactor coaxial-
Iy. The reactor is equipped with collimators (a) in the side-arms, which par-
sially remove the laser light scatiered at the quartz windows (b). The analysis
laser {0.2-cm~' spectral band width, 12-ns puise length and 0.1-1-mJ pulse
encrgy) employs the laser dye Rhodamine 640. After frequency doubling (po-
tassium diphosphate crystal), the OH radicals can be excited between 306
and 317 nm (tuning by a “grating™ (c)). If the wavelength of the analysis laser
is changed, the OH radicals absorb and fluoresce st different excitation
wavelengths with varying strength, depending on how favorably the corre-
sponding vibrational-rotational fine-structure state is populated by reaction
(a). The fluorescence intensity is detected by a photon detector (g) afier pass-
ing & lens system (d), collimators (e), and & filter {f). This intensity is 2 mea-
sure of the probability with which a particular OH state is excited by Lhe
chemical reaction. The signal current (h) released by the fluotescence at the
photomultiplier is summed over many laser pulses using a “boxcar” sysiem
in an adjustable time tegion (“box™) (i} beyond the interferring stray light
(i, k) and then plotted against the analysis laser wavelength on a recorder (1).
The analysis time is varied by starting the iwo lasers with two trigger pulses,
time-delayed with respect to cach other. Typical analysis times are 40-100 ns
a1 a partial pressure of 5 mbar HBr and 50 mbar O,. Owing to the shor anal-
ysis times and the low concentrations of species, one avoids secondary reac-
sions and deactivation of the fast hydrogen atoms end the excited OH radi-
cals by collisions.

combined with a photolysis laser for producing hot hy-
drogen atoms and a frequency-doubled dye laser for state-
specific, time-resolved detection of the OH radical by
means of laser-induced fluorescence (LIF). The measure-
ments show that the OH radicals formed in reaction (a) are
rotationally very highly excited!"” (Fig. 3}.

In order to compare the experimental rotational distri-
bution with a calculated rotational distribution, the motion
of the three atoms over a quantum-mechanically (ab initio)
calculated H-O, potential hypersurface™" is followed by
stepwise integration of the classical equations of motion
for various initial conditions (relative velocities, orienta-
tion of the collision partners, rotational and vibrational
states of 0,).!'"" The greater part of the relative transla-
tional energy of the reactants is converted into rotational
energy of the product OH, in qualitative agreement with
experimental results. However, careful guantitative com-
parison still shows distinct discrepancies (Fig. 3). For a
collision energy of 251 kJ/mol (ca. 60 kcal/mol), the theo-
retical cross section, i.e., the reaction probability integrated
over the collision parameters and other initial conditions,
is a factor of 3 smaller than the experimental value. This
discrepancy is particularly disturbing because the absolute

39

4

4

?

A



‘.'

rate constant of reaction {a) at high temperatures, a sensi-
tive parameter, for example in the mathematical modeling
of combustion processes,”” needs 1o be known exactly. The
larger cross section found experimentally has been con-
firmed by more recent measurements!'” of the thermal rate
constants k,(T) at higher temperatures (1500-2500 K);
thus, the values calculated using the guantum-mechanical
potential hypersurface are much too low.
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Fig. 3. Rotational excitation of OH (v=0) produced by reaction (a). The
poinis show the experimental, the curve (histogram) the calculated distribu-
tion at collision energics of 97, 183, and 251 kJ mol ~'. At very high excita-
tion (J>23.5), OH (v =0) predissocistes from the °I state and no longer flu-
oresces. The arrows show the maximum rotational excitation obtainable for
complete conversion of the reaction energy into rotational energy. The colli-
sion energies £7 given here have an uncertainty of & 10%.

The fine structure distribution also provides interesting
information on reaction dynamics. For instance, the OH
A-doublet excitation shows that the =* components are {a-
vored.'""'%] A5 explained in Figure 4, this means that, at
high coliision energies, the H'-O, reaction proceeds
mainly on the initial plane. By using polarized photolysis
and analysis laser light, the flight direction of the photoly-
tically produced hydrogen atoms can be specified and the
orientation of the OH product radiczls relative to the flight
direction of the hydrogen atoms measured. Strong polari-
2ation effects were found experimentally?'®.—the OH an-
gular momentum vector, Jon, lies perpendicular to the vel-
ocity vector of the hydrogen atoms, vy (Fig. 3).

2.2. Rotational Excitation

Because rotational states are energetically very close to-
gether and can be rapidly deactivated, the influence of
reactant rotation on the course of reactions is investigated
using an arrangement with crossed molecular beams to
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avoid interfering collision processes. Infrared transitions
of an HCI or HF molecular laser are used for selective ex-
citation of rotational states in HCl and HF molecules. Typ-
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Fig. 4. The physical difference between the two A-doublet components n*
and x~ arises from interaction of the efectronic spin-orbit momentum with
the rotation of the molecule. For fast rotation of the OH radical, the un-
paired electron in the p orbital on oxygen is no longer able 1o 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 in-
creasingly spherical. In contrast, for a 1~ configuration, the oxygen stom
moves in the nodal plane of the p orbital and thus continues to “see™ a
dumbbeli-shaped cleciron environment, even for (ast rotation. This leads to a
splitting of the energies of the x* and =~ configurations, which increases
with increasing rotational energy. Experimentally, at 183 kJ mol~' collision
energy, three OH radicals were found in the n* state for each OH radical in
the n~ state [15]. This shows that the unpaired electron formed afier 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, because of the short reaction time at high collision energies.
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Fig. 5. a) Experimental polarization ¢ffects at 251-kJ mol ~' collision energy.
1 is the rotational quantum number; the ordinate is the polarization ratio,
4. the 7atio of the fluorescence signal intensity for polarization of the pho-
tolysis laser £p parallel 1o the analysis laser £, and perpendicular to it. The
electric veciors of the laser radiation at 193 (x ) and 307 nm (e) arc rotated
independently. b) The laser beams lie parailel to che laboratory X axis, the
detector parallel to the Y axis. The molecular coordinates are X' and Z'; £y, is
the velocity vecior of the hydrogen atoms, and Joy the angular momentum
veetor in the molecular coordinate system. On excitation of & Q transition
(A) = 0) of the OH radical, luarescence intensities and polarization ratio can
be calculaied from the projection of the Q transition moments g {iJoy Tor
high rowational states) on the laboratory axis {)16). For the oriemetion
Jou L £, the calculation is in agreement with the experimental polarization
ralic of 1.60.
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ical results are shown in Figure 6. Initially, a decrease in
the reaction probability with increasing degree of rota-
tional excitation is observed. A possible explanation is that
a particular orientation of the reaction partners, e.g., colin-
ear, often gives the reaction path of lowest energy. With
increasing rotation of the molecule, however, the potential
forces are less and less able to orient the reaction partners
satisfactotily with respect to one another and the reacting
atom is increasingly “‘protected” from the reaction partner.
If the rotational excitation is further increased, the steric
hindrance plays a lesser role as a result of the rapidly in-
creasing total energy, i.e., the “‘cone of acceptance™ rapidly
expands. In addition, because of the higher total energy,
more states become accessible on the product side, which
leads 10 a further increase in the reaction probability.

’ 25}
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15| \NCH-HF {v=1)
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Fig. 6. Investigation of the dependence of the reaction cross section on rota-
tional excitation in the following reactions: K+ HCl (v=1,))—
KCl+ H, Sr+HF (vml)— StF+ M, and Na+ HF (ve=1,1) ———
NaF + H. n = relative reaction cross section; J = rotasional quasspm mumber.

If a long-lived intermediate complex is formed during
the reaction, the additional rotational energy is distributed
statistically over the various degrees of freedom of the
product; i.e., “memory” of the energy form of the original
excitation is largely lost. Thus, in the reaction

Ca('$) + HF(X'E 7, vm=1,]=0-7) — CaF(X’M,v",J) 4+ H(*S)
X =electronic ground state

Zare et al."" observed statistical vibrational excitation of
CaF following selective rotational-vibrational excitation of
HF.

With the laser-induced fluorescence technique described
in Section 2.1, the rotational states of the products could
be investigated for a large number of reactions. For in-
stance, the reactions of O(°P} atoms with saturated and un-
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saturated hydrocarbons, amines, and aldehydes lead to
OH product radicals with low rotational excitation, which
can be attributed to the weak rotary torque involved in the
almost colinear, direct abstraction of the hydrogen
atom."™ In contrast, the rotational excitation of OH pro-
duced by reaction of excited oxygen atoms O('D) with H,
and HCI is extremely high. With saturated hydrocarbons,
one observes overlapping of two distributions. This can be
traced to a direct, colinear abstraction path (Jow rotational
excitation) and a parallel reaction path with insertion of
O('D) into the C~H bond (high rotational excitation via
decay of a highly excited “alcohol™).2%

2.3. Vibrational Excitation

A connection between chemical reactivity and the effi-
ciency of the vibrational energy exchange between mole-
cules was first postulated by Franck and Eucken more than
50 years ago.”! However, systematic investigations in this
area only became possible through the development of
powerful and tunable infrared lasers.?%2% The reaction of
hydrogen molecules with hydrogen atoms or their isotopes,
as the simplest example of a bimolecular reaction of neu-
tral species, is particularly suitable for a theoretical investi-
gation of the influence of selective vibrational excitation of
reacting species (see energy diagram, Fig. 7). The energy
required for vibrational excitation of the hydrogen mole-
cule considerably exceeds the Arrhenius activation energy
(E.), the threshold energy (E;), and the height of the en-
ergy barrier (E.) of the reaction in the vibrational ground
state.

E. was first calculated quantum mechanically by Lon-
don'* more than half a century ago. The value he obtained
is not very different from the results of modern ab initio
calculations.” This good agreement disappears, however,
when a more exact calculation is performed according to
Londen’s valence bond method,” The classical methods
for the study of reaction kinetics are difficult to apply to
this reaction, because known concentrations of vibration-
ally excited hydrogen molecules have to be produced and
detected. Only the application of CARS spectroscopy has
allowed direct, quantitative detection of hydrogen mele-
cules in selected vibrational and rotational states. It was
shown that when the H, molecule is excited to the first vi-
brational state, only about a third of the vibrational energy
is used to overcome the energy barrier E.."”” 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 calcula-
tions of the course of reaction on the ab initio potential
bypersurface, in good agreement with the experiments.i?*!
More recent measurements of the absolute value of the
rate constant by CARS spectroscopy™ agree well with the
results of quasi-classical trajectory calculations.™ This is
also the case for the results of experiments with transla-
tionally excited hydrogen atoms.*Y

The results obtained from study of the hydrogen ex-
change reaction on the efficiency of a selective vibrational
excitation cannot be simply transferred to similar reac-
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Fig. 7. Characteristic encrgy requirements of the hydrogen exchange reaction. E, is the Arrhenius activation
encrgy, Eo the minimum collision entrgy that leads to reaction (threshold energy), and £, the height of the po-
tertial energy barmier of the reaction in the vibrational ground state. (E) is the average thermal energy of all binary
collisions per unit time and {£*) the average kinetic energy of all collisions per unit time that lead 1o reaction.

NPE is the zero point energy of vibration, p the reaction coordinate.

tions. Thus, investigations of the aiso thermoneutral reac-
tion '

YCl+ H¥Cl (v= 1) — H"Cl (v=1,0) + *Cl

He. Cly{Br, 0,
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Fig. 8. Experimenial setup for the investigation of reactions of wibrationally
excited hydrogen halide molecules with the aid of time-resolved molecular-
beam mass spectrometry. A discharge flow reactor is coupled through a mo-
lecular beam sampling system directly to the jon source of a quadrupole
mass spectrometer. The HCl molecules are vibrationally eacited isotope se-
lectively by the infrared radiation of an HCI taser. The degree of the vibra-
tional eacitation is determined from the intensity of the infrared emission. A
filler cell with coid HCI absorbs the infrared radimion of the transition HC]
(ve 1} = HCl (ve 0) resonantly and transmits the wavelengths of the transi-
tion HC1 (v=2}— HC1 (vw 1). From the ratio of the infrared intensity with
and without the HCI cell, the degree of excitation of the HCI molecules can
be determined directly. Chlorine, bromine, or oxygen atoms, which are pro-
duced by dissociation in a microwave discharge (MWD), react in the flow
system with the vibrationally excited HCI molecules. The reaction products
are detected mass spectrometncally.
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demonstrate very effective use of the vibrational energy for
overcoming the energy barrier.?! The experimental setup
for investigation of the reaction is shown schematically in
Figure 8. The experimental rate constants of the reaction
in the states HCl (v=0) and HC] (v=1) are given in Figure
9. The high efficiency with which the vibrational energy is
used to overcome the energy barrier causes the chemical
reaction, with increasing temperature, to proceed preferen-
tially via the excited vibrational states. Thus, the tempera-
ture dependence of the reaction deviates significantly from
that predicted by an Arrhenius equation. The dynamics of
the reaction have been simulated by classical, semiclassi-
cal, and guantum-mechanical calculations.® Particularly
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Fig. 9. Contributions of the vibrational ground state {v =0} and the [irst ex-
cited state of HCI (v=1} to the rate constant of the reaction
Cl+ HCi{v} = Ci + HCI(v).The sirong rise in reaction rate afier vibrational
excilation has the effect that, at higher temperatures (T> 500 K), marked de-
viations from the Arrhenius line are observed. Measured rate consiants:
0, ® for HCl (v=0). @ for HC1 (v=1); O, calculated rate constants from
the contnbutions of HC1 (v=0) and HC| (va 1),
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in very strongly endothermic reactions can vibrationzl ea-
citation be used effectively for increasing the rate of -eac-
tion, Thus, in the reaction™

Br4 HCl(v) — HBr(v=0) + C]

an increase in the reaction rate constant by more than ten
orders of magnitude can be obtained by vibrationallr ex-
citing the HCI molecule from v=10 t0 v=2. This dramatic
increase in the rate constant can be used to separate chlo-
rine isotopes (Fig. 10). **Cl atoms from HCl can be txans-
formed in this way into Br**Cl, which because of its differ-
ent chemical and physical properties can be readily spa-
rated from the reaction mixture.

. P .
®LL .« Br.—— Bl Br

P10 P10

Bn——*—--!—o—-i va2 Bl . _HBr
A A

e k"

e ] D65 ev
' 0366V

Br+ -—J‘— '

H*CL H®Cl

Fig. 10. Energy diagram for the reaction of Br atoms with isolope-selecively
excited HCI molecules. P gives the probability for the transfer of vibrasonal
energy between laser-excited H**Cl and H''Ci and for the course of 2 reac-
tion in the various collision processes, respectively. The Br atoms reac pre-
ferentialty with H**C1 (v = 2). The resuiting 3*C| atoms further react witk mo-
lecular bromine 10 give easily separated Br**Cl. AE is the energy dilfe ence
between H*Cl (v 1) and H¥'Cl (v 1).

Investigations of the reactions of polyatomic moleciles
in specifically excited vibrationat states are much more dif-
ficult to perform. One main problem is the decouplinz of
the vibrational energy-transfer processes from the pro-
cesses leading to reaction. Interesting model molecules are
substituted methanes.”*! For example, Figure 11 shows the
energy flow in CH,F after excitation of the CF stretcking
vibration v; with a CO, laser. By almost resonant vibra-
tional energy transfer, subsequent collisions rapidly popu-
late higher states (23, 3v) of this stretching vibration. re-
sulting in a “metastable,” mode-selective excitation of the
CF stretching vibration. Through local Coriolis resonance
between the third overtone of v, and the CH stretching vi-
bration vy, part of the energy can be channeled into his
CH streiching vibration. Simultaneously, depending on
pressure, CH bending vibrations (v, v, v} are excited by
collisions with further molecules, the excitation energy be-
ing provided by the thermal energy of the surrounding gas.
In the subsequent resonant vibrational energy transer,
higher states of these vibrations can be populated, from
which the CH stretching vibration v, is reached by Fe-mi
resonance. Examples of reactions of vibrationally excited
polyatomic molecules are the reaction of laser-excited
ozone molecules with nitric oxide'***' and that of fluorine
with unsaturated hydrocarbons in a low-temperature ma-
trix.*?
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o\f‘ 9550nm
Tp= 200ns

Fig. 11. Paths for the collision-induced intramolecular vibrational energy
transfer in CHyF. Laser radiation with wavelength 4, and pulse length 1,.

2.4. Electronic Excitation

In the following, no attempt is made to give a detailed
overview of the reaction behavior of electronically excited
atoms and molecules. Rather, using selected examples, it is
shown how reactants can be selectively oriented with re-
spect to one another, regions of “transition states™ probed,
and reaction rate constants for high excitation far above
the reaction threshold investigated using electronic excita-
tion with laser light.

Al some stage in the course of a chemical reaction, new
bonds are formed and old bonds broken, so that neither
“reactants” nor *‘products™ are in effect present. The di-
rect investigation of such “transition states” has long been
the chemist’s dream. Figure 12a shows that a range of such
transition states can be excited with laser light having a
wavelength that is nonresonant with the reactant or prod-
uct states. Among the reactions investigated” was that of
K(45’S) atoms with NaCl using excitation with laser light
in a crossed molecular beam experiment (Fig. 12b).P%
As the reaction partners approach, the states of the
spectes mutually “perturb” each other and their ener-
gy changes. When the wavelength of the laser light is fi-
nally resonant with the Na*(3p°P)-KCl state, excitation
to this state occurs and light emission at =589 nm
(Na*(3p’P)—~Na(3s°S) transition, sodium D-line) is ob-
served, as shown in Figure 13 as a function of excitation
wavelength. Emission at 589 nm occurs even on excitation
with longer-wavelength light. The missing energy comes
from the exothermicity of the reaction and thermal energy
of the reactants. By improving the signal-to-noise ratio of
the measurements. it should be possible 1o recognize struc-
tures in the spectrum and identify areas of longer resi-
dence time of the complex on the ground-state hypersur-
face from the intensity maxima.
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Fig. 12, a) “Transition state™ spectroscopy of an exothermic reaction. The
emitted frequency v is higher than the radiated frequencies v or v, The mis-
sing energy comes from the heat of reaction and the thermal energy of the
reactants. b) Energy level diagram of the K-NaCi reaction. 1750 cm ™" corre-
sponds to the heat of reaction.
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Fig. 13. Luminescence signal from the reaction K (457S)+ NaCl—
Na*(3p°P)+ KCl, occurring in crossed molecular beams, 25 a function of the
excitation wavelength. Only when all three beams are present simultaneously
(K, NaCl, and laser beam) is intense fuminescence at 589 nm observed. The
dotted area in the diagram gives ihe average of two or more measurements.
The differentty marked data points refer 1o measurements on different days.

In addition to emission from laser-excited “transition
states,” emission from chemically excited intermediate
complexes also has been observed. As Figure 14 shows, Po-
lanyi and co-workers*® were still able to detect fluores-
cence from the reaction

F+ Na, — FNaNa** — NaF + Na*(3p’°P)

far from the sodium D-line. This “wing” fluorescence
originates from Na* near NaF (and hence also from
FNaNa**). The higher intensity of the long-wavelength
“wing” is due to the fact that the upper and lower poten-
tial surfaces tend to lie closer together at intermediate con-
figurations (cf. Fig. 12a).

Following excitation into “repulsive states,” structured
emission spectra were observed, even though a rapid disso-
ciation follows the excitation™'*® These fluorescence
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Fig. 14. Emission of the “imtermediate complex” FNaNa** formed in the
teaction F+ Na,— NaF + Na*.

spectra provide information on the previously inaccessible
temporal course of 2 bond rupture. From the frequency
shift of the emission lines relative to the excitation wave-
length, the vibrationa) frequency in the electronic ground
state is obtained up to the vicinity of the dissociation limit
(Fig. 15). Fluorescence occurs when the continuum wave
function of the upper (repulsive) potential surface overlaps
favorably with vibrational wave functions of the lower
(bonding) electronic ground state. In a direct dissociation,
later times in the course of photodissociation correspond
to more elongated bonds and hence emission to higher vi-
brational states of the electronic ground state (cf. Fig. 15,
vertical optical transition). For example, following excita-
tion at A =266 nm, CH,I dissociates within femtoseconds
to CH. and !. Although the dissociation is about six orders
of magnitude faster than the spontaneous emission, fluo-
rescence is still observed. Optical transitions to highly ex-
cited states of the CH; “umbrella vibration™ of CH,I are
only observed in combination with excited CI stretching
vibrations.*” This behavior can be attributed to the fact
that the C-1 bond has to be elongated considerably before
the methyl group opens from the tetrahedral geometry in
CHa! to the planar form in the CH, product radical.

Fig. 15. Scheme for laser-induced fluorescence spectroscopy on repulsive
surfaces. A molecule is excited by a UV laser into a dissociative state. In spite
of rapid decay, Mluorescence (dotted line) occurs when continuum wave func-
tions and vibrational wave functions favorably overlap.

The influence of the orientation of the reaction paniners
with respect to one another, observed indirectly in experni-
ments involving rotational excitation of the reactants, can
also be observed directly using laser techniques. With po-
larized laser light, molecules having a particular orienta-
tion can be selectively excited, since the probability for ab-

Angew. Chem. Ini. Ed. Engl. 26 (1987) 38-58



sorption of light is at 2 maximum when the transition di-
pole moment is paraliel to the electric field vector. With
this method, Zare and co-workers! ™ *¥ were able to show
that the reaction of polarized, excited iodine molecules
with indium atoms occurs faster in “‘head-on" collisions
than in a **side-on™ attack (Fig. 16).

[———

~
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LE:U 500
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Fig. 16. LIF spectrum of Ini from the reaction tn+1% = [nl+I. lodine was
excited into the B(*1) state with a linearly polarized Ar® ion lascr at 514.5
nm. The transition moment here lies paralie] to the iodine molecular axis. On
otienting the electrical vector parailel 1o the In beam (0°), the reaction pro-
ceeds more rapidly (“head-on™ collisions) than for perpendicular orientation
1907). The lowest curve gives the fluorescence measured upon switching ofT
the laser.

Different wavelengths of light can be employed to selec-
tively excite molecules having different orientations, Thus,
ScF from the reaction of strontium atoms with vibration-
afly excited HF (excitation to v=1, J= 1 by a polarized HF
infrared laser) is more highly vibrationally excited after a
side-on than after a head-on collision. Calculations
show!™! that when the reaction occurs at the energetically
more favorably angled alkali-metal-HF orientation, energy
is preferentially transferred to the internal degrees of free-
dom of the product molecule.

Polarized iaser light can also be used to influence the
orienation of the electron orbitals in atoms. The excitation
of Ca('Sy) to Ca('P)) results in transfer of charge from a
spherical s orbital to a dumbbell-shaped p orbital. The
transition moment lies in the direction of the Ca p orbital,
so that this orbital is aligned with the electrical vector of
the laser light. In the reaction of Ca('P,) with HCl, the
CaCl A(’M) state is formed preferentially when the cal-
cium p orbital is aligned perpendicular to the calcium
beam. In contrast, the CaCl B(*L ") state is excited prefer-
entially when the Ca p orbital lies parallel 1o the calcium
beam (formation of a o, orbital in CaCl).** “Memory ef-
fects™ on the initial state have also been observed in the
reaction of O(*P) atoms with saturated hydrocarbons.
Luntz and Andresen"*"! showed that O(*P-) atoms give rise
preferably to the [1,,, spin-orbit states of the OH radical
for symmetry reasons, N

By electronic excitation of molecules with lasers, spe-
cific rate constants, k(E), for unimolecular reactions can
be measured directly. Troe and co-workers have investi-
gated the isomerization of various cycloheptatrienes in
their electronic ground states by means of thermal isomer-
ization" as well as stationary®” and direct, time-re-
solved“™ photoisomerization. On excitation of cyclohepta-
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Fig. 17. Potential energy scheme for the photoisomerization of cyclohepta-
trienes. Elecironic exciation into the $, state is followed by rapid internal
conversion to vibrationally excited CHT in the electronic ground state (S.),
which with rising excitation energy isomerizes increasingly faster to toluene.

triene molecules in the ultraviolet spectral region, light ab-
sorption (Sy+ hv— §,) is followed by rapid internal conver-
sion to vibrationally highly excited levels of the electronic
ground state (S, Fig. 17). The hot cycloheptatriene mole-
cules isomerize faster with decreasing wavelength. From
the increase in the absorption signal with time, the specific
rate constants could be determined direétly. Figure 18
shows that a statistical model of &{£) 15 in good agreement
with the experimental results.
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Fig. 18. Specific cate constants, k(£), for the unimolecular isometization of
cycloheptatnene. O, @, @, 7, &, ditect, time-resolved measurements by
excitation with laser light: @, ¥, W, s1ationary photoisomerization experi-
ments (Stern-Velmer extrapolation); solid line, statistical calculation accord-
ing to RRKM theory.

3. Lasers in Synthesis

It would seem obvious to use the methods described for
the sclective control of chemical reactions for making new
products or improving synthetic procedures. Under the
typical conditions of industrial chemical processes (high
pressures, reactions in the liquid phase, large molecules),
however, a selected molecular state cannot, in most cases,
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be held siable until the actual reaction stage. The exchange
of energy between the degrees of freedom within a mole-
cule and between various molecules usually occurs on a
time scale of 10~ '* to 10~ '"s, whereas the reaction times
themselves are considerably longer. On the other hand,
nonthermal isomer and isotope distributions as well as
nonthermal radical concentrations from laser-induced dis-
sociation and isomerization processes can readily be main-
tained under industrial chemical conditions and used for
producing new or appreciably purer products or for pro-
ducing products with lower energy consumption. Here, the
use of the laser offers 3 number of advantages over con-
ventional light sources: (1) extension of the available range
of wavelengths; (2) the selective excitation of just one kind
of molecule {e.g., for isotope separation or ultrapurifica-
tion), because of the narrow spectral bandwidth of the
laser light; (3) spatially and temporally controtiable, ho-
mogeneous excitation of the reaction volume, because of
the possibilities of pulsed operation and strong collima-
tion; (4) the possibility of multiphoton excitation, because
of the high power density.

As shown in Figure 19, Hg or Xe¢ iamps are preferable as
light sources for industrial photochemistry both in terms of
investment and operationa! cost as well as in terms of
maintenance expenditure, long-term power, and lifetime.
For economic application of lasers in this area, the effec-
tive cost of the photons must lie considerably below that of
the desired product (Fig. 20). One should remember that,
generally, the product price is determined only to a small
extent by the photochemical step involved in the produc-
tion process and that techniques employing lasers have to
compete not only with conventional photochemical pro-
cesses, but also with other routes of synthesis. Optimally,
the use of lasers should result in several improvements si-
multaneously, such as cheaper starting materials, fewer or
more valuable side products, and fewer or cheaper process
steps. In particular, the production of cheap mass-pro-
duced chemicals by the use of lasers is only worthwhile if
very high quantum yields (number of product molecules
produced per photon generated) ean be achieved in radical
chain reactions.
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Fig. 19. Photon costs for laser light as a function of photon energy. | Einsiein
is | mole of light quanta. FEL = free electron laser. Conventional lamps are

a1 present considerably mere inexpensive as light sources than lasers.
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Fig. 20. Influence of quantum yicld on product cost. The ordinate gives the
cost in dollars per mole of product lor conventional chemical syntheses. The
application of lasers for production of cheap mass-produced chemicals is
only economical a1 very kigh quantum yields, @.

3.1. Laser-Induced Radical Chain Reactions

Vinyl chloride (VC), the monomer of PVC, is produced
industrially mainly by thermal cleavage of HCI from 1,2-
dichloroethane (DCE) in a chain reaction. With a world-
wide production of over 25 x 10° metric tons per year, VC
is one of the leading products of chemical industry in
terms of quantity. The advantage of photolytic over ther-
mal initiation of the chain reaction is that the unimolecular
pProcess

+inen gas

CH,Cl, =" C,H;CI° 4+ CI°

is rate-determining with a low energy barrier. This leads to
a iow activation energy for the overall reaction and hence
10 lower reactor temperatures, higher conversions, and
fewer side products. The use of laser radiation to initiate
the chain reaction also permits detailed investigations of
the reaction kinetics. Radicals may thereby be produced in

il
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Fig. 21. Experimental setup for the investigation of laser-induced radical
chain reactions for the synthesis of VC. The products are detected by time-
resolved UV spectroscopy. gas chromatography (GC), and mass specirome-
try {MS). PM = photomultiplier.

a wide concentration range and the reactions followed as a
function of time. Figure 21 shows the experimental setup
required. The formation of vinyt chloride can be followed
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Mttty Dy hle-resulved UV spectroscopy. The entire
spectrum of products is recorded with the aid of a GC-MS
system. The experimental data can be compared with those
obtained from a kinetic model, which for a given tempera-
ture and pressure, simulates the whole course of the reac-
tion (Fig. 22) by using a system of coupled differential
equations for the elementary chemical steps. From a com-
parison of the experimental data with the predictions of

-t®

o

Fig. 22. Reaction paths for the cleavage of hydrogen chioride from dichloro-
ethane, 1,2-C,H,Cl,, in a Jaser-induced chain reaction.

the model, missing rate constants of selected elementary
steps can be determined. The pressure and temperature de-
pendence of the laser-induced VC formation can then be
used to predict the efficiency of conversion of DCE to VC
for industrial conditions. The calculations show that laser
photocatalysis results in a clear increase in the efficiency.
The addition of chain carriers such as chlorine can in-
crease the quantum yieids by over 10°. A pilot plant for the
laser-induced conversion of DCE to VC, which is presently
under construction, is shown schematically in Figure 23.
DCE is first heated in a tubular reactor. A segment of the
reactor is then irradiated with a powerful excimer laser,
which is tuned to a wavelength at which the absorption by
the medium is as smalf as possible. Owing to the high pa-
rallelism of the Jaser beam, a steady, small concentration
of active chlorine aloms can be generated in a very large
volume and hence long chains are produced. At the same
time, irradiation of the wall and hence the initiation of het-
€rogeneous processes is to a large extent avoided. With
laser radiation, faster conversion at lower temperatures
can be achieved compared with other processes. Thus,
both higher total conversions and reduced formation of
side products are possible simultancously. Like the ther-
mally initiated process, the laser-induced production of vi-
nyl chloride consumes energy. Therefore, besides the ra-
diation intensity, the rate of heat transport from the walls
into the gas is a limiting factor for the shortening of the
reaction times. In addition, the interactions between the
laser radiation and the reaction medium, which arise from
the density and concentration gradients in flow reactors
and can lead 10 undesired beam divergence and focusing,
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Fig. 23. Pilot plant for the production of vinyl chioride using an excimer
laser.

have to be investigated in detail. A further problem in the
industrial application of laser photolysis is the contamina-
tion of the windows through which the laser beam is ad-
mitted 1o the chemical reactor. One possibility is to flush
the window with inert gas or cold DCE, which has a much
lower absorption owing to the strong temperature depend-
ence of the UV absorption of DCE. Under certain condi-
tions, the laser itself can “bumn’ the windows clean by vir-
tue of its high intensity. Compared with conventional pho-
tolysis setups, the required transmission surface is consid-
erably smaller here. Overall, the use of high-power UV las-
ers in synthesis remains to be explored. Compared with the
discharge lamps employed 10 date, the good spatial and
spectral collimation of the laser radiation is particularly
advantageous. This avoids too high radical concentrations
in the vicinity of the light source and allows the required
production of reactive radicals under the extreme condi-
tions of pressure and temperature often encountered in
large-scale industrial processes.

In the chlorination of 1,1-dichloroethane [Eq. (b)], hy-
drogen atoms can be replaced at two different positions.
The desired o-substitution product, 1,1, 1-trichloroethane,
is employed as a metal degreaser in place of the more poi-
sonous trichlorocthylene. The maximum value of the ¢ B
ratio is 9 :] using lasers compared with 1 :1 for the classi-
cal thermal method and ca. 4:1 using a Hg lamp. The
maximum selectivity is obtained when low-energy chlorine
atoms, produced by the photolysis of 1CI (from a mixture
of iodine and chlorine) at 450 nm, are used as chain car-
riers.!*?

-

H4C—~CCly
hefCl, =
H3C—CHCL, ) (b}
P more highly
H,CCI-CHCL, + chlorinated
compounds

Ethylene can be produced from methane in the presence
of chlorine at high pressure and temperatures around
906°C via a chain reaction [Eq. (¢). (d)}*™ Under these

CH, + Cl; — CH;Ci 4+ HCI {c)
2CH.Cl  — C,H, + 2HCI td)
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conditions, however, numerous undesired side products
are formed. The methyl chloride produced in the first step
{Eq. (c) can alternatively be obtained in high quantum
yield (ca. 10%) a1 200°C using a KrF laser (248 nm). The
second step [Eq. (d)] can be initiated by an ArF laser
(193 nm), although with a’quantum yield of only 1.°"
The dchydration of ethylbenzenc to styrene [Eq. (e)] is
catalyzed by OH initiator radicals obtained by photolysis
(193 nm) of water vapor at 1 atm with an ArF laser; O; is

added 1o prevent premature styrehe polymerization ™ -

Quantum yields of 10° at 500°C and 10° at 300°C were
attained.

CHp—CHsy CH=CH,
fy

(e)

H,0, HCl

The photooxidation of cumene to cumene hydroperox-
ide [Eq. (f), (g)], a precursor of methylstyrene, is another
example of a laser-induced chain reaction. In the thermal
oxidation with air, numerous undesired side products are
formed, whose amount can be reduced by lowering the
temperaiure. By using photoinitiation, the reduction in
reaction rate that occurs can be compensated for. At
351 nm (XeF laser), a quantum yield of approximately 500
is attained.’®™ At shorter wavelengths (249 nm, KrF laser),
the yield is reduced owing to photolysis of the product,
cumene hydroperoxide.

®
o 00
+ 0 — 5 ()
- oo® OOH
B-9%

{93% selectivity)

In the photooxidation of isebutane to -butyl hydroper-
oxide, irradiation (351 nm) with a XeF laser also leads, on
addition of chain carriers (HBr), to higher quantum vields,
and higher selectivity is attained compared with thermai
reactions.*¥

The ketene produced by rapid pyrolysis of acetone at
700°C can only be obtained in refatively small yields (ca.
20%) because of the rapid thermal decomposition that fol-
lows. By starting the chain reaction photochemically using
a KrF laser (248 nm), higher conversions can be achieved.
As in the production of VC, the quantum yield falls with
increasing irradiation intensity.*”

3.2. Laser-Induced Polymerization

Conventional light sources for photopolymerization in
layers for reprographic technology as well as for curing
synthetic insulating materials have already been applied in
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industry. Because only the initiator needs to be excited for
photopolymerization, large quantum yields can, in princi-
ple, be achieved. As an example, the laser-induced, high-
pressure polymerization of cthylene is ¢considered in more
detail. Numerous investigations have provided informa-
tion on chemical and phase equilibria as well as kinetic
parameters.** Thermally induced radical polymerization
of ethylene has a number of disadvantages. Long induc-
tion perieds result from the need to heat the monomer/
initiator mixture. Also, the use of a multicomponent mix-
ture {monomer/initiator/regulator) is usually necessary.
Polymerization requires initiation by means of heat trans-
fer, initially from the walls. The polymer coating so formed
raises the heat transfer resistance of the reactor walls con-
siderably. In the exothermic polymerization process, how-
ever, the removal of heat from the reactor is also an impor-
tant parameter. Indeed, on exceeding a critical tempera-
ture, explosive decomposition of the monomers can occur.
In contrast, providing the necessary initiation energy with
the aid of laser radiation allows controlled and homogen-
eous initiation of the polymerization process. Figure 24
shows an experimental setup for investigating the UV las-
er-induced polymerization of ethylene at pressures up to
3000 bar and temperatures up to 300°C in the fluid phase.
By means of quantitative infrared and near-infrared spec-

uv-Laser

oM, -Zeli€

Fig 24. Experimental setups for the investigation of the laser-induced high-
pressure polymerization of C;H.. PD, photodiode: §5, scauerer; Q, quartz
plate; B, pinhole; D1(2), detector 1{2); A, absorber; ADC, analog-digital
converier.

troscopy, the guantum yields and time course of the poly-
merization process as a function of pressure, temperature,
and laser intemsity can be studied directly over a wide
range of conversions. Figure 25 shows the time course of
the polymer formation as monitored by measuring the ab-
sorption of the second overtone of the C-H stretching vi-
bration following initiation of the polymerization with a
KrF laser (248 nm). As with the irradiation of DCE, one
¢an work in a region of low absorption and hence achieve
very large penetration depths in the starting material.
However, the weak ethylene absorption at 248 nm (absorp-
tion cross section o=2x10"* m® mol~' at 100°C) is
strongly influenced by impurities such as O,. The absorp-
tion of the reaction product, polyethylene, at these wave-
lengths can be neglected. In the above experiments, quan-
tum yields of 10* could be achieved and rate constants for
the propagation and termination reactions of polymeriza-
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Fig. 25. Observation of polymer formation in C-H, using Lhe overtone spec-
trum of the CH streiching vibration afier imadiation with a KiF jaser.
1=moenomer band: 2 = polymer band; A = absorption. ¢, = stan, i, =termina-
tion of spectral recording.

tion could be measured directly as a function of pressure
and temperature.'*¢!

Polymerization by photochemical activation has also
been achieved with infrared lasers'” and continuously op-
erating ion lasers; the laser-initiated copolymerization of
cyclohexene oxide with maleic anhydride is two orders of
magnitude more efficient than is the case for irradiation
with conventional UV lamps.** On introducing a suitable
photoinitiator, very rapid cross-linking in epoxy acrylate
layers can be obtained by irradiation with an N, laser
(337 nm}. Up to 450 cross-link points are produced per ab-
sorbed photon. About 10* double bonds are polymerized
for each initiator radical produced.”™ However, polymeri-
zation can also be initiated by laser photoionization. Cat-
ions can thereby be generated either from suitable, ther-
mally stable salts'! or by direct photoionization of the
monomer via multiphoton processes.*™ The high temporal
resolution feasible with laser photolysis alse allows de-
tailed investigations of the elementary processes involved
in radical polymerization.*” By introducing photochemi-
cally active catalysts, polymerization of acetylene and
ethylene can be achieved in 3-um-thick Jayers within the
irradiation zone of an Ar® ion laser (257.2 nm).©* interest-
ing insight into the kinetics of the polymerization process
can also be obtained using holographic techniques.® 5

The irradiation of varnish coatings with excimer and dye
lasers allows, even at very low intensities, very rapid poly-
merization without the use of soivents or heat. In this way,
transparent coatings of 200-um thickness and pigmented
coatings of 20-um thickness can be produced more than an
order of magnitude faster than by the processes used pre-
viously. e

Laser-induced polymerization allows three-dimensional
structures to be produced with high spatial resolution. To
this end, two different laser beams are focused simufta-
neously on a point in a monomer solution, so that poly-
merization is initiated by two-photon excitation of the
monomet or of the cross-linker. By controlling computa-
tionally the spatial position of the laser overlap zone of
several micrometers diameter, one aims to produce com-
plex, highly precise plastic prototypes and raw forms./*")
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The photolytic ring opening of 7-dehydrocholesteral (7-
DHC) (Fig. 26) to give vitamin D,, via previtamin D, (P,),
has long been employed for the large-scale synthesis of vita-
min D;.**! The three isomers lumisterol (L,), tachysterol
(T:). and P; can be interconverted by irradiation with UV
light. whereby the photostationary composition depends
strongly on wavelength. Table 1 and Figure 26 show that
the use of two laser wavelengths rather than irradiation
with a Hg lamp leads 10 a considerable improvement in the
yield of the desired vitamin D; precursor P,./**™ Irradia-
tion with shorf UV light pulses in the picosecond range de-
creases the photolysis of P; and improves the ratio of P; to
the undesired T, by another factor of 3.7"
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R=Me, (H-(CH,)3-CH{Me)- Ty

Fig. 26, Synthesis of vitamin D..

Table 1. Photostationary composition of the mixture upen irradiation of the
vitamin D precursor [69].

Light soutce % 1-DHC % Ty % L, % Py
Low-pressure Hg famp L5 75.0 2.5 20,0
Medium-pressure Hg lamp 34 26.0 17.0 530
KrF laser (248 nm) 29 71.0 — 260
XeCl laser (308 nm) 13.0 34 420 350
Kr1F + N laser (334 nm) 0.1 1.9 9.0 £0.0

The results of the laser experiments allow improvcments
in the conventional photochemical process: namely, the
KrF laser (248 nm) and the N, laser are replaced by a low-
pressure Hg lamp (254 nm) and 2 medium-pressure Hg
lamp equipped with a suitable filter, respectively. In the
production of special vitamin D, metabolites for medical
diagnostics, an increase in yield by a factor 5 is achieved

- by the use of lasers.[™

Peroxides, which are produced from azoalkanes, are im-
portant intermediates in the synthesis of the beetle attrac-
tant pheromone frontalin.” Alone in North America, the
beetles Dendrocionus brevicomis and D. frontalis cause
more than a billion dollars worth of damage to wood an-
nually. Frontalin (Fig. 27) can be produced from the azoal-
kane 1 via the endoperoxide 2. The 364-am line of the Ar®
laser is particularly suitable for this synthesis, since this
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wavelength is absorbed sufficiently by the sensitizer benza-
phenone but not by the azoalkane 1. In contrast, direct
light absorption by the azoalkane results in loss of N, and
formation of a singlet diradical which undergoes C-C
bond closure to give an undesired product.

hy
PhCO
= -Nz to—of
‘ l
H® E J
0
—0
frantalin 2

Fig. 27. Synthesis of fromalin. Direct photolysis of 1 results in the formation
of a triplet diradical which reacts with O,.

Similarly, certain azoalkanes can be converted into en-
doperoxides by laser photolysis followed by scavenging of
the resulting diradicals with O,. From those endoperox-
ides, substances for preventing (prostacyclins) or promot-
ing (thromboxane) blood clotting can also be produced.™™
The photodecomposition of vitamin K, 3, which leads to
termination of respiration in living cells, can be traced
back to the reaction of the preoxetane diradicals 4 with
0. By using high O, partial pressures (> 10 bar) and
photosensitization with benzophenone, the diradicals §
and 6 can be scavenged in high yields as the correspond-
ing peroxides.”
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With high-power pulsed lasers, sufficiently high concen-
trations of radicals can be produced for direct spectrally and
temporally resolved detection. Also, higher triplet and
singlet states can be reached by successive absorption of
laser pulses in the nanosecond and picosecond range (Fig.
28).71 For a triplet-state lifetime of 10=* to 10~"s, laser
intensities of 10-10” W ¢m =2 are sufficient and are easily
attzinable using excimer lasers at puise lengths around
107 *s. In this way, the quantum yield of the photocycliza-
tion of carvone 7 to carvone camphor 8 [Eq. (h)] in etha-
nol can be increased 70-fold compared with the single-
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Fig. 28. Reaction possibilities of polyatomic molecules afier single-photon
and multiphoton excitation by laser pulses of differing duration. a) The rela-
tively small intensity of the continuous (CW) laser leads to excitation only of
the S, or T, state. b) With laser intensities of 10107 W em -2 and pulse
lengths in the nanosecond range, higher states can also be reached by succes-
sive absorption of photons. ¢) The direct excitation into higher singlet states
requires intensities of 10°-1¢'® W em~? and pulse lengths of 10~ 7 5. Mole-
cules in higher singlet or triplet states can undergo new reactions (K).
75, 71, and 7 are the characteristic lifetimes of the S, state, the T, state, and
the transition from the 5, to the T, state.

photon excitation.”” The direct excitation to give higher
singlet states requires laser pulses of around 10~ 25, since,
for the intensities of 10°-10™ W ¢m 2 required for pulses
of 10~% 5, the damage threshold of the condensed phase is
considerably exceeded. Excitation of maleic acid with pi-

308 nm o]
7 — B (k)
EtOH
Fo. 5
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cosecond pulses at 265 nm resuits not only in photo-
dimerization, but, with increasing intensity, also in addi-
tion of water to the double bond.”® Here, the direct cleav-
age of water by multiphoton excitation apparently plays an
important role."™ The use of ultrashort light pulses of high
intensity could open interesting new approaches to the
photochemistry of energy-rich double bonds: for example,
in the development of optical switches, the construction of
organic molecules for energy and information storage, and
the synthesis of active substances. Sti}l little used is the se-
lective production of enantiomers by photolysis with po-
larized light, already described in the 1930s by W. Kuhn et
al 1B%

The intensive efforts to apply organic glasses and po-
lymers to optical siorage of data™" have already been re-
ported in detail.**#3 More recently, both for inorganic!®
and for organic™® materials, interesting results have been
achieved by “multicolor” photoionization (simultaneous
irradiation with photons of various wavelengths).
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IS SLPATALIUL OF 1XOTOPOS WID Lasers

The high frequency sharpness of the electromagneltic ra-
diation possible with the laser has given new impetus to
investigations of the photochemical separation of isotopes,
which was first attempted over hall a century ago.® A
specific isotope of an element {either in the elemental state
or in a molecule) is excited selectively by narrow-band
laser light and converted into an ion, isomer, or dissocia-
tion or reaction product that can be more readily separated
chemically or physically (Fig. 29). The focus of interest
was initially the uranium isotope *5U."* The most devel-
oped process for this so far, AVLIS (atomic papor laser
isotope separation), employs the selective multiphoton ion-
ization of uranium atoms (Fig. 29a) with dye lasers,
pumped by powerful copper vapor lasers with high repeti-
tion frequency (10 kHz).*" Besides uranium and pluton-
ium, numerous other elements can be isotope-selectively
enriched by this method.!*™

A+ BC

Fig. 2%. Possibilities for photochemical separation of isotopes with the laser.
‘A represents a particular isolope of the element A. For details, see text.

Foltowing the observation of isotope-selective, infrared
mulitiphoton dissaciation of SF, with the aid of CO, las-
ers,”™ analogous experiments were performed with UF,,
The radiation required for excitation of the fundamental
vibrations of UF, at 16 ym can be obtained by rotational
Raman scattering of CO, laser radiation on para-hydro-
gen™ However, the UF, gas beam has to be strongly
cooled to obtain the necessary differences in absorption
between **UF, and **UF,. By further selective vibra-
tional excitation of UF.,, clear differences are obtained in
the UV absorption spectra® of »**UF, and ***UF,, which
can be used for the isotope-selective dissociation shown in
Figure 29b. The laser powers at 308 nm required for indus-
trial application are in the 100-kW range.”®! Besides UF,,
other uranium compounds, such as UO(OCH,) 4 and
uranium complexes'®” were investigated. The technique
was also applied successfully for the enrichment of pluto-
nium isotopes by selective excitation of PuF,.™ In nuclear
power reaclors, zirconium is used as a containment mate-
rial for fuel rods. Isotope separation is of interest since
*'Zr has a neutron-capture cross section more than an or-
der of magnitude larger than the other isotopes. Indeed,
the selective ionization of *'Zr was reported recently.!*!
Because the economic use of nuclear fission is developing
moere slowly and with more difficulty than was orniginafly
assumed. the requirement for additional capacity for iso-
tope separation of uranium is smaller than predicted. This
is also true for deuterium,"™! which is required for reactors
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using natural uranium. Tritium can be enriched {e.g., for
experiments in controlled nuclear fusion) by multiphoton
excitation of *HCC1,®" and *HCF,"! with an IR laser.

The isotope-selective dissociation by one-photon excita-
tion (Fig. 29b) can also be achieved by selective excitation
of predissociative states, as for isctopes of carbon in form-
aldehyde.'™ “C-labeled compounds can be used in medi-
cal diagnostics, for example, in metabolic investigations in
place of radioactive **C-labeled compounds, and in NMR
tomography. An annua! requirement of several hundred
kilograms of '*C is 10 be expected. An industrially rela-
tively well developed process for laser-induced production
of carbon isotopes is presented schematically in Figure
301" Laser-induced multiphoton dissociation (Fig. 29¢)
of Freon 22 (CF,HCI) results in the formation of C,F,,
from which C-enriched CF,HCI can be obtained by ther-
mal addition of HCL""®" The cost of the CQ.-laser photons
required for this process can be reduced still further by
employing a continuous-discharge CO, laser."®” Enrich-
ment of '*C-isotopes via multiphoton dissociation of
CF,Br!'®! is more expensive, because of the considerably
higher cost of the starting material. Isotopes can also be
enriched by selective excitation of bimolecular ex-
change™*-'°% or addition reactions.!'*"!

RLF MO
b hv {H;0H
E_F:Hfl"*' GF, - 2HCI f:z"u = | orsduction
’(Fy « HU v (F; » HOL
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Fig. 30. Production of "'C-enriched compounds by multiphaton dissociation
of Freon-22. Photolysis 1 {A=9.5 um) leads 1o a mixiure of '* *C.F, and
RCFHCL After separation of “CF,HCH, the remaining '*'*C.F, is recon-
verted into "*“*CF.HC! and funher enriched with the "“C-isotope by photo-
bysis 11 (1 =9.5 ym). '

3.5. Photochemical Purification with Lasers

The selective photochemical removal of impurities with
lasers is exemplified by the purification of gaseous SiH,
(the starting material for the preparation of pure siticon for
semiconductor production) from compounds such as
AsH;, PH;, and B.H,, which are difficult to remove chem-
ically. Contamination of such p- and n-charge carriers,
even at a ratio of 1:10° can negatively influence the func-
tioning of integrated circuits. Whereas in conventional
methods the entire material is subjected to the purification
process, the laser acts only on the impurities. Thus, laser
irradiation at A = 193 nm is absorbed four orders of magmi-
tude more strongly by PH; and by AsH, and two orders of
magnitude more strongly by B;H, than by SiH,. For an im-
purity of 1%, more than 99% of the AsH, and 40% of the
PH; and B,H., but only 1% of the SiH, is photolyzed.!'®
The end products of this photolysis are readily separable
solid polymers or gaseous compounds. Laboratory experi-
ments show that the purification process even proceeds ef-
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ficiently at atmospheric pressure, so that, for impurities of
several ppm, typical absorption cross sections of 10" ¢m?
and reactor lengths of several meters, more than 50% of the
laser light is absorbed. Extremety high-purity sitane is im-

_portant for the economic production of electricity from

sunlight, since the efficiencyof silicon solar cells depends
strongly on the impurities present. Further examples of ef-
ficient purification of gases are the separation of COCl,
from BCL,!""" and of CCl, {rom AsCL!"" and the destruc-
tion of dioxin.!'™

Lanthanoids and actinoids can be efficiently separated
and purified by exciting the narrow absorption bands of
their compounds in the visible and UV."" The excitation
is still selective even for higher absorber densities in the
liquid phase. The new oxidation states formed by the pho-
toredox processes enable the compounds to be readily sep-
arated. Figure 3] shows the separation of europium [Eq.
(i)] as an example, whereby the hydroxyl radical has to be
scavenged, e.g., by isopropanol, 10 avoid the reverse reac-
tion. The quantum yield for Eu®® photoreduction at

Eu'® 4+ H,0 2", Ey?® 4 4% 4 QH° 0

Eu’® + 803° ——— EusSO, |

193 nm was given as 5% at 90% conversion, whereby up to
a three-hundred-fold enrichment of curopium was meas-
ured in the precipitate afier irradiation of binary euro-
pium/lanthanoid mixtures. H,S in CO/H; synthesis gas
was photolyzed selectively with an ArF laser and the sulfur
released was removed by adsorption on a metal sur-
face.!' In this way, sulfur impurities could be reduced
from 10 ppm to 1 ppm. A spectroscopic selectivity (excita-
tion only of H,S in the synthesis gas) of 107 was measured
in the wavelength range 210-220 nm. Quantum yields (H,S
molecules removed per absorbed photon) of 0.4 (] atm) to
1.0 (10 1orr) were achieved. In particular, the use of a laser
is interesting for the removal of “fine impurities”
(<1 ppmH,S), since catalysts based on copper (e.g., those
used for production of methanol from symhesis gas) have
lifetimes of about one year if the H,S ympurities in the
CO/H; mixture can be reduced to less than I ppm.

1 A
150 200 250 300 35
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Fig. 31. Laser-induced separation of tanthanoids. ‘The absorption spectra of
turopium in various oxidation states show that the Eu'? ions can be selec-
tively reduced in the liquid phase with the aid of an ArF excimer laser
{4 =193 nm). The Ev’* ions formed are precipitated as EuSO, after reaction
with suifate tons.
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3.6. Synthesis of Defined Solids and Catalysts with Lasers
Pyrolysis of gas mixtures with laser radiation can be
used to produce catalytically active solids of variable com-

position (Fig. 32). After complete mixing of the gaseous
starting materials and their rapid heating in the Iaser beam,

pump
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Fig. 32. Synthesis of Fe/Si/C catalysts by CO, laser pyrolysis of gaseous
starting materisls. By varying the partial pressures of the components and the
laser imtensities, catalysts with varying properties can be produced.

very small solid particles with homogeneous structure and
large surface area are obtained. Figure 33 shows the yield
of alkanes and alkenes obtained from the Fischer-Tropsch
synthesis with laser-synthesized Fe/Si/C catalysts.
Whereas with saturated hydrocarbons mainly methane is
Tormed, with olefins considerably longer chains are ob-
tained. By optimizing the composition of the laser-synthe-
sized catalysts, higher selectivity and preferential forma-
tion of the valuable light olefins (C,-C,} can be
achieved.!"' By a similar process to that described in Fig-
ure 32, powders of defined composition can be obtained
for the production of specialty ceramics.!'™ Irradiation of
[Fe(CO)/SiH"  NH,/8iH,"®  (Me,Si),NH,'" o
SiH./NH,/CH/"" gas mixtures with a CO, laser leads to
particularly fine, pure, spherical, relatively non-clumping,
and almost identically sized Si/Fe, Si;N,, and Si/C/N
grains for the production of special ceramics.

Metal carbonyl catalysts can be UV-photoactivated in-
stead of thermally activated. Active centers are formed by
cleavage of one or more CO ligands, often resulting in ca-
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Fig. 33. Fischer-Tropsch synthesis with laser-produced Fe/SisC catalysts.
n=number of C atoms: c=amount of produdt in %.
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talysic activity even at room temperature. Besides polymer-
1zation (Section 3.2), the isomerization and hydration of al-
kenes with [Fe(CO)s] catalysts!' "™ '"" and the silylation of
alkenes and aldehydes™ '™ '"* with {Col(CO),,] catalysts
upon irradiation with a XeF laser or a frequency-doubled
Nd-YAG laser have been investigated. For the isomeriza-
tion of 1-pentene, quantum yields of 10° and “turn-over”
rates (quantum yicld per average lifetime of the catalyst) of
4x 10" s=' at 50% conversion of l-pentene can be
achieved. Broad-band light sources such as flash lamps
lead more readily to direct photolysis and 1o undesired
side products.

Metallic glasses having unusual compositions and prop-
erties and other metastable phases can be produced by ir-
radiation with intense laser puises. Short iaser pulses lead
here 10 extremely rapid heating and melting, followed by
very rapid cooling and solidification. Cocling rates of up
to 10" K s~ have been obtained for alloy films afier heat-
ing by means of picosecond laser pulses.!'?)

3.7. Laser-Induced Deposition of Materials on Surfaces

In conventional, thermally induced deposition of mate-
rials from the gas phase (chemical vapor deposition, CVD),
relatively high temperatures (600-900°C}) are required. The
lemperature can be reduced to 350-450°C by employing
electrical discharges in plasma CVD. However, undesired
species can be formed in wall reactions and interfere with
the process, and radiation damage can be induced in the
deposited films; moreover, in order te ensure the stability
of the discharge, only a restricted range of pressures is
available and the reaction volume can only be controlled
to a very limited extent. The LICVD method (faser-in-
duced chemical vapor deposition) for controlled deposi-
tion of selected species offers many advantages: control of
the irradiation area from pm? 1o cm? and of the irradiation
time from 10~ ' s to continuous operation, no wail effects,
and independent control of the substrate temperature for
production of layers with extremely high purities.

Figure 34 shows schematically three possibilities for the
LICVD method.!'**! In the pyrolytic process (1), the laser
light is generally not absorbed by the reaction gas, but is
used instead to produce strong localized heating at the
substrate surface. Because of the sirong temperature gra-
dient formed, the material is deposited in a narrowly de-
fined region, so that transporst from the gas phase can oc-
cur from various directions. The pyrolytic method can be
applied over a wide range of pressures and allows deposi-
tion rates on the order of 1 to 107 pm s, a factor of 107 10
10* higher than with a conventional CVD process."™ In
process 11, a better directed and more homogeneous beam
of the material to be deposited is obtained than in the ion
vaporization technique otherwise generally employed.'*4
In the photolytic process (I11), selective excitation of disso-
ciating stales is emploved. The products of laser dissocia-
tion can either be condensed directly on the surface or al-
lowed to react chemically with other species present in the
surface layer. As shown in Figure 35 111, the Taser can also
be focused directly on the surface and moved over it.
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Fig. 34. Possibilities for the photochemical deposition of matenials from the
gas phase by means of IR or UV lasers. For details, see texi.

Frequency-doubled Ar® lasers (4 = 257 nm) can be used
to deposit Cd from Cd(CH,),!"* Zn from Zn(CH,),, "9
and Ni from [Ni(CO).}!"*" Because of the nonlinearity of
the grain-formation process, spatial resolution of 0.2 to
0.5 um is obtained. In conjunction with computer control
of the laser beam, it is therefore possible to “draw™ com-
plex electronic circuits directly onto a substrate."?*! Be-
sides metallic conducting layers, insulatars and semicon-
ductor layers can also be deposited. In addition to contin-
uously operating ion lasers, CO, and UV-excimer lasers
can be employed, which permit the production of iarge-
surface-area, thin layers, e.g., amorphous Si layers for the
production of cheap solar cells.!'™ The rate of deposition
can be increased considerably by the participation of the
photaelectrons produced by the UV excimer laser.'* In-
formation on the primary processes occurring on applying
the radiation of a UV-excimer laser for the deposition of
metals from organometaliic compounds (MOCVD) can be
obtained using multiphoton mass spectrometry with time-
of-flight analysis. This technique allows the production of
an entire mass spectrum with high sensitivity by using a
single laser pulse."*" The species involved can be identi-
fied from both their absorption spectra and their masses.
In this way, the formation of tellurium atoms and dimers
upon phototysis of Te,(CH.). at two different laser wave-
lengths, the energy states of the Te atoms formed, and the
energy distribution within the molecular fragments can be
determined directly. Use of ultrashort light pulses appreci-
ably facilitates the detection of unstable parent jons.!'d
Further, the deposition and dissolution rate of metals at
liguid/solid boundaries can be increased considerably
{> 10") by the use of laser radiation. The laser beam is di-
rected onto the cathode in an electrolvie solution and the
laser wavelength chosen so that the electrolyte absorbs as
little as possible.!">*'*4 Metal deposition without electric
current is also feasible.

4. Ablation and Processing of Materials with Lasers

Two types of material processing with lasers can be dis-
tinguished: thermal, nonreactive processing and chemical
processing. In thermal processing, the sample is heated lo-
cally and brought te melting and evaporation. Welds and
cuts can be made on the sample. This method is applied in
a modified form to anneal defects on surfaces, to recrystal-
lize, to harden materials. or to alloy locally. In chemical
processing, chemical reactions are initiated by the laser ra-
diation.
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4.1. Processing of Polymer and Semiconductor Materials

In principle, any laser with sufficient power density is
suitable for processing of polymer materials and substrates
for microchips. Recently, however, several significant ad-
vantages of UV lasers have become apparent,!™* particu-
farly when microscopically fine and precise work with
clean edges is required. These types of requirements arise
especially in the production of chips of very high informa-
tion density (microlithography), but also in “microwriting™
on polymer materials and in micromanipulation of biolog-
ical objects. A significant advantage of UV light is that at
wavelengths below ca. 350 nm the energy of single photons
is sufficient to break chemical bonds. In contrast to IR las-
ers, whose radiation ¢an penetrate more deeply and excite
vibrations in polymer molecules, leading to thermal decay,
the use of UV lasers results in cleavage of bonds where the
photon density is highest, i.e., on the surface. This leads
predominantly to monomer fragments and very clean abla-
tion edges.!"*® By laser decomposition of halogen com-
pounds adsorbed on surfaces, fine patterns can be etched
in semiconductors, glasses, metals, ceramics, and other
materials.!"*

The following processes occur in etching:

Photodissociation CH,Br — CH? + B:®

Chemisorption n{Br) — (nBr):(GaAs) AH<0

Surface erosion (nBr) :(GaAs) — GaBrt, + As

Evaporation GaBr (solid) —— gallium bromide (g)

Free halogen atoms are removed from the gas phase by
radical scavengers, so that the etching process occurs only
in the direct vicinity of the laser beam. The method is also
applicable to liquid/solid boundaries.

5. Application of Lasers in Medicine

Most of the laser applications described below are not
yet accepted in routine clinical practice. The application of
the laser in surgery offers a number of advantages: stypsis,
precise work, reduction in the number of instruments re-
quired, contact-free tissue ablation, asepsis, minimal dam-
age to the surrounding tissue.!"*" In respiratory tract or gy-

Table 2. Medically useflul interactions of light and matier.

necological operations, the laser light can be led directly to
the site of operation via light guides.

For laser light to inleract with tissue, it must first be ab-
sorbed. Several simple observations can be made:

1. The interaction with IR radiation is best described in
terms of absorption by water. The interaction is pre-
dominantly thermal in nature.

2. The absorption properties with respect to visible light
are determined by the pigmentation of the tissue in
question.

3. The further one goes into the UV, the more important
photochemical effects become. At wavelengths below
200 nm, photoablation occurs almost exclusively. Here,
the interaction of light with polymers (Section 4.1) can
serve as a model.

This overview says nothing about the influence of power
density on the interaction of laser light with tissues. Table
2 shows the variety of interactions possible and how they
can be applied in medicine. The data in Table 2 are col-
lected mostly from ref. [137, 138). Table 3 gives an over-
view of the lasers used in medicine and their applications,
which will be iliustrated below with no attempt at com-
pleteness.

The aim of angioplasty with lasers is to open sclerotic
blood vessels.!"” The use of lasers operating in the visible
or infrared, however, results in carbonized edges and bub-
blelike lestons in the vessel tissues, which remain after re-
moval of the stenosis.!"*'"! Thrombocytes attach themselves
to such edges and are the starting point for a new stenosis.
Very recently, it was shown that these problems do not
arise when ArF excimer lasers are used.!'*? The edges of
the recanalized tissue are smooth (Fig. 35)./"*

Fig. 35. Histological section through aorta tissue that hap been recanalized
vsing an ArF laser. Enlargement ca. 100-fold; laser power ca. 50 ] cm—?[143].

Power Type of
density interaction

_ Mechanism

Application

mW/cm®  Biostimulation [139) Influencing cenain pars of metabolism
kW/cm®  Coagulation
local temperatures of 40-84°C
MW/cm® Evaporation
breakdown of tissue structure
GWscm®  Photoablation Individual bonds are broken
Photodisruption
TW/em®  Formation of
microplasms

Denaturation and resutting clotting of proteins, etc., at

Water evaporales (partly explosively) from the tissue;

Molecules are ionized 50 that electron avalanches occur

Healing of inMNammations and wounds
“Glueing™ of tissue pans; clotting of bleeding

Cutting of tissues analogous to the surgical knife but con-
tact-free.

Cold evaporation of tissue paris

Destruction of "hard™ materials such as galisiones
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Tuble 3 Powsibilities for applicavan of materiat processing 1in medicine

Presumed nature

Laser type Wofking Penetration  Main use following interaction Areas of medical application

wavelength  of interaction depth into la) [b)

[nm]} with tissue the skin

A B C D E v v w X Yy z

ATF excimer 193 ° Surface x x x .
KrF excimer 248 Very small {(x) x x x
XeCl excimer 308 Small x x x x
Kr® ion 407 Deep x X x x
Ar* ion 516 Very deep x  x x x x x x
Nd-YAG, frequency-doubled 532 Very deep x x (x) x
He-Ne 620 Very deep x x x
Semiconductor 780-1200 Deep » ®
Nd-YAG 1064 Deep x x x x x
Er-YAG 2936 Small x
€O, 10000 Smali x x x x

[a] A = biostimulation: B = coagulation; C « evaporation, cutting: B = photoablation, photodisruption; E = formation of microplasms. [b] U = angioplasty,
V = photodynamic therapy, W = urology - gyvnecology, X = gastroenterology, Y = ophthalmology, Z = dental medicine.

In tumor therapy with lasers, two methods are being ex-
plored. One attempts to coagulate tumors directly!™¥ and
the other uses the laser for photodynamic therapy
(PDT)." In PDT, dyes are employed that absorb light of
a particular wavelength preferentially and are either incor-
porated selectively in the tumor tissue or are more slowty
degraded by the tumor tissue. An example is prov'ided by
the hematoporphyrin derivatives (HpD), which are incor-
porated selectively by the vessel tissue of tumors. If the tu-
mor is irradiated with a red laser (e.g., He-Ne laser), the
HpD-labeled tumor tissue absorbs seiectively. HpD is de-
composed photolyticaily, so that oxygen radicals are
formed, which as strong cytotoxins interfere with the
blood vascular system of the tumor and hence cut off its
supply of nutrients. Other dyes, such as phthalocyanines,
are incorporated preferentially in the mitochondria of can-
cer cells and after laser irradiation interfere with the meta-
bolism of these cells.

Numerous tumors can be temporarily degraded by use
of PDT. Nevertheless, baring individual exceptions, can-
cers cannot be cured in this way, since the metastases are
not treatable and the effects of PDT on various tumors
vary greatly,!'*

PDT is still being investigated to some extent in animal
experiments for the treatment of bladder tumors,!™” breast
cancer,"**! gynecological tumors,™ intestinal cancer'®
and lung tumors. The selectivity for certain tumors might
be increased by coupling monoclonal antibodies to
HpD.h1s4

A very attractive application of lasers in gastroenterology
could be in the destruction of gallstones. In contrast to
kidney stones, 90% of which can be destroyed by a litho-
tripter without an operation, gall stones are insensitive to

Angew. Chem. Int, Ed. Engl 26 1987) 38-58

fluid shock waves. In contrast, laser pulses of high power
density destroy gall stones, probably after forming micro-
plasms which break the stones from within. For this type
of application, the excimer laser is probably the most suit-
able.

All lasers that are suitable for coagulation of tissue can
also be applied to stop stomach hemorrhages by thermally
clotting the blood. In contrast to drug therapies to stop he-
mosrhages, one can work very well locatly with the laser
and thereby avoid irritating the neighboring tissue.

In newrosurgery, lasers have long been used to treat tu-
mors in the brain.!'*? In particular, the possibility of pre-
cise, contact-free operation is made use of since in brain
surgery, even more than for other parts of the body, it is
important to protect healthy neighboring tissue. Maost re-
cently, first results on the application of lasers in microsur-
gery were reported."*" Here, the coagulating action of a
focused Jaser was used 10 reconnect interrupted nerve con-
nections very precisely, '

In dermatology, hemorrhages that form in the skin by
perforation of capillary vessels can be treated by the green
light of the Ar® laser’** and the frequency-doubled Nd-
YAG laser. In this way, blood clots are destroyed and si-
multaneously capillary vessels are closed. Less specific is
work with the CO; laser, whose thermal effect is used, for
example, (0 remove warts or tatoos.!!s%

The development of laser treatment methods in ophthal-
mology is the most advanced and illustrates clearly how
completely different results can be achieved by choosing &
suitable laser wavelength. With an Nd-YAG laser, one can
reach areas just behind the eye lens on account of the shal-
low penetration depth of IR light, Membranes can there-
fore be opened, through which intraocular overpressure
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can be released. The green light of the Ar® laser,!'* the
frequency-doubled light of the Nd-YAG laser,"'*” or the
blue light of the Kr® laser can be used to reach the fundus
of the cye, the retina, through the transparent eye Jens and
the transparent vitreous humor, for example to “weld”
(coagulate) detached areas of the retina. For corrections of
curvature defects of the cornea, on the other hand, wave-
lengths that are absorbed by the cornea, such as those of
excimer laser light, are needed.!*® With the aid of cylindri-
cal lenses, excimer laser pulses aré imaged to a streak-
formed cross section, which is used to change the radius of
curvature in the desired manner.

In treatment of opthalmic disorders, another important
advantage of the laser is apparent: often, the laser, which
is required for material processing, i.e., operational tasks,
can be employed by means of a suitable regulation tech-
nique for diagnosis and analysis of the operation results.
This not only reduces the number of instruments required
for the operation but but also reduces the irritation to
which the eye is exposed.!'*

6. Summary and Outioek

Twenty-five years after its discovery, the laser is jrre-
placeable in many areas of basic chemica! research, The
use of lasers provides a direct approach to the investiga-
tion of the molecular details of chemical reactions. The re-
sults can be compared directly with predictions based on
quantum-mechanical calculations. The data so obtained
on reaction cross sections and rate constants of elementary
chemical processes can be used as a basis for detailed
mathematical modeling of chemicai reactions, which in the
future will have the same significance that tables of ther-
modynamic values have at present. Investigations with las-
ers will increasingly provide information on numerous ki-
netic processes in gases, liguids,!'*®'*" and solids as well
as in biological systems. A significant breakthrough in the
investigation of changes in molecular structures in the
course of chemical and biological processes is to be ex-
pecied from the extension of the laser principle to the X-
ray region. Although stimulated emission has been ob-
served down to wavelengths of 21 nm, for the region of
several nm considerable difficulties still have to be over-
come,”*™ ') because extremely high pumping efficiencies
are required owing to the short iifetimes of excited states
in the X-ray region.

Although the cost of laser photons is at present
markedly above that of photons from conventional light
sources, photochemical synthesis with lasers can afford a
number of interesting results. In particular, the laser-pho-
tochemical production of thin layers of metal, insulators,
and semi- and superconductors will acquire increasing
technological importance, not only for newer processing
techniques for semiconductor components and circuits,
but also particularly for the development of integrated sen-
sors for controlling automated finishing processes. The ap-
plication of lasers for the production of larger quantities of
isotopically pure compounds, specific pharmaceuticals, in-
itiation of chain reactions in the production of monomers
or the polymerization of coating layers, and the production
of powders for ceramics and catalytically active material
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will depend on how far the costs of laser photons can be
further reduced and whether lasers with higher powers and
lifetimes become available. For some technical applica-
tions, such as laser printers and material processing using
€O, lasers, these requirements have already been met. For
excimer lasers, systems with powers in the kW range will
be realized in the near future. It is at present hard to esti-
mate how far new laser principles, such as the free ¢lectron
laser (FEL), will allow high powers and efficiencies in a
wide range of wavelengths from the infrared to the ultra-
violet to be attained. So far, FEL systems have only been
operated in the infrared and visible speciral regions,
whereby extreme demands on the quality of the electron
beam are made.

It is assumed that, besides the production of chemical
products and the processing of technical materials, high-
power lasers will be of particular interest for applications
in medicine. A significant advantage of the iaser is that one
can penetrate inside the body using light guides. However,
for this purpose, very high laser powers often have to be
transported if specific photochemical effects, and not just
thermal effects, are desired in the processing of biological
material. Suitable optical materials still need to be devei-
oped for this purpose.
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