
Laser Chem. Vol. 10, pp. 207-226
Reprints available directly from the Publisher
Photocopying permitted by license only

1990 Harwood Academic Publishers GmbH
Printed in the United Kingdom

PULSED CO2-LASER EXCITATION OF 03/02
MIXTURES AT PRESSURES
FROM 0.16 TO 1.20 BAR

B. RAFFEL and J. WOLFRUM

Physikalisch-Chemisches Institut, Ruprecht-Karls-Universitdt, Im
Neuenheimer Feld 253, D-6900 Heidelberg, Federal Republic of Germany

(Received November 21, 1989)

An investigation is presented of the transient vibrational excitation of O3 in the collision dominated
regime initiated by pulsed CO2-1aser radiation. IR-UV-double resonance experiments and measurements
of the absorbance for the CO2-1aser lines 9P18, 20, and 22 were carried out. Mixtures of O3 (p 17 mbar)
with 02 were investigated at pressures of 160 mbar -< Pmixt <- 1200 mbar and laser fluences of 0.01 J/cm2 <-
F < 2 J/cm2. The results are interpreted by numerical simulations in terms of a comprehensive
excitation/relaxation model based upon SSH-theory. Concerning the evolution of the excitation, simu-
lated transients of the UV-absorbance compare well with the corresponding observed signals. The
saturation of the absorbing Oa-transitions is demonstrated by the measured fluence dependence of the
absorption coefficient at the laser wavelengths. The extent of the 03-excitation can be deduced according
to the model from the maximum vibrational temperature T,,, reached in the vl- and va-oscillators. T,,, is
accessible via the UV-transients and also via the absorbed laser energy in the case of slow relaxation at 160
mbar -< Pmixt -< 340 mbar. In this range both techniques result in the same values for T,,,. The experimental
and the corresponding simulated T,,, depend exponentially on the laser fluence (T, const Jei’3)
provided T,,, > 400 K being also confirmed up to Pmixt 1200 mbar by the observed UV-transients.

1. INTRODUCTION

This presentation is part of a series of publications on the laser ignition of 02/03"
mixtures. 1-7 Such mixtures can easily be ignited by CO2-1asers and show a simple
decomposition chemistry with limited number of elementary steps and are therefore
very suitable to detailed numerical simulation techniques.5,8 In many other cases, for
example in the classical spark ignition, the knowledge on the totality of processes
affecting the conversion of the external energy into a moving flame is still
incomplete. Therefore one is interested in the creation of a completely definable
experimental situation potentially given by controlled laser excitation.

In the earlier investigations6’7 we proved that as a standard system for the
numerical simulation of flame phenomena,9’1 the ozone decomposition flame
(O2/O3-flame), can be ignited by a CO2-1aser pulse in a reproducible way. The
experiments were carried out in a cylindrical cell irradiating the axial region with the
laser pulse from one side. The resulting flame front was observed to be conical in
shape. The radial component of the flame propagation proved to depend only on the
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mixture composition, the longitudinal component, however, depended also on the
laser fluence because of the longitudinal gradient of laser excitation. This gradient is
in turn governed by the spatial and temporal course of the molecular excitation and
relaxation during and after the irradiation. The characterization of the energy
exchange between the external light field and the various degrees of freedom of the
gas mixture is therefore essential to describe the resulting onset of the chemical
reactions and furthermore, the observed macroscopic flame phenomena.

In this publication we present experimental data for the basic excitation/relaxation
processes in non-ignitable O2/O3-mixtures. To meet, but also to extend the condi-
tions in the ignition experiments, gas mixtures were investigated at pressures up to

Prxt 1200 mbar, having been at room temperature before the laser irradiation.
In addition, this range of conditions is of general interest for the dynamics of

vibrational excitations since the fast, high-power laser pumping coincides with a very
efficient molecular relaxation. A practicable but nevertheless comprehensive model
based upon the relaxation theory of harmonic oscillators (SSH theory)11 is sufficient
to describe the features of these processes given by the experimental findings. In
detail, the temporal course of the transient vibrational excitation for various total
pressures as well as the fluence dependence of the maximum excitation are repro-
duced correctly.
The technique of the ignition experiments1-7 can also be used for the present

investigation, i.e. probing of the absorbed laser energy and of the UV-transmittance
in the O3-Hartley-continuum at right angles to the laser irradiation. A short
recapitulation of the experiment will be given in ch. 2.
The results are interpreted quantitatively following the simplified model for the

vibrational relaxation,11 adapted to ozone by Rosen and Cool. 12 The flow of the
internal energy between the various degrees of freedom as well as the propagation of
the laser light in the absorbing medium can be described by a system of differential
equations as given in ch. 3. Depending on the experimental conditions, several
features must be accounted for, such as the high resolution ozone spectrum, the
pressure broadening of the spectral lines, the saturation of the to-vibrational
transitions, and the rotational bottleneck.
The system of differential equations can be simulated numerically, leading to

results that are directly comparable with experimental findings. As an example,
experimental and simulated UV-transients are presented in ch. 4.

In the last chapter, experimental evidence is given for the saturation of the ozone
transitions via the fluence dependence of the absorption coefficient measured at
various pressures of the gas mixture up to Pnxt 1200 mbar. The excitation of the
laser pumped O3-oscillator can be described by the maximum vibrational tem-
perature reached in this oscillator being accessible by means of the measured ozone
UV-absorbance. Due to saturation effects this temperature is observed to depend
exponentially on the laser fluence, not only in the experiments but also in the
simulation according to the relaxation model.
Throughout these chapters the quality and the significance of various parameters

from the literature (spectral data, relaxation constants) for the correct simulation of
an excitation/relaxation process and therefore the laser ignition will be discussed.
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2. EXPERIMENTAL

The investigation of the excitation and relaxation processes was carried out in the
experimental arrangement of the ignition experiments4’6 outlined in Figure 1.
Briefly, the pulsed light of a line tuned, multi-mode TEA-CO2-1aser is slightly
focused along the axis of a cylindrical cell. The cell consists of a quartz cylinder of 64
mm length and 18 mm diameter fitted at both ends with KC1 windows. The
1/e-diameter of the laser beam waist amounts to 2.7 mm, being nearly constant along
the whole cell length.6’7 The shape of the radial profile varies considerably because of
the imaging. In the image plane at half of the cell length, the profile is almost
rectangular and is given approximately by a Gaussian expression for the laser fluence

F(r) exp [-(r/a)n] (2.1)
where r is the radius, a the 1/e-radius and n 32. For increasing distance from this
plane, the profile levels off and n reduces to roughly n 4 at the cell windows.6’7 On a
small scale, local structures are superimposed on the smooth profile (2.1) and these
vary from shot to shot because of the interference pattern of the laser modes.7 In the
time domain mode, beating thus leads to a partly oscillatory behaviour of the laser
intensity.7 The laser pulse as a whole consists of a leading spike of approximately 0.15
/zsec half-width (FWHM) followed by a decaying tail of about 1/zsec half-width (c.f.
Figure 1 in 6), varying slightly with the nitrogen content of the laser gas mixture.

P

Figure 1 Experimental arrangement for the IR-UV-double resonance experiments; cell length 64
mm, cell diameter 18 mm, P image plane of the laser telescope.
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The excitation experiments were carried out with non-ignitable O2/O3-mixtures.
Throughout this investigation the ozone pressure was kept at Po 17 mbar in
mixtures of 160,340,690, and 1200 mbar total pressure, respectively. Therefore, the
concentration of oxygen is in all cases > 90% ensuring only one predominant kind of
collision partner for the ozone molecules.
The excitation processes were investigated by two independent techniques.7 First,

the incoming and outgoing pulse energy was measured by pyroelectric detectors (gen
tec ED 100) leading to the mean absorbed energy density in the irradiated volume
that is given approximately by the cell length and the 1/e-radius of the laser beam.
Additionally, the absorption coefficient at the laser wavelength under investigation,
the number of absorbed laser photons per ozone molecule, and the maximum
vibrational temperature in the ozone-(v, v3)-oscillators can be calculated.
The second method monitors the UV-absorbance in the ozone Hartley-continuum

which depends strongly on the molecular excitation especially in its long wavelength
wing. In the case of thermal excitation, the temperature dependence of the absorp-
tion coefficient is concentrated in a modified Sulzer-Wieland expression for 210 nm
-< -< 320 nm and 300 K -< T -< 1050 KTM

+ at,0 exp |
L Ot,e

with era0 126.14 atm-lcm-1
Vao 38 800 cm-ab0 66.02 atm-lcm-
Vbo 43 000 cm-t

Oae 900 K
Avao 2900 cm-
Ob 660 K
AVbO 3300 cm-

(2.2)

The variation of the UV-transmittance was observed on thre probe beams at right
angles to the laser beam, as in the ignition experiments.4,6 The beams were located in
the image plane at half way along cell length, where the radial laser profile is almost
rectangular, and at the distance of 2 cm in front of and behind this plane,
respectively. At the long wavelength wing of the Hartley-continuum, the laser
excitation leads to a steep decrease of the transmittance (c.f. Figure 5) followed by a
slower increase to the former value corresponding to the relaxation of the molecular
excitation. The transmitted light was collected by photomultipliers (1P28 a.o.); the
corresponding signals were amplified and recorded by a transient-recorder (Krenz
TRC 6070). The upper fall-off (-3dB) of this arrangement was determined at about
20 MHz.
The shape of the transient UV-signals was greatly simplified compared to that in

the ignition experiments since the laser heating of the low-concentration mixtures
was not sufficient to effect an observable reduction of the signal remaining after the
relaxation process. Likewise, no super-imposed oscillatory components due to
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acoustic oscillations of the cylindrical gas volume could be observed on the tran-
sients. Furthermore, the minor absorption of the laser light in these gas mixtures led
to a homogeneous excitation along the cell length and consequently to roughly
identical transient signals on the three beams. The use of the average minimum level
of the three transients for a quantitative representation of the laser excitation is
therefore justified. It corresponds to an elevated absorption coefficient err within the
volume of intersection of the laser and the probe beams:

1 0o:r a0 + log (2.3)
2apo I

where a:0 is the absorption coefficient before the irradiation,Po the ozone pressure,
a the 1/e-radius of the laser beam, I0 the UV-intensity before the irradiation, and I
the minimum intensity. By means of expression (2.2) cr can be assigned to a
temperature T which is significant for the maximum molecular excitation.

3. THEORY

3.1 The Excitation Model

The straightforward relaxation model of Rosen and Cool12 proved to be adequate to
account for the findings of the present investigation. The ozone molecule is looked
upon as a system of two coupled harmonic oscillators (Va, %) and can therefore be
reduced to the kinetic expressions of Schwartz, Slawsky and Hertzfeld. One of the
oscillators is two-fold degenerate with a vibrational quantum of Va (Vl + v3)/2
representing the approximately equi-energetic symmetric (v 1103.157 cm-114)
and asymmetric (v3 1042.096 cm- 4) stretching modes of the real ozone mole-
cule. This replacement is possible since there is a fast exchange according to

O3(001) + M - O3(100) + M, M 03 (3.1)
The rate of this reaction is higher than 1.2 10 mbar- sec- x2 and presumably

given by the gas kinetic collision frequency, i.e. 3.3 106 mbar-1 sec- at T 300
K. For an ozone pressure of 17 mbar, as in this investigation, the exchange reaction
(3.1) takes 18 nsec, i.e. much faster than the laser pulse. Moreover, a further
acceleration is effected by the oxygen component, mainly due to its abundance,
although the rate of (3.1) should be less in case of M O2x6 because of missing
resonance effects. Thus after pumping the asymmetric stretch v3, the absorbed
energy is expected to equilibrate almost instantaneously with the vrmode. The
intramode equilibration in the v3-mode should also take place at nearly gas
kinetic collision frequency. With the lack of direct data this can at least be adopted by
comparison with detailed results for other triatomic gases, e.g. CO2.17 Therefore,
the concept of the v-oscillator being in permanent but time varying vibrational
equilibrium throughout the laser pumping and relaxation processes is justified. The
energy loss of this oscillator is governed by the energy gap law for vibrational
relaxationTM in the sense that the intermode relaxation to the vb-oscillator that
corresponds to the bending mode of O3 (v2 701.42 cm- x4) is more probable than
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fast equilibration
within the mode
(no exchange with
the both)

Harmonic Oscillators

relaxation, energy
exchange with the
bath

Vb= V

Figure 2 The model for the ]as excitation a.d

the V-T relaxation within the v,,-oscillator c.f. Figure 2. The intermode exchange is
followed by the V-T relaxation within the Vb-OScillator explaining therefore the
observation of bi-exponential signals in. To complete the general description of
the model it should be mentioned that molecular dissociation and also transport
processes are not measurable after the laser shot.7 Therefore, these processes are
neglected in this investigation.
The relaxation of the molecular excitation can be described by a system of kinetic

equations for the energy content of the Va" and v-oscillator and the remaining
degrees of freedom, respectively. Within this framework light absorption can be
accounted for simply by the addition of an appropriate term. According to 19 it is
justified to discard a more elaborate coherent description since the multi-mode laser
fight (spectral width Av 0.03 cm-) leads to a coherence time At-- ll(4:rcAv)2
being shorter than the period of the Rabi-oscillations.

In the system of rate equations only one spatial dimensionthe longitudinal
coordinate zis retained, for simplicity. It allows the evaluation o.f the spread of
the laser light as well as the pumping and relaxation processes along the cell axis. The
evolution of the spatial density Ea(z, t) of the vibrational energy in the Va-Oscillator is
determined by the rate of light absorption that is proportional to the energy density
w(z, t) of the laser light and by the rate kab of relaxation to the Vb-OScillator:

aEa --kab Rab "t- A w (3.2)9t

The corresponding equation for the spatial energy density Eb(z, t) of the v/,-oscillator
describes the competing processes of the intermode relaxation and the V-T relax-
ation in the vb-oscillator (rate kt,)"

cEb --kb Rb + vb kab Rab (3.3)
9t Va

The term Vb/Va reflects that only this portion of the Va-quantum is transferred to the
vb-oscillator by relaxation whereas the exceeding portion as well as the V-T
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relaxation in the Vb-OScillator increase the temperature T(z, t) of the bath:

8T

at
(3.4)

The bath consists of the rotational and translational ozone degrees of freedom and
the totality of the oxygen degrees of freedom. Therefore, the corresponding heat
capacity C is given by

C 3 po..._. +Cv, o2,-,.(73 Po._.__ (3.5)
To R To

with To the room temperature, andPo3 andpo2 the partial pressures of the ozone and
oxygen component, respectively. The temperature dependent contribution of the
oxygen Cv,o (T)/R is given by an empirical polynomial expression. 1’21 The relax-
ation constants kb and kb can be summed from contributions of the various collision
partners:22,23

kab Po kab, O,_ + Po kab,O (3.6)

kb PO kb,o + Po3" kb,o3 (3.7)

The individual constants given by several authors still varying by more than a factor
of 2, c.f. the compilation in 24. The best set of data matching this compilation and also
the findings of the present investigation is

kb,o 698 mbar- sec-1
kb,o. 2115 mbar- sec-kab,03 6450 mbar- sec-kb,o 2145 mbar- sec-.

The amount Rat, and Rb Of energy density transferred by relaxation is governed by
the actual energy contentE and Eb Of. the Va" and the vb-oscillator and by the energy
content E(T) and Eb(T) the oscillators would have at the actual equilibrium
temperature T(z, t) of the bath (c.f.1’2):

1 Eb
Rab " Ea

Eb(T)

(1 Ea(T)) I exp[ hcva]kT’"
Ea 1-exp[_ hCVb]kT

-(1 E(T). (1-exp [-hcl/Eb / kT J/
(3.8)

Rb [Eb Eb(T)] (1- exp [-hcv])kT (3.9)
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Ea(T) and Eb(T) are given by the well-known Einstein function for the energy of a
harmonic oscillator at the temperature T: xx’x2

Ea(T) 2N3hcva Eb(T) No3hCVb

exp[ kr ]- 1 expk kr

with No3 the number density of the ozone molecules, h Planck’s constant, k
Boltzmann’s constant, and c the velocity of light. The spread of the energy density w
of the laser light along the z-direction can be described by the continuity equation25

cw w
----+ c.--= -A. w (3.11)
cgt cgz

The rate of absorption A depends in a complicated way on the time dependent local
conditions. As a boundary condition, the energy density w of the laser light at the
entrance window (z 0) is determined from the total incoming pulse energy Ei
using the expression

1 Einw(0, t) .-g-. At), 1 (3.12)

For this investigation it is sufficient to relate w to the cross section S :ra2 which is
given by the 1/e-radius a of the beam profile. The normalized functionf(t) represents
the temporal pulse profile observed with a photon drag detector. 1’6 Its global
evolution can be approximated by a polygonal line, for simplicity.

3.2 The Absorption Term

The energy density A w of laser light absorbed at position z and time t depends on
the spectroscopic features of the gas mixture, on the actual occupation of the
ro-vibrational levels of the ozone molecules, and on the locally available light density
w:

NoA. w c. or. w (3.13)
El, ’)" (1 + Ea )31

Nohcvb 2Nohcva/
+

To meet the features of the experimental findings it is sufficient to take into account
the well-known26 laser active transitions from the ground to the first excited level of
the ozone va-vibration. The corresponding number densities of the ro-vibrational
sublevels are expressed in the usual way by a product of contributions from a rigid
rotor and three independent harmonic oscillators (vx, v2, v3).27 The vibrational
portion of the difference in number density that governs the absorption process can
be expressed in terms of the two harmonic oscillators 1/a and vb since Vl 1/3 1/a and
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v2 Vb, leading via (3.10) to the fraction in Eq. (3.13). The rotational part of this
difference exp [-hcEo/kT]/Qrot is included in the term tr

..exp [ hcEJ]/Orot(T)kT
tr E (3.14)

1+ tT/’"Whk, (g-] +g-]) "t’rt(T)

being the summation over the contributions from individual ro-vibrational transi-
tions ]. Since the ozone rotation is subsumed under the bath, the occupation of the
lower rotational level at E0[cm--] is governed by the temperature T. Qrot is the
classical partition function of rotation27

Qrot(T) - ABC’
with A, B, C the rotational constants of ozone.
The denominator in Eq. (3.14) reflects the rotational bottleneck, i.e. the satu-

ration of the rate of vibrational excitation because of lagging rotational relaxation
between the laser-active and the remaining ro-vibrational states. Using the
rotational degeneracies go 2Jo + 1 and gl 2J + 1 in the lower and upper
vibrational level, it is assumed that each transition ] can be looked upon without
interference by the remaining transitions.2s’29 Data for the rotational constantsA, B,
and C, for the rotational energy E0, and for the rotational quantum numbers are
taken from 26.
The characteristic time for the rotational relaxation of an ozone molecule colliding

with the molecules of an O2/O3-mixture is given by the ratio of the average number
Zrot of gas kinetic collisions leading to relaxation and the common expression for the
gas kinetic collision frequency: TM

"t’rot(T) Zrot/((go "Po2 + Ko3" Po3) T1/2} (3.16)

The molecular data of the collision complex 03/03 and 03/0230’31 are combined in
the coefficients Ko2 and go3, respectively.

Since the pressure of the gas mixtures ranges from 160 to 1200 mbar, the cross
section of an individual transition ] at the laser wave number v is governed by a
Lorentzian line shape function:32

F.. bn(T)
(3.17)a. =:r((v- v)2 + b2o(T)}

The spectral data, i.e. the line positions v and the line strengths S contributing to
the coefficients F. are compiled in 26. To meet experimental findings for the pressure
dependence of the O3-absorbance in the low intensity limit33 these data were
critically revised. It turns out that F. has to be scaled by a constant factorf chosen the
higher the lower the absorbance at the respective laser wavelength is.
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Considering the totality of lines from 26 between 1040.27 and 1051.42 cm- in the
region of the 9P18, 20, and 22 laser emission and additionally stronger lines with S >
12 10-21 cm/molec, between 1031.45 and 1057.16 cm-1, the scale factor takes he
value fc 1.16 for the 9P18-1ine. The calculated pressure dependence of the
absorption coefficient shows reasonable agreement with the findings in 33. This is also
the case for the 9P20-1ine if one allows for a slight pressure-dependent line shift, i.e.
the replacement of v by v C]bD,34 for the two O3-transitions adjacent to v with an
empirical value of C 0.6 (f 1.23). However, at the 9P22-emission, a certain
imponderability can be realized. There is only a good agreement in the case of a
pressure-independent line shift (replacement of v by v 0.07 cm- for the two
adjacent transitions). If one discards this non-physical situation one has to accept a
pressure-dependent scaling factor in order to meet the experimental findings in the
low intensity limit of the present investigation (see below). In this case the values for
(p=tt[mbar], f) range from (160, 2.60), (340, 2.35), (690, 2.02) to (1200, 1.67).
The line width bD depends on the translational temperature Tand on the pressure

Po2 and Po3 of the oxygen and the ozone component, respectively 34:

bD(T) (Po2" bo + Po bo) (300/T)" (3.18)

Since data on the line widths bo and bo of the individual ./for both types of
collision partners and also data for the exponent n are still incomplete and contradic-

[atm-lcm-1]

9P20

.o.." 9P22

0 0.5 1.0

p [bar]

Figure 3 Low-intensity decadic absorption coefficient of 03 in the air of pressurep at T 300 K for the
33laser lines 9P18, 20, 22. m, experimental data of Menzies; 4,- -prediction of the model with

constant scale factors fc after adaptation to Menzies33 ("M") and Patty et al.4 ("P"); o
prediction of the model for the 9P22-1ine from adaptation to the low-intensity region of the present
investigation.
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tory to some extent31’3539 it is sufficient to assume average values bo,_ 0.057 atm-
cm- and bo 0.120 atm- cm- and a plausible theoretical prediction n 0.7.34

The details presented so far can be realized in Figure 3, which shows the
dependence of the ozone absorption coefficient on the pressure of added air as
measured by Menzies33 (straight line) compared to the prediction of the model
(dashed line) with the average air-broadened linewidth bait 0.068 atm- cm-.3
For the 9P18- and 20-laser line the model was scaled up to the results of Menzies atp

0.98 bar ("M"), leading to overall agreement. For the 9P22-1ine, however, this is
not the case. Figure 3 shows the diverging results of Menzies (straight line), of the
model with a constant scale factorf 1.67 adatped to Patty et al.4 atp 1 bar ("P,"
dashed line) and of the model with the varying scale factors given above that were
determined from the low intensity limit of the present investigation (dotted line).
The inaccuracy of the data and the simplifications of the model are obviously of
greater importance in the case of the 9P22-wavelength, which is situated in the region
between stronger ozone transitions, c.f. Figure 4.

atrn1. cni

5

o
-o.5 lO5.o2 ,o.5

v [cm-11
Figure 4 Pressure broadened 03 spectrum ranging from -0.5 cm-1 to +0.5 cm-1 around the 9P22-1aser
line at 1045.02 cm- at T 300 K according to the model; 17 mbar 03 in 02/03 mixtures of the pressures
pi,,t [mbar]: 160 ), 340 ), 690 ), 1200 ); decadic absorption coefficient.

Finally it should be mentioned that the significance of light absorption in the upper
vibrational levels has been investigated in the numerical simulations detailed below.
For lack of accurate data, absorption was assumed with a cross section equal to that
of the ground state v 0 (Eq. (3.14)) for levels up to v Vm that are occupied
according to the transient Boltzmann distribution of the model.

4. SIMULATION AND PROBING OF AN INDIVIDUAL
EXCITATION PROCESS

From the discussion in the preceding chapter it is obvious that the pressure and the
composition of the gas mixture determine the excitation and relaxation process in a
multiple way. For a constant amount of ozone and increasing oxygen content one has
to expect an acceleration of the relaxation (c.f. Eqs. (3.6, 7, 16)), an alteration of the
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absorbance because of the pressure broadening (c.f. Eq. (3.18)), and indirect effects
on the absorbance for example due to a different history of the transient ro-
vibrational occupation. The appropriate description of the laser excitation and in
consequence the laser ignition has therefore to account for the totality of these
effects.

This can be done by the numerical simulation of the system of differential
equations (3.2, 3, 4, 11) including the space- and time-dependent relations (3.8-10,
12-18) for the energetic and spectroscopic details with respect to the parameters
indicated in ch. 3. Discretization of the spatial z-coordinate (usually with 25
equi-distant grid points for the cell length) leads to a system of ordinary differential/
algebraic equations that can be solved numerically with the computer code
DASSL.4x The global temporal laser profile w(0, t) (c.f. Eq. (3.12)) at the cell
entrance (z 0) was approximated by a polygonal line that can be taken as boundary
condition. For a chosen incoming laser energy DASSL calculates the solutions (Ea,
Eb, T, w) (z,, ti) for every grid point z and a given sequence of times ti. These
solutions represent the spatial and temporal evolution of the three types of internal
energy expressed as Ea, Eb, and T as well as their interdependency with the laser
energy density w that travels through the absorbing gas mixture with the velocity of
light c.
A number of results can be deduced from the set (Ea, Eb, T, w)(zg, ti) being

directly comparable to the experimental findings. As an example, the simulation of
the transient UV-intensity on a perpendicular probe beam (c.f. Figure 1) during and
after the laser irradiation will be discussed. As mentioned in ch. 3.1, the laser
excitation leads to a time varying Boltzmann occupation of the Va-Oscillator, i.e. the
Vl- and v3-modes of the real molecule. Since mainly the distribution in the vl-mode
determines the shape of the Hartley-continuum24 the excitation and the relaxation of
this vibration becomes observable by UV-light absorption. A quantitative descrip-
tion of these processes can be given by means of the relation (2.2) between the
UV-absorption coefficient orand the vibrational temperature Tv. In the experiment,
the average Tv in the volume of intersection of the laser and the probe beam can be
calculated from the measured err (Eq. (2.3)), and, vice versa in the simulation, the
absorption coefficient err and consequently the transmitted UV-light intensity can be
obtained from the vibrational temperature Tv which is determined by Ea (c.f. Eq.
(3.10)), i.e. the solution modelled by the computer code DASSL.

Figure 5 shows the transients resulting from the irradiation of O2/O3-mixtures of
constant ozone (17 mbar) but varying total pressure Pmixt with the same fluence Fi,
1 J/cm2. Obviously, the global course of the experimental and simulated traces is
comparable. Minor differences are to be expected because these are single shot
experiments and because of the approach of the radial laser profile by a rectangular
profile (c.f. ch. 3.1). The agreement is only attained with the assumption that laser
radiation is absorbed in higher vibrational levels up to Vm 2 (c.f. ch. 3.2) and that
the rotational relaxation related to rotational bottleneck is very efficient (Zrot
1.25). Nevertheless, the significance of increasing pressure for the acceleration of
the vibrational relaxation and for the increase of the absorbance due to pressure
broadening (c.f. Figure 3, 4) is evident.
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0.90[’
0.85F._ 161 mbar 697 mbar

0.90

0.85[- 3/dmbar

Laser ,I0 ps.

Figure 5 IR-UV-double resonance experiment; UV-transmittance ( 312.6 nm) on the perpendicular
probe beam in the image plane (c.f. Figure 1); irradiation oI 17 mbar O3 in O2/O3-mixtures ofvarying total
pressure with Fi 1 J/cm2 (9P22-1ine); experiment and simulation (smooth curve; v,,, 2, Zrot 1.25).

From the inspection of transients like those in Figure 5 it follows that the relaxation
is slower than the duration of the laser pulse (marked in Figure 5) for pressures up to

Pmixt 340 mbar. In this case, the absorbed energy density is completely present in
the Va-Oscillator even after passage of the laser pulse and it defines the maximum
vibrational temperature T reached in the oscillator via the Einstein relation (3.10).
At higher pressures, the onset of the relaxation during the laser irradiation is obvious
and one has to expect a repeated excitation/relaxation cycle, with a certain probabil-
ity. The vibrational temperature Tz calculated from the absorbed energy density
should therefore exceed the maximum vibrational temperature Tm actually reached
in the oscillator. These two different situations can be distinguished experimentally
since the UV-transmittance at the minimum of the transients gives directly the
maximum vibrational temperature Tm from Eq. (2.2, 3). The corresponding results
are presented in ch. 5.2.

5. CO2-LASER EXCITATION OF OZONE

5.1 Pressure and Fluence Dependence of the Absorption Coefficient
Besides the pressure and the composition of the gas mixture, the power of the laser
radiation is of particular significance for the excitation process. Since in this
investigaiton the power may reach 10 MW, one has to expect a strong saturation of
the laser-active transitions in the ozone molecules. In the language of the present
model this means that the Va-Oscillator becomes highly excited, leading to a consider-
able occupation of the upper levels according to the transient vibrational tem-
perature. For a constant laser profilef(t) (c.f. Eq. (3.12)), the increase over a certain
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fluence should therefore result in a reduction of the absorption coefficient at the laser
wavelength. The (decadic) absorption coefficient is given by

1 Eino log (5.1)
Po Eut

where Ein is the incoming, Eout the outgoing pulse energy and the cell length.
The corresponding measurements were carried out in O2/O3-mixtures of 17 mbar

ozone and total pressuresPmixt 160,340,690, and 1200 mbar with fluences ranging
from 0.01J/cm2 up to nearly 2.00J/cm2. Normally the pulses were "short" ones with a
leading spike of 130 nsec half-width and a reduced N2-tail but in some cases also
"long" ones with a spike of 160 nsec and an enhanced N2-tail. The spike region (up to
500 nsec) of the first ones usually contained roughly 80% of the pulse energy, that of
the latter ones 68%.7

The data analysis follows a well established technique for experiments on non-
linear laser absorption.’2’43 The measured absorption coefficient or, Eq. (5.1), is
assigned to a reduced fluence/e in order to give approximately a local view of cause
(the fluence lei) and effect (the measured a). Therefore the fluence is weighted by an
estimated spatial laser profile being Gaussian in the radial coordinate with an
average parameter n 8 for the whole cell length (c.f. Eq. (2.1)), and exponential
in the longitudinal direction. This procedure gives

/]in Ein 1 10-cr’pO3"l
(5.2)

ra2 2TM F (5/4) cr’po I. In 10

with a the 1/e-radius of the laser profile and afrom Eq. (5.1). It should be mentioned
that Pi,, differs only negligibly from Fi Ei/(ra) because of the minor absorption
in the experiments of this work.
The experimental results are shown in Figure 6. Starting with negligible effects at

low fluences, saturation is observed for increasing laser irradiation, leading to a
reduction of the absorption coefficient by a factor of up to 10 in the case of the
strongly absorbed 9P18-1aser line. The results are consistent with low intensity data
of Menzies33 and Patty et al. which are marked in Figure 6 by "M" and "P" for
ozone in air at atmospheric pressure. "P" denotes the range of values obtained by
Patty et al. and other workers cited in their paper, reflectin$ the well-known
uncertainty of ozone results.
The effect of the collision partners is obviously the same for the three lines

investigated, resulting in stronger absorption for increasing pressure of the gas
mixture. The extent, however, is different for the three lines, apparently reflecting
the position of the laser wavelensth with respect to the ozone transitions. In the case
of the 9P18-1ine, the emission is situated on the wing of an ozone transition where,
according to the pressure broadening, the variation of the absorption coefficient is
less pronounced than in the case of the 9P22-1ine, for example, where the laser
emission is found exactly between two ozone transitions, c.f. Figure 4.
The effect of the "long" laser pulse compared to the usually investigated "short"

one is exemplified for Pm,t 340 bar in the case of the 9P22-1ine, c.f. Figure 6. It
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Figure 6 Decadic absorption coefficient for laser pulse absorption in 17 mbar 03; pressure of the 02/03
mixtures Pmit [mbar]: 160 (n), 340 (oe), 690 (v), 1200 (,x); laser lines: 9P18, 20 and 22; open symbols:
short laser pulse, dosed symbols: long pulse; low-intensity results for 03 in 1 bar of air from Menzies33

("M") and Patty et al.4 ("P").

turns out that the rise of the absorption for the long pulse is not significant compared
to the error limits. Therefore the pulse profile has to be lengthened to a greater
extent than in this investigation in order to reduce the saturation effects.
The recorded data on the absorbed laser energy can be evaluated as an absorption

coefficient (Eq. (5.1)) but also as the average number Nabs of laser photons absorbed
per 03 molecule. The dependencies are, in summary, an increasing number of
absorbed photons with increasing fluence and pressure. For the 9P22-1ine, as an
example, Nbs ranges from 0.05 to roughly 1.6 for the fluence raised from 0.02 to 1.1
J/cm2 at the pressure Pmixt 1200 mbar. For Pmixt 160 mbar, Nabs amounts,
however, to only 0.5 at 1.1 J/cm2. The order of magnitude of these values compares
quite well with findings for the highly absorbed 9P30-1ine obtained for total pressures
up to 70 mbar.44’45. The relatively high number of absorbed photons in the present
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investigation is obviously a consequence of the vibrational multi-level system,
allowing additional absorption in upper levels and also of the fast intramode
redistribution effecting, to a certain extent, repeated absorption in the lower levels.
The fluence dependence of the laser excitation has also been modeled with the

computer code described in ch. 4. The results will be given in the next section in
terms of the maximum vibrational temperature reached in the a/a-Oscillator.

5.2 Maximum Vibrational Temperature Resulting from Laser Excitation

According to the model and the findings in ch. 4, the maximum vibrational
temperature T,,, in the laser pumped ozone oscillator is a key parameter for the
description of the excitation process. Because of relatively slow intermode relaxation
at pressures Pmixt 340 mbar, the temperature TE, calculated from the absorbed
energy density Eabs should equal T,,,, which can be measured independently via the
minimum of the transient UV-signals. At pressuresPmixt > 340 mbar, Te is expected
to exceed the T,,,-value actually reached reflecting the onset of the relaxation still
during the laser pulse.
Te is related to Eabs via (c.f. Eq. (3.10)):

re hcva (5.3)
k. In (1 + 2No3hcva/(Eao + Es))

where Eao is the energy content in the Va-Oscillator at room temperature before the
irradiation. As an example, Figure 7 shows the fluence dependence of Tz (filled
symbols) for the 9P22-1ine at the pressure Pmixt 340 mbar.

TIK]
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Figure 7 Temperatures in the laser pumped 03-
oscillator va; 9P22-1aser line; 17 mbar O3 in an
O2/O3-mixture ofPmixt 340 mbar; temperature
before irradiation: T 300 K.

(1) Temperature Tz from absorbed laser
energy density (see text): (a) experiment; short
pulse (v), long pulse (,), linear regres-
sion. (b) simulation; curves in increas-
ing order for (Z,ot, v,,,) (5.00, 0), (5.00, 2),
(1.25, 2). (c) Simulation; for compari-
son, with constant room temperature occupation
(v, 2).

(2) Maximumvibrational temperature Tm from
UV-transients: long pulse; .uv [nm] 296.7 (),
302.2 (ra), 312.6 (o).
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In this case, but also for the other pressures and laser lines investigated Tz(/ein) can
be approximated by a linear dependency in the logarithmic representation provided
Te exceeds about 400 K. In Figure 7 this situation is met for/’in 0.05 J/cm2, whereas
for the 9P18- and the 9P20-1ine it is observed in the whole fluence range due to the
stronger excitation. The exponents m rnzr of the corresponding exponential
expression

T const./ei (5.4)

can be determined from the linear regression of the experimental results shown in
Fig. 7 as a straight line. The values are given approximately by me 0.3 for Pmixt
160 and 340 mbar but increase considerably forpit 690 and 1200 mbar, c.f. Table
1.

Table 1 Pressure dependence of the exponent m in Eq. (5.4) for the 9P22-1aser line.

m me, from absorbed rn mtr, from
p,ixt [mbar] laser energy density UV-transients

160 0.29 + 0.06 0.29 + 0.02
340 0.28 + 0.06 0.30 + 0.01
690 0.36 + 0.05 0.29 + 0.02

1,200 0.38 + 0.05 0.28 + 0.03

The simulation was carried out for the same fluences, gas mixtures and laser lines
as the experiments, leading to temperatures TE by means of Eq. (5.3) via the
calculated absorbed energy density Eabs. The results are given by the dashed curves
in Figure 7. According to ch. 3.2, scale factorsfc were introduced for the adaptation
of the simulated to the experimental values at Fix 0.01 J/cm2 in the case of the
9P22-1ine. This procedure is justified since at the lower limit of the investigated
fluence range the occupation of the upper vibrational levels and therefore the
saturation is still negligible, c.f. ch. 5.1. Furthermore, this agreement is automati-
cally attained, even for the strongly absorbed 9P18- and 9P20-1ines, the scale factors
of which were determined independently by comparison with the low intensity data
of Menzies,33 c.f. ch. 3.2.
The dashed curves represent runs of the simulation code with a different choice of

parameters for the rotational relaxation (Zrot) and the maximum vibrational level
that contributes to the absorption. The lowest curve covers reliable values from the
literature, Zrot 5 being typical for a lot of small molecules,TM and vm 0 accolanting
only for the well-known26 ground state absorption of ozone. If one allows for the
absorption in the vibrational levels up to Vm 2 (Zrot 5), a considerable increase of
the temperature Tz is calculated, especially for/in > 0.1 J/cm2, as shown by the
adjacent curve. The inclusion of even higher absorbing levels results only in a
negligible increase because of their minimal occupation, at least if the same cross
section (that of the ground state) is assumed for all these states, c.f. ch. 3.2.
Also the second parameter, the number of collisions Zrot leading to rotational
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relaxation, affects the extent of the excitation. If a very efficient relaxation is
assumed (Zot 1.25), the simulated Te-dependency meets exactly the experimental
results provided Vm 2, c.f. the uppermost curve. This is also observed for the same
set of parameters in the case of the 9P18-1aser line (Pmixt 340 mbar). The
experimental results for the 9P20-1ine (Pmixt 340 mbar), however, considerably
exceed the simulated ones, reflecting possibly a strong absorption in the upper
vibrational levels.
Apart from the difference between the experimental and the various simulated

results, the modeled dependency shows the same trend for Te > 400 K, i.e. a roughly
linear dependence with a comparable slope in the logarithmic representation.
Exactly this trend is characteristic for the saturated laser excitation in the vibrational
ladder under the collision regime, at least in the investigated fluence range. This can
be concluded by comparison with the dotted curve in Figure 7, which was simulated
with exclusion of any saturation, i.e. the assumption of a constant room temperature
occupation of the ro-vibrational states.

Finally, the results for the maximum vibrational temperatures Tm are presented
which were obtained in separate experiments from the minimum of the UV-
transients. Tm is determined using the Sulzer-Wieland expression (2.2) that is
verified experimentally only in the temperature range 300 K -< T -< 1050 K. 13

According to the present investigation, the extension of this range seems to be

T[K]

2000 12oo mbar .......,..,..
ooo

2000 t 690mbar

ooo
2000 { 3o mbar

1000 f
2000

f 160mbarl;,"1000

0.1

F-in [.llcm2

Figure 8 Temperatures in the laser pumped O3-oscillator v=; 9P22-1aser line; 17 mbar 03 in 02/03-
mixtures of various pressures. (1) Temperature Te from absorbed laser energy density: linear
regression of the individual results not shown. (2) Maximum vibrational temperature T,, from UV-
transients: Ztm Into] 296.7 (), 302.2 (ca), 312.6 (o,), open: long pulse, closed: short pulse;
linear regression.
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warranted up to 1300 K for the wavelengths 296.7,302.2,312.6 nm and even up
to 1500 K for 302.2,312.6 nm, since the temperatures determined using Eq. (2.2)
for the wavelengths indicated are consistent in the respective range as can be
deduced by inspection of Figures 7 and 8.
The maximum vibrational temperatures Tm for Pmixt 340 mbar are marked by

open symbols in Figure 7. Obviously, they agree with the temperatures TE from the
absorbed energy density as is also observed for the lower total pressure Pmixt 160
mbar, c.f. Figure 8. In this figure the results for the various pressures Pmixt are
presented and, for comparison, the corresponding linear regressions of the Tz-data
(dashed lines). For both the higher pressures the Tz-values exceed the Tin"
temperatures and show furthermore a steeper slope.

Actually, the exponentm muv for the UV-results (Eq. (5.4)) is roughly given by
m 0.3 in the whole pressure range, c.f. Table 1. The maximum vibrational
temperature reached in the laser pumped oscillator is therefore determined by the
simple exponential expression (5.4) without regard to the course of the relaxation
process.

6. CONCLUSIONS

The features of the transient vibrational O3-excitation as well as the fluence
dependence of this excitation are reproduced fairly well by a simplified model based
upon the relaxation theory of harmonic oscillators (SSH-theory).’2The excitation
of O2/O3-mixtures with higher ozone content, i.e. of ignitable mixtures, can
therefore be simulated principally with regard to the gradient of the absorbed laser
energy being more pronounced than in the present investigation. In any case these
are prerequisites for an "ab initio" simulation of the spatial and temporal evolution
of an ignition process that is initiated by the absorption of pulsed CO2-1aser
radiation.
However, for a comprehensive modelling, more accurate data should be available

for several important parameters such as the rate constants for rotational relaxation,
which govern the extent of excitation via the rotational bottleneck, or high resolution
spectral data in order to describe the absorption of laser light in the excited
vibrational levels.
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