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MULTIPHOTON DISSOCIATION AND THERMAL UNIMOLECULAR 
REACTIONS INDUCED BY INFRARED LASERS 

liai-Lung Dai 

Abstract 

Multiphocon dissociation (XPD) of ethyl chloride was studied usinj; 

a tunable 3.3 urn laser to excite CH stretches. The absorbed energy 

increases almost linearly with fluence, vhile for 10 urn excitation there 

is substantial saturation. Much higher dissociation yields were observed 

for 3.3 L:n excitation than for 10 i.m excitation, reflecting but11 enecKini* 

in the discrete region of 10 ;.m excitation. Resonances in MTD yields vs 

frequency in the 3.3 um region match the position and shape of peaks in 

the fundamental, as narrow as 0.4 cm , and first and second overtone-

absorption spectra. Transitions through the discrete levels are all at 

or nearly resonant, Anharmonicity is compensated by the presence of five 

CH stretch modes. Overtone spectra show that line broadening already 

occurs at the v - 2 level and that v = 3 is clearlv in the quasi-Ln CH 
continuum. The resonant nature of the excitation allows the rate equa

tions description for transitions in the quasicontinuum and continuun to 

be extended to the discrete levels. Absorption cross sections are esti

mated from ordinary ir spectra. A set of cross sections which is 

constant or slowly decreasing with increasing vibrational excitation 

gives good fits to both absorption and dissociation yield data, l.'hen 

the strong collision assumption is made for vibrational quenching and 

RRKM dissociation rates are used, .he calculated excitation distribution 

gives a pressure dependence of dissociation similar to the experiments. 
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Learning without thought is vain. 

Thought without learning is perilous. 

- The Analects of Confucius 
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CHAPTER I. INTRODUCTION TO IR MULTIPHOTON DISSOCIATION 

It would not be too much an exaggeration to say that infrared 

multiphoton dissociation (IRMPD) is the most well studied phenomenon 

in chemical physics during the 70's. However, when it was first 

suggested that a polyatomic molecule in an intense infrared field might 

absorb tens of photons to account for the observed luminescence from 

photofragments, the response from scientific field was far from 
2 enthusiastic. It was laser isotope separation that later revived 

peoples' interests and rapidly many experimentalists and theoreticians 

joined the efforts to reveal the secrets and to exploit the usefulness 

of IRMPD. 

To a student of interaction between light and molecules, the first 

question is naturally "how can a molecule absorb so many ir photons 

within a short and intense laser pulse." 

The average energy content of an harmonic oscillator in resonance 

with a 100 ns laser pulse (hv) can easily exceed 100 hv if the Rabi 
-1 3 frequency of the electric dipole transition, tu = u-F/-fi, is 0.1 cm 

R 
For an oscillator with oscillator strength similar to the v, mode of 

2 SF, it requires only a laser flutnce of 0.01 J/CT to achieve such an 

excitation. However, in a molecule, tlie laser pulse in resonance with 

the O-'l transition of a vibrational mode will be out of resonance with 

the l-*2 transition by the amount of vibrational anharmonicity. The 

effect of anharmonicity on the transition probability may be easily 

appreciated from the strong internecioi; limit of perturbation theory, 
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in which P=2 (u /(Aui +u )) for a two-level system. AOJ is the off-K K 
resonance. The anharmonicity of the SF, v, mode is 2.9 cm . So even 

b J 
2 _1 

at intensities (~10 MW/cm ) for which to ~ 1 cm the probability of 
reaching v=30 will be as small as 10 for a laser tuned to 0+1 resonance. 

In some early experiments MPD of SF was observed at intensities as low 
b 

2 5 2 
as 30 kW/cm . At 500 MW/cm a dissociation yield near 100% was 
reported. SF, needs more than 30 CO laser photons for dissociation. t l 

Apparently some factors that may overcome the off-resonance effect by 

anharmonicity were overlooked in the simple discussion above. 

Among the many excitation mechanisms that were suggested, the most 

important one is the concept of "quasicontinuum" brought up by Bloembergen. 

He suggested that after the molecule absorbs the first several photons, 

the next transitions will be in an energy range where the large vibra

tional level density (-1000 level/cm at 5000 cm" for SF,) and the 
o 

interaction among the levels considerably broaden the transition lines so 

that at every step a transition can be on resonance with the laser. Due 

to anharmonicity, the center of the broadened absorption may shift to the 

red as the molecule absorbs more photons. Intramolecular energy transfer 

among vibrational modes occurs on a time scale faster than the optical 

pumping rate so that there is no coherence induced by the strong laser 

field. The transitions may be described by a set of rate equations and 

the excitation rate will depend on laser fluence rather than on intensity. 

The molecule may reach the quasicontinuum (QC) by simultaneously 

absorbing several CO laser photons. It was calculated that at a pro

perly detuned frequency (u. .-u ) through such a n-photon absorption the 
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2 3 probability of reaching v=3 is unity at 1 GW/cm . The vibrational 

levels below the QC are sharp and discrete. Therefore transitions in 

this regime will be coherent and isotope selective. The excitation rate 

would depend strongly on intensity. Furthermore, these transitions may 
o 

be resonantly enhanced by a sequence of rotational transitions and by 
9 anharmonic splitting of degenerate levels. A most recent study showed 

that such a resonant scheme exists for SF, up to v=6. Power broadening 

of the discrete level transitions would include more rotational states 

in resonance with the laser. 

There is abundant experimental evidence indirectly supporting tin-

above picture for IRMPD. Typical MPD spectra at 10 urn region are red-

shifted from the fundamental reflecting boch the shifts of the OC absorp

tion and the preference of discrete }evel excitation at P and 0 branches 

and at frequencies for n-photon absorption. The smeared and broadened 

structure of MPD spec<:ra then indicates the effect of power broadening 

and of the complicate '"^citation schemes in the discrete region. The 

resemblance between thfr W K signal spectra at high temperature and MPD 
12 spectra as well as the observation of dissociation of ions with excess 

13 internal energy by a cw CI;., laser in an ion cvclo^on further strengthen 

the argument for the QC absorption. MPD with two CO- laser frequencies, 

one tuned for discrete lev-jl excitation ac medium intensity to avoid too 

large a power broadening and the other at lower frequency with larger 

fluence meant for QC absorption, showed that the change of isotope selec

tivity and dissociation yield when tu:iinj; the two frequencies can be 
14 explained by this two-region excitation s -hemi. While there were 
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attempts to accurately calculate the excitation rate and spectra in 

the discrete region of SF,, the characterization of the QC remains 

a difficult task. The intramolecular vibrational relaxation rate for 

SF, at -5000 cm uas measured to be faster than 30 ps, which 

corresponds to a linewidth of >0.9 cm . Broadened linewidths were 

also reported for high CH stretching overtones of many polyatomic mole-
17 Ifi cules in optcacoustic spectroscopy. ' The dependence of excitation on 

fluence rather than on intensity in the QC was verified by using various 

length las°"- nulses. 

In addition to the excitation mechanism of IRMPD, there are many 

other important questions and issues that have been intensively studied 

and need further exploration. Some of them are listed as following. 

1. Molecular Dynamics of Excitation and Dissociation 

The origin of the observed visible fluorescence in MPD remained as 

one of the unsolved mysteries. Is it the result of "inverse electronic 
19,20 relaxation , the fluorescence of photofragments, or something else? 

MPD product energy distribution poses another interesting question. 

Several laser induced fluorescence experiments showed that each of the 

internal degrees of freedom of dissociation products can usually be des

cribed by a certain temperature, yet these temperatures differ from each 
21 other. 

Probably the most important issue regarding molecular dynamics is 

whether nonstatistical unimolecular reaction can be induced by multiphoton 

excitation (MPE). It was argued that a short enough laser pulse may 
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excite certain vibrational modes with a rate faster than the relaxation 
22 rate; unimolecular reactions can then be mode-selective. Although 

such a short ir pulse laser was never constructed, many experiments with 

CO, TEA lasers prompted early claims of nonstatistical dissociation. It 

was later shown that these results were either due to secondary MPD of 
20 77 7P products or due to lack of knowledge of the excitation distribution. ' ' 

The statistical RRKM theory agreed well with the molecular beam measure-
23 ment of MPD product translational energv distribution and the relation-

24 ship between the dissociation yield and the absorbed energv. 

2. Characterization of the Quasicontinuum 

The QC may be defined as an energy range in which the molecular 

linevidth, Aw , , is much greater than the optical transition rate and mcl. 
25 L-ii- rnte is in turn much larger than Che inverse level densities. 

itu , >>UJ >>p . Therefore the rigorous Schroedinger equation describ-mol. R vib. 
ing the excitation can he reduced to a set of rate equations. Notably 

the energy range that satisfies these conditions varies with molecular 
27 properties as well as laser intensities. Molecular properties vary 

drastically from molecule to molecule. I.'hile the linewidth of the CH 

stretching overtone of benzene may be as high as 100 cm at 16000 cm , 

C»H„ shows Am . smaller than Doppler width." For each individual 2 2 mol. v v 

molecule, where the QC starts and how to qualitatively describe the 

transition from the discrete region to the QC are still unclear. Although 

these questions are not necessarily resolvable by direct MPD experiments, 

the studies of collisionless MPD of smaller molecules may aid our 



6 

understanding of intramolecular vibrational relaxation. The magnitude 

and the trend of absorption cross section, the width of optical 

resonances, and the intramolecular vibrational relaxation rate are of 

great importance for the characterization of the QC. 

3. The Excitation Distribution 

It is essential to know the excitation distribution during and 

after the laser pulse if IRMPD is to have greater applications in 

kinetic studies. A thermal distribution was suggested to be a good 

approximation. The distribution calculated by rate equations may b^ 
23 closer to reality. Yet in order to make these calculations at all 

significant, knowledge of the absorption cioss sections, both in the 

QC and in the discrete region, is indispensable. 

4. The Effects of Collisions 

MPE requires no collisions. Collisionless MPD has been demonstrated 
29 in molecular beams. However, collisions are difficult to eliminate in 

many studies and applications of MPD. Some studies showed that collisions 

may aid in the excitation of small molecules to the QC through vibration-
30 vibration up-pumping. Collision-induced rotational relaxation may put 

more molecules in resonance with the laser during the pulse and therefore 
31 

increase the yield. Collisional deactivation is a very important pro
cess in MPD. The magnitude of energy loss and the rate of deactivation 
for highly vibrationally excited molecules, especially their dependence 
on energy content and collision partner, need further exploration. 



7 

The majority of the MPD experiments and theoretical works are done 

for SF, under 10 urn radiation. Imagining the variety of molecular o 
structure and properties and of excitation sources, there might be 

abundant different MPP phenomena to be explored. 

Only recently have laser sources other than CO. laser been used fir 
32 33 

MPD. Formic acid and methanol have been dissociated by HF lasers and 
34 cyclopropane by an optical parametric oscillator pumping CH stretching 

modes. These cases provide a qualitatively different ,s-ifuation from 

that of SF, dissociated bv CO. lasers. The ̂ .harmonic i tv of the hvdro-

gen stretches is too large to be^i^ni f icant ly compensated by the 

mechanisms operative in SK.. The photon energv is a much larger fraction t> 
of the dissociation energy and fewer photons are needed to reach the OC. 

How does MPD occur in these cases? Can the established models for ST. 
o 

10 ym >SPD be used to describe these MPD results? 

The much smaller number of higher frequency photons required for 

dissociation is a great advantage for quantitative modelling of the MPD 

processes. Furthermore, due to the relative isolation <'f CH stretching 

modes from the rest of the modes all at lower frequency, unimolecular 

reactions involving CH bond rupt ire induced by exciting the CH stretching 

modes constitute a test example :or "mode-selectiviM ch<.-iistry. Chapter 

11 contains a detailed report of the results of MP!' and HPE experiments 

at 3.3 urn. The unimolecular rea-tion studied is HC1 elimination from 

chlorinated hydrocarbons. A mod,'1 was established to ai count for all 

the KPD and MPK observations. 



The fact that MPD by C0_ laser is a statistical process makes it 

a useful tool to identify the lowest activation energy channel of 

homogeneous gas phase unimolecular reactions. To avoid ambiguity 

caused by not knowing the exact excitation distribution, IRMPE can 

be used simply as a heating method. Inert absorbing gas can be added 

to the unimolecular reactant, which does not absorb laser pulse, and 

collisional energy transfer heats up the reactant. * Chapter IV 

describes an attempt to extract activation energy and preexponential 

factor of unimolecular reaction from pyrolysis induced by IRMPE heating. 

1RMPD also has great potential in other kinetic studies. It has been 

used as a way to generate radicals for radical reaction rate measure-
37 ments. 

Isotope separation has been one of the most important applications 

of IRMPD. Enrichments of about a dozen elements have been achieved. 

The most impressive one is the separation of deuterium where the enrich-
4 38 ment factor is as large as 10 . A pilot plant is in operation for 

13 39 
C separation by CF,X (X=Br, I) MPD. Recently enrichment of U 

40 isotopes was reported. To achieve more efficient separation, better 

understanding of the many previously stated questions is required. 
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CHAPTER II. IR MULTIPHOTON DISSOCIATION AT 3.3 |in 

A. HC1 Elimination Reaction of Chlorinated Hydrocarbons 

There are two major reasons for choosing the molecular elimination 

reactions of halogenated hydrocarbons for MPD studies at 3.3 urn; their 

low activation energies require a relatively small number of photons for 

reactions to occur and the dissociation involves rupture of the CH bonds. 

CjHjCl •* HC1 + C 2H 4 (AH = 16 kcal/mole) is probably the most 

thoroughly studied reaction for halogenated hydrocarbons. ' From 

many static pyrolysis, shock tube, and chemical activation studies, the 

dissociation of ethyl chloride (EtCl) was shown to be a homogenous mole

cular elimination process. Its activation energy in the high pressure 

limit was determined to be 57.4 t 1.0 kcal/mole and the preexponential 
t . ,„13.8i0.2 -1 

factor to be 10 sec 

It is now widely accepted that tne relatively low activation energy 

comparing with the bond dissociation energies, is due to a 4~centered 
42 activated complex, 

I - C — C -

CI H 

The simultaneous formation of th. H-Cl and C=C bonds at the time of the 

rupture of the C-Cl and C-H bonds stabilizes the potential energv of the 

activated complex. 

The most detailed calculation with the RRKM theory on the rate 

constant of EtCl dissociation was done by Setscr and coworkers. 

Several different models for the ictiv.ited complex weri' used for the 
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tests of the rate constants measured both by thermal pyrolysis and 

chemical activation, the fall-off pressure, and the isotope effect 

(D vs H) for the rate constant. The most successful model depicts the 

activated complex as a 4-centered ring with asymmetric bond orders for 

C-H and C-Cl bonds. The internal rotation was treated as a torsional 

motion, therefore the reaction path degeneracy was set as 2, and the 

overall rotations were treated as being inactive. A 50 cm ring 

distortion motion was taken as the reaction coordinate. The character

istics of the activated complex are listed in Table II-l. 

Figure II-l shows the RRKM rate constant for EtCl calculated with 

the above activated complex. In these calculations, the experimental 

value of 58 kcal/mole was taken for the activation energy in the high 

pressure limit; this gave the value 56.5 kcal/mole for the reaction 

barrier height. The calculation was done with a computer program by 
44 Hase and Bunker. In the program, the vibrational level densities were 

42 calculated using the Whitten-Rabinovitch approximation. 
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Table II.1. Models for ethyl chloride and its activated complex in 
RRKM calculation.3 

Moll scule" c Complex 

Frequencii 
(cm-1) 

as Moment of 
inertia (amu A2) Frequencies Moment of , 

(cm-*) inertia (amu & ) 

3014 

2986 16. ,13 3054(4) d 18.77 

2967 92. ,22 1393(2) 75.55 

2946 102. 00 1117 87.51 

2887 987(4) 

1470 920 
1448(2) 890(2) 

1385 854 

1289 576 

1251 400 
1081 

1036 

974 
785 
677 
336 
250 

Critical energy is 56.5 kcal/mole. Reaction-path degeneracy is 
set as 2. 
Taken from Ref. 45. 
Taken from Ref. 43. 
Numbers in the parentheses indicati' numbers of vibrational modes 
at that frequency. 
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Fig. 11-1. Unimolecular dissociation rate constant of ethyl 

chloride calculated by RRKM theory as a function 

of vibrational energy in excess of the dissociation 

barrier height. 
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B. Experimental 

1. Nd:YAG Laser 

An angle phase-matched tunable LINbO, optical parametric oscillator 

(OPO) pumped by a Raytheon model SS404 Nd:YAG oscillator-amplifier system 

was used as a 3.3 um laser source. The Nd:YAG laser contains a master 

oscillator, 3 amplifiers, and 2 Fariday rotators each placed after the 

2n'1 and 3rd amplifiers. The pair of Faraday rotators are to prevent 

self-oscillation air.ong the amplifiers and to eliminate beams specularly 

reflected from outside the system. A more detailed description of the 

construction and the elements of the laser can be found in Ref. 46. 

The Q-switched pulse from the flashlamp-pumped master oscillator of 

5 mj can usually be amplified up to more than 200 mJ after the 3rd 

amplifier. The maximum output of 1.064 pm is about 300 mJ. A fused 

silica lens with 2 m focal length is placed between the oscillator and 

the first amplifier to produce a collimated beam at the output. The 

horizontally polarized output beam has a diameter (FWKM) of 4 mm in 

cross section and a divergence of 1 mrad. Its radial profile is nearly 

Gaussian. The bandwidth (FWHM) is -0.4 cm with an etalon placed in 

the oscillator. The pulse duration is about 15 ns (FWHM) as examined 

by a Si photodiode. 

2. LiNbO- Optical Parametric Oscillator 

Optical parametric oscillation has long been recognized as an 

important source for visible and infrared tunable coherent radiation 
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because of its tunability, high conversion efficiency and low pump 

threshold. Its theory and working principles can be found in several 
47 48 review articles. ' For 3.3 urn radiation generation the best pump-

0P0 combination at present is the Nd:YAG laser pumped LiNbO OPO, from 

which 1.4 to 4.0 pm radiation can be obtained. 

The design of the OPO built in this laboratory follows closely 
48 that given by Byer and Herbst. It consists of an L-shaped cavity as 

shown in Fig. 11-2. On the input is a 45° incidence mirror dielectric 

coated for high reflection centered at 1.7 pm and high ansmission 

(>85%) at 1.06 pm for the horizontal polarization. A CaF flat sub

strate coated for high reflection at 1.06 pm and 30X reflection from 

1.4 pm to 2.0 pm is used as the output coupler. A Bausch and Lomb 

grating of 300 1/mn and blazed at 1.8 pm completes the optics of the 

OPO. The LiNbO, crystal is cut for phase-matching at 47° vs the optical 

axis, and is 1.5 cm in diameter and 5 cm long. It is polished and 

antireflection coated with SiO, at both end surfaces. Since the crystal 

cross section is large enough, angle variation rather than temperature 

variation is used for phase matching of the desired frequency. Tuning 

is achieved by rotating the grating angle and the phase matching angle 

simultaneously. The distance between beamsplitter and output mirror is 

about 12 cm and between beamsplitter and grating 6 cm. A CaF, plate 

high-reflection coated for 1.06 pm and antireflection coated for the 

signal and idler was placed in front of the output coupler to reflect 

the 1.06 pm back through the crystal to aid the oscillation. The 1.06 
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Ftg. II-2. Schematic of the 1.06 urn pumped, angle tuned LiKbO. 

singly resonant parametric oscillator. 



OUTPUT 
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18 

Um pulae aakes a double pass through the crystal for parametric genera

tion. 

The alignment of the 0P0 is done as follows. 

1. The optical elements of the 0P0 are centered against the green 

second harmonic of the Nd:YAG pulses. The second harmonic is 

generated by a KBP crystal placed between the Nd:YAG laser and 

the 0P0. 

2. The reflection of the green light off the output mirror (0/P) is 

used to crudely align the 0/P norma' *o the 1.06 um beam. 

3. Precise alignment of the 0/P is achieved by obtaining the 1.06 

\m lasing between the rear reflection mirror of the Nd:YAG master 

oscillator and the 0/P. In obtaining the lasing, all the amplifiers, 

except the master oscillator, of the Nd:YAG laser are pumped by 

flashlamps at full capacity. 

4. A He-Ne laser was set in front of the 0/P and the red beam was 

aligned normal to the 0/P. By rotating the grating in its own 

plane, the reflection of the He-Ne from the grating at different 

orders was set on a straight line crossing with the He-Ne. Then 

the~JTd order He-Ne reflection was centered in coincidence with 

the beam. 

5. The 0P0 was then pumped with 1.06 um pulses. The crystal angle 

was rotated to obtain the 1.9 um signal and the 2.4 um" idler 

beams. 
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The CPO is generally operated at several times above threshold. 

The threshold intensity was experimentally observed (limited by tht 
2 pulse energy detection sensitivity) to be around 40 MW/cnT, in rough 

agreement with the calculated value. The energy conversion efficiency 

is about 20% when the pump pulse energy is 180-200 mj. The OPO output 

pulse energy, determined by a factory calibrated Scientech model 3600-01 

surface absorbing thermopile, was typically 30-40 m.I total (signal 

plu^ idler). After fUterine the unwanted wavelength with an AR 

coated Gc- flat, up to 7 mj at 3.3 urn was available for experiments. 

The OPO pulse energy can be adjusted by varying the energy of the 1.06 

am beam and quartz flats can be used for attenuating the 3.3 urn energv. 

The temporal pulse shape was measured using a PEM InSb detector and a 

Tektronix 7704 oscilloscope. The system response time was <3 ns. The 

OPO pulse rose in -8 ns, and fell less rapidly. The FWHM was 10 ns and 

time between 55! points was 20 ns. Pulse-to-pulse intensity variation 

was -15%. Long-term energy stability was usually better than 10%. The 

output bandwidth of the grating-tuned OPO was 2-3 cm . There were 6 

distinct peaks with a neak-to-valley ratio of 1.8 separated by 0.6 cm , 

Fig. Il-3(a), due to t'.e 30 sec wedged output coupler functioning as a 

low finesse ei:alon at :.3 urn. The breadth of the OPO pulse may be 

caused by 1). The small laser spot covers only a small number of grating 

lines; 2). There is a thermal gradient in the crystal; 3). The laser 

spot size is large enoi.̂ h for the phase matching condition to be 

satisfied for a wide fi -quency ranee. The broad bandwidth was narrowed 

to 0.15 i 0.03 cm (Fi •. II-3(b)) with a 20-301 loss in energv by a 
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1 mm thick quartz etalon (finesse, free spectral range/HWHM, of 7). 

Tilting the etalon alone allowed tuning over at least 1.5 cm 

The 0P0 beam, which has a diameter of 5 mm and a divergence of 

about 10 mrad, was directed into a 3/4 m Spex monochromator for 

frequency measurements. The monochromator, with -2 urn entrance and 

5 urn exit slits, had a 0.1 cm resolution and a 0.2 cm resettability. 

The single Spex itself was calibrated by the reflection of a Spectra-

Physics He-Ne laser off the grating at different orders. The fre

quency stability for the 0P0 without etalon was ±1 cm only after a 

15-30 min wait for thermal stabilization of the crystal. The fre

quency drift is believed to be caused by the combined effects of 

mechanical vibrations and laser heating of the LiNbO, crystal. With 

the grating and etalon, the frequency is stable to within ±0.08 cm 

over an extended period of time (longer than the duration for photolysis). 

Damage to coatings and crystal surfaces occurs. While the exact cause 

of damage has not been determined, it is possibly due to occasional 

excessive laser intensity and/or dust or defective spots on the coating. 

Damages occur more often on the exit surface of the crystal than on the 

input surface. This problem of surface damage is mitigated by trans

lating the damaged element to a clear aperture. Over the course of 

this experiment, two crystals were changed and repollshed due to damage. 

At the operating level for photolysis in these experiments (nominally 
2 100 MW/cm at 1.0b pm) we estimate one damage spot is incurred for 

every 10 operating hours. If use of the OPO at 70% or less of the 
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Fig. II—3. Frequency distribution of the output of the optical 

parametric oscillator at 3.3 urn. a) Broadband pulse 

with gating only in the cavity. b) Narrow band pulse 

with both grating and etalon in the cavity. 
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powers described can be tolerated, then damage-free operation should 

be possible, 

3. CO., Laser 

For 10 pin excitation, a grating-tuned Tachisto model 215 CO. 

transversely excited atmosphere (TEA) laser was us;d. The total multi-

transverse mode output was typically 0.5 J. A 70 ns FWHM spike con

tained 0.2 J and 0.4 J were emitted in the first 600 ns. The total 

pulse duration was 1.3 us. A detailed description of the design and 

the operation of the laser and the measurement of its output pulses 

can be found in Ref. 49. 

h. Photolysis and Absorption Measurements 

Ethyl chloride (Matfceson Gas, Grade R) was purified by fractional 

distillation. Its purity was determined by gas chromatograph (GC) to 

be >99.9?; no ethylene was detected ('-10 ppm C. H ). Gas pressure was 

measured by a calibrated variable-reluctance manometer (Validyne) with 

a 50 Tor: range. The EtCl pressure ranged from 1.65 to 1.72 Torr except 

where specified otherwise. Gas transfer was don^ in a vacuum system 
—A with greaseless stopcocks. The vacuum sy item was pulped to 10 Torr 

before each experiment. 

For photolysis at 3.3 pm, the several mJ 0P0 pulses were focused 
2 up to 2 J/cm with a 5 cm focal length 5 -m diameter CaF lens. The 

focusing parameters were measured by atta, hintv a 20 vim diameter pinhole 

(diamond wire die) to a PbSe detrctur inou ted on .i 3-D translator. 
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After the measurements, the pinhole was examined by a microscope to 

ensure that no enlargement was caused by focused laser pulses. At 

the center of the focus the spot size is 0.6 mm FWHM and the beam 

diameter is less than C.9 mm over a distance of 8 mm (Fig. 11-4). 

Since the dissociation yield strongly depends on the laser fluence 

and intensity, the effect of the drastic fluence and intensity varia

tion along the longitudinal axis caused by such a tight focus on the 

quantitative measurement of dissociation yield should be noted. 

Although the problem may be solved in principle by a deconvolution 

technique (see Data Analysis), a shovt path cell was designed to reduce 

intensity (and fluence) variation inside the cell and to reduce contri

butions to dissociation from low intensity zones. Several 14 mm (<2 

focal parameters) long pyrex cells with parallel NaCl windows attached 

by Torr seal epoxy at Brewster's angle were used. The cells must be 

accurately placed around the beam focus to avoid damage to the cell 

windows. For each photolysis, between 3000 and 7200 pulses were used. 

The energy of the laser pulse is monitored continuously, and the fre

quency occasionally, during photolysis. For experiments performed at 

the 2944 cm Q branch of EtCl, the signal from an optoacoustic cell 

filled with 2 Torr EtCl was used to fine tune the etalon angle. The 

method allowed setting of the 0P0 frequency to within 0.1 cm of the 

peak absorption. In the measurement of dissociation yield as a function 

of frequency over the entire C-H stretching region, the optoacoustic 

cell with 2 Torr EtCl was irradiated with the unfocussed 0P0 beam. 
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Fig. II-4. Spatial profile of the 0P0 pulses measured in the 

focal plane with a 20 pm diameter pinhole, a) FWHM 

of transverse profile along the longitudinal axis z. 

z = 0 is 4.5 mm away from the center of the focal 

lense. Black points (•) are the FHHM on the horizontal 

axis and open circles (o} are those on the vertical 

axis, b) and c) Transverse intensity profiles at 

z = 2.5 and 8.9 respectively. Black points are 

horizontal scans at the vertical maxima. Open 

circles are vertical scans at the horizontal maxima. 
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This made it possible to set the photolysis frequency at either the 

peak or the valley of the rotational structure. 

For photolysis by the CO, laser, a 25 cm focal length 5 cm dia

meter NaCl lens was used for focusing and the photolysis cell was 

placed 13 cm away from the lens to obtain the desired energy fluence. 

An unfocused beam was used for optoacoustic measurements. The laser 

was attenuated by a 4 mm CaF, flat, a NaCl flat, or a 10 cm glass cell 

with NaCl windows containing 40 Torr SF,. No change in the temporal 
49 or spatial profile of the beam was observed after attenuation. 

After photolysis, the sample in the cell was immediately condensed 

into an evacuated pyrex GC sample loop. Since ethylene has a vapor 

pressure of about 1 m Torr at liquid nitrogen temperature, a liquid 

helium bath was used for condensation. The sample was then analyzed 

by a Varian 3700 gas chromatograph with a flame ionization detector. 

For EtCl photolysis, ethylene was the only hydrocarbon product detected. 

Flame ionization is not sensitive to HC1. A 12 feet long Porapak S 

column (mesh size 100/120) in 1/8 inch diameter stainless steel tubing 

was used to separate the products from the reactant. At the conditions 
3 

of 30 cm /min. He carrier gas flow rate and 105°C column temperature, 

the retention time for ethylene and EtCl are 3.4 min. and 12 min. 

respectively. The flame combustion gas mixture was composed of 30 
3 3 

cm /min. H_ and 300 cm /min. air. The detector with such a flame 
would produce a 1 min. FWHM GC peak with 20 mvolt peak height at the 

3 most sensitive scale for a quantity of about 0.20 cm -Torr (11 
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nanomole) ethylene. The detection sensitivity for ethylene is about 

112 higher than for EtCl. For each individual chemical, the detection 

response is linear over at least a few orders magnitude of quantity. 

The broad width of the GC peaks is primarily due to the large volume 

of the gas injection loop, which is about 5 c.c. A much smaller 

volume (preferably at pi level) would bring the width into the limit 

caused by column retention and therefore increase the sensitivity. 

Such a small volume is hardly obtainable for loops constructed with 

stopcocks. However, with current devices for detection, for all the 

photolyses, the worst GC peak S/N ratio is better than 10/1. A 

negative dip of the GC signal baseline occurred at the injection of 

the gas sample as the injection of the low pressure gas suddenly 

dropped the back pressure of the column. This dip recovered before 

the ethylene peak and therefore did not hinder a good quantitative 

measurement of the peak area. 

Optoacoustic measurements were made with two types of stainless 

steel cells. One was 38 mm in length and 20 mm in diameter with CaF_ 

windows and a Sony foil electret microphone placed at the center. 

The microphone signal was preamplified then averaged over 32 pulses 

using a Biomation Transient Recorder and a Northern NS-575A Digital 

Signal Analyzer. For 3.3 pm excitation a second cell 12 mm long and 

40 x 14 mm cross section with NaCl windows was used to eliminate the 

low intensity region far from the focus. Several runs with both cells 

gave the same dependence of energy absorbed on laser wavelength and on 

laser intensity. 
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Standard single photon absorption spectra for the fundamental and 

first overtone were recorded with a Nicolet 7199 FTIR for which the 

highest resolution is 0.06 cm . A 10 cm pyrex cell with NaCl windows 

was used to contain the gases. For the second overtone spectra, a 

Cary-17 spectrometer and a 12 cm pyrex cell with quartz windows were 

used. 

For photolysis of CHC1F., a Varian 1800 FID GC was used to detect 

the product C.F, after 12,000 to 18,000 laser pulses. The gas (Mathescm 

Gas, Grade R) was fractionally distilled and its purity shown by GC to 

be >99.9%. 

5. Data Analysis 

The dissociation yield, W,, is the fraction dissociation for those 

molecules in the volume irradiated by the laser. W, is given by the 

ratio of the ethylene and EtCl GC peak areas (A), normalized by the GC 

detection sensitivity (S), the number of pulses n, and an effective 

focal volume V- in the cell. 

_ AC;,H„ , SEtCl . Vcell . 1 u - 4 ' 7 ^ ~ • (II-l; 
d *EtCl S C 2 H , Vf 

Since the total fraction of molecules dissociated in the entire cell 

was less than 2% for any photolysis, normalization by the number of laser 

pulses was linear. The yields as a function of pressure and of wave

length should also be normalized by multiplving a fluence factor (pulse 
3.5 3 5 

energy/4.1 mJ) for pressure dependence and (pulse energy/3.3 mJ) 
for wavelength dependence, to obtain the true functional dependence at 
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a single laser fluence. The value 3.5 was obtained from the fluence 

dependence study of yield (see Section C). The combined deviation of 

the GC calibration and the pressure measurement is ±h'.', for larger yields 

and higher pressures and is ±9% for smaller values. The long term drift 

of laser energy, t5Z, during the photolysis is responsible for the major 

uncertainty, ±18%, in the precision of the dissication yield. The 

effective focal volime is defined as 

/ 
W, (fluence) 

d dv, cell W,(focal point fluence) 

and was approximated as 

.5 y Fluence 
cell |_ Focal point fluence J dV 

for dissociations at 3.3 \.m (Fig. II-4). However, even such av integra

tion can not be meaningfully carried out without a complete knowledge of 

the 3-D fluence distribution within the cell. By using the FVHM of the 
2 focused beam to calculate the average fluence, (pulse energy/TT(FWHM/2)"), 

an integration along the longitudinal axis was carried out using Fig. 
-3 3 II-4(a). The value 1.6 x 10 cm was obtained for the effective focal 

volume in a 14 mm path cell. The upper limit on the error that might 

be caused by neglect of the transverse deconvolution on the focal 
2 volume can be established by comparing the two areas TT(FWHM/2) and 
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/ . 
U (fluence) 

d dA. focal plane W (average fluence) 

This error limit combined with other uncertainties discussed above 

sets the limit of uncertainty for the dissociation yield to be ^ 7 

for dissociations with higher fluences. For dissociations with fluencc 
2 ~0.1 J/cm and at frequencies where the yield is relatively low, the 

uncertainty is about twice larger. The magnitude of the optoacoustic 

signal was measured as the height of the first peak vs the first valley 

in each series of acoustic waves. For the wavelength dependence of 

absorption of focused OPO pulses, a linear normalization was used to 

correct the optoacoustic signal for the variation of the averaged 

pulse energy (see Section C for the linear fluence dependence of 

absorption at 3.3 urn). The J15" pulse-to-pulse energy fluctuation 

was reduced to a ±32 uncertainty of laser fluence after 32 pulse 

average. 
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C. Results 

For the convenience of later discussion, the experimental results 

of MPD and optoacoustic measurements are summarized and presented in 

this section. All the results presented here are for EtCl unless 

specified otherwise. Other spectroscopic and kinetic measurements 

will be presented and discussed in Sections D and H. 

Optoacoustic signal vs 3.3 urn laser fluence is shown in Fig. 11—5. 
2 Data points between 0.04 and 0.2 J/cm constitute a straight line with 

slope slightly larger than unity. Points begin to deviate from the 

line only at fluences for which a significant fraction of EtCl mole

cules is dissociated. The linear saturation fluence is estimated as 

hv/2c as for a non-degenerate two-level system. At this fluence the 

upper level population is (1 ) times the lower level population. 
e 

In Section F, o, the absorption cross section for broadband OPO pulses 
-1 -19 2 

at 2992 cm , is calculated as 2.4 x 10 cm . Because of the small 

energy of the laser pulses and the small total absorption of low 

pressure EtCl, an accurate and absolute calibration of the vertical 

scale is difficult to obtain. However, since saturation is not possible 
much b^low E ,. , the number of photons absorbed per absorbing sat.linear molecule, <n> ,, at E _. , is on the order of 0.4 and is about real sat.linear 

2 -1 

3 at 1.1 J/cm . When the laser was tuned 50 cm to the blue of the 

EtCl C-H fundamental absorptions, no acoustic signal (electronic or 

window-induced) was observed. 
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Fifi. 11-5. Dependence of absorbed energy on focal point fluence 

for 0.32 Torr ethyl chloride irradiated by broadband 

OP0 pulses at 2992 rm . Optoacoustic measurements 

are shown by black points. <n'' is the number of photons 

absorbed per molecule under irradiation. The solid and 

dotted lines are calculated by rate equations analysis 

with = 2.4 x 10 cm , i p = 5 x 10 cm and 

P 0 = 0.5. r ., £-̂ 2, for the solid line is set (3) 

of Table 11-7 and for the dotted line is set (4). 
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Fig. 11-6. Dependence of absorbed energy on fluence for 0.85 Torr 

ethyl chloride for the R(8) line of the C0 0 laser at 

967.7 cm . The lino ( ) has a slope of one. 



i i i , 
/ 

1 
o 

1 20 / 
/ 

o<*> — 
"c / 0 8= 
Z> / e<fe° 
JQ / * 
< / 

r io 
o 
c 

— / 
/ 

/ 
o> / 

CO y o otf 
"J/5 0 — go / o — 
3 J6 O

DD * 
/ 

O A> 
/ 

O 

2 — 
" 

0.01 0.02 0.05 0.1 0.2 
Laser Fiuence (J/cm ) 

l i £ . I I b 



37 

The dependence of the optoacoustic signal on the fluence of the 

CO, laser R(8) line is shown in Fig. II-6. The absorption is linear 
2 below 0.03 J/cm and exhibits saturation in the higher fluence range. 

The line with unity slope drawn through the lower fluence points lies 

at least a factor of two above the higher fluence points. The possi

bility of instrumental saturation at high energy fluences was excluded 

by the reproducibility of the curvature at the lower EtCl pressure of 

0.17 Torr. Although CaF, absorbs significantly at 10 pm, the contri

bution of window absorption to the acoustic signal with 2 Torr Ar gas 

in the spectrophone cell was less than 1%. Thus energy absorbed 

increases with fluence throughout the range but is substantially 
2 saturated above 0.1 J/cm . 

The optoacoustic spectra of absorption with narrowband (FWKJ1 0.15 
-1 2 

cm ) OPO pulses at 0.90 ± 0.02 J/cm showed a striking resemblance to 

the fundamental over the entire CH stretching region (Fig. 11-7). The 

fluence used was well above the linear saturation fluences for the 

narrowband laser at all the CH stretching bands. Although these opto

acoustic spectra showed a slight overall enhancement of absorption for 

the lower frequency CH bands, they contrast strongly with the usual 10 

ym MPA spectra. In these 10 pm optoacoustic measurements, the spectral 

features are usually broad, smeared and red-shifted vs the fundamental. 

The optoacoustic technique monitors the total absorption in the gas 

medium. It does not discriminate between absorption to very high 

vibrational levels and excitation at low levels. Therefore, 
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hypothetically, if a major fraction of the molecules can only absorb 

the first photon due to vibrational anharmonicity, the optoacoustic 

signal does not represent the true MPA spectra even though a significant 

portion of molecules undergo MPA. Since only molecules excited above 

the reaction barrier may dissociate, dissociation may be used to 

obtain the multiphoton excitation spectrum. 

MPD occurs throughout the entire spectral range for the five C-H 

stretching fundamentals, Fig. II-8. The dissociation yield spectrum, 
2 taken with 1.1 J/cm narrowband 0P0 pulses at 1.7 Torr EtCl pressure, 

follows approximately the same shape as the ordinary linear absorption 

spectrum A (v). The relative yields are somewhat enhanced at longer 

wavelengths. The peak yields near 2944 and 2977 cm are about 2%. 

The band center frequency and band shape of the sharp peak in W, at 
d 

2943.8 cm match those of the fundamental Q branch almost exactly. 

In addition, a W peak near 2913 cm was found. It does not correspond 

to any peak of A (v). However, it coincides with half the frequency 

of a strong, sharp Q branch in the first overtone spectrum. When W, 

is divided by A .(v) a good correlation with the overtone spectrum is 

found, Fig. II-9. Finally, far in the red end of the spectrum where 

the yield is low, W /A., shows a broader resonance, Fig. 11-10, which 

corresponds to one-third the frequency of the strong resonance in the 

second overtone spectrum. For the first time in MPD experiments, 

resonances in MPD yield were found to match the position and shape of 

peaks in the fundamental, as narrow as 0.4 cm , and first- and second-

overtone absorption spectra. 
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Fig. II-7. Frequency dependence of absorption for 0.65 Torr EtCl 
2 irradiated by 0.9 J/cm narrowband OPO pulses, ( # ) . 

The linear absorption spectrum was taken for 27 Torr 

EtCl in 10 cm cell by FTIR with 1 cm" resolution. 
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Fig. II-8. Dissociation yield, W , and linear absorption spectrum, 

A m vs frequency. On the relative scale for dissocia

tion yield, 10 = 2.0%. All points (#) were measured 

at the peaks of absorption lines. Two points (.If) were 

taken in valleys. A sharp resonance (O) is shown 

enlarged with an absorption spectrum at 0.24 cm 

resolution. Two points near 2977 cm show sharp 

structure in a P branch. The conditions for the 

absorption spectrum are the same as in Fig. IV-7. 
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Fig. II—9- Relative dissociation yield, W (v/2), divided by the 

absorbance, A .(v/2) at 0.24 cm resolution, from (0) 

in Fig. II-8. The first overtone absorption spectrum, 

A n 7(v), is also plotted at 1 cm resolution (FTIR). 
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Fit;. 11-10. (a) Relative dissociation vield W,(v/3) and second over-
Q 

tone spectrum A -(v) (1-5 cm resolution, Carv 17). 

A . (v/3) and A 0(2W3) are also shown. 

(b) W,/A_.(v/3) and the second overtone spectrum. The d 01 
monotonic decrease of W, in (a) becomes a broad resonance a 
matching the second overtone spectrum when normalized. 
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The dependence of MPD yield on energy fluence was studied for 

broadband 0P0 pulses at 2977 cm , Fig. 11-11. In the range from 0.5 
2 to 2 J/cm a straight line with slope 3.5 can be drawn through the 

data on a log-log plot, although the experimental points are better 

fit by a curved line with decreasing slope at higher fluences. The 

shape of the yield vs fluence curve may vary with wavelength and laser 

bandwidth. The effect of bandwidth on yield is illustrated by the 
-1 3.5 

data near 2977 cm in Table II-2. The factor E has been used P 2 in correcting all wavelength dependence data to 1.1 J/cm . However 
since the observed yields are of the same order of magnitude and 

2 since the energy range is small, 0.94 to 1.2 J/cm , this approximate 

correction should not introduce significant errors. MPD yield 

decreases with increasing EtCl pressure, Fig. 11-12. W, decreases 

nearly a factor of two between 0.25 and 2 Torr. From 2 to 6.2 Torr 

the yield decreases by only about 10%. 

The absolut dissociation yield at various frequencies around 

3.3 ym is listed in Table II-2 along with a dissociation yield at one 

wavelength in the 10 pm CC stretching band. At even higher fluence, 

the yield at 10 nm is smaller than most of the 3.3 pm yields. 

No MPD yield as C„F, was detectable for broadband laser excitation 2 4 
of 2.5 Torr CHC1F, at the 3010 cm" band center or 13 cm" to the red 

2 
of band center at fluences of 2.2 J/cm . The detection limit corre
sponded to 0.01% dissociation. 
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Fig. 11-11. Dependence of dissociation yield (I) on fluence for 

1.7 Torr ethyl chloride irradiated by broadband OPO 

pulses at 2977 cm . The slope of the line ( ) is 

3.5. The solid line and the dotted line are calculated 

by rate equations analysis with set (3) and set (4) 

". . in Table 11-7, respectively. 
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Table 11-2. Measured and calculated ethyl chloride MPD yields for selected frequencies 
at 1.1 J/ctn2 fluence and 1.7 torr pressure. 

V a 
n 
01 

a 
a o i P12 'IMS1-"* Wd ,cal d,expt 

(cm ) (10 -19 2 N cm ) (10' -19 2, 
cm ) 

-19 2 (10 cm ) m (%) 

3014 26 5 0.3 1.3-1.4 — ° - 3 6 -o .o i 
2976.6 30 5 0.5 2.4-2.7 1.7 1.8*0.2 

2977° 1.8 5 0.3 1.9-2.3 1.6 0.910.3 

2943.8 13 5 0.5 2.3-2.5 2.1 1.8t0.2 

2913 11 5 l" 2.4-2.7 1.2 1.3*0.2 

2829 2 5 0.5 1.8-1.9 — 0.065*0.005 

967.7° — — — — — 0.09^0.01 

Vhe rnnfte of ?-i ndependent rpias i cont inuum e ross sec L ions that matches the experimental 
vie Id ran^e-. 

b .i —19 2 
Dissociation yields calculated with n o = 2. r) x 10 cm , --'.?. 

LPhotolysis with broadband laser. All the other '3.3 nm photolyses were with narrowband. 
There is a 0 branch of an overtone band at W2& cm 

e "> 
O* laser fluenee at f> .I/cm". 
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Fig. 11-12. Dependence of dissociation yield (I) on ethyl chloride 

pressure for 2979 cm broadband photolysis at 1.4 
2 J/cm" (4.1 mJ). The laser pulse energy varied from 

3.8 to 4.6 mJ. Dissociation yields were normalized 
3.5 by (pulse energy/4.1 mj) . The solid line and the 

dotted line are calculated by rate equations analysis 

with set (3) and set (4) 0* in Table 11-7, 

resepctively. Collision rate, k = 7.7 us Torr 
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D. Vibrational Spectroscopy 

C-H,C1 is a small enough molecule so that its lowest vibrational 

energy levels may be studied in detail by ordinary ir absorption 

spectroscopy. This spectral data may then be used to help define the 

multiphoton excitation mechanism and to make quantitative estimates of 

excitation parameters. 
45 The CH stretching fundamental region has been well studied. 

The five fundamentals are listed in Tahle II-3. A sixth band is 

assigned to a CH, deformation overtone which probably borrows tran

sition strength by Fermi resonance with the nearby CH, stretching 

levels. The integrated absorption cross section for the entire CH 

stretching range is approximately 1.5 x 10 cm/molecule. This 

value was obtained from the fundamental spectrum of 27 Torr EtCl in 

406 Torr CF-I at 0.06 cm spectrometer resolution. The single 

vibration-rotation linewidth was broadened to be greater than the 

spectrometer resolution to assure that the true absorbance was recorded. 

Part of the pressure broadened spectrum is shown in Fig. 11-13. All 

the peaks that are resolvable are broader than 0.06 cm (c.f. Fig. 

II-14(a)). Data for the 974 cm mode pumped by the C0j laser is also 

given in Table 11-3. 

The molecule belongs to the C point group and is nearly a prolate 

symmetric top with rotational constants A " 1.044, B = 0,183 and C = 

0.165 cm . The || components of vibrational bands, AK = 0 with 

.iJ = 0, ±1, give typical PQR band shapes as for the band at 2944 cm 
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Table II-3. Frequencies and assignments of the ethyl chloride 
vibrational bands excited. 

v(cm ) Assignment 
Symmetry, 
Band Type 

Integrated 
Absorption 
— 18 (10 cm/molec.) 

3011 CH 2 

a.s. 
a", 1 3.5 

2987 CH 3 

a.s. 
a", 1 5.3 

2967 CH 2 

s.s. 
a', 1. II — 

2944 CH 3 

a.s. 
"'. 1! 3.5 

2904 C« 3 

v=2,d. 
a', 1 1.0 

2881 CH 3 

s.s. 
a", 1 1.1 

974 C-C 2.5 

Band centers measured from FTIR spectra, except the very weak 2967 
cm"l band from Raman spectroscopy. 

From Ref. 45. Symbols: a.s. - asymmetric stretch; s.s. - symmetric 
stretch; d. - deformation. 
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Fig. 11-13. Fundamental spectra of 27 Torr ethyl chloride pressure 

broadened by 406 Torr CF.I in a 10 cm cell. Spectro

meter resolution 0.06 cm . Features shown here 

correspond to the ones in Fig. II-14(a). 
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Fig. 11-14. a) Ethyl chloride fundamental spectra from a Nicolet 

7199 FTIR with a 10 cm cell and 27 Torr EtCl. Spectro

meter resolution 0.06 cm . Features from left to 

right are structure near 2977 cm where most MPD 

experiments were performed, sharp peaks with 0.06 cm 

width indicated by arrows, and the Q banch of a || band. 

b) EtCl first overtone spectrum at 0.06 cm resolution 

(by Charles Anderson, Nicolet Inst. Corp., Madison, 

Wisconsin, using Nicolet 7199 FTIE). A 15 cm cell with 

420 Torr EtCl was i-sed. Only one band is shown here. 

c) EtCl second overtone spectrum at 1.5 cm resolution 

from a Cary - 17 with a 12 cm cell containing 1100 Torr 

EtCl. 
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(Fig. II-8). The integrated intensity of the Q branch and hence the 

absorption cross section is about 3 to 6 times smaller than for P or 

R branches. The 1 components show prominent series of Q branches 

with 6J » 0 and AK • ±1. The accompanying series of P and R branches 

appear continuous at medium resolution. Thus each vibrational band 

consists of up to 9 vibration-rotation lines for each populated 

rotational state. 

At high resolution, Q branches in the fundamental spectrum "xhibit 

widths of a few tenths cm , Fif*. 14(a). At 0.06 cm resolution 

individual rotational line structure is observed in the band wing near 

2970 cm with widths of -0.06 cm . Since for v_„ = 1 the density of 
CH 

vibrational levels (Table II-4), p « 1/0.06 cm" , the v_„ = 1 levels 

must be well-defined energy eigenstates with only limited coupling to 

a few CH bending overtones. Pressure broadening was measured for a 

weak band at 677 cm" . At 1100 Torr EtCl pressure, the FWHM of the 

rotational lines at around 645 cm was broadened to 0.16 cm from 

0.09 cm at 27 Torr. Thus corresponds to a pressure broadening of 
, 1 n-5 -1 _ -1 -6 x 10 cm Torr . 

Overtone transitions are forbidden in the harmonic oscillator 

approximation. Hence their spectra give only the position"! of the 

most anharmonic v- u - 2 levels. The observed intensities are not 
On 

related to the v = 1-+2 transitions. The sharpest rotational struc

tures in the spectrum at 0.06 cm resolution are the ||-band Q 

branches. The widths are all greater than 2 cm" , Fig. 14(b), greater 
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Table 11-4. Spectroscopic properties of the lowest CH stretching 
levels of ethyl chloride. 

VCH 

a 
pvib 

(levels/cm" -1) 
Linewidth 
(cm ) 

CH Stretch 
Mode Levels 

Energy 
Range 

1 

2 

3 

<1 

70 

1300 

<0.06 

1.210.4 

30+15 

5 

15 

35 

3050-2850 

6050~5650b 

9000~8300b 

p , calculated by direct count. See Chapter V of Ref. 42. 

Estimated from the most harmonic high frequency level to the least 
harmonic low frequency level consistent with the observed overtone 
spectra. 
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than can be expected from the change of rotational constants with 

vibrational excitation. By comparing with the Q-branch widths of the 

fundamental spectrum at different resolutions, 0.5, 1.0 and 2.0 

cm , the width of a vibration-rotation line was determined to be 1.2 ± 

0.4 cm . This broadening may be caused by coupling to lower frequency 

modes. The linewidth gives an effective rate of energy transfer from 

CH stretching to other modes. Since this requires many levels per 

linewidth and since no structure is seen with 0.06 cm resolution, 

most, if not all, vibrations must be coupled (see densities in Table 

II-4). 

Many general features of the v „ •= 1-̂ 2 spectrum are known. There 

are 15 v - 2 energy levels. For non-interacting harmonic oscillators CH 
there are 5 allowed transitions from any given v_, = 1 level, the 

On 

addition of one quantum in any one of the five modes. The total inte

grated intensity of these transitions should be slightly larger than 

that measured for the fundamental due to larger quantum number involved 

in some of these transitions. Since there is coupling among the CH 

stretching modes, all 15 transitions become allowed to some extent. 
In addition coupling with v„„ = 1, v. . • 2, and v, . = 4 levels will ° CH def def 
occur. Since coupling among CH- vibrations and among CH vibrations 

should be stronger than coupling between groups perhaps 10-20 levels 

should share comparably in the intensity of the v • 1+2 spectrum. 
Cn 

Thus, spread over 200-300 cm are some fifteen vibrational transitions 

each with 3 to 9 rotational branches. For any given J, K level of 
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v„„ - 1 there are probably some 100-200 lines, each about 1 cm broad. CH 
Thus even considering the non-random grouping of lines and variation 

in intensity, resonant transitions from v_„ - l-*2 for a single rota-
LH 

tional state should cover much of the spectral range. 

The second overtone spectrum, Fig. 14(c), is so severely broadened 

that not even Q-branch structure is resolved. Each vibration appears 

with a FWHM of about 60 cm compared to ~35 cm for all fundamental 

bands. Thus linewidths for individual rotational states must be 
-30 ± 15 cm . For v_„ = 2-<-3 there are even more individual lines than CH 
for v_„ * l-*-2. These lines are overlapped into a completely continuous CH 
though not uniformly intense spectrum. Table II-4 summarizes some 

relevant properties of these fundamentals. 

In summary, the 5 C-H modes provide the dominant coupling between 

the molecule and the 3.3 urn radiation field. The v = 1 states are 
Cn 

sharp and perfectly discrete. The v = 2 levels are broadened with 
CH 

widths being larger than the Q-branch width of a parallel band and 

smaller than the P- and R-branch widths. The v = 3 levels are much 
CH 

broader and are clearly in the quasicontinuum for 3.3 um transitions. 

The CH stretching mode of CHC1F has a vibrational anharmonicity, 

2u x , of 116 cm . The band centers and the linewidths of single e e p 

vibration-rotation features are listed in Table II-V for the fundamental, 

first- and second-overtone spectra. The calculated vibrational level 

densities are also listed. The integrated absorption of the funda-
—18 mental C-H band of CHC1F. is ~4 x 10 cm/molecule, comparable to 

that of the strongest C-H band of EtCl. 
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Table II-5. Spectroscopic properties of the CH stretching mode of 
CHC1F2. 

0-»v Transition Linewidth, p ,, 
-1 -1 v i b -1 

v Bandcenter (cm ) FWHM (cm ) (levels/cm ) 

1 3022 <0.06 «1 

2 5928 <0.12 8 

3 8720 -2 60 

Pvib calculated by Whitten-Rabinovitch approximation. See Chapter 
V of Ref. 42. 
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E. Excitation Mechanism 

Since CH stretching anharmonicities, usually about 50 cm , are 

larger than vibration-rotation bandwidth?, and much larger than Rabi 

frequencies at MPD intensities, the mechanism established for anharmonic 

compensation in SF, cannot operate for EtCl (see Table II-6). However, 

the existence of five CH stretching modes with similar frequencies pro

vides a new type of nearly resonant pathway for excitation to the quasi-

continuum. The resonant nature of the transitions through the discrete 

CH stretching levels is manifested clearly in the dissociation yield 

spectra. 

The MPD spectrum, W,(v), exhibits the same sharp rotational struc

ture as the fundamental absorption spectrum, A Q . ( V ) . Thus excitation 

from v„„ = 0 to v = 1 is only possible for molecules in rotational CH CH 
states which absorb resonantly for one of the CH stretching modes. 

Since there are many v„„ = 2 levels each broadened by about 1 cm , Cn 
there is a good probability that for a given v = 1 level and rota

tional state a resonant excitation to v„ u = 2 will occur. The shape 

of the overtone spectrum A Q 2(2v) is similar to that of W d(v)/A Q 1(v). 
A resonance in W.(v) occurs at 2913 cm which matches a Q branch in d 
the first overtone spectrum. At this frequency any molecule which is 

resonantly excited to v = 1 is necessarily resonant for the v C H = 

l-*2 transition. At a few frequencies P-R rotational compensation of 

anharmonicity may occur for the highest thermally populated J and K 

values. In most cases compensation occurs by excitation of two 
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Table II-6. Relevant quantities for compensation of vibrational 
anharmonicity in MPD of EtCl and CHC1F2 at 3.3 um 
region. 

Physical Quantity 
(cm - 1) C 2 H 5 C i a CHC1F2 

CH Stretching (50) b 116 
Anharmonicity 
(2u> X ) e e 
Rotational 16 -20 
Branchwidth, 
UVB 

Rotational , ~20 ~20 
Compensation, 
A WPR 

Rabi Frequency, 0.36 0.3 
(J.(at 100 MW/cm2) 

Properties listed are for the CH mode of the strongest fundamental 
at 2987 cm - 1. 

Without a definitive assignment of the first overtone spectrum, the 
value of the vibrational anharmonicity for each CH stretching mode 
can not be accurately obtained. However, in the first overtone spectrum, 
three strong Q branches can be identified at 5958, 5924 and 5826 cm-!. 
By assigning them to the three strongest C-H fundamentals at 3011, 2987 
and 2944 cm~l respectively, anharmonicity of the three modes can be 
determined as 64, 50 and 62 cm~l. 

and R branches. 

Estimated for the sequence v = 0->-l (P branch) and v = 1-̂ 2 (R branch) 
of transitions of J and K levels with maximum thermal population. 
Rotational compensation for J and K levels at the outer edge of the 
P and R branches is approximately u + Au)„_. 

vis PR 
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different modes. The v - 3 levels are sufficiently broad that Cn 
resonant excitation should always be possible. The matching of peaks 

in the second overtone spectrum, A n,(v), with peaks in W,(v)/A..(v) 

indicates higher transition rates at these frequencies. The overall 

broad shape of W,(v) is in fact red-shifted from A Q 1(v). Since the 

overall effect of anharmonicity is to shift the absorption spectrum 

progressively to the red as excitation increases, resonances are more 

frequent and MPD more easily achieved in the red end of the funda

mental band. 

It might be argued that the enhancement of W, at 2913 cm , half 

the frequency of a first overtone Q branch, is due to a direct two-

photon absorption. All v = 0 molecules are in resonance for such a 

transition. For molecules in rotational states which are in resonance 

for the sequential absorption of two photons through a real v = 1 

state the sequential process is identical to the two-photon process 

with zero frequency difference for the intermediate level. For mole

cules which become resonant on the v„ = 0+1 as a result of power 
Cll 

broadening the two-photon and sequential processes are again equivalent. 

For the case of rotational states which are far from resonance on the 

0+1 transition, such a two-photon transition would have a low prob-

ability. In the strong interaction limit of perturbation theory, 

the probability of a transition with one step off-resonance &to is 
2 2 2 (u>_ /(Au + UL )) times that of a completely resonant transition, oi K K K 

2 -1 for EtCl CH stretching modes at 100 W/cra is 0.25 cm on average. 
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For rotational states with Au) » 6 cm (roughly half of the rotational 

bandwidth) on the 0*1 transition, the transition probability to v«=2 

would be 600 times smaller than that for the rotational states at 

resonance on the first transition. Only at very high intensities would 

such two-photon excitation contribute substantially to the dissociation 

yield. 

The resonant excitation path exists for ethyl chloride excited at 

3.3 um because there are several fundamentals with overlapping rotational 

structures in the same frequency range and because the quasicontinuum 

is reached with the second or third photon. 

Excitation of the CH stretch of CHC1F, gave no dissociation yield. 

This is so despite the fact that its one CH stretching mode is as strong 

an absorber as the strongest modes of C.H-C1. The activation energy for 
52 dissociation, CHC1F- •+ CF„ + HC1, is 54 kcal/mole. Since there was 

less than 0.012 dissociation at the fluences obtainable, there must not 

be a sufficiently resonant path through the discrete levels for the mole

cules to reach the quasicontinuum. In contrast, CHC1F- is dissociated 
52 

by 10 vim excitation at moderate fluences in a molecular beam. The 

large anharmonicity of the CH mode rules out compensation mechanisms 

typical for 10 pm (Table II-6). The lack of any other modes of similar 

frequency eliminates the C.H.C1 mechanism. Thus the 3.3 Mm laser is 

unable to excite CHC1F, above the first or second vibrational energy 

level. The OH stretching vibrations of CH.OH and HCOOH are similarly 

spectrally isolated. MPD was achieved by excitation of these absorptions 
32 33 with an HF laser only when collisions occurred during the laser pulse. * 
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The excitation mechanism deduced from the experiments is a 

modification of the established SF, model for the different spectro

scopic and structural properties of EtCl. EtCl absorbs two photons at 

or near resonance with levels of the five C-H modes to reach v_„ • 2. 

Then sequential absorption of 5 or more photons excites the molecule 

to the continuum. Dissociation must then occur before collisions 

remove excitation energy. This nearly resonant scheme of multiphoton 

excitation of EtCl at 3.3 ym and the properties of the vibrational 

levels are shown in Fig. 11-15. A specific excitation path is also 

shown as an example in the figure. The rotational states at resonance 

with the laser through the R-branch transition of the 2944 cm band 

( ] 01000 >) may absorb the second photon resonantly through the P-

branch transition of the 2967 cm band ( | 01010 >) or be excited to 

thev=2 states of the 2987 cm" band ( | 00200 >). Sequentially, a 

variety of transitions exist for absorbing the third photon, since the 

v = 3 states are broad and there are so many of them. 
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Fig. 11-15. Vibrational level diagram and MPD excitation mechanism 

of EtCl. Only the pure CH stretching levels are 

sketched. Seven photons are required for dissociation. 

Anharmonicity is compensated by the spread of the 5 CH 

stretching modes. Excitation is resonant in the discrete 

region and in the quasiconttnuum. A pathway 

|00000> •* |01000> •* |01010> or |00200> etc.* |01011> 

etc. is indicated by arrows. 
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F. A Rate Equations Model for MPD 

1. The Model 
A rate equations approximation has frequently been used for 

dynamics in the quasicontinuum. ' * ' It has been showr that the 
rigorous Schrodinger equation can be reduced to a set of rate Equa
tions for transitions in the energy range for which the molec-.lar 

linewidth, Av , , is much greater than the optical transition rate moi 
25 2ft and this rate is in turn much larger than the inverse level density. ' 

6hi » to » p" (II-2) 
raol R vib 

Thus rate equations may be safely applied to levels in le quasicon
tinuum and the continuum. 

For ethyl chloride MPD rate equations can clearly be used to des
cribe the transitions from v = 2 upward. For the 2->-3 transitions, the 

CH 
molecular linewidth of about 30 cm and the inver? _ level density of 

-3 -1 
10 cm at v = 3 satisfy Equation (II-2) very well for a wide range 2 2 of powers. At 100 MW/cm (1.0 J/cm ) the Rabi frequency is between 0.05 

-l and 0.36 cm depending on which mode is excitei. For v = 2 with 
CH 

Aoo , = 1.2 cm" and p~ = 0.02 cs~ , Equation (II-2) hold fairly well 
but with much smaller margins on the inequalities. It should be noted 
that the direct count of states used for p , underestimates the density 

v_b ' 

to the extent that vibration-rotation interaction makes K a poor quantum 
number. Notice that even though Equation (II-2) may hold, that since 
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Aco , is less than the spacing between absorption lines v.„ = l->-2 TO01 " Ln 

for a single rotational state, a rotational bottleneck exists. Only 

for absorption to v„„ • 3 and higher where Av . is greater than an un TROI 

entire rotational branch width is the rotational bottleneck completely 

removed. 

The v • 1 level is clearly discrete and therefore the detailed 

time dependence of that level cannot be correctly described by rate 

equations under the conditions of these MPD experiments. However, 

since the Rabi frequencies are so much larger than the inverse pulse 

width, coherence effects on the dissociation yield should not be large 

and the use of rate equations for calculating quantities time integrated 

through the laser pi:lse should be reasonably accurate. For simplicity, 

the rate equation treatment is extended to the 0+1 transition. The 

usefulness of the lodel is limited more by an approximate knowledge of 

the optical crost sections than by neglect of coherent effects. 

In the rate equations model, the absorptior -rnd reemission of 

single photons are treated as an harmonic oscillator incoherently 

driven by the radiation field. For those ethyl chloride molecules in 

resonance with the laser, the time evolution of the population fraction, 

N., of molecules with I photons of energy is given by the rate equation 

d N £ e l 
IT = ( V l , * NJt-l + °L-l,e W ĥ  

<°M + l + "lUi* £ ** " W ( 1 I " 3 ) 
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where I(t) is the laser intensity, a. ^ . is the stimulated emission 

cross section from level S.+1 to I, o. , , is the absorption cross 

section from t to £+1, and k. is the unimolecular dissociation rate 
e constant for molecules having energy Jthv. Values of O. . were 

obtained from 

where g is the degeneracy of the fth level and the ratio gj/gj., " ' 

the quasicontinuum is the ratio of vibrational level densities. The 

ratio increases smooth.1 v from g,/g, = 0.053 to g „/g „ = 0.36. Levels 

up through i = 15 were included in the calculation. 

Only a fraction, Q , of the molecules in the irradiation zone 

is sufficiently resonant with the laser for transition to v = 1 to 
Cti 

be possible. Q n l depends on power broadening and thus varies during 

the pulse. For each time interval from t to t + dt during the pulse 

the fraction Q .(t)dt of molecules starts to interact with the laser. 

Only a part, P.,, of those molecules which have been excited to 1=1 

will have a l-»-2 transition in resonance with the laser. For molecules 

at 5>2 no bottleneck exists. The dissociation probability, P (t), for 

a molecule which start interacting with the laser from time t is 

obtained as 
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where T is the average time between collisions. Thus the dissociation 

yield is 

• / ' • W d - P,? / m a X P d(t)Q 0 1(t)dt. (II-6) 
0 

The integration was carried up to the time of maximum laser Intensity, 

T . Some molecules that come into resonance with the laser shortly max 
before T will be out of resonance shortly after T . However, this Tiax max 
does not cause an overestimate of W, since the fraction of these mole-

o 
cules is small and since it is predominantly those molecules excited 

early in the pulse which dissociate. The experimental increase of W, 
a 3.5 as E shows that nearly all molecules which dissociate must be excited 

early in the pulse. Molecules excited beyond the midpoint must have a 
3 5 dissociation probability about (0.5) - 0.09 that of molecules at 

resonance from near the beginning of the pulse. 

The same argument can be used to exclude the possible contribution 

to excitation from collision-induced rotational hole filling: as the 

population of those rotational states in resonance with the laser is 

depleted by optical excitation, collision-induced rotational relaxation 

puts more molecules into those resonant rotational states. Because the 

excitation pulse is short and the pressure relatively low there is little 

effect of rotational hole filling on excitation in the discrete range. 

The measured pressure broadening cross section of 84 A gives an upper 
—3 —1 58 limit on the rotational relaxation rate of 12 ps Torr . Thus 
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during the rising portion of the laser pulse less than 16% of the mole

cules undergo rotationally inelastic collisions at the 1.7 Torr pressure 

of most experiments. Even at the maximum pressure of 6 Torr in Fig. 

11-12, the effect of rotational hole filling should be small; the pulse 

is still shorter than the minimum time between inelastic collisions. 

By contrast vibrational relaxation and quenching of dissociation depends 

on the ratio of inelastic collision rates to unimolecular dissociation 

rates. 

There is much experimental evidence which indicates that highly 

vibrationally excited molecules lose several thousand cm of vibra-
59 

tional energy per gas kinetic collision. The step size for vibra
tional relaxation of C„H,C1„ was estimated to be about 10 kcal/mole 

2 4 2 
-1 43 or 3500 cm . Thus it is reasonable to expect that quenching of a 

full quantum from level % to l - l , l >_ 7, will occur with a hard sphere 

cross section of 53 A . The hard sphere cross section was calculated 

from van der Waals b constant. For 3000 cm energy increments the 

rate of dissociation increases steeply with excitation level, Fig. II-l, 

so that if collisions compete with dissociation to deactivate level 

i. to £-1 then level H-l will subsequently be quenched with almost unit 

efficiency to below the dissociation thiashold. In the model calcula

tion dissociation is simply terminated at an elapsed time equal to the 

inverse hard sphere collision rate of 7.7 ys Torr 
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2. Evaluation of Parameters 
The effective cross section, O n 1 , for 0->l excitation of a single 

vibration-rotation line is estimated from the integrated cross section 
measured for the entire branch divided by the laser linewidth, Aw., 
and the number of lines per initial rotational state in the branch. 

2.3 • f A du> 
a ''rot, branch , T T ,. 

°01 " n b N ^ ( I I " 7 ) 

where H is the total number density of the molecule, b is the absorp

tion cell length, and n is the number of lines for a single rotational 

state in the integrated rotational branch. For a parallel band and 

for the Q branch of a hybrid band n • 1, for perpendicular n « 3, and 

n = 4 for hybrid bands non-0 branches. In case the transition linewidth 
Aw . is broader than Aw„, AID. should be replaced with Aw ,. in mol. VI tool 
Equation (II-7). O... calculated for several selected frequencies are 
listed in Table II-2. 

It is difficult to directly measure the absorption cross section 
in the QC. However, an average effective cross section for 1-+SL+1 

transition, o*. . . , can be estimated from the integrated absorption 
of the fundamental. In the case that the oscillator strength of the 
JM.+1 transition is from a single vibrational mode, 

2.3'/" An,d<0'*„„ n Aw , 
I 91 9£ . .r mol. ( n_ 8 ) 1,1+1 bN n Aw . u) (JM+1) 

' t r mol. t 
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where u ( M + l ) is the overall bredth of the JM+1 transition, n is 
the total number of lines for a single rotational state in the vibra
tional band and £„_ is the starting level of the QC. At I r the 

Q C l̂ ti 

intramolecular vibrational relaxation is much faster than the optical 

pumping rate that the absorption of photons can be viewed as going 

through the i -1->S.„ transition. Even though & increases as the 

molecule absorbs more photons, v . should still be S.,,-,-1 since 
pump mode QC 

the excess energy, £hv-(£ -l)hv, is statistically distributed among 

other vibrational modes. ' ' At levels I > £__, AID , must be 
— QC mol. 

broad enough to form a smooth spectrum over the range of a) . The 

factor n Am , /u> simply depicts the number of rotational lines that r mol. t r 

would be in resonance with the laser. The absorption cross section 

integrated over the entire CH stretching range for sequential transi

tions to higher levels should be very close to that for the fundamental, 

1.5 x 10 cm/molecule. It should increase slightly due to excitation 

of a mode already excited as S. increases. For H>2 individual transi

tion lines with very broad linewidth form a single vibration-rotation 

state overlap to form a smooth spectrum, Sec. D. Therefore, 

2.3 • f „ _ „ , Ada) „ a " all C-H modes , T_ „. 
°*,*+i s an; ( I I _ 9 ) 

1 1 

where tu , the overall bredth of the CH stretching region, is about 150 

cm for the fundamental and should not greatly increase as l increases 

through the quasicontinuum. Near the centtr of the CH stretching region 
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a„ . i may be twice the strength of the average value as indicated by 

the fundamental spectrum. All of these considered, a., is estimated to 
-19 2 be >2 x 10 cm near the center of the CH stretching region. As H 

increases, the slight increase of integrated absorption should be offset 

by the small increase of (i) , therefore o^ . . are of the same magnitude 

as 0,,. Although the number of individual transitions sharing the CH 

oscillator strength increases with H, these transitions all overlap 

and correspondingly more of them are resonant with the laser. Thus the 

effective cross section should remain approxim. Hely constant. 

For the l->-2 transition the spectrum is quite complicated. At 2913 

cm , half the frequency of a Q branch in the 0-+2 spectrum, it is 

guaranteed that a molecule which is excited from CM. will be in 

resonance at l-*-2, i.e., F - (2913 cm ) • 1. The yield at frequencies 

corresponding to the adjacent P and R branches of the overtone, Fig. 

II-8, is about half that at 2913 cm" and thus P . is chosen to be 

0.5. P,„ can also be crudely estimated as Au , '(total number of 12 J mol. 
transitions)/u . Very roughly then the CH stretching region is about 

half covered by the lines of the l->-2 transition from a single rota

tional state as discussed in Sec. D. Therefore, the absorption cross 
-19 sections should be about double those for 2->3. The value of 5 x 10 

2 cm was chosen since the laser wavelengths were closer to the stronger 

central part of the spectrum. 

The fraction of molecules which can interact with the laser 

through the fundamental transition is 
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Q 0 1(t) * n [(a(t) + 1) oiR(t) + Au^l/^g, (11-10) 

where ui,_ is the FWHM of the rotational branch excited. The power VB 
broadened molecular width u„(t) is u-EV-fi for the narrow-band laser and 

is 

is corrected for off-resonance for the broad-band laser by the formula 
Fi 2 k 

^J (t) + (off-resonance) . If the 'ulse energy up to time t, E(t), 

does not saturate the transition, the effective range for laser excita

tion is just Aw. +• ti> (t). More often E(t) saturates transitions over 

a range for saturation aoi estimated to be 
a(t) = [(E(t)/E s a t)-l] 1 / 2 (11-11) 

with E = hv/2cf„, and o„, the absorption cross section for a linewidth sat 01 01 

<V 
Equation (11-11) is derived in general for an absorption line with 

a Lorentzlan lineshape 

g(v) - < § ) [ ( v - v 0 ) 2
 + ( f ) 2 r \ (11-12) 

where Av is the FWHM and v is the center frequency. If the absorption 
cross section at the line center is o , then the absorption cross section 

o 
at v may be expressed as 

f 4(v - v T V 1 

(v) = a 1 + T-Z— . (11-13) 

The laser fluence E can saturate a transition with absorption cross 

section a(v ) = hv/2£. Therefore, the range for saturation of the 
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Lorentzian line is defined by the equation 

and the range aAv is 

aAv = 2(v - v ) = Av(^2l£ - i ) 1 

sat o hv 

RBKM theory was used to calculate the dissociation rate constants 

k., Sec. A. The laser pulse shape I(t) was digitized into twenty 1 ns 

blocks matching the experimental pulse. The integration of the fifteen 

coupled Equations (II-3) and Equations (11-5) and (11-6) was done for 

each picosecond increment using a modified version of the program of 

Schulz et al. The modified program in Fortran is listed in Appendix 

I. 

(11-14) 

(11-15) 
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G. Absorption Cross Section and Excitation Distribution 

The experimental dissociation yields are compared with those 

calculated from the model described above, Table II-2. The discrete 

region parameters are fixed as described in the preceding section. 
-19 2 a A constant value of 2.5 x 10 cm for o„ „ . in the quasicontinuum, 

U>2, matches the absolute magnitude and experimental trends of the 

data fairly well between 2910 and 2980 cm . The ranges of quasi

continuum cross section values for an exact fit to the experimentally 

observed range of W, are small and mostly overlapping. The magnitude 

of the cross section is only slightly larger than the average cross 

section estimated for the central part of the spectrum in the preceding 

subsection. For these wavelengths near the center, values larger than 

the average should be expected. Furthermore, anharmonicity will shift 

the peak absorbance to longer wavelength as i. increases. This expecta

tion is born out by the quaaicontinuum cross sections which fit the 

3014 and 2829 cm data at the blue and red ends of the spectrum. The 

quasicontinuum cross sections are smaller than the calculated average 

value for the central region and the value is smaller to the blue than 

to the red. 

Since there are about six sequential absorptions in the quasi

continuum and the continuum before dissociation, the calculated yield 

varies as a strong function, third to fourth power, of this cross 

section (Table 11-7, rows 1-3). The value of a^„ was fixed only roughly 

by knowledge of the spectrum. Fortunately, the yield is not a strong 
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Table 11-7. Test calculations using different sets of absorption 
cross sections in the quasicontinuum for 1.7 Torr 
ethyl chloride excited by 1.1 J/cm^ of broadband 
laser radiation at 2977 cm - 1. 

°23 °78 °ll,12 Wd,ca 
-19 2 -19 2 -19 2 

Set 10 cm ) (10 cm ) (10 cm ) (?) 

(1) 1.0 1.0 1.0 0.04 

(2) 4.2 4.2 4.2 6.6 

(3) 2.1 2.1 2.1 0.9 

( 4 ) 3 4.2 1.2 0.44 0.9 

( 5 ) a 8.4 0.8 0.12 0.9 

a. „ n decrease exponentially from onr> Co o' 
A, , JC+± Z J 
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function of this parameter since it involves only a single excita

tion step, A factor of two increase in calculated yield results 

from a factor of four increase in o... The yield is directly pro

portional to the factor P _. Reasonable arguments can be made for 

P . in the range 0.3 to 0.6. It should certainly vary somewhat with 

wavelength and may approach 1 at a few specific wavelengths in addi

tion to 2913 cm . A consistent spectroscopic model does require that 

when averaged over the CH stretching region V-tj'^ll * °2V ^vs t n e 

uncertainties of the discrete region parameters do not have a large 

effect on the quasicontinuum cross sections derived. 

Owing to the effects of power broadening and saturation on Q , 

the calculated yield has a stronger dependence on O.., even though 

0*1 is thr lowest transition below dissociation. Among the many 

calculations performed, it is found that W, . is approximately 

proportional to o for the rotational branches with similar to . 
vi VB 

It is obvious from Equation (11-10) that W . is inversely propor

tional to to Since o ^ (w./u> ) is directly proportional to A , 

the measured integrated absorbance of the 0-KL transition, then W, 
d.cal 

is proportional to A .. . In Figs. II-8, 9, and 10 it was shown experi

mentally that W, °= A . This is a strong support for the model treat

ment of resonant excitation in the discrete region. 

The one effect on dissociation yield which is not treated well 

by the model is the factor of two decrease " <\ W, when broadband rather 
d 

than narrowband excitation is used near 2977 cm , Table II-2. The 
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larger cross section and larger power broadening for the narrow band 

laser outweight the increase in number of rotational levels with 

which the broadband laser can interact. The first two factors dominate 

by a modest amount in the model calculation and by a factor of two in 

the experiment. There is some deficiency in the treatment of this 

difference of excitation sources in the discrete range. 

The dependences of energy absorbed and of dissociation yield on 

fluence are compared with the experimental results, Figs. 11-5 and 

11-11. Calculations were made with constant cross sections and with 

cross sections which decreased exponentially with I, Table II-7. The 

calculated dependence of W. on fluence is in reasonable accord with a 
the data both as to slope and magnitude. However, it seemed that as 

long as the set of a. . . generates the correct magnitude for dissocia

tion yield, the slopes of fluence dependence curves are rather inseni-

tive to the variation of the trend of a„ ... The experimental values 

of W and their dependence on fluence could be fit even with such cross 

sections as set 5 but only by using values for o_, which were unreason

ably large by comparison to the observed fundamental spectrum. The 

optoacoustic signal increases almost linearly with fluence as shown 

by the dashed line of unit slope in Fig. 11-5. The calculated curves 

show the same linearity at the low fiuence end but start to deviate 

just slightly from the experimental points at higher fluences. Again, 

both the set 3 find set 4 cross sections gave reasonable fits. 
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It was experimentally observed that the fluence dependence of 

dissociation is a high power function and yet the dependence of 

absorption is almost linear. This is a very interesting phenomenon 

and an important characteristics for multiphoton processes. Such 

fluence dependences were also observed for the fluence range before 
7 f"t"\ reaching saturation for SF, under 10 pm radiation. ' The repro-

o 

duction of such fluence dependences by the rate equations calculation 

provides additional support for the model. 

More inferences concerning the absorption cross sections can be 

drawn from the fluence dependence of absorption. Contributions to 

the optoacoustic signal mainly come from two groups of EtCl molecules 

that absorb under the 3.3 pm radiation. One group of molecules may 

undergo CH-1 transition but does not have a l-*-2 transition in resonance 

with the laser (this group accounts for the portion of molecules, 

Q. •P.,). Their absorption certainly has a linear fluence dependence 

at very low fluences and saturates above E , . . The other 
sat. linear 

group of molecules may find their way into the QC and their absorption 

contributes predominantly to the optoacotistic signal at higher 

fluences. The absorption of this group cf molecules can be written 

analytical as 

Optoacoustic Signal = Total Energy Absorbed, E = I JlhvK„, (11-16) 

where N is time dependent durin.- the lasi-r pulse. The time derivative 

of E , is abs. 
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dE dN 

The rate equation expression for dN./dt is used but the dissociation 

term, which is related to the "saturation" (level-off) of the absorp

tion curve is neglected. Then 

- ^ = l<al,ui ' aii-i)l(t)h s I ° £ I ( t ) ^ ( t ) - (n"18) 

Now it is clear that if a. are constant or only approximately constant 

over a significant range of large i. values, after integration 

E . abs. °l(\-\lf%ldt) Elaser- < n ' 1 9 ) 

Therefore, the optoacoustic signal would be linearly proportional to 

the laser fluence E, if the absorption cross sections in the QC are laser 
approximately constant. On the other hand, any drastic change of 

absorption cross sec-'ions in the. QC may cause the fluence dependence 

to deviate from linear. Any deviation could be used to monitor the 

variation of o. in the QC. 

The discrepancies between the experiments and the calculated 

curves in Figs. II-5 and 11-11 might be partially caused by the approxi

mate treatment of the laser spatial profile. In principle, the experi

mental fluence dependences should be deconvoluted from the spatial 

variation of fluence in the laser profile. ' The effect of 
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deconvolution on the shape of the fluence dependence curve was 

estimated by integrating the calculated dissociation yield (solid 

curve of Fig. 11-11) over the measured laser profile. The ratio, 
2 2 W,(l.l J/cm )/K,(0.5 J/cra ) , is reduced less than 5% by integration d d 

over the focal plane profile and reduced less Chan 207. by r.ntegration 

over the entire irradiation zone. Thus the tedious and uncertain 

deconvolution was not carried out. The fact that the magnitudes of 

dissociation yield and absorption are fi'"" by the calculation means 

that the calculated distribution and assumed cross sections cannot 

be badly in error. 

The excitation distribution calculated by rate equations for 
2 -1 

EtCl molecules at the end of the 1.4 J/cm broadband 2977 cm 

pulse is shown in Fig. 11-16. Previously, a thermal distribution 

was suggested by Black et al. as a good approximation for an rnsemlie 

of molecules undergoing MPA. A rate equations calculation by Grant 

et al., gave the excitation distributions which were narrower and 
23 differently shaped from thermal ones. Certainly, the distribution 

calculated from rate equations depends heavily upon the set of cross 

secti is used. In Fig. 11-16 the distribution of the entire ensemble 

of molecules can hardly be characterized with a single temperature, 

since there are three distinct groups of EtCl molecules in the 

irradiation volume. One group, stuck in v •- 0, contains molecules in 

the rotational states that do not have a 0+1 transition in resonance 

with the laser. The second grou? contains molecules excited to v = ] 
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Fig. 11-16. Calculated population distribution at the end of the 
2 -1 

1.4 J/cm braodband 2977 cm pulse is indicated by 

the blocks, a) and b) are calculated with the con

stant set (3) and the exponentially decreasing s:et (4) 

o of Table II-7, respectively. Molecules which 

have dissociated from the levels £ > 7 are included 

in these levels. The curves are the best fitting thermal 

distributions at the designated temperatures. 
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but do not have a l-*-2 transition in resonance with the laser. Only 

for the third group, molecules which enter the QC, can a comparison 

between the calculated and thermal energy distributions be made. 

The thermal distribution is 

N c (thermal) - p .. e " ( E / k T ) / r p .. e ~ ( E / k T ) . (11-20) 
V V1D. „ V i O . 

Thermal distributions at 100 K intervals were compared to the peak 

postion and the shape of the two rate equations calculations. The 

best fitting thermal distributions at the designated temperatures were 

plotted in Fig. 11-16. Thermal curves for temperatures 100 K higher 

or lower were significantly different. The rate equations calculation 

with the set of exponentially decreasing cross sections produced a 

narrower and differently shaped Hstribution from the thermal one. 

The deviation is larger on the high energy side of the distribution. 

However, the calculation with constant absorption cross sections in 

the QC can be fitted well by a thermal distribution. This should not 

be surprising since it was stated that an incoherently driven harmonic 

oscillator reaches a Planck distribution function at a well-defined 
64 temperature determined by the total energy absorbed. The deviation 

from a thermal distribution at the lower levels in Fig. II-16(a) is 

caused by the larger cross section l->-2 transitions than those for 

higher transitions. 

The calculation also reproduced the general features of the 

pressure dependence of dissociation, i.e. a factor of two decrease in 
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yield from 0.2 to 2 Torr but a ~10Z decrease from 2 to 6 Torr. The 
sensitivity of the pressure dependence to the assumed cross sections 
is shown in Fig. 11-12. In this case, the dissociation yields cal
culated with constant 0. „ . gives a better match with the measured 

a , XTJ. 

pressure dependence. 

Within the fluence range of Fig. 11-5, the calculated <n> depends 

more strongly on the lower part of the quasicontinuura transition cross 

sections. In contrast, the pressure dependence of W, depends on the 

excitation distribution above the dissociation threshold and therefore 

on the cross sections in the continuum. The facts that set 3 cross 

sections fit better with pressure dependence of W, and that set 4 fits 

better with optoacoustic measurements suggest that o. . . decreases 

slightly in the lower part of the quasicontinuum as l increases and 

approaches a constant value near the continuum. In any case, a more 

complicated functional form is probably needed to describe the modest 

variation of o. . . with !.. 

Such complexity in describing the trend of absorption cross 

sections in the quasicontinuum was exhibited in a double resonance 

experiment measuring absorption cross sections of excited SF . It 
b 

was also qualitatively shown that different trends of a, „ . as £ 

increases may be expected depending on different pump mode anharmon-
55 23 54 icities and line broadening behaviors. For SF, and CKC1F_ sets b I 

of decreasing quasicontinuum cross sections were assumed for MPD 

calculations. For these molecules a gradual but substantial line 
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broadening as £ increases might cause such a trend. For EtCl, 

however, the linewidth of a vibration-rotation state has been 

broadened to be comparable to the vibrational bandwidth of v „ = 3. 
Cn 

The many broadened C-H transitions overlap and cover a total range 

much larger than the broadening even at high I. Therefore, the 

variation of a. „ . should be small. For SF NF , which has several 

strong absorption bands near 11 um and a low molecular symmetry, 

excitation in the quasicontinuum by CO laser is similar to that 

of EtCl at 3.3 ym. The phenomenological absorption cross section, 

0 = <n>hv/fluence, of SF NF was found to be nearly constant over 

five orders of magnitude of fluence. Most recently, in a 

theoretical study with a series of Bloch equations for MPD of 

CF CFC1, it was found that absorption cross sections which decrease 

sharply at the lower levels and approach a constant value at higher 

levels generated results in good agreement with the experimental 

dissociation dependence on laser intensity and on buffer gas pressure. 

The trend of the absorption cross section coincides well with the 

broadening of the assumed homogeneous linewidth as the transition g-t s 

upwards. From Equation (II-8) the relation o. . "ID (SWt+1) = 

constant can be obtained. u> (£-*-C+l) can be approximated by 
u (0*1)+Au> , . Since AM , generally increases sharply for the t mol. mol. r 

17 18 lower transitions and less drastically for the higher ones, ' it 

is reasonable to anticipate that o„ . decreases -..lore for lower 

transitions and less for higher ones. 
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Combined with the experimental wavelength dependence of 

dissociation, the success of the model calculation not only demon

strates the significance of the resonant excitation mechanism, but 

also indicates the usefulness of the absorption coss sections, both 

in the discrete region and in the quasicontinuum, calculated from 

the ordinary linear spectra. The excitation distribution strongly 

depends upon the magnitude and the trend of absorption cross sections 

in the QC. As these absorption cross sections approach a constant 

value, thermal distribution becomes a good approximation for the 

excitation distribution in the QC. 
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H. 3.3 um vs 10 urn Excitation 

The variety of molecular structures, of energy level patterns 

and of excitation wavelengths available in nature assures that there 

will be a great variety of multiphoton dissociation mechanisms and 

phenomena. The importance of vibrational spectroscopy to MPD was 

also stressed and discussed with more examples in a recent review 

article. The sharp structure in the MPD spectrum of C.HrCl at 3.3 

um contrasts with the broadened spectra exhibited by SF, at 10 urn. 

C.H.C1 is more easily dissociated by excitation of bands at 3.3 urn 

than at 10 urn; for CHC1F the reverse is found. The different MPD 

behaviors of these molecules may be understood in terms of their 

different discrete level structures. Furthermore, one can predict 

from ordinary absorption spectra whether, and at which frequ ncies, 

sharp resonances will be found in MPD yield spectra. 

The most interesting new feature experimentally observed for 

EtCl MPD at 3.3 yn is the occurrence of sharp peaks in MPD yield 

(W, and W,/A_,) at frequencies given by ordinary spectra. This d d 01 
observation is a result of the small number of photons required to 

reach the QC and the existence of a resonant path for excitation. 

Since the vibrational level density is relatively high at v = 3 

and the 2->-3 transition linewidth is very broad, the use of 3.3 utri 

radiation assures that the QC is reached at the absorption of the 

third photon. The sharp structure in the yield spectrum matches the 

fundamental spectrum because all levels v ^ 2 are significantly 
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broadened. Anharmonicity is compensated by involving several nearly 

degenerate C-H nodes in the discrete region. Power broadening is 

not necessarily required for anharmonicity compensation and only 

modest intensities are needed for excitation. Thus the sharp fea

tures of EtCl are preserved. In contrast, the more familiar 10 (Jm 

excitation requires up to three times as many photons to reach the 

QC. The 10 pm MPD spectrum is red shifted and broadened by the need 

to compensate for anharmonicity through the discrete levels, such as 

rotational compensation and power broadening. When several step-by-

step resonances exist by coincidence, the MPD yield spectrum will be 

a convolution of the spectra of the several discrete steps. 

Ethyl chloride may be dissociated at either 3.3 pm or 10 urn. The 

yield under comparable conditions is, however, much higher for the 

3.3 ym excitation, Table 11-2. The R(3) CO. laser line excites the 

center of the P branch of the 974 cm band; it should be one of the 

most effective wavelengths for dissociation in that band. The rate 

equations model may be used to compare the rate excitation through the 

quasicontinuum for 3.3 and 10 vim excitation. Table II-8 compares the 

probabilities for excitation from an initial level of 6000 cm to 

dissociation. The calculated probabilities for dissociation are 
2 - 1 2 

actually smaller for 1.1 J/cm at 2977 cm than for 6 J/cm at 968 

cm . Thus it Is clear that the twenty times smaller dissociation 

yield for 10 vim excitation is caused by a severe bottleneck in the 

discrete region. This „.ttleneck is also responsible for the 
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Table II-8. Calculated probability for excitation through the 
quasicontinuum, 6,000-19,600 cm - 1. 

V M a a 
Dissociation Pri obabilityb 

(cm ) -19 2 (10 c m ) 1.1 2 j/cm 2 6 J/cm 

2977 5 2.5 0, .38 — 
968 15 2.5 C 0. .09 0.99 

Number of photons needed to exceed the dissociation limit. 

The effects of collision were excluded in the calculation. 

a. „ (£^6) at this frequency can be estimated as 2.5 x i0 
£ /« ( W t l ) cm 2, (c.f. Table 11-3 and Eq. (II-8)). S. should l(L t , QC 
be -6-9. to is ~40 cm for the 0->-l transition and should increase 
as 8, increases. Therefore it is reasonable to use the same value as 
in the 3.3 p region. 
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saturation in the optoacoustic response to 10 um excitation above 
2 0.1 J/cm , Fig. II-6. No such saturation occurs at 3.3 pm, Fig. 

11-5, where the resonant excitation channel exists. 

Resonances with widths of 5-20 cm have been reported for 

multiphoton excitation and dissociation spectra. A peak about 10 

cm wide has been detected in the multiphoton excitation opto

acoustic spectrum of cyclopropane at the 3102 cm Q branch which 
-1 34 

has an 8 cm width in the linear absorption spectrum. The 

excitation mechanism for cyclopropane may be similar to that for 

ethyl chloride. For C.H, at 10 pm an MPD resonance of 10 to 20 cm 
68 width was observed. The width of the resonance is much greater 

than the sharp Q branch near the CO, laser line. The quasicontinuum 

in this small molecule should begin only at a high energy; even 
2 though the mode pumped is relatively harmonic, powers in the GW/cm 

range are required for substantial dissociation. The absorption 

spectrum is thus strongly power broadened. For the very large mole

cules such as UO.(fhacac) "THF MPD spectra are found to be coincident 

with ordinary absorption spectral features. In this case rotational 

bandwidths are negligible compared to linevidths, <8 cm , caused by 

coupling to the dense background of low frequency modes. The mole

cule, with its substantial thermal vibrational excitation, starts in 

the quasicontinuum and its spectrum shifts very little as it is heated 
40 to dissociation. 
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I. Collisional Deactivation 

The effects of collisions in multiphoton processes can be multiple. 

However, for EtCl the effect of collision-induced rotational hole 

filling has been discounted in Sec. F. Because of the same reasons, 

the short laser pulse and the relatively low EtCl pressure, vibration-

vibration up-pumping during the laser pulse needs not to be considered 

for any of the experiments performed with 3.3 urn radiation. Collision-

induced vibrational deactivation for highly excited molecules must be 

the most important effect and is responsible for the observed dissocia

tion yield pressure dependence. 

As EtCl pressure is increased from 0.2 to 2 Torr the fraction 

dissociated decreases by nearly a factor of two. Only about 10% fur

ther decrease occurs from 2 to 6 Torr. These behaviors can be quantita

tively explained by the excitation distribution calculated from the 

rate equations model and by the competition between the RRKM dissocia

tion rate and the hard-sphere collisional deactivation of highly 

excited molecules. The calculated distribution of molecules in levels 

above the threshold is shown in Fig. 11-17. The shaded areas are those 

molecules which have dissociated during the pulse. The unshaded por

tions of the bars are those excited molecules which may either dis

sociate or be quenched by collisions. For pressures ^^jve 0.2 Torr near

ly all 1 = 7 molecules are quenched. At il = 3 the calculated quenching 

•=>nd dissociation ratea are approximately equal at l.i Torr. Since the 

unshaded area at 9. = 8 is approximately equal to the total shaded area, 
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Fig. 11-17(a), the yield may be expected to decrease by a factor of 

two as pressure increases in this range, Fig. 11-12. The observed 

W. decreases even ->ore sharply than the calculated one between 0.5 

and 2 Torr before leveling off. Quenching for the i = 9, 10 molecules 

starts to occur at pressures higher than 2 Torr. The small area of 

those unshaded blocks corresponds to the small decrease of yield in 

that pressure range. The sensitivity of the excitation distribution 

to the assumed cross sections is shown by comparison of Figs. 11-17(a) 

and (b), which correspond to the two calculated curves in Fig. 11-12 

respectively. 

The fit of experimental pressure dependence by the model calcu

lation provides support for using a hard sphere collision cross 

section for vibrational deactivation, in addition to the justifications 

given in Sec- F. Of course, in order to use such a quenching rate, the 

colliding partner for the highly excited molecule should be a much 

cooler one. This condition is fulfilled since the calculated excita

tion distribution, Fig. 11-16, shows that up to 70Z of the molecules 
2 are at v = 0 or 1 after the 1.4 J/cm pulse. 
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Fig. 11-17. Calculated population distribution after the laser 

pulse for levels above the dissociation limit. The 

shaded area indicates the fraction of molecules which 

dissociate during the laser pulse. The dissociation 

lifetime was calculated by RRKM theory, a) and b) are 

calculated viith the o„ . of set (3) and set (4) of 

Table II-7, respectively. 
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J. Concluding Remarks 

The experimental data for ethyl chloride demonstrate the impor

tance of molecular structure and vibrational level patterns in con

trolling MPE and MPD. A variety in MPF and MPD phenomena comparable 

to the variety of vibration-rotation spectra of polyatomics should be 

expected. In a very recent review article, the importance of mole

cular spectroscopy to MPD has been recognized and illustrated. 

The sharp resonances in ethyl chloride MPD yield at peaks in the 

fundamental absorption spectrum contrast strongly with the broadened 

and red-shifted yield spectrun of SF . These resonances in ethyl 

chloride exist because there are several CH stretching modes in the 

same spectral region and because only two or three photons are required 

to reach the quasicontinuum. MPD resonances with structures in the 

first- and second-overtone spectra further demonstrate the resonant 

nature of the excitation mechanism. Excitation in the discrete region 

involves several nearly degenerate modes to compensate anharmonicity. 

The established model for SF, must be modified according to the 

specific molecular and spectroscopic properties to describe MPD of 

F.tCl at 3.3 um. 

MPE and MPD may be modeled quantitatively using the rate equations 

analysis appropriate for the spectral properties of ethyl chloride. 

Most parameters in the model are fixed using independent sources of 

data. Normal linear ir spectroscopy gives the positions of energy 

levels and through their linevidths shows the onset of the quasicon

tinuum. Thermal dissociation kinetics data interpreted by RRKM theory 
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give the dissociation rates as a function of vibrational energy. 

Vibrational relaxation rates are taken as gas kinetic. The good 

fit of the experimental results on both MPE and MPD using optical 

cross sections close to those given by the fundamental absorption 

spectrum confirms the basic model for MPD. The variation of optical 

cross section vith excitation level is small but cannot be deter

mined in detail from the present data. 

It all appears that the basic model for MPE and KPD is sound. 

The parameters used in the calculation vere in total consistency with 

the knowledge of optical transitions and vibrational energy transfer, 

and the calculated results agree well with the experimental observa

tions. As to the question of whether the excitation at the CK 

stretching modes will lead to mode-selective dissociation, there is 

no indication at all that the uniraolecular dissociation induced by 

3.3 urn MPE might be nonstatistical. The statistical RRKM dissociation 

rate not only generates the correct magnitude for dissociation yield, 

but more significantly it couples with the calculated excitation dis

tribution to account for the pressure dependence of the yield. The 
IS very broad linewidths observed for v > 3 overtone spectra also CH — 

support the use of statistical dissociation rates. These broad line-

widths correspond to ultrafast rates for intramolecular relaxation. 

The quality of the experiments and the calculation certainly does 

not allow us enough sensitivity to determine the existence of restricted 

intramolecular vibrational relaxation, if such restriction exists. 

Such nonergodic behavior nay exist even though the overall reaction 
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rate appears to be statistical. The detection of this type of non-

ergodicity through dissociation measurements relies on specific and 

direct coupling between the reaction coordinate and the excitation 

modes. From the 4-centered activated complex proposed for HC1 

elimination (Sec. A), it is clear that the CH stretching mode is 

involved in the reaction coordinate. For EtCl, C-H modes related to 

the CH, group couple more directly with reaction coordinate than do 

those of the CH. group. However, HPE in the discrete region usually 

excites more than one C-H mode. Even though at some well choosen 

frequencies the C-H modes excited all belong to one CH group, 

since EtCl has only one dissociation channel, the seiisitivity for 

yield measurement may not be enough to allow the detection of the 

difference of dissociation rates resulting from pumping the two 

different CH groups. 

Originally, molecular systems with several HC1 elimination 

channels, each involved with a different CH bonds and all have com

parable activation energies, were choosen to test whether any pre

ference exists for a specific channel while exciting at a correspond

ing C-H fundamental band. One such molecule is 1,2-dichloropropane, 70 

CI^CICHCICH 

, CH 2CC1CH 3 

trans-CHClCHCH 

cis-CHClCHCH 

CH.C1CHCH., 

+ HC1. 
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Although MPD was observed for this molecule under 3.3 Mm radiation, 
the project was not carried out primarily because MPE can not provide 
a clean excitation for any specific C-H mode even in the discrete 
region. Other schemes of excitation, e.g. direct excitation by a 
single visible photon to a C-H overtone level higher than the activa
tion energy may be used £o significantly test the possible non-

92 
ergodicity in these molecular systems. 

Experiments monitoring the rate of product formation may also 

be used to make assessment on the dissociation rates. In the rate 

equations model ethyl chloride molecules are produced in levels H = 

7, 8, 9, ... above the dissociation limit with specific total energies 

and corresponding lifetimes, Fig. 11-17. These lifetimes decrease by 

large factors from one to the next, 6200, 90, 7.9, ns. Since 

the laser photon energy is much greater than the room temperature 

thermal spread of vibrational excitation, the actual lifetimes with 

respect to dissociation should be clustered about values comparable 

to those calculated. The sudden drop in the yield vs pressure curve 

followed by a plateau, Fig. 11-12, is a direct consequence of this 

unusual lifetime distribution. A measurement, preferably by detecting 

the product fluorescence, of those rise times longer than the laser 

pulse duration as a function of wavelength (maybe even of different 

CH groups or C-H modes) would be a sensitive test of the RRKM theory 

parameters for the transition state. The relative populations of 

states above the dissociation limit would help to define more accurately 
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the cross sections for excitation in the continuum region. However, 
2 such a measurement may be experimentally difficult. At 1.4 J/cm 

— "\ "i 16 1 
fluence, approximately 1.6 x 10 cm x 2% x 3.2 x 10 molec./cm -

12 Torr x 2 Torr * 2 x 10 molec. are excited to £ = 8 level for 2 Torr 

EtCl in the focal region. Roughly 60% of these molecules would 

dissociate according to RRKM rate before they are collisionally 

deactivated. According to some previous studies of HC1 elimination 

reaction of chlorinated hydrocarbons, roughly two thirds of the excess 
52 71 energy would be in the internal degrees of freedom of the products. 

By assuming that the available energy is partitioned statistically 

among the vibrational degrees of freedom of HC1 and C H,, it is 

estimated that the average energy in the HC1 vibration is about 0.2 

kcal/mole. This indicates that about 27. of the product HC1 is in the 
-1 72 

v = 1 state. HC1 has a Einstein A coefficient of 30 sec . There
fore, it is estimated that the vibrationally hot HC1 would give photon 

12 11 

flux of 2 x 10 x 60% x 2% x 30 = 7 x 10 photon/sec for detection. 

This number barely reaches the detection limit of typical ir detectors. 

MPE at CH stretching modes can also be used as a means to create 

molecular populations at high vibrational levels for kinetic studies 

such as the determination of the vibrational quenching rate as a func

tion of vibrational energy. From Fig, 11-17 it is conceivable that at the 

end of the laser pulse a significant number of molecules are excited to 

H = 3, 4, 5 ... levels, each level separated by -8 kcal/mole of energy. 

Molecules from these levels may fluoresce in near ir and visible region 
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from v = I to the vibrational grourd state with a probability of CH 
approximately l/(Au> *p .. ). By monitoring the decay of this mol. vib. 
fluorescence the quenching rate of a specific vibrational level can 

13 be determined for a gaseous environment. For EtCl, roughly 10 

molec. can be excited to I = 4 after a focused 0P0 pulse. At £ = 4, 

AUJ , is -50 cm , and 0 ,. ~l.lt x 10 levels/cm . With an mol. vib 
-2 -3 -1 Einstein A coefficient of about 10 -10 sec for the v = 4-*-0 

LH 

transition, the photon flux for detection is about 10 -10 

photons/sec. This flux may be low for time resolution of fluorescence 

decay better than usee. However, for molecules like C_H,, the experi

ment may be more feasible. MPE for C.H, might be less efficient, but 

the fluorescence probabilitv should be higher because o; smaller hu , 
mol. 7 8 and ,z . . . For the v = 4^0 transition, there might be 10 -10 vib Gn 

photons/sec available for detection. 

The pressure dependence of the dissociation yield r.ay change 

with fluence. The excitation distribution is shifted tn higher 

(lower) levels by higher (lower) pump rates at higher (lower) fluences. 

The lifetime distribution of dissociating molecjles is consequently 

changed and this should result in different pressure dependent 

behavior. The influence of rsactant pressure on the isotope selec

tivity, a(P), has been observe.!. * ' The variation of a(P) will 

depend on the absorption cross sections r*"' different isctopic mole

cules at the excitation frequency, on the energy dependent dissocia

tion rate and on the collision?! deactivjtion r.ites. A wide range 

http://~l.lt
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of behaviors of a(P) may be anticipated. At a proper fluence the 

desired isotopic species, which has larger absorption cross sections, 

may be driven to higher levels with considerably faster dissociation 

rates than the undesired isotopic species. The pressure controlled 

collisional deactivation would then quench those molecules with 

longer lifetimes and thus in some pressure range isotope selectivity 

could increase with pressure. 

The narrowness of the MPD resonances may also be utilized for 

laser isotope separation with small isotope shifts. However, in 

order to retain sharp features in MPD, either very high frequency 

lasers should be used or molecular systems with their QC starting at 

very low vibrational levels should be choosen to interact with low 

frequency lasers. Judging by the present development of high fre

quency ir lasers, it is doubtful that such an isotope separation 

scheme would be more economical than those developed with C0_ lasers. 
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CHAPTER III. RATE EQUATIONS ANALYSIS OF VIBRATIONAL 
SELF-QUENCHING IN IR MULTIPHOTON DISSOCIATION OF SFfe 

A. Introduction 

Collisions play an important role in multiphoton excitation (MPE) 

and dissociation (MPD). Many collision-induced phenomena have been 

observed and the effect of collisions qualitatively attributed to many 

mechanisms: rotational relaxation during the laser pulse may bring 
31 more molecules in resonance with the laser; deactivation of highly 

excited molecules decreases the dissociation yield; ' and for small 

molecules vibrational up-pumping by vibration-vibration transfer can 

put molecules into the quasicontinuum (QC) and thus allow multiphoton 
30 49 absorption. 5 For MPD of medium size polyatomics without the 

presence of bufrer gas, viorational self-quenching should be the pre

dominant collisional effect. This is because only that rotational 

relaxation which occurs in the early portion of the laser pulse can 

effectively contribute to MPE and because the rapid relaxation of high 
81 82 vibrational levels, primarily through near resonant V-V transfer, ' 

affects both MPE and MPD both during and after the laser pulse. 

It is difficult to make a quantitative assessment of any of the 

collisional mechanisms in multiphoton processes, since a quantitative 

description of optical transitions alone is difficult. However, 

several studies have quantitatively treated MPD of polyatomics in 

the presence of a large amount of diatomic or monoatomic buffer gas 

with either a rate equations calculations ' ' or an information 
84 -1 

theory analysis. Values ranging from 40 to 910 cm energy were 
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reported for per collision deactivation of highly vibrationally 

excited molecules by those structureless collisional partners 

through vibration-translation transfer. For vibrational self-

quenching, a rate equations model, vhich used statistical dissocia

tion rates and gas kinetic vibrational quenching rates, has 

quantitatively described the pressure dependence of the dissociation 
80 yield of ethyl chloride in the 3.3 Lm region. In that calculation 

absorption cross sections were estimated from ordinary linear 

spectroscopy and the calculated yields agreed well with the mea

sured absolute yield and its fluence dependence. More than 3000 

cm of vibrational energy was assumed to be removed in one collision 

for molecules excited above the dissociation limit (56 kcal/mole). 

It is certainly desirable to apply this calculation of self-quenching 

to other MPD systems with different conditions. 

A natural candidate for further examination is SF under 10 urn 
o 

radiation. The pressure dependence of SF, MPD yield was reported by 
o 79 Ambartzumyan et al. It was shown that between 0.05 and 1.1 Torr 

2 -1 the yield of SF under 4 J/cm radiation at 947.8 cm decreased by b 

a factor of 8, Fig. III-l. Vibrational deactivation by collisions 

was thought to cause the decrease. A thorough rate equations cal

culation has been done by Schulz et al. for collisionless MPD of 

SF,. In their calculation the effect of collisions was not 

included since most of the experimental observables used for com

parison were obtained from molecular beam data. In this report, 
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vibrational deactivation is added to the rate equations for the 

calculation of dissociation yield at different pressures and com

pared with the experiment. 
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Fie. 111-1. Dissociation vield of SF under 4 J/cm radiation at 
n 

947.8 cm vs SF pressure. (%) are experimental 

measurements obtained from Ref. 79. Curves are cal

culated with the rate equations model with different 

/.> values. Numbers on the curves indicate the magni

tude Of L\- . 
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B. The Model and the Determination of Parameters 
As in the original calculation in Ref. 61, rate equations were 

applied to molecules which had absorbed 3 or more photons. The 
absorption and reemission of photons for molecules in the QC and 
the continuum were treated as for harmonic oscillators incoherently 
driven by the laser field. An exponential decrease was assumed for 
the absorption cross section of transition to level 8+1 by molecules 
possessing £ photons, o„ . , = o e '. o and £ are the two para
meters characterizing the QC absorption. In this calculation vibra
tional quenching is added to the rate equation 

dN^ 
dt = (ca N + c e N ) — 

\ 2.-1, £ 2-1 4+1, Jt S.+1/ hv 

" (JM+l + 0M-l)hlN* " k A - k c<"l- !W-

Here I(t) is the laser intensity, o. . is the stimulated emission 
cross section from level 4+1 to I, and k is the unimolecular dissocia
tion rate constant for molecules having energy £hv. In the collisional 
term, k is the collisional frequency, and AJlhv, a positive number, is 
the amount of vibrational energy removed from the excited molecule in 
one collision. 

For the discrete region excitation (£.<3), a simplified 3-photon 
absorption model was used to calculate the population excited to v = 3 
from the vibrational ground state as a function of laser intensity 
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(Ref. 61). Two parameters characterize the excitation in the dis

crete region: y» a parameter related to the rotational distribution; 

and 1 , a reference intensity. If Y and I are known, the fraction of o o 
molecules entering level £-3 according to the instantaneous laser 

intensity can be calculated. It was assumed that once the molecules 

enters level £*3, they will not return to ground state. Collisional 

effects are neglected in the discrete region. The V-V rate for 

v(v ) » 1 was measured to be 0.7-1.5 usec-Torr, a relatively slow 

process compared with the laser pulse duration. SF requires 2.8 
8fi collisions for rotational relaxation to occur at room temperature. 

Therefore rotational relaxation is not expected to make significant 

contribution to discrete region excitation for pressures <1 Torr. 

No calculation was performed for 947.8 cm in Ref. 61 and the 

four excitation parameters (o, 6, Y> I ) remain undetermined. However, 
o 

values for these parameters were obtained for 934.9, 944.2, and 952.9 

cm by fitting the calculated dissociation yield fluence dependence 

to the experimental observation. Additional experimental information 

such as fluence and pulse duration dependence of absorption at 942.9 

cm was also used to pin down these parameters. Due to the following 

reasons, linear extrapolation between the values at 944.2 and 952.9 

cm was used to obtain the two QC abosptio>-. parameters, o and 3, at 

947.8 cm" 1. 

1. Experiments showed collisionless MPD threshold fluence increases 

linearly from 935 to 953 cm . ' This chreshold fluence, which 
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Is the minimum fluence required for monitoring dissociation at 

the detection limit, presumbly reflects the strength of the QC 

•bsorption. 

2. Collisionless IIPD yield decreases almnse linearly from 935 to 

953 cm" 1 at 5 J/cro2.61 

3. From the previous collisionless HPD calculation, the average 

absorption cross section in the QC which fits the data decreases 

linearly from 935 to 953 cm 
.. n,, , -1 „a „ ,„-19 -0.042?. 2 . . . ,„-19 At 944.2 cm o„ „, = 8 x 10 e cm and is 4 x 10 £,fc+l 
-0.035)1 2 -1 -1 -19 2 

e "•""* cm* at 952.9 cm , thus at 947.8 cm o « 6 x 10 cm 

and 6 » 0.039. 

Y and I can then be determined by calculating Che dissociation 
yield W to fit the exoerimental collisionless yield with the new set 

a 
of QC absorption parameters. Unfortunately, there was no measurement 

-1 2 
done under collisionless conditions for 947.8 cm at 4 J/cm . How
ever, at 5 J/cm and 0 Torr W, (944.2 cm'S/Vi, (-947.8 cm" 1) = 1.6. 6 1 

d u 
87 

This ratio increases as the fluence decreases. It was shown that 
the ratio W, (944.2 cm" )/W. (949.5 cm" 1) increased by 32% from 6 to Q d 

2 87 — 1 4 J/cm . Thus it is reasonable to assume 1.6 < W, (944.2 cm )/H, — d d 
(947.8 cm" 1) < 1.6 x 1.3 at 4 J/cm . W. (944.2 cm" 1) at 4 J/cm2 was ~ d 
measured to be 20%, so W (947.8 cm ) should be about 102. v was 

alwasy set at 0.5 for SF at all the CO laser lines between 935 and 
-1 6t 2 953 cm . With I set at 60 MW/cro W, was calculated to be 9.64* o d 

2 - 1 2 
at 4 J/cm . As a comparison, I (944.2 cm ) - 20 MW/cm and I 
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(952.9 cm" 1) = 400 MW/cm 2. 6 1 I (947.8 cm" 1) should be between 20 
2 

and 400 MK/cm . The variation of I with all other excitation para
meters fixed will change the calculated dissociation yield at zero 
pressure for a given fluence. For a larger I , the fraction of mole
cules excited to the QC is smaller, giving a smaller dissociation 
yield. 

RRKJI theory was used to calculate the dissociate rate. The 

activated complex and the dissociation energy were taken to be the 

same as in Ref. 61.. A hard sphere cross section of 110 A , which 

corresponds to a 93 nsec-Torr collisional rate, at room temperature, 

was used to calculate k at different pressures. The laser pulse c 
rises in 90 nsec to maximum intensity, has a sharp peak with 90 nsec 

FWHM which contains 602 of the energy, and has a total length of 
89,39 0.52 psec. The numerical integration was carried out with 0.01 

nsec increments on the computer till the end of the laser pulse. It 
was found that the results are within 17, of those calculated with 1 
psec increment. The computer integration calculated the fraction of 
molecules dissociated within the laser pulse and the excitation distri
bution N.(t ) at the end of the pulse, t . After the optical field 

J e e 

is gone, there is only competition between deactivation and dissocia

tion for the molecules excited above the dissociation limit. The 

contribution to dissociation yield form the post-pulse era is cal

culated as 
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W (t>t ) = Z N4(te)fr 
a £>34 " e x 

Here £. is the probability of dissociation for N.(t ) and is calcu

lated as 

h • h + ( 1- fc> fe-A« 
and 

k (P) 

* k c ( P ) + >W» h V> ' 
where P denotes the pressure and AShv is the magnitude of the energy 

transfer per collision. 
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C. Results and Discussion 

As a support for the values determined for the 4 excitation para

meters at 947.8 cm , calculations by the rate equations model show 

that the average photons absorbed <n> of all the molecules irradiated 
2 by 5.4 J/cm pulse under collisionless condition is 15.3 hv, only 

slightly lower than but within the error limit of the experimental 
90 value of 17.5 hv with the same fluence but at 0.45 Torr. <n> is 

expected to be higher at higher pressure. Both in the experiment 

and in the calculation, <n> is obtained as total number of photons 

absorbed divided by the total number of molecules. Collisional 

quenching will shift the excitation distribution towards lower energy 

levels where the absorption cross section are higher. Therefore 

collision would enhance the total absorption and make <n> larger at 

higher pressure. However, since only collisions occurring during the 

laser pulse would have such an effect, the magnitude of the enhanced 

absorption is not expected to be large. 

The calculated W, as a function of pressure are plotted in Fig. 

I1I-1 for various &SL values. The best agreement with the experimental 

points seems to be the AJl = 3 curve for pressure range between 0.2 

and 1.1 Torr. The M = 3 curve is about a factor of 2 higher than 

the experiments for pressures lower than 0.1 Torr and might be 

lower than experimental yield for Pj>l Torr. The discrepancy at higher 

pressure might result from rotational relaxation during the laser pulse 

that would increase the yield. The discrepancy in the lower pressure 
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region is most likely due to uncertanties in the excitation para

meters for calculation, and/or in the experimental measurements of 

laser fluence and dissociation yield. Though it seems unlikely 

that extrapolation of W from the experimental points to zero 

pressure would reach 9.6%, however molecular beam experiments showed 
-1 2 

W (947.8 cm ) at 0 Torr should be about 10% at 4 J/cm and any set 

of excitation parameters choosen for calculation should fulfill this 

condition. 

It was found that the uncertainty of laser fluence has a great 

effect on the comparison between the calculation and the experiments. 

By assuming a 5% error on the reported fluence, i.e. the experimental 
2 2 

yields was obtained at 3.8 J/cm rather than 4 J/cm , the A£ = 2 

curve agrees well with the measurements over almost the entire 

pressure range, Fig. III-2. With the experimental fluence set at 
2 

3.6 J/cm , a 10% error, even the M - 1 curve is found in good agree
ment with the experimental points. However, no satisfactory fit with 
the experiments can be obtained for the AH > 4 curves no matter what 
fluence was assumed. Although a collimated laser beam was used for 

79 excitation, uncertainty in the measurement of beam diameter as well 
as the non-cylindrical intensity distribution of the laser transverse 

profile make a 10% uncertainty for average fluence very possible. The 

same argument on laser fluence may also be made for the molecular beam 
2 experiments. Should the dissociation yield at 4 J/cm is less than 

2 10%, a larger number than 60 MW/cm for I would be required to produce 
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Fig. II1—2. Pressure dependence of MPD yield with varied fluence 

values. (#) are experimental measurements. 

( ) is calculated with A£ = 1 and fluence = 

3.6 j/cir,2. W, (0 Torr, 3.6 J/cm2) = 6.2%. ( ) 
d 

2 is calculated with A£ = 2 and fluence = 3.8 J/cm . 
W J (0 Torr, 3.8 J/cm ) = 7.7%. ( ) is calculated 
a 

with M = 3 and fluence =3.9 J/cm2. W. (9 Torr, 
d 

3.9 J/cm2) = 8.4%. 
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the smaller W,. Again better agreement vith the experimental yields d 
can be obtained for the M <_ 3 curves than in Fig. III-l. 

Even though v„ is the highest frequency node of SF,, removal of 

3000 cm energy per collision is conceivable. There is ample evidence 

from thermal unimolecular studies that molecules excited up to the 
59 dissociation limit may lose more than 10 kcal/mole per collision. 

In particular, data from chemical activation studies complied in 

Ref. 59 showed that energy ̂ 6 kcal/mole (2100 cm ) was removed for 

some highly excited polyatomics in collision with a cold SF mole

cule, Table III—1. These chemically activated molecules may have 

vibrational energy as high as the bond energies. For the case of 

vibrational self-quenching of SF, excited to comparable energy content, 
b 

the magnitude of energy removal may be even larger since the V-V 

transfer is a more nearly resonant process. The calculation with 
2 4 J/cm fluence and at 0 Torr pressure showed that at the end of the 

laser pulse about 2/3 of the molecules are still in the vibrational 

ground state, and the average excitation for the molecules in the QC 

is 22 hv. Thus AJlhv used in the calculation may be viewed as the 

average energy transferred per collision between a molecule excited 

to >60 kcal/mole and a cold molecule in the discrete region. 

As has been demonstrated previously, the pressure dependence 

of W strongly depends upon the excitation distribution which is a 

strong function of laser fluence, and the dissociation rate as a 
80 function of energy, Chapter II, Section I. The calculation with 
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Table III-l. Vibrational quenching by SFg of highly excited mole 
cules generated by chemical activation.8 

Chemical Energy Removed 
Molecule Activation per Collision" Reference 

System (kcal/mole) 

Butyl-2 H + cis-butene 1 9 93 

W i 2 CH2C1 + CHZC1 7.0 94 

w CH 3 + CH 2F 7 95 

C 2 H 4 F 2 CHjF + CH 3F 7 95 
CH 3CF 3 CF 3 + CH 3 6.0, 7.0 C 96 

Data complied in Ref. 59. 

A stepladder model was used for collisional deactivation. 

The SFg temperature is 196°K. All the other numbers are obtained 
for an SF 6 temperature of 300°K. 
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3.8 J/cm and 0 Torr shows the QC population peaks at I = 29. A 

major fraction of dissociation after the pulse comes from the levels 

right above the dissociation limit, Fig. III-3. These levels are 

easily accessible for collisional deactivation even at very low 

pressure. The in-pulse dissociatin is from levels with much shorter 

dissociation lifetimes; it only contributes a small fraction to W 

at lower fluences. Collisional deactivation has much less prominent 

effect on the in-pulse dissociation than on the post-pulse dissocia

tion; W,(t<t ) dropped only 30% form 0 to 0.2 Torr with AS = 2 while 

a e 

K (t>t ) decreased by a factor of 6 in that pressure range. So as 

the fluence increases, the QC population peak shifts toward higher 

levels, the contribution to M from the in-pulse dissociation becomes 
d 

more important, and the post-pulse dissociation contains a larger 

contribution from levels which require higher pressures to quench 

effectively. As a result, the effect of pressure on dissociation 

yield at higher fluences is much less dramatic than at lower ones. 

This can be clearly seen from the calculations plotted in Fig. 
2 III-4. At 10 J/cm VI decreases by a factor of 2 from 0 to 1.2 Torr, 2 but a 4 J/cm W dropped 70 times in the same pressure range. 

Fluence dependence of dissociation yield has long been considered 

an important characterization for any MPD system. It was shown by 

the calculation that the fluence dependence of H, changes at different 

pressures, Fig. III-4. The slopes of the W,-fluence curves on a 
d 

log-log plot for the same U. range are very much the same, independent 
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of the pressures. However, for the same range of fluence these slopes 

vary strongly with pressure. 

In Ref. 79, an empirical formula W «W exp(-P/P ) was suggested to 

fit the experimental points in Fig. 171-1. The calculation of W over 

a wider range of pressure shows that such a formula can serve as a 

good approximation for a small range of pressure. The slope of the 

W -P curve on semi-log plot varies less than 50" from 0.2 to 2 Torr, 

Fig. 111-5. However, the curve takes a sharp turr at pressures below 

0.1 Torr, reflecting the effect of collisional deactivation of the 

comparably large population excited just above the dissociation limit 

at these low pressures. 
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Fig. III-3. Calculated population distribution after the laser 

pulse for levels above the dissociation limit with 
9 

fluence = 3.8 J/cnT and AU. = 2. The dashed line 

( ) defines the population at 0 Torr and the 

solid line ( ) at 0.19 Torr. The shaded area 

indicates the fraction of molecules that dissociate 

during the laser pulse. The dissociation lifetime 

was calculated by RRKM theory. 
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Fig. m - 4 . Fluence dependence of MPD yield at various pressures 

calculated from the rate equations model with Lk = 

2. Numbers on the curves indicate the SF,. pressure. 
b 

2 The average slope between 4 and 8 J/cm is 2.2 for 
0 Torr, 3.8 for 0.08 Torr, 4.6 for 0.4 Torr, and 

6.4 for 1.2 Torr. 
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Fig. 111—5. Pressure dependence of MPD yield calculated from the 

rate equations model with AS. = 2 and fluence = 3.8 
., 2 J/cm . 
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D. Conclusion 

With parameters determined from independent sources, a rate 

equations model can be used to quantitatively calculate the pressure 

dependence of dissociation yield caused by vibrational self-quenching. 

Although the uncertainty of experimental parameters does not allow an 

accurate determination of the quenching rate, from the comparison 

between calculation and experimental measurement it does show that 

between 1000-3000 cm energy is removed for SF, excited to >60 
o 

kcal/mole by collision with a cold SF molecule at gas kinetic rate. 
b 

The calculation also demonstrates that the pressure dependence of 

the dissociation yield is a strong function of laser fluence as well 

as that the fluence dependence of dissociation yield varies strongly 

with the pressure. 
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CHAPTER IV. DETERMINATION OF THE ARRHENIUS PARAMETERS 
FOR UNIMOLECULAR REACTIONS BY SENSITIZED LASER PYROLYSIS 

A. Introduction 

After a decade of intensive research on multiphoton dissociation 

of polyatomic molecules by intense infrared optical fields, a good 

understanding of both the excitation and the dissociation has been 

established, at least semi-quantitatively. As the fundamental physics 

of the multiphoton processes were revealed and many theoretical models 

tested, kinetic and spectroscopic applications utilizing these pro

cesses were also in development. One such kinetic application is to 

study the mechanism of unimolecular decomposition of organic mole-

i 9 7 cules. 

It was demonstrated under collisionless conditions that mole-

ciles under multiphoton excitation (MPE) dissociate firstly through 
98 the lowest activation energy channel. MPE of alkyl halides in the 

presence of high pressure buffer gas showed dissociation always into 

the lowest reaction channel. This behavior is consistent with the 

statistical nature of the excitation and the dissociation: as the 

molecule absorbs many photons in the quasicontinuum, intramolecular 

vibrational relaxation randomizes energy among all the modes and RRKM 

theory can be used effectively to calculate the dissociation rate. 

However, such microscopic statistical dissociation does not necessarily 

mean that the multiphoton excitation and dissociation is a thermal 

process. The energy distribution might be different from a Boltzmann 
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23 distribution for the entire ensemble of molecules after irradiation. 

The excitation distribution depends strongly on the laser fluence and 

the molecular properties. Without precise knowledge of the excitation 
78 distribution, the kinetic data from MPD can often be ambiguous. The 

method of sensitized reaction can be applied to partially resolve such 

difficulty. A molecule, such as SiF,, which does not significantly 

dissociate at low and medium laser fluences is used as a photon-absorbing 

medium through MPE. Collisions during and shortly after the laser pulse 

will transfer energy from the absorbing gas to the reactant gas which 

is not in resonance with the laser. A thermal equilibrium is established 

for the reactant after sufficient collisions for energy transfer. In 

this manner, MPE is used as a means of thermal heating. It has the 

advantage that contact of the hot gas with surfaces and therefore sur

face reactions can be avoided. The usefulness of this technique has 

been demonstrated in obtaining qualitative information about unimolecular 
-i. * i i 35,36,115 

reaction pathways of some organic molecules. 

In the sensitized IR laser pyrolysis, each laser pulse creates a 

transient high temperature pulse (or pulses) during which reactions 

occur, in the gas medium. If temperature as a function of time can be 

determined, then the pyrolysis can be done quantitatively and quantities 

such as activation energy E and preexponential factor A of a reaction 

may be extracted. 

The following method was attempted in this chapter to achieve such 

a quantitative goal. In addition to the absorbing gas and the reactant 

in the gas medium, a second reactant with well known E and A for its 
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reaction was added as an "internal standard." The product yield of 

the internal standard coupled with a phenomenological model calcula

tion is used to deduce the parameters needed to describe the gas 

medium temperature history in the model. Additional information, 

such as the decay of the temperature, obtained through monitoring the 

ir fluorescence from the irradiation volume, was also used in the 

calculation. Then by adjusting their values to reproduce the measured 

product yield through calculation with the now defined temperature 

history, E and A of any specific reaction channel of the reactant can 

be secured. 

1,1,2-trichloroethane was chosen as the reactant here. It was of 

interest for studies of photochemistry induced by single-photon 

excitation of high vibrational overtones. The reaction channels as 

CHC1 CH CI 

1,1-dichloroethene, 

trans-dichloroethene, /corresponding\ 
+ | dissociation I 

cis-dichloroethene, \ products ' 
v vinyl chloride 

92 were observed. The HC1 elimination reactions were reported to have 
9 7 9 9 very low values of E , 38 and 34 kcal/mole, and A, 10 ' and 10 " , 

j a ' 

in two flow pyrolyses, ' respectively. A more recent chemical 

activation study suggested a 3-centered activated complex in addition 

to the 4-centered one for HC1 elimination and placed the E 's of 
a 

dichloroethenes between 57 and 60 kcal/mole. No observation of 
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vinyl chloride was reported. Here, each of the reactions producing 

the three C H.Cl.'s and vinyl chloride are studied by SiF - sensitized 

CO- laser pryolysis and their E 's and A's reported. For comparison, 

the HCl elimination reaction of 1,1,1-trichloroethane was also studied. 

The internal standard choosen in this study is ethyl chloride. Its 

HCl elimination reaction is expected to have comparable E values as 

the reactions of trichloroethanes. Through eight previous studies, 

E = 57.4 + 1.0 kcal/mole and log A = 13.8 + 0.2 at high pressure 
41 42 limit were determined for C.H..C1 •+ HCl + C-H. . ' 
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B. Experimental 

1. Pyrolysis 

All the chemicals originally reagent grade or technical grade 

were purified by fractional distillation. The purity of their vapors 

was checked by a Varian 3700 gas chromatograph with gas sample injec

tion and flame ionization detector to be >99.9°4 for ethyl chloride 

(EtCl), >99.6% for 1,1,2-trichloroethane (112TCE), >99.5% for 1,1,1-

trichloroethane (111TCE), and >99.9% for SiF,. No impurities as the 
q 

pyrolysis products of the molecules were detected. The unpurified 

lllTCE (Eastman Kodak, technical grade) originally contains 3.5% 

p-dioxane and 0.25% sec-butanol as inhibitors for polymerization, 

After distillation there was still 0.4? impurities as p-dioxane 

(<0.1%) and C,HC1 . The pyrolysis mixture contained between 0.1-0.5Z 

impurities of lllTCE depending on the individual preparation procedure. 

The gases were handled in a vacuum line with greaseless stopcocks. 

Before each preparation for the pyrolysis sample, the vacuum line was 

pumped down to <10 Torr. Unless otherwise specified, a pyrex cell 

3.8 cm long 3. 8 cm in diameter with two polished NaCl windows (A mm in 

thickness) attached perpendicular to the cell axis with Torrseal 

epoxy, and a gas mixture consisting of 4.9 ± 0.1 Torr SiF , 0.37 ± 

0.02 Torr ethyl chloride, and 0.37 ± 0.02 Torr reactant (either 112TCE 

or lllTCE) were used for each pyrolysis. The gas pressure was mea

sured by a calibrated variable-reluctance manometer (Validyne) with 
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a 50 Torr range and the mixture was prepared with the aid of a sidearm 

on the pyrolysis cell and liquid nitrogen cooling. 

A grating-tuned Tachisto model 215 CO. transversely excited 

atmosphere laser was used to provide light pulses. The operational 

details and the design of the laser can be found in Ref. 49. With the 

internal iris set at 8.0 mm in diameter and without external iris, the 

transverse cross section of the multimode beam has a near-Gaussian 

profile (Fig. IV-l(a)) and a FWKM of 4.0 ± 0.4 mm. The laser pulse 

for pyrolysis at 1027.4 cm (P(40) line) is typically 0.2 J/pulse. 

Pulse-to-pulse energy variation was ±10%. Long term energy stability 

is usually about 10%. The total pulse duration is 1.3 usee long and 

has a 70 nsec spike peaked at 35 nsec. The beam from the laser was 

used for pyrolysis without focusing or collimation. A 4 mm thick 

polished NaCl flat was placed right in front of the loser at 45° to 

reflect about 5% of the beam to a Scientech powermeter for monitoring 

the long term fluctuation of the laser energy during the experiment. 

The laser beam then entered into the pyrolysis cell and a calibrated 

Scientech powermeter placed after the cell for measuring the laser 

pulse energy. Tha percentage absorption of the beam by the gas mixture 

was determined by the ratio of the pulse energies after the cell with 

the gas mixture in the cell and with the mixture frozen in the side-

arm at liquid N, temperature. Polished CaF- flat, NaCl flat or Ge 

flat were placed between the NaCl beam splitter and the cell in order 

to obtain the desirable pulse energy. Between 20 and 30% of the 0.2 
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Fig. IV-1. a) CO laser beam profile measured with a 0.2 mm pin

hole. Open circles (O) indicate the incident laser 

intensity which has been corrected for the entrance 

window loss. Closed circles ( # ) indicate the laser 

intensity after gas absorption, b) The profile of 

gas absorption is the difference of the incident and 

the exit laser beams. (B) > obtained from Fig. a), 

and (x) are for 0.18 J/pulse incident energy. (V) 

are for 0.12 J/pulse. 
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to 0.08 J/pulse laser energy entering the cell was absorbed by the 

mixture. The real energy absorbed by the mixture was obtained by 

multiplying the absorption percentage and the pulse energy after the 

attenuator corrected for cell window reflection. The laser was 

operated at 0.87 Hz repetition rate for pyrolysis with energy :0.15 

J/pulse and at 0.33 Hz for lower energies. The slow repetition rati.' 

was meant to allow complete diffusion of the products and the 

reactants between the irradiation column and the unirradiated part 

between two consecutive laser pules. It was estimated from a cal-
102 culated theoretical diffusion constant that it requires roughly 

0.4 sec for the product to diffuse through a distance of 3.2 mm, the 

radius of the irradiation zone (Section B-3), in the 5.6 Torr mixture 

at room temperature. The higher temperature induced by the laser 

excitation in the reaction zone would hasten the diffusion. For 

lower fluences, a slower repetition rate was used to guarantee a 

complete mass diffusion. The powermeter was calibrated for different 

operational repetition rate of laser pulses with a Scientech model 362 

power-energy meter which gave the energy reading of a single pulse 

from the powermeter. 

After the pyrolysis, the mixture was immediately transferred to 
3 a 4 cm volume GC sample loop which was attached to the cell and pumped 

clean on the vacuum line before the preparation of the mixture. A 

column made of 100/120 mesh size Porapak Q in 12 feet long and 1/8 

inch in diameter stainless steel tubing was used for separating the 
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reactants and the products. The retention times at 120°C column 
3 temperature and 30 cm /min. carrier gas flow rate are 3 min. for 

C.H., 7 for C.HC1, 9 for vinyl chloride, 15 for EtCl, 28 for 

CC1 CH , 38 for trans-CMClCHCl, 52 for cis-CHClCHCl, 110 for 

111TCF., 140 for CJIC1 , and 260 for 112TCK. The GC responses for 

all the molecules mentioned above except C^HCl and C HC1. were 

calibrated absolutely. HCI and Cl_ do not respond to flame ioniza

tion detection. The large quantity of SiF in Che mixture gave a 

very small signal at 2 min. 

The GC peak area measurement and the detector response 

calibration give a combined uncertainty of ±87. for the product 

yield. The yield as CC1 CH, was less accurate partly because it 

was difficult to accurately measure the area of its small GC peak 

sitting on the tail of the strong EtCl peak. The pyrolysis laser 

erergy was reported as the average energy of the incident beam into 

th. gas mixture after the first cell window. All the experimental 

parameters linearly related to the laser energy have an uncertainty 

of :'i~10Z because of the laser energy fluctuation. 

2. IR Fluorescence 

Ir fluorescence from the irradiation zone was monitored and 

temporally resolved for the mixture of 5 Torr SiF , 0.38 Torr EtCl 
4 

and 0.38 Torr lllTCE. The pyrex fluorescence cell is 4 cm in length 

and 5.1 cm in diameter with ends sealed by two 4 mm thick NaCl 
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windows attached perpendicular to the cylinder axis by Torrseal 

epoxy. The laser passes through the center of these windows. Along 

the direction perpendicular to the laser propagation, two holes 1.7 

cm in diameter were opened up at the center section of the cell and 

were sealed with NaCl windows for transmitting the fluoresit.net'. A 

liquid He cooled 5 mm x 10 mm Hg:Ge photoconductive ir detector was 

placed above a fluorescence window. The distance between the irradi

ation volume and the detector was about 8 inches. A 2-inch diameter 

CaF, lens with 4-inch focal length was placed in the middle between 

the detector and the laser pathway to focus the fluorescence to the 

detector. The response time for the detector itself is about 0.4 

Msec. A Keithley model 104 wideband amplifier was used to amplify 

the detector signal 100 times before it was recorded and averaged 

over 32 pulses using a Biomation Transient Recorder and a Northern 

NS-575A Digital Signal Analyzer. The trigger pulse used for trigger

ing the C0_ laser was also used to trigger the transient recorder. 

The time-resolved signal of the fluorescence passing through the 

3-6 um circular variable interference filter, which was cooled 

internally in the detector at liquid N n temperature, was eventually 

plotted by a Hewlett-Packard 7004B X-Y recorder. When the filter 

was set to a narrow band pass (FWHM 60 cm ) centered at 5.0 ym, 

strong fluoresence was observed. Fluorescence around 3.3 um was 

also searched for, but no signal after 32 pulses integration was 

found. 

http://fluoresit.net'
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3. Determination of the Irradiation Volume and the Product Yield 

The area of the GC peaks of each reactant and product was measured 

with a planimeter and multiplied by the GC detector response of each 

molecule. For the case that there is only one dissociation channel 

tor the reactant, the total fraction of reactant dissociated in the 

cell, F, after n pulses can then be calculated. Since F is generally 

non-negligibly large, the product yield per pulse, <t>, for the reactant 

in the irradiation volume V is not simply (F/n),(V/V ), where V is 

the cell volume. Instead, $ is calculated as follows. After n 

pulses, the fraction of reactant which remains undissociated in the 

cell is 

V 
1 - F = (1 - ± -f >"• < 1 V- X> 

Therefore, $ is calculated as 

$ = £- [1 - (1 - F ) 1 / n ] , (IV-2) 
r 

When there is more than one reaction for a reactant, Equation (IV-2) can 

still be used with F and # defined as F = Z F. and 6 = 1 $ . . F, is 
i i i i i 

the fraction of reactant in the cell turned into product i after n 

pulses and $. is the per-pulse yield for product i in the irradiation 

volume. <t>, is then calculated as 

F. 
0. - -f *. (IV-3) 
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In the pyrolysis experiments, a wide range of laser pulse energies was 

used. In general, between 50 to 200 pulses were used for each pyrolysis 

to make F between 5 to 30%. 

On the right hand side of Equation (IV-2), all the quantities 

except V can be measured directly and unambiguously. The volume of 

the 3.8 cm pyrolysis cell is 50 cm . However, there is no distinct 

boundary in the transverse profile of the laser pulse that can be used 

to calculate V . The transverse profile was measured by attaching a 

0.2 mm diameter pinhole 2 mm in front of the sensor of a Molectron 

Model J-3 pyroelectric detector mounted on a 3-D translator. The 

detector signal was read directly from a Tektronix 7704 oscilloscope 

with a 50 Ohm input impedance amplifier module. 

The dissociation yield might be incorrectly evaluated by using 

the FWHM to calculate V . The amount of molecules in the laser profile r 
is about 3 times more than the one in the area defined by the FWHM, 

Fig. IV-l(a). The situation is complicated by the fact that the reaction 

rate increases exponentially with the temperature; the temperature 

distribution right after the laser pulse may be inhomogeneous. 

Furthermore, it was noted in the pyrolysis experiments that the per

centage absorption by the gas mixture decreased as the incident laser 

pulse energy increased. At 0.09 J/pulse incident energy, which 
2 corresponds to 0.7 J/cm average fluence as calculated with the FWHM, 

2 
33% of the pulse energy was absorbed, yet at 0.21 J/pulse (1.7 J/cm ) 

only 24% was absorbed. Such a decrease results both from that as the 
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excitation level of the molecule getting higher through multiphoton 

excitation the absorption cross section decreases and that saturation 

occurs in the discrete region excitation at higher fluences. Even 

though the measured percentage absorption in the pyrolysis is a con

volution of absorption at continuously varying fluences along the 

transverse laser profile, the trend of absorption percentage dependence 

on fluence indicates that at the lower intensity parts of the laser 

profile the stronger absorption would make the contribution to reac

tion from these areas more important. Thus V should be defined by 

the profile that shows the spatial dependrnce of energy absorbed by the 

mixture after the laser pulse. Such a profile can be obtained from 

the difference between the two laser profiles before and after entering 

the mixture. A typical measurement of the exit laser profile after 

the mixture and the incident profile corrected for one window loss are 

shown in Fig. IV-l(a). It is apparent that substantial narrowing of 

the laser beam occurs after the mixture absorption due to stronger 

absorption at the edge of the incident beam. The FWHM of the exit beam 

was measured to be only 3.0 i 0.3 mm. The difference of the two pro

files from three sets of measurements are plotted in Fig. IV-l(b). 

Even though the scattering and the uncertainty of the points are large, 

a much broader profile is apparent. It was also observed that the FWHM 

of the irradiation volume does not change much as the laser pulse energy 

changes from 0.18 J to 0.12 J as indicated in Fig. IV-l(b). The FWHM 

of this profile was determined to be 6.4 ± 0.3 mm, and the value of 
3 

1.3 cm was used for V . 
r 
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C. The Model Calculation 

This model gives the product yield of a reactant in the irradia

tion volume with an assumed temperature history. The temperature T 

in the column under irradiation is assumed to be uniform at any given 

time. It rises to a maximum value, T , at time zero after optical 
m 

excitation and collisional thermalization, then as the heat starts 

flowing out of the column, it is assumed to decrease exponentially 

just like a thin layer of material at T transferring heat to the 

environment at an ambient temperature T . 

T = (T - T )e" D t + T (IV-4) 
m r r 

where D is the decay rate constant for the column temperature and t 

denotes time. The reactant starts to dissociate from time zero 

according to a first order reaction rate with a rate constant which 

may be expressed in Arrhenius form. After integration of the first 

order reaction from time zero to infinity, the product yield of a 

unimolecular reaction after one laser pulse can be formulated as 

- / " 
-E 

ln(l-*) - - / A e x P ( k ( T _ T ) e x p ( . D t ) + k T )dt. (IV-5) 

The analytical solution of the integral can only be obtained in a 

non-converging polynomial form. Therefore a computer program was 

written to calculate the numerical solution (Appendix II). The 

numerical integration uses the trapezoidal rule with the integration 
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interval determined by an allowable error, which is usually set at 

5% of ln(l - $). A typical calculation that integrates from time 

zero to 10D sec takes a few minutes on a Commodore PET-2001 micro

processor. 

Equation (IV-5) is legitimate only for the case that there is 

only one reaction channel for the reactant. In the case that there 

are several reactions for a reactant, Equation (IV-5) should be 

modified as 

I V xPW^T-7i^t-)7kT ) d t- <lv-*> 
1 m r r 

Apparently the calculation for $. couples with one another and this 

vould make the deduction of E . and A. rather difficult. For reactions 
a,i l 

with comparable activation energies, an approximate approach can be 

taken. It is considered that at any given time after time zero the 

number of reactant molecules available for reaction i is reduced by 

all the other reactions j i i of the same reactant. Thus the product 

yield calculated from Equation (IV-5) is higher than the experimental 

value 4'.* At time zero there is no interference from other reactions and 

at the end of the reaction the reactant available is reduced by about 

(1 - Z <(>.) times. So approximately during the course of the reaction 
j4i J 

the average effect of all other reactions on the yield of product is to 
reduce it by about (1 - — T <ji ) times. Therefore, the adjusted form 

1
 2 J4i j 

ln(] - 4i./(l - — Z $.)) from experiment is used in the left side of 
2 jfi J 

ln(l - I" (J>.) = 
- / 
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Equation (IV-5) for calculating the 1 product yield of a reactant 

with several unitnolecular reactions. Both the approximation for (*>. 

with Equation (IV-5) and the calculation with Equation (IV-6) are 

tried depending on the conditions for each individual reaction as 

discussed later. Of cpurse, for photolyses in which the total yields 

are less than the experimental uncertainty, 8%, Equation (IV-5) can 

be used directly without any correction. 
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D. Results and Discussion 

1. Pyrolysis 

The per-pulse product yield of ethyl chloride in the irradiation 

column vs the laser pulse energy is shown in Fig. 1V-2. The strong 

dependence of the yield on the laser energy, i.e. the yield increased 

more than 20 times as the pulse energy was doubled, indicates the 

dramatic effect of heating by the laser. However the data points in 

Fig. JV-2 scatter from each other. Several sources contribute to this 

scatter. The product yield has an uncertainty of ±87.. The main 

uncertainty of these data points seems to be with the determination 

of the laser energy due to the pulse-to-pulse fluctuation and the long-

term drift of the laser. To avoid such uncertainty of laser energy 

in the later comparison of measured product yield with the model cal

culation, the product yield of 111TCE and 112TCE is plotted against 

that of ethyl chloride, which is used as an internal standard in the 

pyrolysis for monitoring the temperature. The major product observed 

for 111TCE is CCl-CH., Table IV-1 and Fig. IV-3. Two other products, 

C,HC1 and vinyl chloride, were also observed with yields roughly two 

orders of magnitude smaller. C„HC1 is believed to be from the secondary 

decomposition of CCl-CH . All four chlorinated ethylenes mentioned in 

the Introduction were observed in the pyrolysis of 112TCE, Table IV-2 

and Fig. IV-4. In pyrolyses where the ethyl chloride yield was larger 

than 107 a small amount of C„HC1 was also observed as product. This 
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Fig. IV-2. Ethyl chloride dissociation yield vs incident laser 

pulse energy. (O) indicate pyrolyses with the long 

cell, O ) the short cell, and (#) the short cell and 

higher pressure. Typical uncertainty of the data is 

shown for three points. 
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Table IV-1. Experimental results for sensitized laser pyrolysis of the CC1,CH mixtures. 

Sample 

Incident 
Laser K 

Energy 
C H CI Absorbed Number Pulse 2 5 

Energy of Repetition Dissociation 
Product Yield of CCljOTj (%) 

(J/pulse) (J/pulse) Pulses Rate (Hz) Yield (%)c- CC1-CH C H CI C HC1 

L - I 0.188 

L-I 0.133 

L-I 0.121 

L-I 0.086 

S-IIA (0.25) ' 

S-IIB 0.150 

0.046 

0.034 

0.028 

0.029 

0.062 

0.045 

50 

100 

100 

200 

150 

150 

0.87 

C.34 

0.34 

0.34 

0.87 

0.87 

9.20 

3.53 

1.82 

0.15 

29.0 

5.2 

29.1 0.41 

16.2 0.090 

10.2 0.042 

1.18 0.007 

48.0 2.50 

22.0 0.45 

0.9 

L-I, 4.9 Torr SiF 4 - 0.37 Torr C2H5CI - 0.37 Torr CCI3CH3 in the 3.8 cm long cell. S-II, 
21.5 Torr SiF 4 - 1.64 Torr C 2H 5C1 - 1.64 Torr CCI3CH3 in the 0.9 cm short cell. 
All the L-I samples were irradiated by P(40) line. S-IIA was irradiated by P(36) line 
and S-IIB by P(34) line. The uncertainty for the pulse energy is ±5-10%. P(36) pulses 
for S-IIA originally contain ~0.22 J/pulse. However, for comparison with other pyrolyses, 
0.062/0.25 was used as the incident energy, since it was observed that in the pyrolyses 
with P(40) line the percentage absorption is <25Z for pulse energy >0.18 J. 
Uncertainty - ±10%. 
The per pulse yield in the irradiation volume is reported here. The uncertainty is ±8% 
except for C2HCI. 
From radical reactions involving both C2H5CI and CCI3CH3. 
From secondary decomposition of CCI2CH2. 
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Fig. IV-3. The CCljCH., yield from CC1..CH- dissociation vs the 

corresponding ethyl chloride dissociation yield. CO) 

indicate experimental results from tne long cell. (%) 

is fijm the short cell at higher pressure. The solid 

lines ( ) are from the model calculation for CC1-.CH-

dissociation with E = 47 and 49 kcal/mole and loeA = a 
12.7 and 13.0, respectively. The calculation using E 

and A previously determined for the molecular elimina

tion is shown as the dashed line ( ). 
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Table IV-2. Experiments 1 results for sensitized laser p v r o W s K nt the C.llCl ,,t:n ,1.1 mixtti 

I n c i d e n t P u l s e 
C 2 H 5 C 1 

D i s s o c l a t I o n 
Y i e l d (X)d 

Prod u c t Y i e l d of ™ C 1 2 C H 2 C 1 m"-' 
L a s e r . 
Ene rgy 

A b s o r b e d 
E n e r g y 

Number 
of 

R e p e t i t i o n 
Rilt.-

C 2 H 5 C 1 

D i s s o c l a t I o n 
Y i e l d (X)d 

™ C 1 2 C H 2 C 1 

Sample 

L a s e r . 
Ene rgy 

A b s o r b e d 
E n e r g y 

Number 
of 

R e p e t i t i o n 
Rilt.-

C 2 H 5 C 1 

D i s s o c l a t I o n 
Y i e l d (X)d W 1 ' Sample ( J / p u l s e ) ( J / p u l s e ) P u l s e s (Hz) 

C 2 H 5 C 1 

D i s s o c l a t I o n 
Y i e l d (X)d C l s - C 2 K 2 C 1 2 t r a n s - C H Cl 2 CC1 2 CH 2 W 1 ' C HC1* 

L - I 0 . 1 9 8 0 . 0 5 2 200 0 . 8 7 18 .4 1 5 . 6 1 3 . 3 0 . 4 4 1 .58 0 . 4 

L - I 0 . 2 0 7 0 . 0 4 8 100 0 . 8 7 1 3 . 6 1 0 . 3 8 . 1 3 0 . 3 3 0 . 8 2 0 . 3 

L - l U .210 u . u j l 200 0 . 8 7 l i . O 9.1)5 7 . 1 2 0 . 2 4 0 . 6 9 0 . 2 

S - I I 0 . 1 6 5 - 300 0 . 8 7 5 . 1 8 3 .92 2 . 8 2 0 . 0 6 3 0 . 0 9 6 0 . 0 2 

L - I 0 . 1 2 3 0 . 0 3 4 200 0 . 3 4 4 . 3 9 3 . 3 4 2 . 4 6 0 . 1 9 0 . 2 5 0 . 0 8 

L I 0 . 149 >!.;n. Ibn 11.34 1.74 3 . J4 2 . 4 4 0 . 1 7 0 . 1 4 0 . 0 5 

S - l 0 . 1 4 4 0 . 0 0 7 40 0 . 6 7 3.011 2 . 4 6 1.77 0 . 0 8 0 . 1 2 -
L - I 0 . 0 9 4 0 . 0 2 6 200 0 . 3 4 0 . 4 2 0 . 2 7 0 . 2 0 0 . 1 1 0 . 0 0 8 0 -
L - I 0 . 0 9 6 0 . 0 2 3 200 0 . 3 4 0 . 2 4 0 . 2 2 0 . 1 6 0 . 0 5 0 0 . 0 0 4 7 -
L - I 1 I - - 100 0 . 3 4 - 0 . 2 1 0 . 1 4 0 . 0 7 0 0 . 0 0 2 2 -
S - I 0 . 0 9 0 - 720 0 . 4 4 0 . 1 0 0 . 0 8 9 0 . 0 6 2 0 . 0 0 B 0 . 0 0 2 6 -
a. L denotes the 3.8 cm long cell and S the 0.9 cm short cell. Sample 1 is 4.9 Torr SiF 4 - 0.37 Tnrr toH^Cl - 0.37 

Torr CHC1 2CH 2C1. Sample II is 5.2 Torr SiF 4 - 0.26 Torr CHjCl - 0.38 Torr CHC1 2CH 2C1 _ 0.14 Tarr toluene. Sample 
III is 4.9 Torr SiF^ - Q.70 Torr CHCl2CH2C.l. 

b. P(40) line pulse energy with uncertainty •5-10%, 
c. Uncertainty - M 0 Z . 
d. The per pulse yield has uncertainty of ?8% exrept fnr i:2HCI. 
e. C 2HCl5 was also observed in some pyrolyses. However, t <i*« amount w.is t"'i sma tl to allow meaningful measurement. 
f. From radical reactions involving both C2Hc1Cl and CHCL^CIHCl. 
R- From secondary decumposit ion of dlchloroethenes. 
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Fig. IV-4. The product yield from 1,1,2-trichloroethane dissocia

tion vs the corresponding ethyl chloride dissociation 

yield. Points are experimental results. The curves 

are the best fits from the model calculation with the 

E and A shown in Table IV-8. (s) denotes the short a 

cell pyrolyses at the same pressure. (p) denotes the 

pyrolyses without ethyl chloride. (t) is the pyrolysis 

with toluene in the mixture. 
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compound should be from the secondary HC1 elimination reaction of 

trans-dichloroethene (see discussion below) and its quantity was 

added to the trans-dichloroethene yield. The C_HC1 correction amounts 

to less than 5% of the trans-dichloroethenf! yield in the three high 

yield pyrolyses of Fig. IV-4. 

Before taking the results in Fig. IV-3 and IV-4 to compare with 

the model calculation, the following questions regarding the pyrolysis 

process should be clarified. Are all the product yields from sen

sitized reactions; is there any contribution from direct multiphoton 

dissociation (MPD)? Are those observed yields affected by secondary 

reactions, such as trans-cis isomerization, and even by bimolecular 

reactions? Is the thermalization in the irradiation column complete 

before the reaction starts? Can the gas medium during the reaction be 

described by a single temperature? 

Significant dissociation of SiF by MPD is not anticipated even 
2 at the highest fluence, 1.7 J/cm , used for pyrolysis. SiF, has a 

103 fairly high bond energy, 143 kcal/mole. <n>, the average number 

of photons absorbed per SiF, molecule in the irradiation column was 
2 measured to be about 8 at 1.7 J/cm . For SF., which has a dissociation 

6 

energy 50 kcal/mole lower, the MPD yield is <0.01% where <n> is about 

8. Also in the product analysis no hydrocarbons containing fluorine 

were detected, indicating no dissociation of SiF, in the pyrolysis. 

As for the possibility of MPD of all other reactants and products, the 

examination of their infrared fundamentals shows that except for 
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ethylene and vinyl chloride there is no absorption at 1027.A cm 

for all the other molecules. The threshold for MPD of vinyl chloride 

at the strong 940 cm band was estimated to be 20-40 J/cm . 
-1 2 

Therefore Irradiation at the weaker 1030 cm band with 1.7 J/cm 

would hardly cause any dissociation. For ethylene MPD close to the 

950 cm * band center the threshold was estimated to be about 20 
2 105 2 

J/cm . At 1.7 J/cm irradiation at the shoulder of the R branch 

would also not cause dissociation of ethylene. 

The secondary reactions of the pyrolysis products generally have 

E about 10 kcal/mole higher than these of the dissociation reactions 

of the reactant, except for the trans-cis isomerization of 1,2-
dichloroethene for which E was estimated around 55 kcal/mole. a 
The pyrolysis of 0.76 Torr cis-dichloroethene in 4.8 Torr SiF with 

0.2 J/pulsr showed a 5% conversion per pulse from cis to trans form, 

Table IV-3. The heat of formation of the cis form is 1 kcal/mole 

41 

higher than that of the trans form, so E for the cis-*-trans reac

tion should be 1 kcal/mole lower than the trans-*cis reaction. It 

is reasonable to assume then that the trans->cis rate constant is com

parable to the cis-*trans rate constant. The cell volume is about 40 

times that of the irradiation column. After each laser pulse, more 

than 97% of the product would diffuse out of the irradiation column. 

Therefore the net effect of the isomerization on the product yield 

is negligible. In the same pyrolysis of cis-dichloroethene very small 

amount of C2HCI was observed. Also a pyrolysis of 0.72 Torr CCl^CH 
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Table IV-3. Experimental results of some test pyrolyses. 

Number 
of 

Sample3 Pulses Product Yield (%)c 

0.76 Torr cis-C 2H 2Cl 2 50 trans-C 2H 2Cl 2 5.0 

0.72 Torr CC1 2CH 2 100 

0.36 Torr HC1 + 150 

0.34 Torr CC1 CH 2 

a. In presence with A.9 ± 0.1 Torr SiF^ in the 3.8 cm long cell. 
b. P(40) line with pulse energy ~0.19-0.20 J at a repetition rate 

of 0.87 Hz. 
c. The per pulse yield in the irradiation colunn has an uncertainty 

of ±8%. The detection limit is -0.001%. 

C2HC1 £0.14 

CC1 2CH 2 <0.002 

C2HC1 0.10 

CC1 3CK 3 <0.001 

CHC12CH2C1 <0.001 
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in 4.9 Torr SiF, with 0.2 J/pulse showed that that the yield of 

C.HC1 is only 1Z. The small quantity of C-HCl observed in the 

pyrolysis of 112TCE with high pulse energies must be from the dissoci

ation of trans-dichloroethene. A test on the possibility of bimolecular 

recombination reaction by the products was also tried. However, no 

reaction was detected at the detection limit of 0.001% per pulse yield 

for the gas mixture of 0.36 Torr HC1- 0.34 Torr CC12CH - 5 Torr SiF 

after 150 pulses of 0.2 J/pulse. 

Two assumptions were made in modelling the pyrolysis process. 

(1). It was assumed that collisions between SiF, and the reactants 

would transfer energy fast enough so that a thermal equilibrium can 

be established before the energy starts to transfer out of the irradi

ation column. Therefore a maximum temperature is quickly reached 

after the laser pulse but before a significant amount of reaction 

occurs. (2). Both the E and A used for calculating the yield of the 

internal standard, ethyl chloride, are taken from their high pressure 

limit. Therefore in the pyrolysis experiments, the working pressure 

for the reactant should be much larger than the half-quenching pressure 

P-./?, if a meaningful comparison with the calculation is to be made. 

These two assumptions can be examined by comparing the yield 

from the pyrolysis experiments described in the Experimental section 

with the yield from pyrolysis at higher pressures. If the thermaliza-

tion of the absorbed energy were incomplete before the energy were lost 

from the irradiation column or if the reaction rate in the original 
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pyrolysis was no', close to the high pressure value, then the increased 

number of collisions between SiF, and the reactants at a higher pressure 

of the mixture would have increased the product yield. Such a high 

pressure pyrolysis must be performed at the same molar ratio of the 

mixture and the total energy absorbed per molecule must be the same as 

in the original pyrolysis. A mixture of 22 Torr SiF,- 1.7 Torr 111TCE-

1.7 Torr ethyl chloride in a shorter cell 0.9 cm in length was irradi

ated with laser pulses at the 1033.3 cm (P(34) line), Table IV-1. 

The pressure of each component in the mixf-re was* about 4 times the 

original pressure. The pressure and the cell length were matched so 

that the total number of molecules in the irradiation column was the 

same ai, in the original pyrolysis. Because of the higher absorption 

at higher pressures for the same amount of molecules, P(34) line, where 

the absorption by SiF, is lower than at the P(40) line at the same 

SiF, pressure., was choosen to make th- total percentage absorption 

similar to the original pyrolysis. The product yields of the high 

pressure pyrolysis were found to be within the error limits of those 

of the lower pressure pyrolysis, Fig. IV-2. It is then concluded 

that the two assumptions can be used in modelling the pyrolysis. 

Another implication from the short cell pyrolysis is that the product 

of 111TCE dissociation comes from homogeneous gas phase reaction and 

the wall induced dissociation is negligible. The irradiation column 

was about 2 cm away from the pyrex wall of the cell. When the heat 

diffuses to the pyrex wall, the heat content of the molecules there 
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should be very roughly (irradiaton column diameter)/(cell diameter) 

times that in the irradiation column. Therefore unless the E of the 
a 

glass wall induced reaction is exceedingly low, no contribution from 

the glass surface reaction to the product yield is expected. However, 

there is also concern for the NaCl window surface directly in contact 

with the irradiation column. In the short cell the ratio of the NaCl 

surface area vt the irradiation volume is about 4 times that in the 

long cell. The number of collisions of the hot gas on the window is 

4 times higher in the short cell. The product yield in the short cell 

did not increase correspondingly, thus indicating no NaCl surface 

induced dissociation. 

2. IR Fluorescence 

The observed fluorescence at 5 Mm must be from the Av = 2 tran

sition of the 1022 cm mode of SiF,. The fluorescence is a good 

indicator of the temperature in the irradiation column. Figure 1V-5 

shows the dependence of the quantity I v(v-l)N (T) on temperature; 
v>2 v 

N is the population t̂ vibrational level v. Despite the dependence 

of oscillator strengths on the symmetry of the vibrational state, the 

5 um fluorescence intensity should be approximately proportional to 

this quantity. From Fig. IV-5 it seems that the fluorescence intensity 

increases almost linearly from T larger than 800°K for an interval of 

400° within ±10X error. A typical time-resolved fluorescence trace 

is shown in Fig. 1V-6. The fluorescence rises in the combined time 
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Fig. IV-5. SiF, V, mode population multiplied by the quantum 

number dependence for Av = 2 transition as a function 

of temperature. 
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Fig. IV-6. Fluorescence trace at 5.0 ym from the gas mixture 

excited by 0.175 J/pulse laser. The first spike is 

enlarged in the insert (a). The dashed line ( ) 

indicates the exponential decay with D = 3.5 x 10 
-1 sec 
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of the 1.3 ysec laser pulse duration and the 0.4 \jjec detector response 

time. The thermalization in the mixture in the irradiation column 

should be completed before the maximum fluorescence intensity is 

reached. The V-V energy transfer between a highly excited SiF, mole

cule and a cold reactant or SiF, molecule should occur on a near gas 

kinetic time scale (see Chapter III and Refs. 59 and 82). The vibra

tional frequencies of the fundamentals of SiF, and the reactants are 

listed in Table IV-4, For each reactant there are several vibrational 

modes with frequencies very close (difference smaller than kT ) to 

those of the SiF, modes to make near-resonant V-V transfer possible. 

For the V-T (vibration-translation) process, it was concluded after a 

series of studies with many polyatomics that the rate of such processes 

is usually determined by the V-T transfer rate for the lowest vibra

tional mode. The frequency of the lowest mode of SiF, is 260 cm 

From the Lambert-Slater plot it was estimated that V-T relaxation 

occurs in 65 collisions through this low frequency mode. The reactants 

have frequencies even lower than 260 cm . V-T relaxation through the 

reactants would then be even faster since the fast V-V rate may provide 

rapid vibrational equilibration between SiF, and reactants. During 

the laser pulse alone more than 65 collisions per molecule occur at 

the pyrolysis pressure at room temperature. Since the translational 

temperature would increase during the process of vibrational relaxation, 

many more collisions within and shortly after the laser pulse for each 

molecule in the irradiation column should be expected. Thus the 

file:///jjec
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Table IV-4. Vibrational frequencies of the molecules in the pyrolysis 
mixtures. 

Frequency (cm ) 

SiF.a 

4 
C,K 5Cl b CC1 3CH 3

C CHCl2CH,Cld 

1022(3)e 3014 3005(2) 3013 

800 2986 2938 2995 

420(3) 2967 1444(2) 2956 

260(2) 2946 1378 1477 

2887 1081(2) 1322 

1470 1067 1256 

1448 712(2) 1215 

1448 521 1160 

1385 3;3 1015 

1289 343(2) 911 

1251 239(2) 822 

1081 f 711 

1036 666 

97-' 393 
786 326 

677 256 

336 191 
251 101 

a. From Ref. 116. e. Number in the p.ire:.thesis indicates 
b. From Ref. 45. degeneracy. 
c. From Ref. 117. 
d. From Ref. 71. Ramun active. 
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complete thermalization of the absorbed energy Is anticipated at the 

maximum fluorescence. This point is also supported by the results 

from the high pressure pyrolysis described in the previous subsection. 

A series of sharp spikes with decreasing amplitude appear in the 

fluorescence trace, Fig. IV-6. These spikes are believed to be due to 

modulation of temperature in the irradiation column by Shockwaves 

propagating between the center of the column and the cold wall of the 

fluoreccen~e cell. During the propagation the Shockwave dissipates 

energy to the originally cold gas outside the irradiation column and 

to the cell wall, therefore the retuning Shockwave from the wall to 

the column carries less energy each tine and the fluorescence inten

sity decreases from one spike to the next. The time interval between 

two consecutive spikes corresponds to the round-trip travelling time 

of the Shockwave between the column and the wall. This time interval 

increases from about 175 ysec between the first, two spikes to about 

220 psec between the 5th and 6th spikes. The Shockwave speed varies 
108 as the square root of its amplitude. The 1.5 times increase of the 

Shockwave travelling time indicates a 2.2 times decrease of the tem

perature in the column. This is reflected by the fluorescence inten

sity which decreases by an order of magnitude from the maximum to the 

5th spike (c.f. Fig. IV-5). The radius of the fluorescence ceil is 

2.5 cm. The 175 usee time interval gives approximate speed of 2.8 x 

10 cm/sec for the initial propagation of the Shockwave in the 6 Torr 

mixture. The radius of the irradiation column is only 0.32 cm. This 
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means that it only takes on the order of 10 usee for the shock wave to 

carry the energy out of the column. A shoulder was observed 30 usee 

after the fluorescence maximum on the slope of the first spike, Fig. 

IV-6(a). This could result from a shock wave moving longitudinally due 

to a 20-30% energy difference between molecules at the two ends of the 

cell. The amplitude of the second fluorescence spike is only about 1/3 

of that of the maximum. The temperature at the second spike must be 

many hundreds degree Kelvin lower than the maximum temperature. This 

means that the pyrolysis occurs predominantly in the time interval of 

the first spike. The decay of the fluorescence shown in Fig. IV-6(a) 

is certainly not a single exponential. However by neglecting the small 

shoulder, the decay in the first 20 usee can be treated as a single 

exponential and a rate constant can be extracted. This rate constant 

should be sufficient in defining the temperature variation during the 

course of the reactions. The -30% drop in fluorescence intensity during 

this 20 usee indicates a several hundred degree decrease in temperature. 

Almost all the reactions should occur within this period. The rate 

constant was later used as D for the temperature decay in the model cal

culation. It was also found that this decay rate depends on the incident 

pulse energy, Fig. 1V-7. As the laser energy changes, the energy 

absorbed and thus the maximum temperature in the irradiation column 

changes. The higher the temperature is, the faster the shock wave moves. 

This was clearly indicated by the trend of the time interval between the 

first two fluorescence spikes at different pulse energy; the time 
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Fig. IV-7. Decay rate ccstant of the first ir fluorescence spike 

as a function of incident laser pulse energy. 
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interval increased from 175 usee at 0.175 J/pulse to 205 Msec at 0.132 

J/pulse. However, since the variation of the energy absorbed is less 

than a factor of two between the highest and the lowest pulse energies 

in Fig. IV-7, the variation of the decay rate should only be about a 

factor of v2. 

The reasons that no fluorescence at 3.4 pm was observed may be as 

follows. (1). The CH stretching 1*0 fluorescence from the irradiation 

column was filtered out by the cold gas outside the column. (2). The 

2->-l fluorescence was too weak to be detected, since even at 1600°K 

v = 2 population would be smaller than 0.2%. 

3. Model Calculation and the Extraction of E and A 
a 

In the model described in Section C parameters T , D, E and A are 
m a 

required to calculate <{>. With D obtained from ir fluorescence and $ 

measu* d for EtCl dissociation, E and A of which are known, T can be 
a m 

determined. T as a function of ct(EtCl) is shown in Fie. IV-8. The m 
cu..ve is used later to calculate (f(reactant) with assumed E and A. 

a 

Consequently E and A for a specific reaction of the reactant are 

obtained by fitting the calculated yield curve to the experimental 

points. 

Also shown in Fig. j.V-8 is the maximum temperature calculated by 

assuming that the measured absorbed energy is statistically distributed 

among all of the degrees of freedom of the molecules present in the 
49 irradiation column. T calculated from the model spans a range of 

400°K for the ethyl chloride yield range from 0.1% to 20%. This 
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Fig. IV-8. Maximum temperature in the reaction zone after laser 

excitation vs the corresponding ethy] chloride yield. 

The points are calculated by statistical distribution 

of the measured absorbed energy with a ±10% uncertainty. 

The solid line is calculated from the phenomenological 

model calculation. 
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temperature span seems to be somewhat smaller than the one estimated 

from the absorbed energy, which is about 600° ± 200° wide. Such a 

mismatch may well be induced by the simplified picture of a unified 

temperature decay in the reaction zone in the model calculation. 

However any defect that might result from this simplified treatment 

of the temperature history is compensated by the usage of the "internal 

standard". Even though T and D may not represent the true temperature 

history in the reaction zone, the two parameters can certainly 

characterize the pyrolysis process in the phenoroenological model 

that produces correct yield for ethyl chloride and may be transferred 

to characterize the dissociation of other reactants simultaneously 

present with ethyl chloride in the irradiation column. The sensi

tivity of the result to these parameters is tested by the following 

calculitions which used sets of T and D values different from Figs. 
m 

IV-7 and 1V-8. These D and T values were matched to give correct <t> 
m 

for ethyl chloride. It was found that these calculations gave similar 

E and A values to those obtained for 111TCE dissociation from cal-a 
culations with the curves in Figs. IV-7 and IV-8. The test calcula

tions performed were: 

1. By decreasing the irradiation volume by 75% (the 1/e width of 

the laser profile was 'ised as the diameter of the Irradiation 

column), all the <p* s wei- increased by 75% while $( re act ant)/ 

<}>(EtCl) is still the same. Fig. IV-7 was still used for D yet 

a new T curve was calculated to fit the new (f(EtCl). T was m m 
ebout 50° higher than the curve in Fig. IV-8. 
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2. The D values obtained from ir fluorescence were varied by 30% 

and a new T curve, about 10°K away from the Fig. IV-8 curve, 

was calculated to fit the ethyl chloride yield. 

In both calculations the E and logA values of lllTCE dissociation that 

best fitted the <KlllTCE)-if>(EeCl) curve fell in the range of 49 ± 1 

kcal/mole and 13 ± 0.2 respectively, Fig. IV-9 and Table IV-5. 

Because of the exponential dependence of the reaction rate con

stant on temperature, the longitudinal and transverse inhomogeneity 

of temperature in the irradiation column, resulted from the laser 

intensity distribution and the large percentage absorption by the 

mixture, may affect the value of the product yield. The product yield 

can not be designated to a definitive temperature, since the temperature 

of the reaction zone varies with time. With the usage of the internal 

standard, it is the ratio of (f>(reactant)/<t>(internal standard) rather 

than <(>(reactant) that determines the evaluation of the kinetic para-

mecers. The temperature inhomogeneity may cause the absolute value of 

<t> to deviate from the true value, but its effect on the ratio of the 

yields is small. The effect of the longitudinal temperature inhomo

geneity is discussed here. It is clear from Equation (1V-2) that the 

product yield is inversely proportional to the reaction zone V , 

<j> = C/V 
T reac. 

UV-7) 
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Fit;. IV-9. Test calculations for CC1,CH, dissociation. A ?Y 

smaller irradiation volume was used [ <> •.valuat. ';, 

experimental yields, (i). The yields !UT..' art' 7'>~ 

higher than in Fig. IV-3. Solid lints art- the 

fitting curves from the model calculation. The 

numbers at the curve indicate the E value. H and 
a a 

logA are 52 and 13.55, 50 and 13.07, 48 and 12.92, 

and 46 and 12.60, respectively. The best values 

that fit the points are E • 49 and logA = 13.0. 
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Table IV-5. Test calculations for CC1,CH dissociation using different sets of T and D. 
3 3 m 

Set <KEtCl)0O D(10 4sec _ 1) T (°K) E (kcal/mole) logA (fr<lllTCE) (%) 

I 0.15 2.10 1136 49 13.018 1.11 

10.0 3.63 1393 49 13.018 33.3 

II b 0.15 2.. 9 1148 49 13.025 1.12 

10.0 3.53 1391 49 13.025 33.8 

a. This is the set of calculations for the E a = 49 kcal/mole curve shown in Fig. 1V-3. 
The D values are from the curve in Fig. IV-7. 

b. The D values are taken at the edge of the error limit of the points in Fig. IV-7. 
There is essentially no change for the fitted E and A from the values in Set I. 

oo 
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C is a shorthanded form for all the other observables in Equation 

(IV-2) related to that particular pyrolysis experiment. If there is 

longitudinal temperature inhomogeneity in the cell, then V in 

principle is not simply the volume of the irradiation column V as 

in Equation (IV-2). In order to obtain the true product yield for 

the temperature T. at the entrance window, the volume of the 

irradiation column should be normalized according to the reaction 

rate which varies along the cell longitudinal axis with the temper

ature. The normalized V is 

^ f E a -E /RT, 
V r - iir' / e R T ( X ) dx/e a * (IV-3) 

T(x) = T (1 - ax/L) (IV-9) 

a is the percentage of the laser energy absorbed by the mixture, L is 

the cell length, and r is the irradiation column radius. For simplic

ity a linear decrease of temperature alon^ the longitudinal axis is 

assumed, Equation (IV-9). The integral in Equation (IV-8) can not be 

solved analytically. However it can be truncated in m + 1 divisions 

and evaluated as 

E 
a 

1=0 
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The r a t i o of (Kreactant) and .Hint , s t d . ) i s 

C V (E ) 
4>(reactant) reactant r a, i n t . s td . . . . . . , . 
(Mint, std.) C. „ „. V <E "' ) U 

int. std. r a, reactant 

For the case of a * 25%. F, . , - 60 kcal/mole, r. ^ = 
a, int. std. a, reactant 

30 kcal/roole, the yield ratio is shown in Table IV-6 for three differen 
T.. Even though the ratio V /V may be as large as 3-4 at these tem
peratures for a = 25% and E - 60 kcal/mole, indicating that i (T.) uoulu 
r a I 

heavily underestimated with V • V . However, the effect nf V 
reac. r rear. 

on the yield ratio is snail. Even with a 30 kcal/mole difference 
between E and E , , the yield ratio without con-

a, reactant a, int. std. 

sidering the temperature inhomogeneity is only - 30? higher than the 

one for the true yields. Furthermore, the variation of the yield ratio 

between 1000°K-1500°K is only 6%. This means that F. and A obtained 
a 

for the reactant from the yields evaluated according to Equation (IV-2) 

are only 6/> and -30£ different from those that would be obtained with

out longitudinal temperature inhomogeneity existing in the cell. For 
an E difference of less than 30 kcal/mole, the percentage error would a 
be even smaller. The $ has a precision of ±8%. The values obtained 

for E and A in Figs. IV-3 and IV-4 already have uncertainties ~ -AT. 

and ±200% respectively. Therefore, the error on the determined kinetic 

parameters caused by the longitudinal inhomogeneous temperature distri

bution is really minimized by the usage cf the internal standard. The 

same argument can also be applied to the radial temperature inhomogeneity 
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Table IV-6. The effect of longitudinal temperature inhomogeneity on 
the ratio of the reactant dissociation yield and the 
internal standard dissociation yield. 

<j>(reactant)/<f>(internal standard) 

T (°K) V = V b V = V 
i reac. r reac. r 

1500 1 0.67 

1250 1 0.69 

1000 1 0.72 

The ratio, in units of C r e a c t a n t / C ^ n t - S ( : c | . , was calculated for 
the case of 25X absorption of the laser energy. E a, reactant was 
assumed to be 30 kcal/raole and E a int.std. = ^0 kcal/mole. 
Without considering the temperature inhomogeneity, the irradiation 
volume was taken as the reaction volume. 
The irradiation volume was normalized according to the longitudinal 
temperature variation and Eqn. (IV-24) with m = 9. 
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Thus it can be concluded that the model calculation coupled with 
the usage of an internal standard can be used effectively to deter
mine E and A for an unknown reaction, even for the situation that 

a 
the E of the internal standard is 30 kcal/mole away from that of a 
the unknown reaction. 

4. 1,1,1-Trichlnroethane Dissociation 

Results from the model calculation for the 111TCE dissociation pro

ducing CC1?CH-are shown in Fig. IV-3. The best fit with the experi

ments can be obtained with E = 49 kcal/mole and locA = 13.0. The 
a 

sensitivity of the calculated curve on the values of E and A is 
a 

also displayed in Fig. IV-3. The uncertainty of the experimental 

points gave a corresponding uncertainty of ±2 kcal/mole for E and 

^0.3 for logA. It should be noted that in Fig. IV-3 the slope of 

the (K111TCE) vs iJi(EtCl) curve is primarily determined by the value 

of E while the variation of A shifts the magnitude of the yield 

curve. 

The values of E and A obtained in this study agree with the ones 
109 reported by Barton and Onyon, Table IV-7. It was reported in their 

static pyrolysis that homogeneous dissociation reaction of 111TCE 

contained two mechanisms; a radical reaction mechanism involving CI 

and CC1..CH radicals which can be completely surpressed by j>1.5% 

propylene, and a direct HC1 elimination reaction. Under uninhibited 

conditions (pure 111TCE) the radical reaction dominates. In our 
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Table IV-7. Kinetic data for the CCI3CH3 dissociation producing 
CC1 2CH 2. 

This Work Ref. 109 

Method Sensitized Static Pyrolysis 
Laser Pyrolysis 

Temperature Range 1000 - 1600 635 - 707 
<°K) 
E (kcal/mole)3 49 i 2 50.0 a 
logA3 13.0 i 0.3 13.34 

a. All the values were obtained from the uninhibited overall reaction 
rate. In Ref. 109 the maximally inhibited rate gave E a = 54.2 
kcal/mole and logA = 14.0 for the molecular elimination reaction. 
The radical chain reaction rate gave E a = 47.9 kcal/mole and logA -
12.53. A shock tube pyrolysis also determined E a = 54 kcal/mole 
and logA =14.0 for the molecular elimination, Ref. 41. 
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sensitized laser pyrolysis, the radical reaction should not be inhibited 

by p-dioxane which was at most 0.1% of the amount of 111TCE in the gas 

mixture. SiF, does not affect the radical reaction rate. The very 

high bond energy of SiF, excludes its participation in the radical chain 

reactions. However, the possible involvement of EtCl in the radical 

chain reactions of 111TCE should be considered. The most probable 

radical reaction for EtCl in this system is 

k12 CI + C 2H 5C1 » HC1 + CHC1CH3 . (IV-12) 

CHC1CH, does not dissociate into stable molecules without a proton 

transfer process occurring first. It will be terminated most probably 

by reacting with a CI atom 

k13 CI + CHC1CK — 
13a CHCl-CH (IV-13a) 

k 
1 3 b - HC1 + C 2H 3C1 (IV-14a) 

generating 1,1-dichloroethane and/or vinyl chloride. Since no 1,1-

dichloroethane was detected in the pyrnlysis at the detection lirr.it of 

0,1% yield and the yield of vinyl chloride vas two orders of magnitude 

smaller than the yield of CC1.CH,, the iffect of EtCl in the radical 

reactions of 111TCE was negligible. Thirefore in the sensitized laser 

pyrolysis the dissociation of 111TCE is considered as uninhibited and 

the E and A obtained should be compare.i with tiie ones frô i ttie overall a 
reaction rate in Ref. 109. 

http://lirr.it
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5. 1,1,2-Trichloroethane Dissociation 

The yield curves from the model calculation that best fit the mea

sured 112TCE product yields are ahown in Fi^. IV-4 and the values 

determined for E and A are listed in Table IV-8. In the calculation, a 
the yields of cis- and trans-dichloroethene were corrected by the factor 

(1 - -̂  Z 0.) (see Model Calculation). Since the vield curves of these 

two major products are very close and parallel, which Indicates that E 

and A for the two reactions are very similar, such a correction should 

be satisfactory. For the calculation of the yield of the other two 

products, 1,1-dichloroethene and vinyl chloride, predetermined values 

of E and A for cis- and trans-dichloroethene are used to solve Equation a 
(IV-6). Due to the uncertainty of the experimental points, all the 

values of E and A determined have similar uncertainties except for the a v 

product 1,1-dichloroethene, for which the uncertainty is larger due to 

the larger scattering of the experiment 1 points. 

In this study of 112TCE dissociation the microscopic reaction 

channel, i.e. the elimination of specific H and CI atoms, can not be 

identified for each product. The E and A obtained can only be viewed 
a 

as the Arrhenius parameters for the "generation" reaction of the products. 

E for the production of trans- and cis-dichloroethene agree well with a 
the values reported by Kim and Setser in a chemical activation study, 

Table IV-8. In that study both a 4-centered and a 3-centered activated 

complex were proposed for the HC1 elimination mechanism to produce the 

dichloroethenes. However, no radical reaction mechanism was discussed. 



Table IV-8. Kinetic data for the dissociation of CHC1-CH.C1. 

E (kcal/mole), logA 

Method 
Temperature 
Range (°K) cis-C.H.Cl trans-C H.C1. CC12CH C„H1C1 

This Work Sensitized 1000-1600 60 ± 2 , 57 1 2, 30 i 5, 73 ± 2, 
Laser Pyrolysis 14.0 i 0.4 13.6 t 0.4 7.7 + 1 15.2 ± 0.4 

Rcf. 71 Chemical — d 59 - 60, e 59 - 60, e 57, 
Activa: ion — — — — 

Ref. 100 Flow 620-770 — — 38, 
Pyrolysis — — 9.7 

Ref. 101 Flow 640-800 — — 34, 
Pyrolysis — — 9.9 

a. Values are for the predominant molecular elimination reaction. 
b. Determined from the overall rate including contributions from molecular elimination, 

radical reactions and possibly heterogeneous reactions. 
c. Determined from the yield from radical reactions involving both 112TCE and Etcl. 
d. The initial energy content of 112TCF was -90 kcal/mole. 
e. 59 kcal/mole is for the 4-centered elimination and 60 kcal/mole for the 3-centered 

elimination. 
f. Determined from the total reaction rate of all products. CC.1_CH„ was the major product. 
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E for the 4-centered HC1 elimination producing CC1.CH- was given as 

57 kcal/mole, more than 20 kcal/mole higher than the value determined 

in this studv. The later value, however, agrees more with E for 
a 

the overall dissociation of 112TCE reported in two earlier flow 
100,101 pyrolysis at lower temperatures, Table IV-8. In these two 

studies, CC19CH was the major product. In view of the yield curves 

in Fig. IV-4, it is conceivable that the yield curves of cis- and 

trans-dichloroethene and that of 1,1-dichloroethene would cross at a 

temperature lower than 1000°K and 1,1-dichloroethene would become the 

product with highest yield in the temperature ranges of these two 

flow pyrolyses. It is not surprising that at these temperatures no 

vinyl chloride was reported as product. In the chemical activation 

study, in which the initial energy content of the activated molecule 

was as high as 90 kcal/mole, vinyl chloride was detected but no 

kinetic data was reported. 

The dissociation mechanisms of 112TCE can be classified into 

three groups; homogeneous molecular elimination, homogeneous radical 

chain reactions, and heterogeneous reactions which may involve both 

radicals and molecules. The homogeneous molecular elimination produces 

dichloroethenes 

CHC12CH2C1 

CC1 2CH 2 + HC1 (IV-14a) 

trans-CHClCHCl + HC1 (IV-14b) 

cis-CHr.lCHCl + HH (IV-14c) 
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through a 4-centered or a 3-centered activated complex 71 

Radical chain reactions were reported for the dehydrohalogenation 

of the primary bormides and most of the polyhalogenated hydrocarbons in 
In the flow pyrolysis of 112TCE at 720°K, about 90% of the uninhibited 

overall reaction rate was surpressed by adding toluene to 112TCE. 

The reaction rate reached a constant level when the toluene concentra

tion was >5%. Toluene functioned as an inhibitor for the radical 

chain reaction. 1 1 1 At 720°K, (KCCl.CH.) /i)>(trans- and cis-CHClCHCl) = 

0.7. After carefully examining the radical reaction rate of the 
112 radical reactions involving chlorinated-hydrocarbon radicals, a 

homogeneous radical chain mechanism for 112TCE dissociation analogous 

to the mecharism proposed for 1,2-dichloroethane is sketched here. 

Initiation CHCljCH.Cl CI + CHC1CH CI (IV-15) 

Propagation CI + CHC10CH,C1 
CC1 2CH 2C1 + HC1 

-*- CHC12CHC1 + HC1 

(IV-16a) 

(IV-16b) 

CHC1CH CI =5= 37 
k .. 

CI + C 2H 3C1 (IV-17) 

CC1„CH„C1 2 z CI + CC1 2CH 2 (IV-18) 

CHC12CHC1 CI + CHC1CHC1 (IV-19) 
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Termination 
CI + CHC1CH.C1 

* , CHCICHCI + HC1 
-— CHC1 2CH 2C1 

(IV-20) 

CI + CC1 2CH 2C1 
C 2HC1 3 + HC1 

CC1 3CH 2C1 

(IV-21) 

CI + CHC12CHC1 
C 2HC1 3 + HC1 

CHC1 2CKC1 2 

(IV-22) 

CHCICHCI may be either in trans- or cis- configuration. The chain is 

initiated by the rupture of the C(1)-C1(1) bond, the weakest bond in 

112TCE. In general, C-Cl bond is 5-20 kcal/mole weaker than C-C or 

C-H bonds and the addition of CI to the carbon atom would lower that 

113 
bond dissociation energy further by 5-10 kcal/mole. In the propaga
tion the dissociation of the chlorinated radicals should always occur 
to the CI atom attached to the carbon next to the radical site. The 
dissociation of C-Cl would not occur without a radical rearrangement 
first. The CI abstraction was not considered for CI + 112TCE reaction 
because generally the CI abstraction has a much higher E than the H 
abstraction and even at 1600°K its rate nay be at most 5% of tu^ H 

112 abstraction rate. The recombination reaction of CI + CI and the 

reactions of organic radicals are not included in the termination 

process because the former is a 3-body reaction and the latter 
112 generally have a low A value, logA = 10-11. This mechanism is 
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consistent with the detection of C.,HC1_ in the sample after pyrolysis. 

However the yield of C.HC1, was less than 10% of that of CC1 2CH 2 > 

suggesting that the radicals produced in Equation (IV-16) dissociated 

mostly through Equations (IV-18) and (IV-19). There might be hetero

geneous contribution to the radical reactions, especially in the 
109,110 termination reactions as suggested by some previous studies. 

Heterogeneous reaction certainly is a distinct possibility for 

the dissociation of halogenated hydrocarbons. In the flow pyrolysis 

of 112TCE, E = 27.3 kcal/mole and logA =6.5 were determined from tin' 

maximally-inhibited overall reaction rate. CCl^CH- was the main 

product. The A factor is unreasonably low for a molecular elimination 

process. The value of E is very close to the values previously deter

mined for some glass wall induced molecular elimination reactions. 

To demonstrate the effect of heterogeneous reaction on the dissociation 

of 112TCE, two pyrolysis experiments were conducted wit' the short cell 

0.9 cm in length and 4.8 cm in diameter. The pressure was the same as 

in the long cell experiments and the P(40) line of the laser was used 

for excitation. The NaCl surface area in contact with the gaseous 

reaction zone increased by 4 times relalive to the volume and the glass 

surface area in the short cell compared to the long cell. However, none 

of the 4 products showed higher yield in the short cell pyrolysis, 

Fig. IV-4. The yield of El.Cl was used as an indicator for the tem

perature here since it has been shown in Seition C-l and Fi^. IV-2 

that the heterogeneous contribution to I'M.- ! '.CI dissociation was 
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negligible. Therefore the possibility of heterogenous dissociation of 

112TCE on the NaCl window surfaces can be discounted. In contrast, 

in the short cell pyrolyses the yield of CC1.CH. decreased substantially 

vs the yields of the other three products. One possible explanation for 

this decrease is glass wall induced dissociation of 112TCF.. In the 

pyrolysis after the laser excitation, energy absorbed by the irradi

ation column, E , , will be dissipated to the surrounding cold gas 

abs. 

as the shock wave propagates outward radially. As the heat diffuses 

to the glass vail, the energy content of the molecules at the wall is 

higher in the long cell than in the short cell. The short cell dia

meter is about 25% larger than the long cell. The lower energy content 

of molecules at the short cell wall may lead to a smaller contribution 

from wall reactions. The decrease could be fairly substantial if the 

E of the wall induced dissociation is on the order of 27 kcal/mole. 
a 

Therefore the product yields from the short cell can be viewed as 

surface-reaction inhibited. The scattering of the data points of 

CC1.CH in Fig. IV-4 may be partly due to the contribution from the 

wall reaction. li the laser beam did not go through the exact same 

spot of the cell in each pyrolysis, the geometrical variation would 

cause the temperature at the wall to change and therefore different wall 

reaction yield from pyrolysis to pyrolysis. A second possible explana

tion for the decrease of the CC1_CH_ yield is through the termination 

of the radical chain on Mie NaCl surface. If the termination reactions, 

Eqns. (IV-20), (IV-21) and (IV-22), occur on the NaCl surface, then the 4 
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times higher NaCl surface/volume ratio would decrease the radical 

reaction contribution to the yield. However, since no such yield 

decreases were observed for the vinyl chloride yield and for the 111TCE 

dissociation yield, both were predominantly from Tadical mechanisms, in 

the short cell pyrolyses, this possibility seemed less likelv. There 

vas no discernable decrease for the yields of trans- and cis-dichloro

ethene. Even though there might be heterogeneous contributions to 

their yields, the magnitude was within the error limit of tin* measure

ments. 

With all the reactions considered, the mechanism of the genera

tion of each individual product can now he examined. For the genera-

: i>>-. of trans- and cis-dichloroethene, the molecular elimination, 

l.v'. MV-14b) and Eqn. (IV-14c) , should be the predominant mechanism. 

The heterogeneous contribution has been shown to be negligible. The 

yield from homogeneous radical reactions depends largely on the rate 

of reaction (IV-16b). The two reactions, Eqn. (IV-]6a) and Eqn. 

(IV-16b), have beeTi studied and their rate constant determined, k = 
a 

1 0 1 2 ' 9 5 exp(-3100/RT) and kfe « 1 0 1 3 ' 1 3 exp(-370O/RT). 1 U In the pyro-

lysis temperature range, k = k . Therefore, the yield of either 

trans- or cis-dichloroethene from radical reaction is comparable to 

or even smaller than the yield of CCl^CHp, which is negligible to the 

total yield of trans- and cis-dichloroethene for T > 1000°K. The 

ohserved trans- and cis-dichloroethene yield in these sensitized 

nyrolyses must be primarily from the molecular elimination mechanism 
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and the E and A in Table IV-8 are determined for Eqn. (IV-14b) and 
Eqn. (IV-lAc). 

For the generation of CCl-CH,, the value 57 kcal/mole determined 
for the HC1 elimination reaction (IV-14a) by the chemical activation 
studv is in contrast with the trend of E observed for the HC1 elitnin-

a 
at ion reactions of chlorinated ethanes. It was observed that a-

and i?-chlorination would lower and raise the activation energy by 
several kcal/mole for the HC1 elimination reaction respectively. * 
a- and i-positions are defined as Cl-Cl(a)-C(8). This trend agrees 
with the behavior of the C-Cl bond energy. The a-chlorination would 
lower the C-Cl bond energy by 5-10 kcal/mole.' From this trend, E 
of Eqn. (IV-14a) is expected to be several kcal/mole higher than 59 
kcal/mole. The seemingly low 57 kcal/mole may be resulted from that 
the contribution from the radical chain mechanism to the yield was not 
considered in the chemical activation study. The yield from molecular 
elimination tangled with the yield from the radical reactions under 
uninhibited conditions may give a lower value for E as was shown for 
111TCE dissociation discussed in the previous subsection. In addition 
to the possibly high E , Eqn. (IV-14a) should have a small A factor. 
The reaction path degeneracy of the H(1)-C1(2) elimination is A times 

42 71 smaller than that of the H(2)-C1(1) elimination. ' As a result of 
higher E and smaller A, the yield of CC1-CH, from Eqn. (IV-9a) would a z z. 

be considerably smaller than the trans- and cis-dichlorcathene yields 
to the extent that it is comparable to, if not smaller than, the yield 
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from radical chain mechanism and heterogeneous reactions. In the 

sensitized pyrolysis, the surface reaction-inhibited yield from the 

short cell experiments showed a higher E than the one determined 

from the overall reaction. The slope of the two data points in Fig. 

IV-4 indicates an E > 40 kcal/mole. In order to obtain the true a — 
E of Eqn. (IV-lAa) the pyrolysis must be performed under maximally-

inhibited and surface reaction free conditions. 

The contribution from radiral reactions to CCl.CH, was demon

strated by a laser pyrolysis with toluene added in the mixture as a 

radical chain inhibitor. With toluene amounts to 18% of the EtCl-

112TCE quantity, the yields of CC1.CH. and C H.C1 decreased by more 

than a factor of three than the uninhibited pyrolysis yields. Table 

IV-2 and Fig. IV-4. Though the Inhibited pyrolysis was done in the 

short cell, in which the contri'c ,-ion from the wall induced dissocia

tion is less, the effect of toluene on CC1_CH~ yield is still apparent 

when it is compared with other short cell pyrolyses. In contrast, the 

inhibited pyrolysis has cis- and trans-dichloroethene yields the same 

as the uninhibited ones. This also demonstrates that cis- and trans-

dichloroethene are predominantly from molecular elimination reactions. 

Although from the C2H,C1 yield it was shown that -80% of the radical 

reactions were suppressed by adding 18% toluene, in order to completely 

eliminate the radical reactions more toluene or a better inhibitor 

should be used. 
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The yield of vinyl chlorHe must be solely from the homogeneous 

radical chain mechanism. The CI. elimination is excluded because of 

the very high E . The heterogeneous contribution has been shown to 

be negligible. In the proposed radical mechanism, only reactions 

(IV-15), (IV-17) and (IV-20) arc related to vinyl chloride. However, 

ErCl in the mixture may also involve the production of vinyl chloride 

through reactions (IV-12) and (IV-13). Indeed this was demonstrated 

bv a pvrolvsis with onlv 112TCE and SiF, in the mixture. All the 

experimental conditions were the same as described in the Experimental 

Section except the mixture was composed of 4.9 Torr SiF and 0.7 Torr 

112TCE. The EtCl-absent pyrolysis with a low laser fluence showed a 

505: decrease of the vinyl chloride yield than that of the EtCl-present 

pyrolysis at the same fluence, Fig. IV-4. With steady state assuinption 

for the radicals CKC1CH, and CHCICH^CI, the rate constant for vinyl 

chloride production is 

k1?(k.[112TCE] + k_ 1 7[Cl][C 2H 3Cl)) 
kVC = ~ (k 1 ? + k tCl])[112TCE] 

k_ 1 7|Cl][C 2H 3Cl] k 1 2k 1 3 b[Cl][EtCl] 
"[112TCE] + k 1 3[112TCE] (IV-23) 

^ 1 : kvc[112TCE] (IV-24) 
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For the pyrolysis temperature range k [CI] « k , for typical rate con-
112 stants of H abstraction by CI and CC-C1 dissociation. Therefore Eqn. 

(IV-23) can be written as 

k k [CI][EtCl] 
kVC • k i + k ^ [U2TCE] < I V - 2 5 > 

It is clear that pyroiysis of 112TCE in the absence of EtCl would give 

E and A for the C-Cl fission reaction (IV-15). Though in the pyrolysis 

with EtCl the contribution to the vinyl chloride yield from EtCl may be 

as high as 50%, the E and A obtained still reflect those of the C-Jl 

fission reaction. In general, for a carbon-halogen bond fission reac-
113 tion E - bond dissociation energy and logA > 15 i 1. 
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E. Concluding Remarks 

The combination of SiF, as a sensitizer and a CO. pulsed laser 

as an energy source provides a convenient way to generate transient 

high temperature pulses in a reaction medium. A wide temperature 

range can be obtained simply by adjusting the laser energy absorption. 

With the implementation of an internal standard and the use of a 

phenotnenologica) iuodel calculation, it was demonstrated that the 

sensitized laser pyrolysis can be done quantitatively and the values 

of E and A can be determined for an unknown reaction. The results a 
of the dissociation of 1,1,1- and 1,1,2-trichloroethane are summarized 

in Tables IV-7 and IV-8, respectively. In addition to the HC1 mole

cular elimination reactions, radical chain reactions and even glass 

wall-induced reactions may contribute to the dissociation of the 

polychloroethanes. However, these complications for the reaction may 

be reduced by adding a radical chain inhibitor to the reaction mixture 

or by proper design of the pyrolysis cell. Furthermore, improvements 

in other technical aspects may be achieved to improve the quality 

of the pyrolysis and the model calculation, thereby more accurate 

values of the kinetic parameters can be obtained: 

1. A laser pulse with constant transverse intensity and a well-

defined boundary (a cylindrical beam, ideally) is preferred to 

heat up the gas medium. This would make an accurate measurement 

of the yield possible. The temperature history of the reaction 

zone with a homogeneous temperature distribution can also be 

modelled more realistically. 
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The simple phenomenological model may be revised to mere realis

tically describe the pyrolysis process. Instead of simply 

assuming an exponential decay for the reaction zone temperature, 

differential equations for thermal diffusion of a segment of 

the reaction zone may be introduced. 

The exact relationship between the fluorescence intensity and 

the temperature of the fluorescing medium should be established 

so that the time-resolved fluorescence can be used more precise]\ 

for probing the temperature evolution of the medium. Furthermore, 

instead of SiF, a nonreactive gas with similar energy transfer 

properties as the react;?nt may be put into the mixture as a 

fluorescing probe gas for the temperature evolution. 

The temperature range of the pyrolysis should be extended further. 

This would certainly create a larger yield range for model calcu

lation fitting, so better accuracy of the determination of the 

kimtic parameters can be achieved. Also since roost of the 

reactions including the ones choosen as internal standards studied 

by other methods were with temperatures belou 1000°K, laser 

pyrolysis with a lower temperature range would make the comparison 

of kinetic parameters with the ones from other methods more 

significant. 

For pyrolysis in which glass surface reactions may contaminate 

the homogeneous reaction rate measurement, either a small dia

meter laser beam or a large diameter cell are preferred. A large 
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ratio of total amount of gas in the cell vs the amount of gas in 

the irradiation volume should make the temperature of the gas 

*>t the glass wall so low that the surface reaction is negligible. 

In contrast, for pyrolysis in which the temperature homogeneity 

is more of concern than surface reactions, a laser beam with 

diameter equal to the cell diameter is preferred. In this case 

the energy loss in the irradiation column will not be caused by 

shock wave propagation, instead it will be limited by the thermal 

conduction between the gas and the cell wall, which is e much 

slower process. Therefore the initial high temperature after 

the laser excitation would last much longer and the faster gas 

phase collisions] energy transfer would cause a temperaturewise 

more uniform medium in the cell. 

6. SiF, pressure, cell length and CO laser line should be properly 

matched not to cause too large an absorption of the laser beam. 

Otherwise the medium might have a severe longitudinal inhomogeneity 

in temperature. However, with the usage of the internal standard, 

the problem caused by this inhomogeneity was minimized. 
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APPENDIX I. COMPUTER PROGRAM FOR THE RATE 
EQUATIONS CALCULATION OF MULTIPHOTON DISSOCIATION 

The following changes were made in the original program of Schulz 

etal.: 6 1 

1. The rate equation calculation starts from the vibrational ground 

state population. 

2. Fomulae are added in to calculate 0-. according to Equations 

(11-10) and (11-11). 

3. In addition to I(t), k„, 0„ „,,, and vibrational frequencies (for 
x x., i+1 

the calculation of p ., ) , inputs for u),_, Au , n, and w„ at 100 vib. VB x. R 
MW/cm" are needed. 

t*. P „ in Equation (II-6) was used after the computer calculation to 

evaluate W,. The computer calculation from the beginning of the 

laser pulse till T gives the fraction of molecules dissociated c 
before T as "Yield on". The value of T is calrulated as (7.7 c c 
Us Torr 'P) as an input to the program. P is the EtCl 

pressure. W, is then calculated as W, = (Yield on) * P,„. d d \Z 

Results of a calculation for 1.7 Torr EtCl irradiated by a 1.1 
2 -1 

J/cm narrowband 0P0 pulse at 2976.6 c-m are shown a: ter the program. 
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il REAMPA 

PRCGF.AP REAMPA 1 lM 'UT .OUTPUT . T A P E 5 - l f .PuT.TAPE6»OUTPUT» 
C 
C R I T E SOLUTIONS ANALYSIS OF HULTIPHOTON ABSCPPTICN. 
C T H I S PPCGRAH CALCULATES HPA BY INTEGRATION CF A SET OF RATE E U u t T l l M . 
C THE RA1E E l J U T l O N S 1NCLLDE VIBRATIONAL LEVELS FRCH V ' 3 UPMAkC. 
C TFE INTEGRATION OVER TIME I S DONE AT INTERVALS OF DT * C.OOI K'SfC. 
C 7FEPE ARE 3 SUBROUTINES. 
C A MORD APTUT CM 75? 
C T IHE IN NAKOSECCNDS. ENERGY I N K C A L / H O L E . RATE CONSTANTS IK GHJ . 
C C PCkEP DEdSITV IN NEGAkATT S K * 2 . CROSS SECTIONS IN 1 . 0 E - 1 9 C 1 2 . 
C FREOUENCIES I N C M - 1 . FLUENCE I N J / C M 2 . 
C 

CCfMCN DT 
CIKFNSIO'J T I T L E ! 2C I . R I M 631 . A B S I t O ) , SE ( 6 0 1 , P r P I 6 G ) ,P r ,PP(<H61 I 
C IPENS1CN D I S S C M 6 0 I . P O h U O O l 
D l » E N S l t N PI 6CI t P P P W 6 l l . R T K 2 I 6 0 I ,AES2 I 6 0 I . S E 2 (60 I . C I S S 2 U J I 
DATA C C N S 7 . N 0 I M N / . C l < i < . . 6 0 / 

C CCNST I S A CCNVFPSICf C d S T A M NEEOEO FOR THE VARIABLE t . 
C 
CARD 2 C A * . T I T I E 
CARL) 2 1 1 0 . 2 F 1 0 . * . NF ,NT BF ,DT .T MAX . 
CARD 4 1 1 3 . L F V E L . L O I £ S.LE VE 2 . L 0 I S 2 . 
CAPC 8 F 1 G . 4 . RTK. L E V E L - L 0 I S S » 1 NUMBERS E X P i c T E . 3 . 
C A R D B F I O . * . . R T K 2 . I E V E ? - L C I S 2 »1 NUMBERS EXPECTEC. 
CAPO 6 f l C . < , . ABS( l l . A t < S ( 2 l . » B S I 3 ) >ABSF . A B S 2 I 1 I . A B S F 2 . 
C « C I 1 0 I 3 F 1 C . 4 I I 1 3 . 2 F 1 C . * . NFR EC. EZ f t 0 . 3 F T A . 0 E , NF 0£u2 .E ZFFC 2 .?E TJ .'. 
CARD B r l C . « . PCk. NP K C E E P S EXPECTED. 
CAPC F I Q . 4 . ENRG 
C 
7CC FCFHA7 < 3 F 1 C . 7 , ] 1CI 
9CC FtP'-AT I20A< . ( 
P.C1 FCPPAT ( 2 1 1 0 , 2 F 1 P . * ) 
6C2 FCRMA7 ( I 1 C I 3 F 1 3 . 4 , I 1 0 i 2 F l 3 . < i l 
8C3 FCFfAT ( B F 1 0 . 4 J 
e c FCPPAT u i i o i 
S 3 3 FCRMAT ( I H 1 2 3 A 4 I 
9 3 1 fCFPAT ( • T [ P [ INCFfMCNT • • t F 5 . 3 i * N S E C . ' I 
9C2 FCP^AT I l k . 1 C F 1 0 . 3 I 
9C2 K.RHA1 l » ; 7 H E LAStP POkFR I N »h/C » 2 . • / » P C kE R IS GIVEN' AT I NTE f-'. AL s 

1 C f » . F E . 4 , » NSEC. TOTAL ENERGY « » , F 6 . 2 . » J / f M 2* , 3 5 X . «EN t k r . Y« I 
9C4 FCRMAT (« CPAKAktTCPS I N THE F IRST C1SSCC 1 AT I L N ? » I 
9C5 F[,P»AT ( » HAXIHoM LEVEL * « . I 3 . » O I S S C C I A T I V F LEVEL •» 13 »• I I N : L J i l • 

1C LEVEL 0 . » « ) 
SCt FCPMA7 [ •CPA'>AkE7Ef £ I K T H E SECCNO D l S S L C I A T I L N ? » I 
9 5 0 FfjRMAT I »N«T= * . 1 10 I 
S6C FCP"AT l»Pt .L«» . F 1 0 . 7 , »RFST D * * , F 10 . 7 , »R Pk * • . F 1 0 . 7 I 
I R E A t < 5 , 6 0 0 1 Tl 1LF 
C 
C NP NLPfEP CF PCkEPS TC EC I N P U T . IT IS EITHER THE LENGTH Cf THE 
t LASEk PULSE PR l k t ELAPSE OF T I « E F nx I N T t G F A T I C N I N N S f C . 
C M B P NUPBFF CF T I f f 1NTEFVALS TO T HF OUTPUT OF THt PCP. 01 S7C IH J T U ' . S. 
C D7 TIME I N C R F f F M FCR THt INTEGRATION. 
C TMAX CURA710N OF TFE LASER PJLSE. T M A x / D T - N C . or T I K E I N 7 C F V A L S . 
C ALL VARIABLES B E C I k M K C WITH L ARE INTEGERS WHICH CORR E S»CNUTr AJ 
C ENtRGY CF O E » U > > x . THE SAME VARIABLE PRECEDLC BY AN I , AS IN I L X X » f , 

http://I10i3F1C.4iI13.2F1C.*
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I S JUST U X X X X - L X X X X » 1 . T H I S IS TC GET R I O DF I HE PROBLEM THAT THi 
POPULATION AT 0 ENEKGV RESIDES I N THE VARIABLE P C P U I . 
ILEVEL IS ThE NUMBER E.F L E V a S INCLU0EO I N THE F I R S T D l SSDCI A l l CN. 
U E V C 2 I S THE NUPPIR CF LEVELS INCLUDED I N ThE SFCCNOAPV DISSCCIAT I . ' . 
L 0 I S S . L 0 1 S 2 CORRESPOND TO THE D I S S O C I A T I O N F N E R O I E S I I ANO 2 1 , R F S P . 
LUP IS ThE LEVEL IN The SECOND ABSORPTION BEYOND NHICH THER I S M l 
DECAT INTC HIGHER LEVELS CF THE 5ECCND P X l t C U l t fRCM THE F I R S T . 
KFSTC IS ThE R A M fREO OF THE PUMP MODE FuNOAMtNTAL TRANSIT ION 
AT ICC FWCM2. 
R B . I S THE RLTATICNAL BRANCH t i lOTH 
EWL IS ThE LASER BAND H O l H . 
NRT I S ThE NliMBER CF R t T A T I C N A L TRANSIT IONS IN THE R C T A T I f N t L t . « a « , , . . . 
PP I S THE POWER BRCADEMND FCP ^H'. FUNDAMENTAL T R A N S I T I O N . 
Ef IS TFE LASER FLUENCI UP TP T IME T FOR THE SATuPATICN CF THf 
FL.NOAMFNTAL T R A N S I T I C N . 
AA DEF INES THE FREgLENCT RAN&t FOR SATbRATlCN. 

READ ( 5 , 8 C H NF.NTEP.CT.TMAX 
PEAC ( 5 . 6 0 * 1 L E V E L . L D I S S , I E V E 2 . L 0 I S2 
1LCISS « L D I S S U 
ILEVEL « LEVEL»1 
LUP - I L E V E L - L D I S S 
ILCP = LUP«l 
I L U I S 2 * LO IS2» J 
UEVE2 • LEVE2«1 
DC 5 1 - 1 . L 0 I 5 S 

S RTKI I I - 0 . 
CC 6 1 = 1 . L D I S 2 

t P 7 K 2 U ) - C. 
C 
C 2 fCLLCNING A V A F I i P L E INCICATES ThAT IT REFERS TC THE SEC3'.J JI I S . . 
f RTK.RTK2 RPNM RATE CCNSTANTS FCR THE DISSCC I AT I C r . . 
C A B S U I . A E S i l L I F IRST ABSORPTION CROSS S E C T I O N . 
C ABSF,AESf2 LAST AESCFFT1CN CROSS S E C T I O N . 
C A E S I 2 I AND A B S I 3 I ARE THE V - 1 - 2 AND 2 - 3 A E S C R P T U N CROSS S E C T I 1 : - . ; 
C RESPECT l V t l V . A B S I 3 I DECREASE S £ KPONFNTI ALL V TC ABSF. f CF. CCNSTAM 
C ABSCF1ICN CROSS S t C T K N S I N THE SC SET A B i i J I - A B S F . 
C DE ENEPGY CF THE LASEF PHCTCN. 
C N F R E C N F F E C 2 V i e R A T I C N A l DEGREES OF FREEDOM I N THE M C L I C l / L t . 
C £ i E R C , C Z £ R C 2 2EPC F t I N T ENRGV CF ThE MOLECULE. 
C 8 E T A . E E T A 2 FREUUFNCT C I S P E R S I O N PARAMETER. SEE RCBINSCN ANC f C l . l i - - ' - ' 
C PCM IS T h f ARRAY Cf PC«ER D E N S I T I E S DF THE LASER AS A ( J N C I H N L< I I -
C 

REAC ( 6 , e C 3 l I R T K I D . I ' I L D I S S . I LFVCLI 
I f ( L E V E 2 . N E . 0 1 BfAC I S , B J 3 » ( P T K 2 C I I . I * ILO I S 2 , I I CVF? I 
READ I 5 . 8 C 3 I A b S I I I . » P S U I .ABS ( I I , ABSF. ABS2 I I I .ACS 12 
READ 1 5 . 8 0 2 1 N F R E C E Z F R C i f TA .OE . N F R E 0 2 . E £ E R C 2 . B r IA2 
READ ( 5 , 8 0 3 1 (FCxI 1 1 . I » 1 , N P I 
F.EAD C5,~C:>I RF STD.RBfc.BKL.NRT 

T H I S PfcCCBAP ASSUMES TFAT FCR VERV SHrnT 
TIME T D I S S O C I A T E AT TIME T * 1 T . 

CC 7 I ' l L C I S S . I L E V t L 
I F I R T M I M O T . C I . l . > R T K I I I ' l . / D T 
CC e 1= I L O I S 2 . I L E V E 2 

L IF ET 1ME S r A T t S . M C L U U L t S i l 

http://fCl.li--'-'


208 

IF ( R l K 2 ( I I * D T . G T . i . t HTK2U) " l . /DT 8 
C 
C I N I T I A L I Z E »NC SET THE ARRAYS NECESSARY. 
C 

P L K l N P U l • 0 . 
I C k K I T E I 6 . S 9 0 ) T I T l f 

t iRlTE I 6 . S C 4 I 
• C I T E ( 6 , 9 0 * 1 L E V E L , L C I S S 
CALL PRE P U E S . A e S E . S E , LEVEL. NFREC. Cll RC , BET A, 0 E , POP, D ISSCN. P L P ^ M V , 

1ND1MNI 
IE I L E V E 2 . E C . 0 I CO TO 15 
k R I T E < 6 . < ! C 6 I 
I .R ITE ( 6 . S 0 5 I L E V £ < . L D I S 2 
CALL PFEPCABSZ. ABS F 2. S C^.L EV E2.NFP E 0 2 . til RC 2,BE TA2.0E ,P , D I 5S2 , . *? • v 

1 . N 3 1 M M 
15 E * 0 . 

CC 2 3 1*1 .NP 
2C E - E t P O M I I 

E * E ' T H A X / I N P M C O C . I 
C I M T U L P C P U L M I C N D1STP I P'JT ICN . 

PCPI 1» • NRT»BhL/RH» 
F C F P P v l l l • N P T » B W L / R B « 
F P P V » N R T » e i > L / R B k 
PC UMAX • 0 . 

P M M CLT THE ENERCY AkC PCiER D E N S I T I E S CF THE LASER. 
ENRG TCTAL EN f P. 6V DENSITY I N , I /CM2 FOR NORMALIZING PLhER CENSI 
E I S I K TCTAL ENEfGY EENSITV CF T f E LASER. 

H « C 1 5 . 8 0 1 ) ENRG 
I f (ENPG . L E . 0 . 1 STEP 

DC 3C 1 - 1 . N P 
P C < 1 I « PDHl I I » E N R G / E 
h R I T f ( 6 , 1 Q J I ( T K A X / N P t . E N P G 
fcRITE 1 6 , ^ 3 2 1 I P C k U ) , I " I , N P I 
M l * T » A X / D T 
K I T E 1 6 , S C 1 I C.T 
k P l T E ( 6 , S 5 0 I NRT 
W M T E I 6 . S 6 0 ) E r f L . H S T D . R B k 

NCrf CO THE I N T F G R A 1 I D N . I 
LATE THE PCPULATICI* O I S T B I 
THE INTEGRA TICN FCR THE DI 
T I L L THE "AX LASER INTENSI 
IF THE LASER INTENSITY l«AX 
'ii Sh lULD BE C-UNCFD IC M» 
THAT THE TCTAL PCPULATION 
CAN C M * BE C A R P l i t CUT T l 
»AKt THE TfTAL P0LLLAT1CN 
T I » E CEFENCENT PLkEF PFCAC 
A P S . A P S 2 APE I M t f L l l AFf i i 
SE. SE2 APE TFE A K R I Y S OF S 
C A C C E F F I C I F N T I N T h l PAT 

PGPPRV I S 7Hf P H E H C L S PC 
PPRV IS T H P R E v K U S PCPUL 

NCREMfNT OVER Tl »E , AND FOP EACH T l " r CALCo-
e U T I C N u B l C H R E S l D t S IN T h f ARRAYS PC P A'..; ••. 
SCRETE LEVEL EXL ITAT1CN IS CAKMEC CUT 
T Y , THE END OF THf 8TH NSEC I N TH IS C S i t . 

IS AT THE * NSEC, THE NUMBER IN S T M E ' t s " 
1J0D . I F THE LASER FLUENCE IS SC LARLt 
> 1 . THEN THE INTEGPATICN H A STATEMFNT 7s 
LL A T l « E B E F C K E THE INTENSITY MAX T 
s i . 
EN1NG FFFFCT IS CEVSIDERC3 . 
Y OF ABSCRPTICN CRCSS S E C T I O N S . 

I T I « u l » T F D F « I S S I C N CROSS SCCTITNS f f ( » P^f^". 
E EWIAT 1CNS INVOLVING THE PCfcCR DCNS ITY . 
PULATICN D ISTKIBUT ICNFCA THE PPlMARl 01SSOC. 
ATICN D I S T R I B U T I O N FOR T H E SECOND 01SSQC. 
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C D l S S C N t D l S S 2 ICMtlK THE TC14L D I S S O C I A T I O N V ICL0& fftCM EACH L E I f t L . 
C 

OC 1 0 0 I >1 . H 1 . M 8 P 
C » L l OISTP. « I L E VE L , N D ' » ( N , P O P P R V . I . A B S . S E 1 
IF U E V E 2 . N E . C I C1LL C I S i t I IL E V E 2 . N D I M N . PPP. V, I , A B S 2 . SE 21 
OC « J ' l . S T P P 
J I • J * 1 - 1 
1 - J I / I O O ' 

PCktR • P O k l l » l l » J - 2 I » N P / N N T > 
l * P G k f * » C 1 » C 0 N S T / D £ 

75 I I I J l . 0 7 . 8 0 0 0 1 GC TC 78 
PH * SUP' < P C k E P / K C I • RFSTO 
EP = 0 . 
IF I J J . E C . 01 GC I t 4 0 1 
OC O C l a * I . JJ 

<.CJ EP = FC« I l« 1 / 1C»»3 • EP 
<iCl I F « Pt h i J J « ] l » ( J I - J J » 1 0 0 0 > / 1 0 « 6 • EP 

V»LUE * APSI l ) * B k l * 2 » E P * 1 * . * / ( 0E» I 0 . 3 0 5 * PBI I - I 
I f I V A L J ' I 5 0 0 . 5 0 0 . 5 0 1 

5CC t-1 * C. 
CC Tr 76 

5C1 it = S C F T I i e S I l l * C k l * 2 * E P * I * .<i / IDE • 10 . 0 C 5 * P 6 I I - 1 I 
76 f » M i l » IPB • <A4 • H • B»U) / RE* 

PC • ' ( l ! = POPPRVI l ) « C » l SEI l l » P 0 P P f > V I 2 ) - A B S I l l » P O P P R V I l I l » F - i - P . w 
I P C V « F 
G<" IC 7S 

' 6 P C P I H - PCPPFV ( I »«C» 1 SE I 1 )»PDPP» V( 21-AE SI I l»PCPt>fcli< I I I 
T, r e PJ K = 2 , U E V t l 

P C P I K ) = P j ? . a h V I K I » ( l . - n l » R 7 K r K I I « C » ( » 9 S I K - l I • PoPi'PV I F.-1 I ' S t l i l ' ' 
l P P B V ( K » l l - l A i ! S | i O » 5 E < K - l l I«P1PPRV( K II 

C I S S t M k ) » C 7 » P 7 K ( K I * P C P I K I » o r S S t M « . l 
80 P C P P R V I K - I I = P U P I n - l l 

fCPPRv I I I « F G F I l I 
P C P F V l l c t V E U » P C F I I U V E U 
IF a t v i . ' . E U . O I or ^r <>o 

c 
C C A l C U ' 7 1 7H< A R i C F F I K * FCP THE SECCKC S T E P . 
C 

p m « M P P K < . I « C » ISE2I<>)«PPRV<5 l - « e S 2 U ) » P P » V 141 l * P C P P » v l n . L J I IS l 
l « T M 4 » L 0 I S5I » 3 7 

CC F5 1 = 5 . C U f 
P I C I = P , ' ( . v l l l • C ' U P S e ( C - l l » P P R V U - l I • S t 2 ( t l»PPKV I 

1L»1 l - I A B ' - 2 U l « S C 2 U - J I ) » P P R V ( L I > » P C P P R V t U C £ > I S S I » O T * R 7 M C * c m S i 
P5 P P F V U - l ! • PIC - i I 

C>r tl C"l C C i P . U t » E 2 
PIC I « <••• •VIC ) » U . - D 7 « R T H 2 I L I ) » C * I A f l S 2 ( C - l l » P P H » U - l >»SE2(C l « l - v , v I 

I C » I I - ! / P : I C I « S E ; I I - I I I»PPRY ( C M 
L I S S 2 1 1 I - 0 i » H « 2 I l l » P I L » * 0 I S S ; U ( 

f t . P P P v I l - I I = P I t - 11 
F P R V I I L l v i V ) F I I C E V E 2 I 

<,<: tCN71NCf 
100 CCFT1MIF 
c 
C CCr lC lunt I K rk l , t ,FA» B» P R I N T I N u DuT THE OESIRFD I NFP.CPAJ I C H . 
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CA.L C1STR I ILEVE' . . N O I I N . P C P . l . A B S . S E I 
IF ( I E V E 2 . K E . 0 I C H L CISTF. I I L F V E 2 . M O I M N . P . I . » 8 S 2 . SE 21 

CALL CCNCl ( L D t S S P I H . O I S S C h . P C P . K D I H K i U E V E L > 
I F I I E V E 2 . N F . 0 I C i l l C O N C l U O l S ; , « T K i . D l S S 2 . P . f > D I « K . ! L E V f 3 1 
GC I t 1 0 
END 

SuP'CLT i r . t PR EM 

S l f K C L l l N E P K t F U t S . A t S F . S E . L E V E L . I v F R E t . E Z t R C a E T A. O C . A . B. c . l , l 
C 
C FFEP FFEFAPSS FCS TFE FEST CF THE fRCGRAM EV I N I T I A L I Z I N G ARRAYS Al.3 
C l A L C L L i T I f . G THE CF.CSS SECTICNS FOB A»SCRP7ICN AUD S T I « o L * T F D E « t i S I C > . . 
C * e s ANC SE ARE (.SLATED BT THE RATIO DF THE D E N S I T T OF STATES AS 
C ( l l C L K K i ) o r THE kH ITTEP. -RABINC. ' ITCH APPRCX IMAT ICN INCLUDING R r T i T I . : . 
C ROS I S THE RAT13 CF THE D E N S I T * OF STATES. 
C CCS VALUES HEFf ARE FCF EThYL C H O R I N E . 
C 

C I " £ f . S1(,N A O ; i 6 : ) . S E I t 3 I . R 3 S 1 6 0 1 . G < f t O I . A ( « , C l i B I 6 0 l , C l f r l > 
9 C i FCFfAT [ | h 1 0 F I 0 . S I 
SC« F o ' « A T >»CRi.TIC CF THE OEf.SlTY CF S T « T t S BET.EEh ALJACt' .T L E v i i =.») 
• i35 F O - ' i l t « C A B S U R P T l t N CROSS SECTICN I N l . C E - 1 * C M 2 . » I 

re 5 1 = 1,« 
AI 1 l = C. 
E ( l W>. 

•i t CI) - 0 . 
cc i . »n = : . 
G i l l = . s 
012) * . 5 
b l 31 = . 5 
tC 1 ! • 3 . L F V C L 
AES ( I • 11 = A e S I 3 > « l i e S E / A B S I 3 l l » » I I I - 2 . l / I U V E L - 3 . l l 
EPt. = 1»CE/EZER'J 
k • t x F l - 2 . * 1 5 1 « E F F » « a . 2 5 l 
t.PR • - C . 6 C * 7 8 » k « F F S » » ( - 3 . 7 5 i 
C . U * 1 > - I E P R « l . - F E T » » * l » » I N F R E e - l l • I l . - e E T A * »PK I 

6 P O S I I I = G l l l / C l l » l I 
FDSI 11 = 1 . 
FCS 121 = . 1 
F D 5 I 3 I = . 3 5 3 4 
F D S I 4 I = . C F C 7 
CC 10 1 = 1 . L E V E L 

1C SI ( 1 I « JSFSI I ( " F O S I I I 
* e S I L E V [ l « l l = 3 . 
SE (LEVEL • ] l = C . 
M-ITE l(.,<;c-.l 
i n - f i t , 1 , ; ; ! most 11 , 1 ' I . U V E L I 
»F!Tf I * .91". I 
• H H 1 6 , " . C I IAESI1 1,1 M.LFVELI 
HTUF'. 
[ • : 

http://IEVE2.KE.0I
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S L B K C T I N E DISTP 

1 SUERGUTINF. 0 I S 1 K U K V E L . N . P C P . I , * B S , SEI 
C 
C O l i T k C O P L T THE P r P U H T I C r , D I S T R I B U T I O N KH1CH H f S I C E S If. PCP . 
C S I H C C M M N S T « 1CT»1 P r P O H T I C / N I N THf NOLFC ULE I I J N D I SSCC1 » I f 0 . 

5 C *VG C C N T M N S THE »VER»CE NU»aE» OF PHCTONS APSCRBEC. 
C 

C C F K H DT 
U » E N S I C N F » C P i N ) , » F S l M . S E I N I 

9 0 1 FORMAT I • O P H P U U T I O N ' D I S T R 1 B 0 T I 0 V »F Tf. K* ,Fe . 2 • • N S t C . SU« = • 
! • AVfPAG! E » C | T » T I G N » » F < , . 2 » CROSS SECT I t N *»F<>.2> 

sc; f r p t i i ID- ,icFic.7) 
*vc = c. 
( S « »3S< l l » P C P ( l l 
Cr 4 3 K > 2 . I t E v E L 

63 CS « U e S < K I - S E ( K - l > l » P C P t K I » C S 
OC 7C K ' l . l U V E l 
*VC * » V C « C K . - 1 . I « P C H K > 

?c HF* : I .> '»PCPI I< I 
: if ( i im. ie. i.E-ei sc«*i. 

» * I T E ( 6 , 5 0 1 1 C T » ( l - l l , S i P » , 4 v ; / S U " , C S / S o ^ 
• HI Tf ( 6 . S C 2 I ( P C F 1 K I , K « l , I L E V H . I 
FETUP'. 
INC 

SUbKCLTlNE CC'.r L 

1 S U H L T I I . E CC.NCl l l .D I i S . R T K . D l S S C N , P C P , N . I L E V E L ) 
C 
C CCNfL CENCluOES THE P F C G H " e* P R I N ^ I N C ! H DISS3C IA7 I I M V I F t C i -' '••• 
f END I f THE P u l S E . 

5 t 
D I « F N S 1 C N P T K l M . C I S S C M M . P r P C , 1 

SO* Ft »•<* 7 l » 1 0 l SSCCIATIGN » I F l 3 » / S M U v E L . a x , l i M F S T E CC'.ST * \ T , ' < , r - ' i 
I L C ( N . 1 0 K . C H * I H O r F F . I 3 > . U H T f l M l » | [ O I 

SCT r t J P M l l H 0 , | < , , e * . f l O . 5 , l O X , F 8 . 5 . 1 U , f t . . 5 , I l » 1 fi.'i I 
j TCCN « 0 . 

TCCFF = 0 . 
k U H (6 ,< iCt> l 
I I C I S 5 « L O l S S « l 
CC 1 2 0 I = U C I S J , 1 U V E I 

5 » F 1 T I I 6 . S C 7 ) I - I P I J S . i > T m l l t D I S s r t . l 1 l - P C F I I I .P^P ( I 1»DISSf M I l 
TCTF * TDCN » C I S S C M I I 

I ? ; TOEFF = T D L ( F » F C P I [ I 
l ' i 
» = C . 

C kB ITE l f c , « C 7 l r . A , U C N . T D C F F , T O t f . » T C L F I 
( • [TURN 
I NO 

http://CC.NClll.DI
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i U L * " £ CM.CUIATICM M HAH EbUTIOftS* H i 0 4 1 , S£#T 1*7* 

^ D O E K F S IK U f MCST C1SSCCUT 1C*>? 
- U i m y . LtVtL • IS DISSCCIATJvE LEVEL - 7 l H U u C l H G LCVU 0 . 1 

t i T U C» U ( CffcSlTr CF STATES tflkEEK AOJACFM LEVELS 
1. CCCCC . KCC3 . « 3 * C . M 9 7 0 «W*S« . UOfci ,1S*S* 

.31117 . 3 3 ( 2 3 . 3 * 1 7 ( . 3 8 3 U , * 0 « 3 * 

2esc**i ic* ctcsi S U T U I . ih I . O E - I S C«2 . 
i t . t t t r c 5.c:cc: 2.socoe 2.*033c 
2.*c3c? i . s n o 3 2 . * : : c : z.mzt 

2.501)3 
*. 50333 

1HF LAif f FC»E* 1 I*. **/t*3. 
• ••£• IS &WF.U Al I M H " » » l S Tf 

S.273 lS.fcJl 30.116 
ES.C7C "»•. 7*5 6 2 . * M 

0 . t . C. 

c 
c. 

t . 
c. 
c. 

t.cccr hstr . 
6 3 . * ! 3 
S l . lS f -

c 

U T A l tKfW • | . | p J/C*2 
t t .SeS $7. 876 KJ.SC1 
*C.6S7 31.622 23 .3 *0 

J . C . 

0 . 
C. 
7 . 3 . 

ICS.-C7 
l b . M l 
3 . 
C. 
C. 
3 . 
C. 

l3.*.i'Jt. 

T« * 

L» . i set recur<TO> . 3i » : c : c * e t * u . ccc«. ;cc 

: . usee. 
3. 

iT.PuLATK^ C1STMPWIC* * F M 
,C37?CCC C. C. 

PfPbLATIC* Q I S T H P L T U * M l ( < 
.CSCteS*. .:« ICt ?.• . 13St-e 2,> 
.3C302S'. .33C?02* .3CCCCJ 

PCPtLATK' . DI ST« I ft*-1 IL^ AF7E* 
. C l l 6 ! 1 7 .Ctfifi .a>7<i*<-
,CCIC*63 .C0CC5J* .GCCCC1C 

.315?= 17 , 3 l * * e S 2 , 0 S C M t * 

. cco<:;;< ,cocc:cc ,:cccccc 

PCPULAMC. ' . ciSTfr i&Li :J». » M t i 
,C1S2<;C7 .31**««i2 . C S M o - . 
. ccc :cc i .ecccccc .ccaccc 

fLt»UL*Tir% C11TM I P J l (C*. A f T O 
• C15?^C7 . 0 t - . * a 5 2 . C S C U * 

.c:cc:cc . t c t ccc i .ccccccc 

*e<-wL*iic% CISIPIPUT ic* Ant*-

.cocacc; .cc ccccc ,cc;c;cc 
?..«H.l*1U*. DISUieLTIt f AM£f 

.c i s ; ' : 7 . c i * * 1 ^ - esc si t* . 

.3300333 .33j r3o; .3i:ccc;: 

e .o: tvSH. *>u» = 
. i f i i ^ T i . cssns i 
.:c:3«cc .ccccarc 

16,30 »>Stt 
. et<;7<o-
.occcirc .ccccc:c 

.C37S3C AvECACi E « C I T S T I C \ 

.S33<?*6 av f * *GF 1 « C | 7 5 T I [ S * 
.02*9t><i2 .OCab2'»5 .03«"fc«.3-» 
.3c :s ; :c 

SO" « .*<?S*ZS AVERAGE l « C I ' A T J t ' t • 
t«V3cS .Cctoe^SS . 3fe2 37So . 3 * 7c? 17 

ccccooc 

Cfctis s u ; i . * 

,2*. CC MIC. i t . * * 
. ' . t 3 3 . : i . : < . ? 6 i 3 i 
-30CJiCC .C0C33i3 

,***<>(>9 Av[**AGL U C l I A T I t / . • 
. C f l ^ l S * * .C666*SJ .C*2**P5 
.0330">CO 

3 2 . CC Mt" 
. : « s i ' : * 
. 3 30C 3i)C 

. Si," - .*e3T3p AVMAt^t t * C I 7 i l | f \ -
.191*331 . 0 « < ; i " * * .C66fi'.S3 . C* r i - i t l 
.0033330 0. 

-3 .3C r.SEC . JL-* = 
.C833706 .C9T6 3 H 
.CCCCCC 3. 

* f i .OC M£C . SU»" « 
.C9M70*- .3*;76 »11 
. : c ; c ; : c 3. 

se.CC M F C . Su« • 
. Ct3?7t( .C1763U 
. c c : : ; c c 3 . 

. *7*161 AweSJ&E £ < C I T i T [ ( ^ . 
,3SQl«*<. .3t j t>jsS3 -3*23*.3S 

0. 

*7631S AvEliAOl r JC ITAT IL * - . 

.47<.7 7b AvECtGf E K M l T l C h * 
. 0 * 3 1 8 * * .0nr.b-.S3 , J * ^ ^ 3 c 5 

. i s c *• t : s i : \ *1 '. 

.23 CUSS Sr C * ! '. 

. 3 * (.-M.SS 

.321 Co* i 
Sit * : . • 

. * : ; - . b S ; ( w' I •-
C l ^ - > - I .;': >-: 

.2c cs=:3i 
3I7oJ->.' 

; t c i • 

2b (.'•CSS i L c T ; . •. 

2! [•>. ;S 
. C I - f - 7 7 

E U ; i . •• 

• C P U " t l C l Ql S i r i C l T I C K l l l f s 
. C 1 5 J 5 C - C l * * 1 5 ? . C 5 C . K * 

.co^ooco .oorocrc c. 
C f » 7 C ( . C ' l f c J l l 

.*7J«2^ «vf»JGf ( • ( l l l ' l i - i • 
."8*118** .Obifc«.M .J« . ; ] -6 I 

http://0nr.b-.S3
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PCMHTICN ClSTKIBllirM I H H 7 2 . 0 3 MEC. Jb« • . « 7 2 2 : B iWE»«GC EICI71TICV • 4 . 2 3 CKLSS S l t l l H • !..", 
. C U 2 S C T , C U « M 2 .OiOSlt .* , C I 3 3 7 0 t . 0 4 7 0 3 1 . 0 K 1 I X CM>««$3 .042133K . C U l t O u . 0 C ] 0 : » l 
.COOOOOO .CCCCCCC .CCCCCCO C. C. 0 . 

e t ' u K U l h O l S W l t U U t K l l l i l t O . 0 0 NSEC. 1U« • . 4 7 1 0 0 »V £«»U I t t l U I I U > 4 . 2 ? C(C!.S S i l l I - ' . - , ' . ; ' ! 
.ci5?<c . Cl*«ew . Jli-iu* .0l)3T0e .OITSUI .Oltiltt .Med*;} .o«;ool5 . : i l / d ' . : : « : ? -
.occceu .iccoccc .ccccccc c. 3. a. 

U V t l 8ATE C U S T ^ T Y I tLO CK T I B . 0 I f f TOl&L Ylt L') 

1 -CCCJC .CCCOS .o*2oa .042bJ 

; . D i l i ' . .312*2 • C112* .cne;* 

? .121CC . O l ^ t , .OOJID . 0 U 9 7 

<. . 6 S ^ 3 .C057J .C3CZC .CCS"»j 

*. J . * t f a ( ( • C C l l i .1003C • J O : I * > 

< 6 .<-7*C 3 .JCuLS .CCC3C .LCCC, 

7 lt>. C6CCC - c c c t c 0 . .OJGQO 

t )2 .55^00 .ooccc 0 . .CCCCo 

^ i t . fctCCC . c c c c c 0 . .JDCOJ 

t 3 . -03J9*r .05337 . CEb^. 
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APPENDIX II. COMPUTER PROGRAM FOR THE MODEL 

CALCULATION OF SENSITIZED LASER PYROLYSIS 

A. The Reactant Has Only One Dissociation Channel 

100 REM SENSITIZED LASER PYR0LYSI5 MODELLING 
101 REM THIS PROGRAM IS TO BE USED ON COMMODORE PET MICROPROCESSOR 
102 REM PRINTER DEVICE * ND-4 AND SCREEN DISPLAY ND-3 
110 REM TRAPEZOIDAL RULE IS USED TO NUMERICALLY SOLVE EQN OV-5) 
120 REM THE INTEGRATION INTERVAL H IS DETERMINED BY AN ALLOWABLE ERROR ER 
1J0 REM A AND EA ARE THE ARRHENIUS PARAMETERS FOR THE UNIMOLECULAR REACTION 
140 REM TM IS THE MAXIMUM TEMPERATURE AFTER THE LASER PULSE 
150 REM D IS THE RATE CONSTANT FOR TEMPERATURE DECREASE 
160 REM TE IS THE LENGTH OF TIME AFTER THE LASER PULSE FOR REACTIONS TD OCCUF. 
170 REM TM 3 MEANS THE CUBE OF TM 
180 DEF FNF(T>-EXF(-BA/(BB»EXP(-D(J)»T>»TR1 I 
190 DF»0:BA-0:BB«0:T«0:TR-295l I»OiH*0 
200 INFUT"A";A 
210 INPUT"EA (KCAL/MOLEi ";EA 
211 INPUT"N (# OF CALCULATIONS)"sN 
212 F0RL-1T0N 
213 PRINT"L-"lL 
220 INPUT"TM<L) (KELVIN)";TM<L> 
230 INPUT"D(L> <SEC-1)":D'L> 
240 1NPUT"TE(L) (SEC)"!TE<L> 
250 INPUT"ER(L> (-LN(l-YIELD)>"sER(L> 
251 NEXT 
260 INPUT"OUTPUT ON PRINTER OR SCREEN"sO* 
270 IF LEFT»(D»,»>""F" THEN ND=4:G0T0 290 
280 ND=3 
2*0 IF NP=4 THEN INPUT"TITL6";T* 
300 BA=EA»503.3l7 
301 F0RJ=1T0N 
310 BB=TK(JI-295 
320 BD=-BA«BB»D(J> 
r~0 SF-=BD*E<F(-BA/TMIJ)>«<2»BB«DiJ>/TM(J>'3»BD/TMCJ I 4 -D i J ICTM(J I 2 ' 
340 MMNT <SDR( (TE IJ) 3) *SF»A/ ( 12»ER(J> ))•>!) 
350 H=TE (J> / ( I 
360 DF = ( F N F ( 0 ) * F N F ( T E ( J ) ) ) ' 2 
370 K =M-1 
3B0 FORl-lTOt:DF=DF*FNF<I»H>:NEXT 
390 IT=DF«H 
400 LN=-A*IT 
401 Wti=<l-EXF'LN) )*!00 
4 10 0FEN2.ND.0 
420 IF ND=4 THEN PRINT«2.T« 
430 PRINT#2,"A«"sA 
440 PRINT«2,"EA-";EA;"(hCAL/MOLE)" 
450 FRINT#2."TM»"sTM(J>:"UELVIN)" 
460 PRINT#2, "D""|D(JI ;"(SEC-1>" 
470 PPINT»2."TE»"STE<J>!"(SEC)" 
490 PR1NTK2,"ER«"lER(J>!"<-LN(1-YIELD))" 
490 PRINT*:. ''INTEGRATION 1NTERVAL«":H;"(SEC)" 
491 PRINTH2. "YIELD-"lWD;" (V.) " 
500 PRINT#2."LN="sLN:"(LN(1-YIELD))" 
51 0 PRINT*;,CHR»(10>tCHR«(10):CHR»(10) 
520 CLOSE 2 
521 NEXT READV. 

111TCE DISSOCIATION 
I.' 1 . 042E* 13 
EA" 49 (ICAL/MOLE) 
TM- 1136 (KELVIN) 
P= 2100O (SEC-1) 
TE- 3E-04 (SEC) 
ER= 2E-04 (-LN(l-YIELDi) 
INTEGRATION INTERVAL- 1. 3MB7716E-07 (SEC) 
YIELD* 1.1138205 (V.I 
LN^-.0112006994 (LN(1-Y1ELT>> 
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The Reactant Has Several Dissociation Channels 

REM 112TCE DISSOCIATION PRODUCES * PRODUCTS 
REM THIS PROGRAM CALCULATES THE YIELD OF CCL2CH2 OR C2H3CL 
REM ft AND Eft PREVIOUSLY DETERMINED FOR C- AND T-C2H2CL2 PRODUCTION 
REM THEY ARE USED IN 1B1 AND 162 
REM FOR OTHER COMMENTS SEE REMARKS IN THE PROGRAM FOR SINBLE REACTION 
DEF FNF<T>»EXPI-BA/MBB«EXP(-D<J) »T)*TR> I 
DEF FN0tT).4.T8£l~.»EXF (-286B9/ (BB»EXP C-D (J I tTI»TR) ) 
DEF FNC<T>»I.I:IBEH»E»P<-T0199/ (BEi»EXP(-D(J)*Tn-TR' ) 
DF-fi:BA«0!BB-0iT-0iTR«295i I-0:H=0:OC=0 
INFUT"A":A 
INPUT"EA UCAl/MOLE) ":Eft 
INFUT"N (« OF CALCULATIONS. 1 " :N 
FOF.LMTON 
PRINT 'L«" !L 
INPUT"TM<L' (t ELVIN* ";TMCL> 
INFUT'T IL i (SEC-1>" jD'LJ 
INFUV'TE <L> (SECl " :TE(L I 
INPUT'ER'Li < -LN i1 -Y IELD)>" ;EF 'L I 
NEXT 
INPUT"OUTPUT ON PRINTER OR SCREEN":0* 
IF L E F T t ( D « , l l - ' F - THEN ND-4:G0T0 2 ' 0 
NI>?. 
IF Np=4 THEN 1 N P U T " T ] T L E " S T * 
eft=EA«50T-.T.17 
FORJ=ITON 
BB=TMIJJ -295 
BD»-BA»BB»D<J( 
SF=&0*E<F<-BA/TM(J )>• I2 *BF>D|J> /TM'J I 7*BD/TMIJI 4 -0 (J I /TM<J> 21 
M=INT <SOF( ITEO) ~)»SF»A.'(12»EF (J) I 1*1 I 
H=TE <J>/M 
D F « ( F N F ' I ; I ) * F N F ( T E ' J I I I ' 2 
OC-Ht (FNC'(<:'I»FNC"TECJ> I I /2*H» (FIMC CO!+FNC <TE (J > I > 12 
1 = 11-1 
FOKI«lTOI 
DFaDF*FNF<I«H)* l l -OCl 
DC = 0O<FNO' I *H>*FNC<I tH) I *H»(1-OC) 
NEXT 
IT=DF»H 
LN=-A»1T 
WD='1-EXP<LN) UK"" ' 
OF'FNCND.'j 
IF ND=4 THEN PRINT*2,T« 
FRINT«2. " f l= " ;6 
PR1NT*2, "EA=";EA: " <P CAi 'MOLE I " 
F-FINT*2. "TM«":TM(JI : " ' I ELVINl " 
FRINT«2. "D=" :DU>: "CSE" - I ) " 
PP INT#2 . "TE«"JTE(J>S" 'LEO" 
PRINT»2. "ER»"|EP(J> ; " ' - L N ( 1-YIELDi i •• 
PRINTK2. "INTEGRATION I>JTERVAL-"sH; " (SECl " 
FRINTK2, "YIELD="jWD: " C I " 
Pf-1NT#2."LN=":LN: " ILN1 I-YIELD) i " 
PR1NT«2,CHR*(10>|CHR»(10)!CHR»(101 
CLOSE 2 
NEXT 
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