INFORMATION TO USERS

This material was produced from a microfilm copy of the original document. While
the most advanced technological means to photograph and reproduce this document
have been used, the quality is heavily dependent upon the quality of the original
submitted.

The following explanation of techniques is provided to help you understand
markings or patterns which may appear on this reproduction.

1.

The sign or “target’” for pages apparently lacking from the document
photographed is ‘’Missing Page (s)". If it was possible to obtain the missing
page(s) or section, they are spliced into the film along with adjacent pages.
This may have necessitated cutting thru an image and duplicating adjacent
pages to insure you complete continuity.

. When an image on the film is obliterated with a large rouhd black mark, it

is an indication that the photographer suspected that the copy may have
moved during exposure and thus cause a blurred image. You will find a
good image of the page in the adjacent frame.

.When a map, drawing or chart, etc., was part of the material being

photographed the photographer followed a definite method in
“sectioning”” the material. It is customary to begin photoing at the upper
left hand corner of a large sheet and to continue photoing from left to
right in equal sections with a small overlap. If necessary, sectioning is
continued again — beginning below the first row and continuing on until
complete.

. The majority of users indicate that the textual content is of greatest value,

however, a somewhat higher quality reproduction could be made from
“photographs” if essential to the understanding of the dissertation. Silver
prints of “photographs” may be ordered at additional charge by writing
the Order Department, giving the catalog number, title, author and
specific pages you wish reproduced.

.PLEASE NOTE: Some pages may have indistinct print. Filmed as

received.

University Microfilms International
300 North Zeeb Road

Ann Arbor, Michigan 48106 USA

St. John's Road, Tyler's Green

High Wycombe, Bucks, England HP10 8HR



78-11,164

LIN, Shiann~Tsai, 1947~
LASER INDUCED VIBRATIONAL ENERGY TRANSFER
AND CHEMICAL REACTIONS.

City University of New York,
Ph.D., 1978
Chemistry, physical

University Microfilms International, annarvor, Michigan 48106



LASER INDUCED VIBRATIONAL ENERGY TRANSFER AND CHEMICAL REACTIONS

by

SHIANN-TSAI LIN

A dissertation submitted to the Graduate

Faculty in Chemistry in partial fulfillment of

the requirements for the degree of Doctor

of Philosophy, The City Unlversity of New York

1977



This manuscript has been read and accepted for the Graduvate Faculty
in Chemistry in satisfaction of the dissertation requirement for

the degree of Doctor of Philosophy.

February 14, 1978 %\ \ .

date Chairman of Examining Committee

2lis/78 | ﬁ/\f\euwf . 521&6%

date Executive Officer

J Sypf\'isory Committee

The City University of New York



Abstract

LASER INDUCED VIBRATIONAL ENERGY TRANSFER AND CHEMICAL REACTIONS
by

SHIANN-TSAI LIN

Adviser: Professor Avigdor M. Ronn

Fluorescence risetimes and falltime have been studied in ~5u

and »144 regions after v2 mode of CDBBr is excited by a Q-switched CO

laser. Around 5., activation occurs in approximately 10 gas kinetic

2

collisions and in the region beyond 144, activation requires 77
collisions, Deactivation of both signals occurs at about the same
rate, corresponding to 550 collisions, Mechanisms and comparisons to
other systems are discussed in terms of energy gaps and breathing
sphere parameters for the processes involved.

Laser~-induced isotope separation in SF6 and SF6 mixtures,
reactions of SF6 and CH,F, and a series of fluoromethanes have been

22
studied by a simple, inexpensive pulsed TEA CO, laser. This laser

2
has output energy of ~3J and a pulse duration of 300 ns FWHM and a
700 ns tail.
Experimental results with SF6 rare-gas mixtures point out the
importance of collision-induced dissociation following the initial
collisionless dissociation. Rotatlonal relaxation induced by rare

gases and H, is shown to wlay a significant role in the dissociation of

2
both isotopic species. Total vibrational relaxation (V-T/R) induced by



H2 as a collision partner is shown te dominate the dissociation
efficiency of SF‘6/H2 nixtures.

Particle formation is observed during a laser pulse in the
reaction of SF6 and SF6 mixtures. In the absence of H2, no particulates
are found due to rapid recombination, while with Hz, two different sizes
of particulates are observed depending on the available produced sulfur,
A higher initial pressure of SFB results in larger size particulates,

a rough measurement on the size of the particulates with a 50/50
mixture is 2 um.

Reactions of CH2F2 excited in its C-PF stretching mode show
evidence of CF2 radical involvement in the neat gas. Reactions with
molecular chlorine display at least two distinct mechanisms at different
pressure regimes, Comparisons are made with other unimolecular
dissociations and bimolecular reactions induced by multiphoton
absorption from similar laser sources, Product formation of reactions
with molecular oxygen shows a dependence on the cell sizes and a non-
thermal explosion is ignited at a 1:1 ratio with a threshold pressure
of 20 toxrr.

Threshold pressures of fluoromethanes are determined by
irradiation with a non-resonant laser light at identical laser
conditions., Threshold pressures are found to be proportional to the
ionization potentials of molecules in this series, Product formations
of all four species show that the characteristics of the reactions

agree well with a model based on short reaction time, high temperature

and rapid, automatic quenching.
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Chapter 1
INTRODUCTION

Since the initial demonstration of la.ser1 operation using ruby
in 19602, lasing action has been achieved in gases, ligquids and solids
at wavelengths ranging from the far infrared to the ultraviolet region
of the spectrum. Undoubtedly, the most important gas laser from both
an industrial and scientific point of view is the 002 laserB’u, in
which transitions between vibrational-rotational levels can provide
large continuous-wave or pulsed power, with relatively high efficiency
(up to 30 percent) at numerous discrete wavelengths separated from
each other by about 2 cm_l in the region from 920 to 1090 cm_l. The
fact that many molecules show absorption features in this region,
together with the discovery that chemical reactions can be selectively
activated with monochromatic and high intensity infrared radiation5,
has led to the widespread use of the COZ laser.

The monochromatic nature of the laser radiation guarantees
that only the molecular species which have the particular energy levels
matching the laser's frequency can be excited. Therefore, following
the absorption of the laser radiation the energy transfer among the
vibrational, rotational and translational degrees of freedom can be
studied by monitoring the intensity of fluorescence, which depends
linearly on the number of molecules in particular vibrational states,

The processes of the collisional activation and deactivation at a

particular vibrational mode, in general, are assumed as the following:



i

A% ("i) + A% ("i) A% (2"1) + A + aE

A% (v.l) + A* (2"1) A¥* (3"1) + A+ 8B

1]

A¥ (nvi) + A A¥ (vj) + A + AE

A*(vi) + A A + A + 4B
where n is an integer. Thus, the activation (V-V) and deactivation
(V-T/R) rates can be obtained from the observed fluorescence intensities.
The fluorescence signal shows a sudden increase, corresponding to fast
vibrational-vibrational (V-V) energy transfer, and then decays
exponentially back to its ambient level, corresponding to slow
vibrational-translational/rotational (V-T/R) energy transfer. Laser
induced energy transfer in CD3Br is presented in Chapter 2.

Due to the large energy difference between a single IR laser
photon and the required activation energy for chemieal reactions,
absorption of a single laser photon is not sufficient to initiate a
chemical reaction., However, the high intensity of laser radiation,
which makes the multiphoton absorption (either sequential single
photon, multiphoton or both) processes possible, can induce chemical
reactions, This high power intensity can be achieved by the use of a
simple and inexpensive laboratory quality pulsed TEA (transversely
excited atmospheric pressure) laser. Chapter 3 presents the
constructional and operational details of this inexpensive research
tool,

With CO2 laser radiation, a reaction can be induced in two
different ways, through multiphoton absorption processes or by gas

breakdown, There are two existing models for collisionless multiphoton
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absorption processes. Both have the same basic scheme but differ in the
interpretation of the céherent region which controls the selective
excitation of the molecules and the subsequent collisionless dissociation
of isotopically labeled species. The application of these processes is
limited by the available 002 photon frequencies, therefore, only
molecules posessing infrared absorption frequencies in a range of 9.2
to 11 can be excited., On the other hand, threshold pressure, instead
of available photon frequency, is the only necessary condition to induce
a reéction by the gas breakdown method at available laser powers. Three
models were proposed for these mechanisms, Chapter 4 presents a short
review of the proposed theoretical models for both methods.

Subseguent to multiphoton absorption processes there are two
possibilities that may yield a selective chemical reaction., Firstly,
the rate of photodissociation of selectively excited molecules should
exceed that of resonance transfer and of thermal excitationsé.
Secondly, there must be an efficient extraction step, which may be
magnetic, electrical, optical, thermal, heterogeneous, or chemical,
that acts preferentially on the excited species before relaxation,
collisional energy transfer or charge transfer can occur7. Loss of the
selectivity, however, leads to a nonselective thermal reaction, Laser-
induced isotope separation (LIS) of SF6 through multiphoton absorption
processes, through which some degree of the selectivity has to be
maintained, is discussed in Chapter 5.

Since laser-induced resonant excitation of the particular
vibrational degree of freedom results in a nonequilibrium distribution

in all degrees of freedom, it is interesting to consider whether a
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laser-induced chemical reaction, driven elther resonantly or
nonresonantly, shows differences in product formation and mechanism
from a thermally excited reaction. Thermal excitation of vibrational
degrees of freedom forms the basis of unimolecular reaction rate theory.
The Rice-Ramsperger-Kassel-Marcus (RRKM) theory, which is a statistical
theory, assumes that the vibrational energy of the molecule is subject
to rapid statistical redistribution., Experimental evidence shows that
energy is rapidly redistributed between all vibrational modes of the

11 sec following

molecules involved in time intervals no greater than 10~
excitation8. Therefore, laser-induced chemical reactions may show a
different product formation from thermal reactions if molecules with
sufficient energy accumulated in the particular vibrational degree
of freedom undergo chemical change before distribution of enexrgy among
all degrees of freedom.

With the intense infrared radiation, which is associated with
a very high AC electric field, sample molecules that are transparent
to laser frequencies can also be dissociated through the formation of
electron avalanche (spark) produced by dielectric breakdown (DB). This
nonresonant process, which is nonselective in mode excitation, does,
however, show thermodynamically controlled product formationg. The
spark can also be produced in gases which absorb the laser photons.
However, the luminescence is always observed prior to the occurrence of
breakdown in this resonant process. The formation of a spark is
dependent on overcoming distinct pressure and laser intensity thresholds
but the luminescence has no such requirements and can be created,

without the formation of a spark, under conditions well below those
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required for dielectric breakdown. From previous observation in CCle2
?

SiFn and NH3 gases the luminescence was found to consist largely of
the molecular spectra of dissociation products, whereas, the spark
spectrum was dominated by atomic linesio. Thus, comparison of the
results obtained from different processes and irradiation times may
allow for better theoretical understanding of mechanisms at different
processes,

In all experiments on laser induced multiphoton absorption
and dielectric breakdown, the primary question naturally arises: how
to describe the mechanism responsible for the reaction obsreved? It
is a difficult problem with an infrared laser-induced chemical reaction
to separate the thermal reaction from the reaction of the vibrationally
excited species since the repopulation of vibrational energy levels
over all degrees of freedom results in an increase in the reaction
rate thermally., Thus, the mechanisms which are believed to be feasible
under the prevalling experimental conditions are tested from the product
distribution of the reaction, qualitatively rather than quantitatively,
with the following considerations. FPFirstly, the power dependence of
the reaction was determined so as to allow a calculation of the total
efficiency. This efficiency 1s established on the basis of product
formation. The threshold power intensity to drive a chemical reaction
is high, usually, on the oxrder of one hundred million watts per square
centimeter. Secondly, the pressure dependence on the excited species
vas investigated so that the effects of collisional events can be
determined., At low pressure, the collisional effects are negligible,

thus, the unimolecular reaction through multiphoton absorption is
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dominant., On the other hand, a threshold pressure indicates collisional
events are necessary to acquire enough energy to drive a reaction,
There also exists a distinct difference of the threshold pressure
between on and off resonance irradiation to induce a chemical reaction.
The higher threshold pressure needed in the off-resonance irradiation
may be due to the fact that more demanding conditions exist for
providing the starting electron for observed optical breakdown of
gases, Thirdly, the nature of the scavenger was tested in order to
find out the change in the mechanistic route of the preferred channel
corresponding to the formation of product distribution. Chapters 6 and
7 deal with the infrared laser-induced chemical reactions of SF6 and
CHZFZ’ respectively. In both species all three conditions discussed
above were exhaustively tested,

In Chapter 8 a series of reactions of fluoromethanes were
studied so as to examine the relation between the threshold pressure
and the molecular properties of a series of gases under DB condition.

These were compared with the available data on product formation

obtained from a Jjet method for the same series of species,



14

Reference

10.

The word laser is an acronym for Light Amplification by Stimulated
Emission of Radiation.

T. H. Maiman, Nature 187, 493 (1960).

C. K. N, Patel, Phys. Rev. Lett. 12, 588 (1964).

A. L. Robinson, Science 193, 1230 (1976).

S. W. Mayer, M. A. Kwock, and R. W. F. Gross, Appl. Phys. Lett.
17, 516 (1970).

V. 8. Letokhov, Science 180, 451 (1973).

S. Kimel and S. Speiser, Chem. Rev. 77, 437 (1977).

A. M. Ronn, Chem. Phys. Lett. 42, 202 (1976).

P. J. Robinson and K. A. Holbrook, Unimolecular Reactions: Wiley-
Interscience, New York 1972,

N. R. Isenor and M. C. Richardson, Appl. Phys. Lett.18, 224 (1971).



15

Chapter 2

LASER INDUCED VIBRATIONAL ENERGY TRANSFER IN CDBBr

2.1 Introduction

The methyl halides and their deuterated counterparts provide a
convenient series for study by the technique of laser induced fluores-

cence, They all have absorptions of CO, laser lines, and the differ-

2

ences among them make for detailed and interesting comparisons. The

first and most extensively studied of the series is CHBF' CHBCl
5-7

has also been the subject of several investigations ., More recently,

GHBBr8 and CH 17 have been investigated in our laboratory. This series

3
provided interesting insights into collisional transfer of vibrational
energy. We have now extended this investigation to the deuterated

CD3X series. As compared to the CH3X series, this series exhibits
significant changes in the energy level structures of the members and in
the parameters considered to be important in determining the probability

Br investigation.

3

of energy transfer processes. We report here on the CD

2.2 Experimental

The experimental apparatus was a Q-switched 002 laser fluores-
cence set-up as shown inF&g.lio. Laser beam parameters are: individuval
pulse energy,~2 mJ; pulse full width half maximum,~700 pus; beam diameter,

0.7 em. The fluorescence signal was detected through the viewing window
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of the sample cell, which was mounted at right angles to the laser beam.
The fluorescence signal in a particular wavelength reglon could be
isolated and detected by appropriate detectors using combinations of
window materials and interference filters. The intensity of fluores-
cence, after excitation by a laser pulse, was monitored as a function of
time. The signals were pre-amplified and averaged on a waveform eductor,
then displayed on an X-Y recorder for analysis.

A capacitance manometer connected directly to the cell was used
for pressure measurements in the cell from 1 mtorr to 100 torr, A
typical combined leak-outgas rate of the isolated cell was less than
10 mtorr/hr., The research grade rare gases were all obtained from
Matheson Gas Products, Inc. The CDBBr was 98% minimum isotopic purity.
The minimum purities of the rare gases were: He, 99.9999%; Ar, 99.9995%;
Ne, Kr and Xe, 99.995%. All measurements were performed at room tem-
perature (22+3°0).

The R(10) line of the 10,6 band of the CO, laser was utilized

2

for all measurements on CDBBr. This line is absorbed by the P(39) line

of the v2 (methyl sym-deformation) band of CDBBr. Ve estimate less than

in the direct path of the beam, compared to a thermal

11

5% excitation to v,
population of 0.82%. Fluorescence was detected in two distinect regions.
In the region around 5u, an InSb (77°K) detector with a matched ampli~
fier was used, elther with no filter, in which case the sapphire detector
window limited the wavelength domain to £ 5.51, or with one of two
filters, 4.65-5.131 or 4-51. The response time of the detector and asso-
ciated electronics was less than 1 psec, A MgF2 cell window was used

for these measurements.
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Muorescence at wavelengths longer than 141 was studied using a
KBr window, a combination of two filters, a 131 longpass and a 14-22u
bandpass, fo suppress scattered laser radiation, and a Ge:Cu detector
cooled to hoK. This detector was loaded to 10KQ , under which condition

the response time was about 1 psec.
2.3 Results

Fig. 2 shows some of the vibrational energy levels11 of CD_Br

3

and indicates the relative position of the pumped level, v For analy-

2"
sis of the rates of the first order processes, the following method was
used. At a given pressure, the rate of the rise or fall of the fluores-
cence signal was obtained as 1/r from a plot of fluorescence intensity
vs. time displayed on the recorder. < is the relaxation time which is
the time required for the signal to decay to 1/e of its initial value.
% is determined as the reciprocal of the slope of a semi-log plot of
signal intensity versus time, the linearity of which attests to the
single-exponential character of the signal analyzed, The rate constanﬁ
for the process was then obtained from the slope of a plot of rate vs,
pressure, A linear least-squares method was used for obtaining the best
slope., TFor observing the effect of a rare gas on the deactivation rate,
the rare gas was added in steps to a constant pressure of CDBBr.

For measuring the decay time of the 54 modes the InSb detector
was used without a filter. Using the same set-up,the rare gases were

also introduced so as to measure thelr effects on this deactivation rate. .

For the latter measurements CD,_Br pressure was 1 torr, and rare gas

3
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pressures were varied from 2 torr-80 torr for He, through comparable
values of 7 torr-80 torr for Xe. A plot of the deactivation rate of the

51 modes vs.CD_Brpressure is shown in Fig. 2. The rate constant, which

3
is the slope of the line calculated by the least squares method, is 12 + .
2 msec:-l’c.onz'r_1 for this deactivation. This rate constant, along with
the others measured for CDBBr, is shown in Table 1, Table 1 also shows
the number of gas kinetic collisions required for each process and the
probability per gas kinetic collision. This presentation has advantages
for relative comparison of different species, as it eliminates any dif-
ference in collision rates due purely to mass effects.,

The fluorescence in the region from 4.56 to 5.130 includes the

vy (methyl sym-stretching), 2v, and 2v. bands. The v, (methyl asym-

5
stretching) band may also contribute but it is expected to be a very
small part of the total amplitude because the filter will transmit only
the long-wavelength tail of this band. This risetime in this region is
so fast that a large error is easily introduced into the measured rate,
The rate constant for activation was measured at 650 + 150 msecnltorr—
(measured over a pressure range of 0.4-1.0 torr). Risetime measurements
were also performed in the 4-5: region., In this region, Vys vu, 2v5 and
2v2 bands are all included. The contribution of the va band is probably
so small (due to the relatively small intensity of this bandlz) that no
new information was expected. The rate constant for activation in this
region is 633 + 150 msec—ltorr-l, essentially the same as that of the
4,56-5,13, fluorescence,

The energy levels at wavelengths longer than 14y are v3 (c-Br

stretch) and Vg (methyl-rock)., The measured rate constants for deactiva-



TABLE 1

Measured CD,.Br Rate Constants

3

19

Process Collision Rate Constant Number of Probability
Partner (msec-lTorr-l) Collisions Per Collisions
5u
deactivation
CDBr 12 + 2 550 1,82 x 1077
He 7.4 + 1,0 1840 5.43 x 107
Ne 1.2 + 0.2 6400 1.55 x 107
Ar 1.1+ 0.2 6500 1.54 x 107
Kr 1.0 + 0,2 5700 1.75 x 1074
Xe 0.7 + 0.1 9300 1,07 x 107
Su
activation
CDBr 650 + 150 10 0.10
v3,v6
deactivation
cD,Br 9.5 + 2.5 700 1,43 x 1073
v3,v6
activation
CD..Br 86 + 15 77 1,30 x 1072

3
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tion and activation of these levels are 9.5 + 2.5 and 86 + 9 msec_ltorr—l,

respectively. It is expected initially on the basis of the behavior of
similar molecules that the deactivation rate constant of these levels
should be the same as that for the 51 levels (see Discussion). The
signal in this region was weak and also showed considerable heating
effects in measuring the deactivation rate., The measured deactivation
processes (V-T/R) directly convert excess vibrational energy into trans-
lational and rotational energy, resulting in an elevated translational
temperature which is manifested in a base-line displacement in the V-T/R
decay curve, [Iollowing V—T/R decay, the translational temperature re-
turns to the amblent value by much slower heat transport processes, on
the time scale of 10’'s or 100’s of milliseconds. A pressure of 90.3

Br for increasing the heat capacity of

3

the system and reducing this heating, but ewen under these conditions,

torr of Xe was added to the CD

the heating was not completely eliminated. Given the experimental dif-
ficulties in this region, the agreement between the deactivation rate
constant measured and that measured for the 5u states is reasonable., The

results of the long-wavelength measurements are shown in Fig. 4,

2.4 Discussion

In a particular wavelength region, the intensity of fluorescence
represents the populatlon of molecules in the vibrational energy levels
within this region, so the rates of activation and deactivation of the
fluorescence correspond to the rates of collisional energy transfer into

and out of the levels, respectively.



Upon the irradiation

the v2 band.

This energy is

modes by means of V-V energy

CDBBr(vi)
CDBBr(vz)

CDBBr(sz)

+

+

4

CDBBr(2v5) +

CDBBr(ZvZ)
CDBBr(2v5)
CDBBr(vi)
CDBBr(vz)
CDBBr(v5)
CDBBr(vZ)
CDBBr(v5)
CDBBr(vé)

+

+

CDBBh(vi)
CDBBr(O)
CDBBr(O)
CDBBr(O)
CDBBr(O)
CDBBr(O)
CDBBr(O)
CDBBr(O)
CDBBr(O)
CDBBr(O)
CDBBr(O)

CDBBr(O)
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by the CO? laser, energy is absorbed into

then distributed among all other vibrational

transfer, such as the following.

CDBBr(Zvi) +

CDBBr(VB)
CDBBr(vI)
CDBBr(vl)
CDBBr(vu)
CDBBr(va)
CDBBr(vu)
CDBBr(vB)
CDBBr(vB)
CDBBr(vé)
CDBBr(v6)

GDBBr(VB)

+4

+

+

CDBBr(O)+-AE(=
CDBBr(o)a-AE(=
CDBBr(O)-fAE(=
CDBBr(O)+-AE(=
CDBBr(o)d-AE(=
CDBBr(O) +AR(=
CDBBr(o)i-AE(=
CDBBr(O) + AE(=
CDBBr(o)a-AE(=
CD3Br(o)+-AE(=
cDBBr(o)+-AE(=

CDBBr(O) + AB(=

0) (1)
68 en’ ) (2)
-176 en”t) (3a)
140 cm'l) (3b)
S3then™t)  (4a)
178 om”1) (4b)
~138 en”Y) (5)
Wsem™t)  (6a)
483 cm_i) (6b)
277 en”Y)  (7a)
5 en™)  (7b)
138 en™Y)  (8)

Eq. (1) is the "up-the ladder" transfer within a single mode,

Such processes are generally expected to be very rapid, because they are

nearly resonant.

occur in order to populate all other modes.

Eq. (2)-(8) are intermode crossing processes which

~multiply-excited modes in intermode crossing processes.

These processes include

Eventually, the excess vibrational energy is converted into

translational and rotational energy, mainly by V-T/R processes such as

CDBBr(vi) + M= CDBBr(O) + M+ AB(= Ei)

(9) -
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In this equation, M may represent a CD, Br molecule in any state,

3
or a molecule of a different species, such as a rare gas atom. The
energy deficit here is equal to the energy of the state undergoing
deactivation. This value generally dominates in determining the proba-
bility of deactivation from a level, so deactivation proceeds via the
lowest level(s).

In postulating the mechanisms responsible for the observed
results, one attempts to find the most favorable routes for collisional
energy transfer. One first seeks a direct route, i.e., one involving a
small number of elementary steps such as Eq. (1)-(8). For each step,
there are two criteria which are usually given prime consideration.

One is the size of the energy deficit, the AE value. The probability,
of energy transfer generally decreases strongly with increasing energy
gap. The other criterion is the magnitude of the "breathing sphere
parameters" for the normal modes involved. These parameters function as
matrix elements in the expression for energy transfer probability in

Stretton's modified SSH theorle. For CD,.Br, the values are for the six

3
2\ _ 2\ - 2 2 2\
normal modes (A7)=0.12, {A7)=0.091, (A3)=0.035, {a}»=0.098, (A5)—O.096,

<A2)=0.13, all in amu—l. These values are based on the normal coordinate
analyses of Refs., 14 and 15. The values for all modes except v3 lie in

the range 0.11 + 0,02, while the value for v, is 0.035. This indicates

3

that for hard collisions, energy transfer involving v, is expected to be

3
somewhat less efficient than that involving the other modes, Haxrd
collisions are those in which the steep repulsive portion of the inter-

molecular potential is sampled. TFor transfer of amounts of energy 2 KT,

such collisions are of primary importance. Soft, or long-range,
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collisions, which sample the attractive part of the potential, are effec-
tive in bringing about transfer of smaller amounts of energy.

2 transfer into v5 should
occur quite rapidly by Eq. (2). 1In CHBBr, Vo and v5 exhibit identical

kinetics even though they are separated by ~140 cm_i. It is deemed

Following initial excitation of v

probable that some sort of coupling exists between these modes, and, as
Fermi coupling is precluded by symmetry, we propose that the modes are

Coriolis coupled., If this applies in CD_Br as well, a more rapid v5

3

activation is to be expected. Up-the-ladder transfer to 2v2 and 2v5 is
expected to occur within a few collisions, making energy avallable in the
~2000 cm_1 region. The signal in this region may be due to fluorescence
from these overtones or from the fundamentals vy and vy Fluorescence
from the fundamental v1 is expected to be stronger than that

from the overtones on the basis of the greater oscillator strength.

The vu band is much weakerlz. In fact, no individual v4 fluorescence

has ever been detected in the series CHBX or CD3X. The rapidity of

the activation is consistent with a direct up-the-ladder process. How-
ever, v1 lies within 48 cm_1 of, and is in Fermi resonance with, 2v5, S0
it will be populated on the same time scale, by Eq. (3b). The population
of Vo whether it proceeds directly from the overtones, Eq.(4), or via
vy» Ba. (5), may be expected to be slower. It seems likely that the
component of fluorescence from this level 1s weak compared to the total
fluorescence in the 5u region, in which case a slower rise would not be
observable,

It is also worth mentioning that the 51 signal shows a single

fast rise followed by a double exponential decay. The second portion
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of the decay is the V-T/R relaxation, but the first may well reflect V-V
transfer into vy While the small amplitude of this component precludes
measurements on it, it is well separated from the measured 5u rate con-

stants, and probably has a value on the order of 100 msec'ltorr—i.

The v6 level is favored over v, for collisional activation from

3

v, or v, for two reasons, the smaller energy deficit and the larger

2 5

breathing sphere parameter, If Eq. (7) does indeed proceed much more

rapidly than Eq. (6), v., will probably be populated by Eg. (8), which

3
involves a considerably smaller energy gap. We cannot rule out popu-
lation of v3 via transfer from Vo and v5 into 2v3, but suchuprocesses
involving overtones are generally expected to be an order of magnitude
or so less efficient than processes involving fundamentals. The smaller
energy defect would enhance the contribution of the overtone route, but

the small breathing sphere parameter of v, still leads us to favor the

3
vz-vé route, These expectations were borne out in the series of CHBX .
and CD,.X works. No observation of a direct crossover from an overtone

3

to another fundamental has ever been measured save for up the ladder V-V
transfer. The latter processes are energetically favorable due to the
very small energy defects (anharmonicities) involved.

It is interesting to compare the activation for the long-wave-

length signals in CD_Br, CH Br8, and CH 015’6 in light of the energy

3 3 3

gaps and the breathing sphere parameters for the modes involved. In the
last two species there is one level (vj) below the laser-excited level

(Vé)' In CD Br, we assume that the process which occurs isvé-véfzans-

3

fer. The products of the appropriate breathing sphere parameters are

tabulated in Table 2 along with the energy gaps and the experimental
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TABLE 2

Activation of Low-Lying Levels

Transfer Process B3P
Breathing Sphere Product Lnergy Gap Number of
Species Parameters (amu_i) (x103) (cm—l) Collisions
CH. Br
3 Vg v3
0.27 0.027 7.29 340 170
CH.C1
3 Y6 V3
0.26 0.027 7.02 280 110
CDBBr v2 Vg

0.091 0.13 11.83 280 77
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results on the number of collisions required for the process. Notice
that, in two cases in which the breathing sphere parameters are essen-
tially identical, the smaller energy gap in CHBCl is reflected in the
smaller number of collisions, while in the cases which exhibit equal
energy gaps, activation proceeds in fewer collisions in CDBBr, where the
product of the breathing sphere parameters is larger,

The results on the deactivation of the 51 states and the long
wavelength states are consistent with a single deactivation process for
all levels, All the measured V-V rates are at least several times faster
than the deactivation, so the deactivation can most probably be pictured
as proceeding via the lowest levels, v3andv6, with energy feeding into
these levels from the excited manifolds by the V-~V processes. In such a
case, approximate solution of the kinetic equations yields the result
that the total deactivation rate is a weighted sum of the deactivation
rates from v3 and Vg with the weighting factors being the Boltzmann
probabilities of finding a molecule in either state.2

While v3 is lowest in energy, Vg is given nearly equal statisti-
cal weight by its double degeneracy, and may in fact be more important
in the deactivation because of the larger breathing sphere parameter.

Calculations based on SSH theory indicate that for CD_Br itself, deac~

3

tivation from v, is approximately five times more significant than from

3
v6, while for the rare gases, the v6 contribution is in fact fifty per-
cent larger for helium, and decreases successively relative to the v3
contribution for the heavier collislon partners.

The calculated results for the two levels are shown in Table 3,

along with the appropriately weighted sum., That these results fail to
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TABLE 3

Calculated Deactivation Probability

v3 \)6
Probability Probability Weighted
Collision Partner per gas kinetic per gas kinetic Sum

collision collision
DB 2.10 x 1072 422 x 1070 1,25 x 1077
He 1,49 x 1072 2.14 x 1072 1,82 x 1072
Ve 8.62 x 107% 4,92 x 107% 6.75 x 1077
Ar 1,70 x 107% 6.10 x 1079 1.15 x 107%
Kr 2,10 x 1077 4.6l x 107 1,27 x 1077
Xe 7.13 x 1076 1.22 x 1078 4,13 x 1070
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agree with the experimental values, particularly as to the variation
through the rare gas series, should not be regarded as surprising. The
theory is far from quantitatively reliable, and takes no account of V-R
relaxation. This latter type of deactivation;é is expected to yield
rare gas rate constants which vary only slightly through the series -
more in line with the observed behavior, and its contribution for self-
relaxation would considerably enhance this value. The SSH calulations
were performed primarily to gain some insight into the expected relative

contributions of v, and V6 to deactivation.

3

2.5 Conclusions

Collisional transfer of vibrational energy in CD_Br has been

3

studied in a continuing investigation of the CH X and CD X series.

3 3
The pattern of energy transfer in CDBBr is similar to that established
in the CH3X series, with relatively rapid distribution of excess energy
among the vibrational levels preceding a considerably slower overall
deactivation. Activation of the 5) levels is very rapid, presumably
reflecting up-the-ladder transfer; consideration of energy gaps and
breathing sphere parameters, as well as comparison with similar processes
in CHBBr and CH3

transfer. Deactivation probably involves significant contributions from

Cl seems to establish the mechanism as a direct Vz'vé

both v6 and.v3.

A few comparisons can be made with energy transfer rates in the

CH_X series considering the parameters of energy transfer theory. An

3

example has been given in considering the activation of the low-lying
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levels in CH,Cl, CH_ Br, and CD. Br. When work on the CD_X series has

3 3 3 3

been completed a detailed comparison of the behavior of the two series

will provide additional tests of the validity of such considerations.
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FIGURE CAPTIONS

Experimental setup

CDBBr Vibrational Energy Levels

Deactivation of CD_Br 54 modes. The non-zero intercept

3
is a reflection of expermental uncertainty, and doss not
correlate with the radiative lifetime, which is X1 sec,

Deactivation and Activation of CD.Br Low-Lying Levels.

3
Large intercept in upper panel is due to presence of
90 Torr of Xe. Non-zerc intercept in lower panel is not

significant,
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Chapter 3

BUILDING A 002 TEA LASER

3.1 Constructional details

The CO2 TEA laser system is shown in Fig. 1. The main laser
body, made of 9.5 cm i.d, by 10.7 cm o.d. plexiglass tubing 76 cm long,
is seated on two V-shaped wood stocks. These wood stocks were fixed on
the ad justable seats which are movable on an optical bench. Both ends
of the tubing were flanged and O-ringed with 4 cm long, 2.5 cm i.d. by
3.8 cm o0.d. plexiglass tubings in which the movable NaCl windows were
locked in with a Brewster's angle.

The Rogowski profile aluminum electrodes (4 cm x 60 cm x 2 cm,
Tachisto Inc.) were mounted inside the tubing with a 1.9 cm spacing.
This was done by means of adjustable vacuum-tight mounts which threaded
through the copper plates outside the tubing. On the top copper plate,
there were mounted 12 sprague door knob capacitors (30 KV, 500 pF each,
30DKT500, H.L.Dalis Inc.) which were connected with 12 strips of copper.
On the other ends the copper strips were screwed onto the spark plugs
(L7v, Champion). The bottom copper plate which is grounded was also
built the same way as the top one but those copper strips were attached
to the ground end of the spark plugs on the plexiglass tubing.

The pulse transformer (100:1, U.S. Scientific Instruments),
charging and discharging resistor (50 KQ), oil discharge capacitor

(50 Kv, 0.05 uF, Condenser Products Corp.) and demountable pressurized
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spark gap (0-30 PSIG, 12-50 KV, SG501, Tachisto Inc,) were all mounted
in a grounded lead box for minimizing inductance., The box and the
laser tubing except the protructing NaCl windows were put in a grounded
copper network cover for protection and reduction rf noise.

The timing and trigger generator (model 050C, Tachisto Inc.) was
used in conjunction with the pulse transformer. This generator produced
synchronization and triggering signals can be tuned with the repitition
rate from 0.1 to 100 pulses/sec. A manual signal pulse push button was
also provided., The dc power supply was 50 KV, 70 mA obtained from
Universal Voltronics.

The 200 cm optical cavity was formed by a polished 50mm flat
beryllium-Copper mirror and a IR grating (75 grooves/mm, 38 mm x 10 mm
original on polished copper substrate, ML301, PTR Optics Corp.) The
IR grating and an additional mirror were seated on an optical plate so
that the grating can be rotated and adjusted vertically. Therefore,
most of rotational lines of the 001-02°0 (9.6 um) and 001-100 (10,6 pm)
bands of CO2 vibrational transition are available by rotating the grat-
ing. The plane mirror, providing an additional reflection to prevent
the direction of the output beam from changing as the laser is tuned
through various wavelengths, was set at an angle approximately 50° to
the grating. The BeCu mirror reflector can also be turned vertically

and horizontally, so that optical line-up is easy to obtain,

3.2 Operational detalls

The flow rates of the gases, COZ’ He and N2’ were controlled
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by individual needle valves at the fixed pressure and were mixed in a
mixing manifold before flowing into the discharge chamber, The ratio of
the mixture of gases was not measured but optimized by adjusting the
individual valve so that the uniform discharge was obtained at the applied
voltage. It was found that the uniform discharge is obtained with the

following number of turns on the valves of COZ:He:N approximately equal

2
to 5 : 10,5 ¢ 5.5 at the fixed inlet pressure of 10 PSIG. The preioni-
zer, triethylamine, carried by the He gas was added in order to prevent
arcing and to obtain a stable output energy. The gas mixture is intro-
duced into the discharge tube from the center and is let out at both ends.
A pulse energy of 3J was obtained in a multimode condition at an
applied voltage of 27 KV. The area of the output beam was 1.5 cm by 1.0
cm and the typical pulse length had the full width at half maximum of
300 ns with a tail of 700 ns., The tail of the pulse contains about one-
third of the total energy. It has been reported that the tail is due to
the slower buildup of the higher order transverse modesl. Therefore, the
laser can be constrained to fundamental mode operation with the narrow-
ness of the pulse half-width and the disappearance of the tail at sacri
fice of the output power (more than 50 percent). At the operational
parameters described above, the peak intensity is about 5MW/cm2 in a
multimode condition, This intensity is still not sufficient to induce
most chemical reactions, therefore, a focal lens is always needed to
increase the power intensity. When a 5 inch focal length ZnSe lens is
used, there is a 100-fold increase in intensity so that ailr breakdown
on both sides of the lens was observed. The front breakdown is due to

the energy reflected from the uncoated focussing lens.
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3.3 Discussion

Several similar devices of 002 TEA lasers have been reportedl-u.
The one described here is an inexpensive, simple and tunable, particular-
ly useful for laboratory research and in studies of the laser induced
chemical reactions. The performance of this laser is exceptionally good,
up to now at least one hundred thousand pulses have been obtained and no
degradation is apparent. The output energy is always very stable even
after continuous excitation with ten thousand pulses——=the largest number
of irradiation pulses that had been used at one time, However, to main-
tain the laser in a high efficient performance condition care mnust be
taken with  optical components and some electronic devices as discussed
below:
(a) NaCl windows: When the laser is not in use NaCl windows are always
covered with plastic bags, in which a drying agent is provided, this
keeps the windows dry and clean. Periodically, the windows are either
cleaned by lens paper molstened by dry alcohol or acetone or changed
with new ones,
(b) Resonators: They are also covered with plastic bags when they are
not in use. Since the optical amplification is very sensitive to the
surfaces of the resonators, the damaged or dirty surfaces of the resona-
tors cause great reduction of the output power., Hence, before operating
the laser the He oxr N2 gas is used to blow the surfaces of the resonators
to keep dust-free,

(c) Electrodes: The electrodes are needed to be repolished after a

certain period, usually once a year, for cleaning the solid deposits on
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the surfaces of the electrodes.

(4) Pressurized spark gap: The spark gap must be cleaned frequently
since breakdown of the filled N2 gas in the spark gap eventually contami-
nates the surfaces. To apply higher voltages the spark gap also needs

to be refilled to the suitable pressures to achieve a constant discharge.



41

References

1. P.R. Pearson and H.M. Lamberton, IEEE J. Quant. Electron. QE-8,
145 (1972).

2. A.'J. Beaulieu, Appl. Phys. Lett. 16, 504 (1970).

3. A. K. LaFlamme, Rev. Seci. Instrum. 41, 1578 (1970).

4, H. J. Seguin, K. Manes and J. Tulip, Rev. Sci. Instrum. 43, 1134

(1972).



Figure 1 Caption

The schematic diagram of CO2 TEA laser.
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Chapter 4

LASER INDUCED MULTIPHOTON ABSORPTION AND GAS BREAKDOWN

4,1 Introduction

002 infrared lasers can be used as sources to induce or catalyze
chemical reactions. Traditional photochemical reactions are usually
initiated by uv or visible light sources. These posess inherent high
photon energy and as such drive the reactions via electronic excitation.
The infrared laser light on the other hand has low photon energy (2.3
Keal) sufficient only to vibrationally excite the reactant molecule.
However, it has been shown that at sufficiently high fluences (energy/cmz)
chemical reactions can be driven efficiently. Depending on the excitation
processes, a chemical reaction can be induced in two different ways. One
is the energy transfer from a laser photon to a reactant molecule through
multiphoton absorption mechanism usually termed an "on resonance' process.
The necessary condition for this mechanism is a matched particular vi-
brational frequency of the reactant molecule with the laser frequency.

The other process, so called "off resonance", occurs by gas breakdown
caused by the very high intensity of the electromagnetic field., In this
process, the plasma (spark) generated through avalanche ionization by
means of breakdown is driven by inverse bremsstrahlung heating of the
electrons, Chemical reactions that occur via this process are expected
to show similar characteristics to high temperature reactions. In this

chapter, the proposed theoretical models for multiphoton absorption and
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gas breakdown processes wlll be reviewed.

4,2 Multiphoton absorption

A Q-switch CO, laser with power intensity of about 107 W/cn’ is
usually used to investigate collisional vibrational energy transfer by
monitoring the fluorescence signals from excited molecules. Consequently,
after sample molecules are excited by the laser 1light on resonance and
with a 1 photon per molecule absorption limit, they return to the
ambient conditions via collisional processes. The nature of such
vibrational energy transferring collisions are well understood. However,
few if any chemical reactions can be induced at such power levels.,

This implies that vibrationally excited molecules can not acquire
sufficient energy, either through further absorption of laser photons

or by collisional effects, to overcome typical energy barriers for
chemical reactions at these fluences, Whereas a TEA CO2 laser with

power intensity higher than 106 W/cm2 can initiate the chemical reac-
tion in many known instances. Therefore, at such a high energy density
the reactant molecule is expected to absorb more photons than the usual
one and decompose either collisionlessly or on subsequent collisions,

It has been demonstrated that many such systems exist, for example, SF6
can be decomposed collisionlessly and still maintain isotopic selectiv-
ity leading to an achievement of highly efficient isotope separationl.
These experimental findings are however not easily explained theoretical~
ly. Difficulties arise due to inherent anharmonicity of vibrational

states and the monochromaticity of the existing laser light. The
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intrinsic question, that is, how does a sample molecule acquire enough
energy from the infrared photons to dissociate into separate fragments,
while simultaneously keeping the absorption resonant enough for isotop-
ically selective dissoclation to occur? Two different models have been
proposed to interprete the mechanism of many photon absorption for the
dissociation of an isolated molecule.

The first explanation2 is based on a combination of the effect of
"triple vibrational-rotational resonance" with the effect of nonresonant
absorption gt the transitions in the "vibrational quasi-continuum" of a
polyatomic molecule, The second model3 is basically the same as the
first one except treatments of the lowest vibratlonal transition regime,
A number of terms must be defined and explained before a quantitative
description of these models are attempted,
(1) The Stark effect: In the large electric field present in the TEA
002 laser radiation absorption line broadening, due to a splitting
of molecular vibrational-rotational sublevels, occurs, This broadening
is a result of the dynamical Stark shift which can partially offset the
anharmonicity of vibrational levels. For a diatomic molecule (rigid
rotor approximation), the magnitude of the splitting is given by the

equad:ionLP
T = 2 -1
av = (Bg/2)(uE/hv)“, cm
where Be is the rotational constant in cm —l, M is the transition dipole

moment in Debye, E is the electric field strength, and v is the laser

frequency. This frequency shift is dependent on the second order of



L7

the field strength. For molecule such as SFB the numerical value is less

1 1 and electric fields of

than 0.1 cm — for u (v3) ~0,3 D, Be~0,03 cm~
the order of 108 V/em, However, this effect would be increased sub-
stantially for a molecule with larger dipole moments and rotational
constants.

(1i1) Power broadening: The multilevel power broadening arises because
a transition between oscillator levels occurs in a time which is short
compared to the time in which laser field gets out of phase with the
oscillator. This effect 1s determined by the Rabi frequencyu and the

detuning v-vo, where v is laser frequency and vg is oscillator fregquency.

The Rabi frequency is defined as
Vg = HEo/h

where Eq is the time independent field strength, 4 is the transition
dipole moment and h is thePlanck's constant, The excitation of the
oscillator is proportional to the square of the term, vg/(v-vy), at

the maximum, Therefore, if the Rabi frequency 1is large compared to

the detuning (v-vo), there will be a significant excitation. Take the
example of SF6 for numerical calculatlion, the Rabl frequency at a field

1

strength of 108 V/cm is approximately 5 cm — for the v, mode (u~0.3 D).

3
This is clearly a much larger effect than the Stark effect. If the
anharmonicity of the pumped vibratlonal level is small compared to
the Rabi frequency then very high vibrational levels can be populated
in very short times.,

In view of these two definitions let us return to the discussion
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of the proposed‘models. Both models separate the vibrational energy
levels in the ground electronic state into three regions which are
characterized by coherent, incoherent and continuum states, respectively.
The lowest levels represent the coherent regime, the quasi-continuum or
incoherent excitation form the middle of the ladder and the true
continuum represents the true dissociation limit., The model called
"triple vibrational-rotational resonance" or "PQR transition" attempts
to explain that the first three consecutive vibrational excitation
levels of a molecule can be resonant with the laser frequency solely

by compensation to the anharmonicity by changing the rotational states.
The laser frequency is tuned to match with the Q-branch of the transition
from v=1 to v=2, Therefore, the vibrational anharmonicity can be over-
come by compensation for the anharmonic shift of the transition energy
by a change in the rotational state. After the polyatomic molecule is
excited to v=3, the density of the levels becomes high enough so as to
form a quasi-continuum region where energy levels overlap one another.
Excited molecules in this regime therefore can directly absorb enough
photons, if the power is high enough, without requlring a resonant field
to reach the continuum dissociation 1limit in the ground electronic
state, This model shows that molecular decomposition depends on the
power density rather than power intensity since the PQR transition
requires only a power intensity of about 105 w/cm2 for a molecule, such

as SFg, with a rotational constant of ~0,03 e+

and dipole moment ~0,3 D,
Therefore, the decomposition rate is controlled by acquiring a sufficient
energy from the quasi-continuum states to reach dissocliation limit.

For a molecule with less dense vibrational levels such as BCl

3’
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however, the above model can not apply. Therefore, the model introduces
a refinement by allowing the excited molecules after having undergone the
PQR transition to "leak" into the quasi-continuum states and then reach
dissoclation limit by subsequent absorption,

Depending on the peak power, the second model assumes that the
coherent region can be excited to higher levels in the resonant field.
Since anharmonicity is mostly overcome by Rabi frequency, the power
intensity is more important than power density in this region., In the
incoherent region, without relation to any particular mode it is assumed
that all the vibrational degrees of freedom are at the same temperature,
The RRKM theory5 is then applied and the familiar Arrhenius equation
provides the quantitative rate calculation for this unimolecular disso-
cilation. Region III is the true continuum of the levels above the dis-
sociation 1imit, Dissociation may occur during and after the laser pulse,
before de-excitation by collisions can take place.

The introduction of RRKM theory into laser induced reactions is
significant since it is always argued that laser energy may accumulate
in a particular vibrational degree of freedom and lead to a very specific
molecular decomposition. The inherent assumption of RRKM theory is that
unimolecular dissociation occurs before a full vibrational period elapses.,
Otherwise, statistical distribution into all vibrational modes would
ensue., A typlcal vibrational period is about 10_13 sec, i.e., if laser
energy is deposited in the molecule in a period shorter than this vibra-
tional period the energy could accumulate in a particular vibrational
degree of freedom (ignoring the rotational relaxation). However, the

laser energy contained in such a short period is very small compared
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with the full laser pulse. The probabllity that this small part of the
pulse can induce a molecular decomposition is gquite low, Additionally,
it should be independent of collisional events at moderately high
pressures. From the results shown in laser isotope separation experi=-
ments with SF6 and others it is clear that good separation occurs in
the low pressure regime and that collisional scrambling is obviously a
critical factor.

Collisional effects are important for multiphoton absorption
processes, since the collision number may be large within the time span
of a laser pulse (typically 0.1 to 1 ps). Energy transfer by collisional
activation or deactivation within a laser pulse always plays an impor-
tant role. The following experimental results show the significance of
this collisional effects. Benzene is transparent to irradiation with
P(20) 10.6u laser line at pressures under 40 torr. In a system compris-
ing 6 torr of benzene and 1 torr of SFB, however, carbon was found
deposited over the whole cell when the same irradiation was attempted,

A tremendous energy transfer cross section thus drives benzene at least
as high as the quasi-continuum states from which decomposition is non-
resonant.

To summarize, comparison between these two existing models based
on the calculated energy level density in a particular vibrational mode
increases exponentlially with increasing energy states. In SF6, for

1 at 0.1 ev, about 10

2

example, the density of states is about 0.1 per cm

1 at 0.4 eV,

per emL at 0.2 eV and more than 100 per cm_ However,
level density 1s expected to greatly increase after coupling with in-

active vibrational modes which may become active subsequent to the
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repopulation by the initlal exciting photon, Furthermore, Stark effect,
power broadening and collisional broadening would play important roles
in compensating for vibrational anharmonicity. Experimentally, we will
show in Chapter 5 that efficient rotational relaxation can enhance the
dissociation rate of SF6. Therefore, a power intensity dependence in a
coherent region, as proposed in model II for multiphoton absorption
processes, should be favo;ed over that dependence calculated by model I

(PQR model) for multiphoton collisionless dissociation.

4,3 Gas breakdown

Gas breakdown is defined as the sudden onset of a electrical
conductivity in a normally non-conducting gas. This occurs due to the
exlstence of free electrons in the medium, Laser induced gas breakdown
is always accompanied by intense emissions of light, lasting longer than
a laser pulse duration with a characteristic afterglow. This plasma is
essentially opaque to any subsequent laser radiation. The mechanism
responsible for initiating the breakdown has been investigated and a
number of models are proposed., The avalanche breakdown mechanism6 pre-
sumes the existence of initlal electrons which are accelerated via the

7 until they acquire

high electromagnetic field by inverse bremsstrahlung
sufficient energy to ionize the gas molecules(or atoms) collisionally.
The process repeatedly continues with the new electrons generated by
lonization and glves rise to an avalanche resulting in showing an expo-

nential rate .of growth of the lonization. Another model assumes that

no electron exists previous tb the introduction of the laser fleld and
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that the latter causes lonization by multiphoton mechanisms. There also
exist theories based on mixed mechanismsg. The multiphoton ionization
process requires that the number of photons of energy sufficlient to
ionize an atom (or molecule) are absorbed directly by the atom (or mole-
cule). Since this process depends on the joint probability of absorbing
M photons, the lonizatlion rate 1s proportional to the laser intensity
raised to the M=th power, Thls was shown to be lmportant for the break-
downs observed with extremely short-duration laser pulses focussed in
gases at low pressure since breakdown flelds of 108 V/cm favor this
theory. At higher pressures the breakdown threshold of about 105 V/cm
for CO2 laser radiation favors the avalanche mechanism because the longer
wavelength results in lower thresholds in this model7. However, it
should be emphasized that, in order to induce the avalanche ionization
process, it is necessary that the process be initiated by some other
mechanism to provide the initial electrons, e.g., exoelectrons, etc.

To explain the existence of the initial electrons during the
early stages of ionization in the avalanche model, a simple experiment
was attempted. (a) The initial free electrons are provided through

photoionization by multiphoton mechanismlon Later experiments11

showed
that, for multiphoton ionization to be the trigger process, it must
creat a free electron in the focal volume in approximately one nano-
second., The photon flux required to produce initiation is still too
large as compared with the observed experimental breakdown fluxes. No
conclusions were thus favored. (b) The initial electrons are produced
by direct electron—tunnellinglz. At high laser intensity, direct

electron-tunnelling may produce the initial electrons for an avalanche.
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Since the tunnelling probability is a very sensitive function of electric
field, the plasma will tend to nucleate at a well defined intensity in
the center of the focal region. However, the laser intensity required

in this process may be as high as 1012 W/cmz. Therefore, it would not
be suitable to explain the plasmas induced by low laser intensity.

There also exists a probability that the initial electrons are
available due to external sources, i.e., exoelectrons, cosmic, light,
etc, Therefore, the avalanche ionization process would only depend on
the field necessary to build up a certain critical number of ion pairs
at the focus within the pulse duration., Since the mean energy gained
per mean free path by an electron is function of E2 (E represents the
field strength), the number of ion pairs produced by an electron in time
t should depend on Ezt.13 This may explain the general correlation
between the laser pulse shape and the time required for a visible dis-
charge to occur, That is, the weaker the power intensity, the longer
the time for observable breakdown.

Since breakdown can occur without matching the laser frequency
with the vibrational frequency of the reactant molecule, the gas is ef-
fectively transparent to the laser light. However, when plasma is
formed the motion of the electrons and ions in specific electrostatic
oscillations is characterized by the plasma frequency (Langmuir frequen-
cy) vp. The equation of motion which defines the frequency Vp of the
electrostatic oscillation of the electrons leads to the relation7

vpz = unezne / me (1)



Vp (sec™) = 5.65 x 10" [ne (Cm-3):|1/2

where e, mg and n, are charge, mass and density of electron, respec-
tively. The essence of a plasma oscillation is as follows, from the
wave equation for monochromatic fields and induced plasma current
densities, the dispersion results in the complex refractive index'ﬁj the
relation’ obtains

v2

4-'2: - P
! . v2(1 + 1 vg/V) @)

where
v = frequency of the electromagnetic wave,
Vo= collision frequency between the fluids,
1 = imaginary unit.

For a collisionless plasma(ve=0), the refractive index vanishes at the
plasma frequency Vp equals the laser frequency v. The plasma is trans-
parent only if v » vp; otherwise the incident electromagnetic wave is
totally reflected by the plasma. The frequency v = Vp is called the
critical frequency and is related by equation (1) to a special electron
density of the plasma, called the critical density. Thus, at the crit-
ical frequency total energy absorption occurs., For the 002 laser fre-
guency, the critical density is 1019 electrons/cm3 according to equation
(1). If the density of the plasma is higher than the critical density

the plasma should then be totally reflecting just like a metal surface
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(the solid state density of deuterium is 5.8 x 1022 cm-3). For the
absorption mechanism, theorists proposed two different types of models,
nonlinear parametric interaction14 and linear resonant interaction15.
It is generally agreed that the energy absorption take place in the
naxrrow critic layer where the plasma frequency Vy equals the laser fre-
quency v. Therefore, there will exist a critical pressure for any gas
that will correspond with the resonance regime where the critical elec-
tron density is 1019 <:m'3 at 002 laser frequencies, This critical
pressure depends on the charge state of the positive ions which are
formed. Experimental results showed that thls critical pressure is 300
torr for He about three times that of the threshold pressure to induce
the breakdownlé.

Some general phenomena of laser induced plasma are described
here,
(i) Plasma features: The structure of the plasma is a strong function
of the available laser power and the optical arrangement used to focus
the radiation., In general, at the center of the plasma is an extreme
intense core. Surrounding this core is a region of lesser intensity
which 1s generally divided into lobes, In this relatively low-intensity
region, the critical layer appears as a moving front, where the resonant
laser-plasma interaction actually occurslé. Outside this second region,
there is a structureless cloud probably made up of excited atoms rather
than lons and electronsl7. This 1s because the fast, high energy elec-
trons have very high diffusive loss rate to the wall and the surrounding

gases prevent the generated ions from free motlon,

The angular distribution of incident laser light scattered by
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the plasma showed that the scattering is strongly peaked in the forward
direction, with a lesser peak in the backward direction. The forward
scattering may be due to Thomson scattering from free electrons or
reflection from the dense plasma or hothl7.

(11) Threshold laser power density: Gas breakdown threshold is defined
as the minimum laser radiation intensity required to produce the break-
down plasma such that an intense, visible spark is observed at the focus

of a lens. The power density required for breakdown is given as18

2me € cIp v2 1n(ne/no)
e“ Ve T

(3)

(p/a) =

where

P

radiation power,

A

area.,
Mg = electron mass,

€

free space permittivity,

¢ = velocity of light,
Ip = ionization potential of the gas,

v = radlation frequency of the field,

Ne = final electron density,

initial electron density derived externally oxr
independently of the avalanche process,

Ng

e = electronic charge,

v, = electron-atom (molecule) collision frequency,

e

7 = duration of the laser pulse.
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This expression is a simplified solution, yet, still shows qualitatively
the dependence of the threshold on the various experimental parameters
for the preferred avalanche process.

The threshold power is variable with different gases at different
pressures. PFor a gas at constant pressure the threshold power is affect-
ed by external preionization., Prelonization by dc electrical discharge
reduces the threshold laser power18 and shortens the duration of laser
pulse being cutoff by the breakdown plasmal9. This i1s because the
initial electrons needed for an avalanche lonization were provided by
the injection of free electrons into the focal volume,

Equation (3) predicts that the threshold power density is pro-
portional to Vz/f, the experimental results showed that the agreement
is within the error associated with such threshold measurementsl8.
However, experiments designed to test the dependence of pulse duration
on the power density led to the results that factors such as diffusion
of the electrons out of the beam and/or inhibition of breakdown due to
resonant absorption by the gaseszo must also be considered. The latter
can be understood, as mentioned earlier, by considering the number of
ion pairs produced by an electron in time t. As shown in the earlier
discussion, ion pair formation should depend on Ezt, for a large produc-
tlon of ion pairs durlng breakdown obtained with CO2 laser of moderate
power, t must be long so as to maximize the product Ezt. However, 7,
the laser pulse width, must be much larger than t so as to ensure high
ion pair formation. Since E and 7 are inversely proportional some

preferential values must be found experimentally to satisfy both condi-

tions. Usually, gas breakdown is induced by means of focussing the
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laser beam directly into the gas cell therefore increasing the power
density. In a high power intensity of the focal spot the electron can
gain the energy and diffuse out of this very small spot very quickly
and thus the relative rate of gain to loss affects the avalanche ioni-
zation, PFor a fixed divergence and initial beam size the focal spot
diameter is directly proportional to the focal length of the lens, If
the beam diameter is larger, there exists a higher probability for
keeping the electrons in the beam and thus increasing the rate ratio of
gain to loss. Therefore, the threshold would decrease as the focal spot
slze was increased. |

The multiphoton ionization theory would predict a pressure

l/M, i.e., the threshold power density is not sensible

dependence of P~
to the pressure. Whereas the avalanche mechanism, as can be seen from
equation (3), predicts the threshold has a P-l dependence since W which
is the electron-molecule (atom) collision frequency is directly propor-
tional to pressure P. Experiments with a 002 laser qualitatively showed
that the threshold exhibits a P-l dependence18 as equétion (3) predicts.
This result provides additional evidence that breakdown induced by a 002
laser favors the avalanche mechanism,

(iii) The behavior of threshold pressure at a constant power intensity:
There exist different threshold pressures for different molecular species.
Below a threshold pressure the gas does not show optical breakdown
because of the collisional heating rate can not overcome the diffusive
loss rate of electrons., Threshold pressure conditions are intimately

linked to the gas propertles such as polarizability, dipole moment and

ionization potential. Increasing the polarizability and dipole moment
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or decreasing in the lonization potential will cause the threshold
pressure to decrease, These results although qualitatively correct
over a large range of species still do not allow a precise quantitative
dependence determination, That is so since threshold pressures can be
reduced by existence of impurities, preionization and application of
external magnetic field. In the presence of impurities such as dust
particles, the plasma nucleates strongly at such localities and expands
in the form of an optical detonation wavezl, therefore, the threshold
pressure is largely reduced, With a dc electrical discharge, the
threshold pressure also decreases dramatically., Experimental results
show the threshold pressure being reduced from 22 torr to 9 torr in OCS
when a prelonizing spark was supplied in addition to the TEA laser
pulse. In SF6 the threshold pressure decreased from 20 torr to 10 torr.
Applications of a magnetic field will also reduce the diffusion rate
normal to the field, thus increasing the time that electrons dwell in

the focal reglon and lowering the breakdown thresholdzz.
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Chapter 5
LASER ISOTOPE SEPARATION IN SF6
5.1 Introduction

Sulfur hexafluoride has been the focus of a large number of in-
vestigations and experimental studies of Laser Induced Isotope Separation
(LIS) of SF6 via multiphoton absorption have concentrated on this species
due to its inherent similarity to the uranium analog.

This particular investigation was undertaken with the hope that
some additional light might be shed on two specific issues, still grey,
involving the mechanism of laser induced dissociation in polyatomic spe-
cies via multiphoton absorption. The first issue dealt with here is the
effect of laser pulse duration and number with respect to the dissocla-:
tion of both 348 and 323 species. The second and the more complex issue
of collisions and thelr role in the dissociation was addressed in a se~:
ries of experiments involving different collision partners and pressure

regimes,

5.2 Experimental

A Rogowski type TEA CO -He laser, built in our laboratory,

27N
tuned to P(20) of 10.6 pm was the excitation source for all measurements.
A prelonizer was used to obtaln a stable output. The output of

this line was set at 2J with a pulse duration of 1 us. The pulse shape
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was of 300 ns full width at half height and a tail of 700 ns. The
repetition rate of 50 pulses per minute was used. The laser output was
focussed with a 5 inch focal length ZnSe lens giving an irradiation

3 inside the sample cell. The sample

volume of approximately 0.40 cm
cells were of glass, each having a volume of 18 cm3, 10 cm long and 1.44
cm i.d.,, fitted with NaCl windows. Gases were Matheson research grade
and used without further purification.

Product analysis was carried out by grating infrared absorption
spectroscopy as slow scan rate with a Perkin-Elmer Model 267. The peak

at 947.9 ent is due to absorption by the v. fundamental of 325F6, the

3

shoulder at 930.5 ent due to the34SF6 v, absorption (see figure 1).

3
At pressures of SF6 higher than 0.4 torr the gases were expanded to a -

known volume before IR spectra were taken so as to avoid saturation of

the peak at 947.9 ent

. When the pressures of SF6 below .4 torr were
used, the calculated percentages of species remaining as shown in Table
1 were made by direct comparison of the logarithms of the percent
transmission subsequent ot laser irradiation with the logarithms

of non-irradiated samples for a preset number of pulses. Calculated
g /325

concentrations of non-irradiated SF6 show a normal ratio of

to be 0.,044+0,002.

5.3 Results and Discussion

Fig. 2 shows the results of the percent dissociation of the two
isotopes, 3ZSF6 and 348F6, in the neat reaction of SF6 at various pres-

sures from 0.1 torr to 1 torr after irradiation with 500 laser pulses.
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The dissocliation yield of 328F6 is decreased and that of 34SF6 is slightly
increased as the SF6 pressure 1s increased. The results indicate, by the
different trends of pressure dependence for the two isotoplc species,

that the energy transfer between them by collislions plays a role in this
pressure regime, At a torr of SF6, the collision frequency for an unex-
cited molecule calculated from simple collision theory is approximately
0.5 ps at room temperature. For the collisions including the excited
molecules, the collision frequency will be higher due to the exclted
molecule’s higher momentum. Therefore, energy transfer through bimolecu-
lar collisions by exchange reactions such as

2

3ZSF6* + 3“SF6 > 3 SF + 3451?6*

Pspgx + 3451?6* > gr, + 3”31?5 +F
would increase ﬁhe reaction yield of 345F6. On the other hand, the
deactivation of excited 328F6 molecules by these exchange reactions re-
sults in a decrease in the 32SF6 reaction yield,
To acquire the energyfrom a laser beam, molecules have to be
able to directly absorb laser photons at the particular laser line used.

34,

For SF6 molecules, the frequency of v, mode is 14 cm_laway from the

3
P(20) 10.6 CO2 laser fregquency so that the absorption efficiency on this
laser line by 3L"SF6 molecules is quite low. Calculated values of the

dynamic stark effect for electric fields of 108 V/cm and are 0.1 cm-1 and

5 cmhi, respectivelyb. The extra 10 cm"1 distance away from the resonant

laser line would thus render 34SF6 a significantly weaker absorber. To
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obtain the laser absorption efficiencies of the two isotopes, without
collisional effects, one can extrapolate the dissoclation yield to zero
pressure. In the low pressure regime the laser energy is absorbed by a
constant fraction of reactant molecules so that a constant dissoclation
yield will be observed if the collisional effects can be ignored. There-
fore, the deviations from this constant value are due to the collisional
effects in this pressure regime, These extrapolated dissociation ylelds
for 3ZSF6 and 34SF6 are 90% and 28%, respectively, subsequent to irradi-
ation with 500 laser pulses of 1 us duration each. Since these resultis
do not include collisional effects the yields are the "unimolecular"
dissociation yields for the two lsotopes.

The consequence of the difference in the laser absorption effi-
ciencies for different isotopes results in the enrichment of the less
dissociated isotope in the residusl sample. The enrichment factor, B, is
defined as the ratio of the ratio of the concentrations of the two iso-
topes, 34SF‘6 and 323F6, after to before irradiation. The ratlio of 3M'SF'6
to 325F6 before irradiation is a constant, ,O44:+ ,002, the natural
abundance., Thus the enrichment factor, B, is determined by the unreacted
concentrations of the two isotopes after irradiation with a preset number
of laser pulses, It is apparent that the enrichment factor will be a
constant 1f the results after irradiation are determined solely by the
unimolecular dissocliation yields of the two isotopes. However, as the
pressure 1is increased and the collisional effects are more pronounced, -
the enrichment factor decreases reflecting the decrease in dissociation
yield of 328F6 and the increase in dissociation yield of 348F6. This

is due to the net energy transfer from 328F6* to 3l}SF‘é.
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Laser induced dissociations require fairly high laser fluxes,
usually, this high flux is obtained by focussing the laser beam into the
reaction cell. Consequently, only molecules in the lrradiated volume are
excited by laser beam. However, even within this irradiated volume, not
all the reactant molecules but only a portion of them are able to acquire
sufficient energy to be dissoclated. Thus, only a small fraction of re-
actant molecules in the cell is dissocliated on each laser pulse, If we
define the quantity N as the fraction of reactant molecules dissoclated
by a single laser pulse, the fraction of reactant molecules left in the
cell after a laser pulse is equal to (1-N). It is assumed that the unre-
acted molecules are redistributed in the cell between two laser pulses
(1 sec), so that the same fraction of reactant molecules will be disso-
clated for the next laser pulse without regard to the decreasing number
of reactant molecules in the cell. Thus a simple relation between the
fraction of reactant molecules left and the number of laser pulses can -

be written as

| N, = (1m)? (1)
where q 1s the number of laser pulses and Nq is the fraction of the re-
actant molecules left after q laser pulses. The quantity, N, is depend~
ent on the irradiated volume, the cell volume, the sample pressure, the
presence of different gases, and the varlous laser conditions such as
laser frequency, laser intensity and is independent of the number of
laser pulses.

The experimental results of the depsndence of N on laser flux
have been demonstrated by previous workerss's. They found that fraction

of 328F6 removed per laser pulse is proportional to the cubic power of
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the laser itensity in the range from 2 to 7.2 J/cmz' and to the fourth
power in the range from .9 to 2 J/cmz. The quantity N also varies with
initial SF6 pressure and the presence of different additional gases. In
the presence of different gases and higher pressures of SF6 the fraction
dissoclated per laser pulse is significantly altered by collisions between
reactant molecules and foreign gas molecules., Thus, with increasing
pressure, the collisional effects are more pronounced and the N shows
different results.,

Fig.1 is a typical IR spectra of a mixture of 1 torr SF6 and
1 torr H2 irradiated for preset and different number of laser pulses,
The concentrations of 328F6 (948 cm_lpeak) decreases with the increasing
number of laser pulses, After 3500 laser pulses the 325F6 peak has
disappeared but there still 1is one-third of the original 34SF‘6 Yeft. The
plots of log (Nq) of the two isotopes against the number of laser pulses
are shown in Fig.3 as solid lines. The linear relationship between log
Ng and q demonstrates the applicability of Eq. (1). With which we have
also calculated the unimolecular dissociation ylelds per laser pulse for
328F6 and 348F6 from the data obtained with 500 laser pulses. These
calculated unimolecular dissociation yields per laser pulse are llf.59x10-3
and 6.85x10'4 for 32SF‘6 and 34SF6, respectively. Since the ratio of
irradiated volume to thé cell volume in the experiments is 2.4x10-2, the
results imply that one-fifth of 323F6 and one-fortieth of 348F6 molecules
in the irradiated volume underwent unimolecular decomposition per laser
pulse under our laser conditions. From these data and Eq. (1), the frac-
tions left of the two isotopes which underwent unimolecular decomposition

at various numbers of laser pulses were calculated and shown as broken
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lines in Fig. 3. It can be seen that the concentrations of the two
isotopes from these calculations are decreasing much faster with increas-
ing number of laser pulses than the corresponding experimental results
shown in solid lines.

The experimental observations of SF6 dissociation in the presence
and absence of foreign collision partners are summarized in Table 1, A
number of observations may be thus summarized: at a preset number of
laser pulses e.g. 500, the dissociation yields for 328F6 and 34SF‘6 are
markedly affected by addition of 200 mtorr of foreign gas. The former is
effectively constant (within experimental error) while the latter obvi-
ously increases. When H2 is the collision partner the dissoqiation of
both species drastically decreases.

As the pressure of rare gases is increased 100 fold a marked
mass dependence is rather evident. The dissociation of 323F6 being less
efficient as the mass of the collision partner decreases. The same is
true of the 3L"SF'é and even more dramatically demonstrated when H2 becomes
the collision partner. Lastly it should be stated that under identical
conditions of pressure when the number of laser pulses is lncreased a
gradual return to the dissoclatlon behaviour of pure SF6 is observed.
For example compare the 98.6% of pure 325F6 with 1150 pulses to the 90,7

with 200 mtorr of H, or the 82.4% with 20.3 torr of He.

2

These data can be argued to fit a collisionally controlled disso~
clation rate which dominates the collisionless dissociation at prescribed
pressure regimes and laser parameters.

While no intermolecular V-V transfer can be invoked to explain

the enhanced dissociation rate of 34SF'6 at low forelgn gas pressures
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Table 1

Summarized results of LIS in 0.2 torr SF6 with and without foreign gases

REACTANTS NUMBER OF % DISSOCIATION  ENRICHMENT

LASER PULSES 323F6 343F6 FACTOR, B

.2 T SF, 500 89.9  40.2 5.92
1150 98,6  48.0 38.0
1500 ~—-- 4] ———-
+ .2 TAr 500 90.8  48.7 5.61
+ .2 7T Ne 500 91.1  4h.n 6.22
+ .2 7THe 500 91.9 43,2 7.01
1000 99.1 62.8 39.7
1500 smem 6l ———-
* 2TH, 500 78.2  23.5 3.51
1000 90.5  25.0 7.89
1500 96.3  60.0 10.7
2000 ~—-- 72,8 ———-
+19.3 T Ar 500 8L.6  L44.8 3.00
+ 20,2 T Ne 500 78.8  39.1 2.87
+ 20,3 T He 500 60,0  36.2 1.60
1000 82.4  140.7 3.37
1500 92.3  51.3 6.32

+

20,6 T H2 500 42,0 15.4 1.46
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V-T/R mechanism can. In particular the rotational relaxation time of

J thus implying a sin-

SF6 is quite rapid approximately 80 ns at 200 mtorrx
gle or a few gas kinetlic collisions per relaxation event. Thus within

the duration of a laser pulse the bleached rotational levels are refilled
by collisions with the rare gas molecules resulting in an increased
absorption for both species.. Subsequently, more efficientV-v collisional
energy transfer with 328F6* species results in the observed higher
dissociation yield for the 343F6 molecules. The drastic decrease of
dissociation observed for Uoth species with the addition of H2 is a
convincing demonstration of the latter species highly efficient,V—T/R
deactivation rate (note that at an increased number of pulses a return

to the collisionless dissociation value is observed). Accepting the fact
that 325F6 dissociates collisionlessly to an extent determined solely by
the laser flux, and irradiated volume of SF6 is it quite reasonable to
ascribe the obvious increase in the dissociation of 343F6 to collisional
348

effects. The collisionless dissociation of the F6 is not efficient

within our experimental constraints. The added H2 for example inhibits
an - originally excited 3u8F6 species from dissociation more effectively
than it can inhibit a highly excited 328F6 from achleving dissociation.

For example 200 mtorr of H, reduce the dissociation of the 34 species

2
by almost a factor of two while reducing the 32 species only by 12% and
so on,

These results are in‘total accord with the high pressure experi-
ments in which the normal expected trend of V—T/R deactivation efficiency

dependence on the reduced mass is followed; deactivation being much more

efficient with the lighter mass collislion-partners and consequently
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lowering the dissoclation rate seriously. Quite clearly the added rota-
tional channels in H2 contribute heavily to the total deactivation rate
and reducing the percent dissociation even further.

The domination of equation(1) even in the collisionally induced
LIS is still demonstrated. Since Ngq, the fraction of reactant molecules
left will decrease as q will increase the enrichment factor will still
increase. Indeed this is born out by the data and can perhaps. most
clearly be seen in the case of He addition where showed that enrichment
ratios quite close to those found in pure SFg still beachieved in a larger

number of laser pulses,

5.4 Conclusions

The experimental verificatlion of LIS of SF6 with and without
added gases and at longer laser pulses than usually used points out some
features which are in our opinion reasonably desirable in view of scale
up modelling.

It is demonstrated that a number of rotational states participate
in the process of colllisional dissociation which follows the collision=
less dissoclation at lower pressures. It is shown that efficient rota-
tlonal relaxation can enhance the dissociation rate., It is shown that
high pressure addition of a rare gas does not preclude efficlent LIS in
SF6. And finally it is shown that a measure of efficiency at specific
pressure and flux conditions can still result in unneeded dissociation
of the deslired end product unless careful conslideration to the number

of puleses 1is given.,
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Figures Caption

Figure 1. The IR spectra of a mixture of 1 torr SF6 and 1 torr H2
irradiated for preset and different numbers of laser

pulses.,

Figure 2. Percent dissociation of the two isotopes, 325F6 and 3L"SFé,
in the neat reaction of SF6 at various pressures from 0.1

torr to 1 torr after irradiation with 500 laser pulses.

Figure 3. Plots of log(Nq) of the two isotopes species vs. the
number of laser pulses for a mixture of 1 torr SF6 and
1 torr H2. Solid lines are experimental results. 3Broken
lines indicate calculated unimolecular dissociation, see
text of equation (1).
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Chapter 6

LASER INDUCED CHEMICAL REACTIONS IN SF6

6.1 Introduction

Multiphoton laser induced reactlons of SF6 in the neat and with
hydrogen mixtures are reported on in this chapter. The coplous formation
of suspended particulates is particularly interesting since it supports
the predominant mechanism in high temperature reactions., This particular
species, SF6, has been the subject of a large number of investigations
all predicated on multiphoton dissociation with IR lasers. No reports
of sulfur formation has been given previously. It has long been argued
that chemical reaction induced by infrared lasers produce noneguilibrium
populations of particular degrees of freedom, These are deemed respon-
sible for the different operational mechanisms from thermally driven
reactions and thus leading to different product formationl. Experimental
results obtained with various compounds in our lahoratoryz’B, in addition

L

to other work ’5, strongly indicate that the reaction pathway is always
associated with the lowest thermal dissociation channel(s) of the excited
molecule, Recently a theoretical model based on statistical thermody-
namical process has been proposed to account for collisionless multi-
photon dissociationé. The particulate formation found in this reaction

at different pressure regimes suggests further to support the essenti-

ally statistical behavior of laser induced chemical reactions.
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6.2 Experimental

The detailed laser setup was identical to that described in

Chapter 5. SF6 and H, were Matheson research grade and used without

2
further purification.

Product analysis was carried out by infrared spectroscopy
{Perkin-Elmer Model 267) and mass spectrometer (Varian CH-7). Product
and reactant peaks were compared prior to and subsequent to laser irra-
diation for a preset number of shots at predetermined frequencies and
2J of output power. The beam was eilther used directly or focussed with
a 5 inch focal length ZnSe lens., Pulse lengths of 300 ns FWHM and ~700
tail were used throughout. The repetition rates were typically 50

pulses per minute.

6.3 Results

6.3.1 Reaction of SFégin the neat

The CO,, laser radiation at 944,15 em™t corresponding to the

2
P(20) 10.6 is strongly absorbed by SFg (v3) vibrational mode. At pres-
sures above 40 torr and with input power of 2J the laser beam is not
detectable after passing through a 10 cm sample cell indicating that

all photons are absorbed., Such a strong absorption efficiency by SF6
at this wavelength leads to the observation of unimolecular dissociation

of SF6 at low pressures. A blue fluorescence emission is always visible

in the pressure range studled, the intensity of fluorescence increases
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with the SF6 pressure and consequently is gradually reduced pulse by
pulse corresponding to the decrease in SF6 pressure in the reactlion cell.
The origin of this fluorescence may well depend on particular fragmenta-
tion and subsequent recombinations. FPFurther, since particulates of S
were ldentified as a final product the possibility of detection of
early nucleation was investigated by light scattering techniques using
a 0.5 mW He-Ne laser. A He-Ne laser beam was directed through the cell
at right angles to the 002 laser beam. During the laser pulse and at
pressures above 20 torr, some reflected points were observed due to the
scattering of the He-Ne beam by the particles produced. However,
although these particles were observed during a laser pulse, no particu-
lates observed subsequent to laser pulse termination. The He-Ne laser with
its output wavelength at 6328 8 can in principle allow efficient scat-
tering from particles no smallexr than 60 %, The reflected points ob-
served during the laser pulses indicate that the particles formed were
at least several tens of sulfur atoms aggregated at same particular mor-
phology. However, the recombination process of S and F is very efficient
and competes very effectly with S, S recombinations thus 1little or no
solid sulfur can be detected after the laser pulse has been cut off.

The detectable products in this reaction were SOFZ, SiFa, CFh'
SOFu and SFu as determined by infrared and massspectral analysis after
irradiation with 1000 focussed laser pulses, At pressures exceeding 80
torr SOZF2 and COF‘2 Were also observable., TFormation of CFh and COF‘2
were due to the fluorine atom attack on the O-ring and vacuum grease

since black clrcles were observed on the entrance window at the contact

points of the O-ring with window in most of the observed cases. SiF4
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was formed by the reaction
4F + 3102(g1ass) ——> SiF, + 20 (1)

where the initial F atom appears from SF6-——3 SF. + F, With an unfocussed

5
laser beam, reaction at 80 torr was also induced with the observation of
the fluorescence at the entrance window and the nearly identical products
SOFZ, SiFh and traces of CF@'

The reactions induced with P(20) 9.6u laser line, corresponding
to the 1046.85 cm—l, were also studied. Since this frequency does not
correspond to any vibrational frequency of SF6 the reaction can only be
induced by gas breakdown which occurs under fixed laser pulse conditions
above a threshold pressure of SF6' The threshold pressure of SF6 under
the laser conditions used in this study was 20 torr. Product formation

was found to be the same as that obtained with the resonant irradiation

( P(20) 10.6u).

6.3.2 Reactions of SF, with H

2

This reaction was investigated over the pressure range of 20-
160 torr. The ratio of SF6=H2 was held to 1:1. Irradiation with the
resonant P(20) 10.64 at various pressures revealed the common products
SiFu, SOZ’ SOFZ, SOZFZ’ HCl and CF#' When 160 torr of sample was
irradiated with an unfocussed laser beam, SOF2 and SiFh were the only

products. The visible emission in thls particular case was stronger

at the entrance window to the cell and gradually diminished and finally
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disappeared after traversing a 2 cm path, Formation of HCl due to the
reaction of Cl atom, which was released from NaCl window by the fluorine

atoms, with H The formation of CFu is very small indicating that F

2°
atoms were efficiently scavenged by H2 to form HF which immediately
reacts with the glass walls leading to the formation of SiFu as a major
product,

The visible blue fluorescence was the same as the reaction of
SF6 in the neat. The obvious difference is the coplous particulate
formation in this reactlon. The particulates were always observed in
this pressure range. At total pressures below 100 torr, the particulates
were formed and eventually deposited isotropically throughout the cell.,
These aggregated particulates of sulfur were so small as to remain
suspended for observable times (seconds), However, at pressures exceed-
ing 100 torr, very thick particulates were deposited on the wall extend-
ing from directly behind the entrance window to the focussing point.
Beyond the focussing point the particulates were not visible. The
particulates formed .n this pressure regime are so large that they were
observed to fall towards the cell walls very quickly. From these rather
crude observations it is nevertheless clear that there exist two very
different sizes of particulates in the two pressure regimes. Thus,
their creation must involve different nucleation times. In order to
establish the nucleation times corresponding to these different sizes
of particulates the following experiment was performed, An attenuated
He-Ne beam was directed to pass through the cell at right angles of the
002 laser beam and a phototube was seated on the other side of cell to

receive the signal., The beam intersection point was about the half way
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between entrance window and the focal point. A 6328 2 bandpass filter
was inserted between cell and phototube such that the phototube is only
sensitive to the red He-Ne beam., The signal was triggered by the laser
pulse and displayed on a oscilloscope. When the particulates were
formed in the He-Ne beam, the intensity of the beam was reduced and the
nucleation time is defined as the time delay between the laser pulse
and the phototube signal reduction. The nucleation times for the
pressures at 100 and 160 torr were measured as 60 and 100 us, respec-
tively.

To estimate the size of the particulates, a larger cell was
used for a modified Millikan oil drop experiment. The velocity of
the falling particulate was measured by clocking the time for the
particulate +to traverse a known distance between two points, Applying

Stokes' law, the equationt? reads

v @ -¢)e = 6mnr & (2)
where

r = radius of sphere,

¢ = density of sphere,

b = density of medium,

g = acceleration of gravity,

W = coefficient of viscosity of the gas,

%% = veloelty of the falling sphere,

the coefficlient of viscosity of the gas is given by
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_g (r m k T}l/z
1 % d

= 2,67 x 1075 M T)%/dz, g em Lsec™t (3)

=3
I

where

M = molecular weight,

T = <+emperature in oK,

G = molecular diameter in .
At 100 torr, the size of the particulates was measured to be approxi-
mately 2 um as. calculated via equation (2) for a distance of 8.2 cm
defined by a two laser beams and an elapsed time of 129 sec,

Sulfur particulates were also analyzed by X-ray diffraction
method, The results indicate that sulfur particulates formed from
low pressure samples of SF‘6/H2 mixtures were complétely amorphous.
High pressure samples (i.e., larger than 100 torr) show a majority of
amorphous sulfur but a small concentration of crystallites.

The threshold pressure to induce a gas breakdown with the non-
resonant P(20) 9.6u laser line was approximately 20 torr. The particu-
lates were formed and deposited solely around the focal point.

Product analysis showed the identical results as in the on resonance

cases at equivalent pressures.
6.4 Discussion

With a high intensity infrared CO_, laser, the primary step is

2

and F./ The SF. radical is not stable

the dissoclation of SF6 into SF‘5 5
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and further decomposes, either directly or aided by the laser radiation,
into SF‘LL and an additional F, However, SF4 is an extremely reactive
substance toward moisture so as to be instantly hydrolyzed to form

SOF2.8 Formation of SOF4 is undoubtedly taking place via highly

vibrationally excited SF4 and an oxygen atom released from reaction of
fluorine atom with the glass (Sioz) as shown in equation(l), Another

mechanism to form SOF‘LP may be due to the recombination of SOF‘2 and F

since both are in fair abundance.

In the presence of H2 the products are different.SOzF‘2 and 802

predominate instead of the SOFU. This particular channel is heavily

favored if water is formed or is present in the cell since SOFu reacts

very rigorously with water producing SOZF‘Z.8 The latter also hydro-

lyzes vigorously to form SO All the products can be easily accounted

2'
for by well known thermal reaction pathways, however, the sulfur
formation is somewhat different.

Sulfur has been observed by electrical decomposition of SF69

and by nonresonant microwave excitation of SFulo. In the former case,

reaction pathways were postulated as

SFY + SF; ——> (S5Py)"
(stlo)* —> S5,F, + &F
5,F, —> 5P, + [s]
The reaction involved ionic species due to gas breakdown when discharged.

Thermal decomposition of 82F2 led to the final products of SF2 and

sulfur. This seems not to be applicable to our experiments since no
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SF2 was formed in our results although the mechanisms of off resonance
also went through gas breakdown and the ions were formed at the focal
region, To account for the formation of sulfur from SF,, it was
postulated that under microwave excitation SF4 completely disproportion-
ated to sulfur and fluorine atoms subsequent recombinations outside
the high field zone yield SF6. SzFlo was examined by the same authors
the results showed the same products SF6 and sulfur. The authors
agreed that since the discharge intensity is so high that atomic
species dominated, recombination resulted in the most stable products
namely SF6 and sulfur,.

In the P(20) 9.6) nonresonant gas breakdown experiments.in the
absence of H2, the atomic species are dominant inside the plasma., Ve
thus expected that sulfur and fluorine atoms be the preferred species
in such a high temperature zone. Lack of thermodynamic data for SFM’

S FZ’ SF, and F precludes calculation of the free energy at expected

2 2
temperature of ~1500 %, However, due to large positive entropy and
positive enthalpy of sulfur at room temperature (SF6 and SF4 have very
large negative enthalpy at room temperature, ~-289 and -172 Kcal/mole,
respectively), it seems to be reasonable to prefer sulfur and fluorine
atoms at such a high temperature. An additional and fairly conclusive
plece of evidence to support this point of view was the observation of
particulates during the laser pulse in the resonant process and non-
resonant cases. In addition, the blue fluorescence observed in the
resonant multiphoton case may be due to the formation of 32 since the
electronic absorption bands of 32 in the visible region are well matched

with the deep blue color of hot sulfur vapor. Recombination process
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after dissociation of SF6 has been recently reported however no forma-
tion of sulfur was mentionedll.

The complete dissociation of SF6 to form sulfur was more clearly
visible when H2 was added as a scavenger. Since the fluorine atoms were
efficiently removed by hydrogen atoms (or molecules), therefore, the
sulfur particulates were much more readily observed, Also the size
of the particulates was observed to increase with pressure. It is
thus believed that the reactions of SF6’ either with or without H2,
initiated by laser radiation occurred in two different stages. Inside
the irradiation volume the SF6 molecules were completely dissociated,
subsequent recombination processes produced highly excited species and
followed thermodynamically controlled final products.

The different nucleation times observed at two different
pressures are consistent with homogeneous three body collisional
nucleation. If the density of the formation of sulfur atoms is so
high that, as soon as the initial seeds are formed, the sulfur diffuses
to the neighbor seed, also if the"sticking coefflcient" is very high then
the size of the particulates will depend on the available number of
sulfur atoms. At low pressuresof reactants the density of sulfur
produced is also low so that the size of the particulates is small
corresponding to a shorter nucleation time. At high initial pressures

of reactants the available sulfur produced is high and the size of the

particulates is also large so a longer nucleation time is observed.

6.5 Conclusions
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Formation of sulfur particulates was studied with CO2 TEA laser
radiation of SF6 and SF‘6/H2 mixtures. Both multiphoton absorption
processes and gas breakdown experiments were carried out at pressure
ranges of 10-160 torr. It was concluded that S and F recombination
processes are so fast that without an efficient scavenger sulfur
particulates were not formed at sufficient density to induce light
scattering of a probing He-Ne beam, Particulate formation may imply
that the product formation other than sulfur occurred as the secondary
process after recombination of the fragments produced in the primary
stage. The presence of major products such as SF@' SOFZ, SOZF‘2 and
SOF4 can be argued by conventional, thermodynamically controlled
reaction dynamics. However, at very high fluence of the exciting CO2
radiation SF6 shows total decomposition to sulfur and fluorine atoms.

Under these conditions the mechanisms operating in resonant multiphoton

absorption and gas breakdown are essentially identical,
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Chapter 7

IASER INDUCED CHEMICAL REACTIONS OF CH2F2

7.1 Introduction

Laser enhanced or laser induced chemical reactions constitute one
of the most significant scientific developments in recent yearsl_B.

While most of the limelight was captured by a number of stirkingly suc-
cessful isotope separation experiments in a variety of molecular and
atomic speecies, there remains a wealth of chemical reactions to be ex-
plored and exploited utilizing these techniquesq.

Although the number of potentially interesting reactions is 1lit-
erally unlimited this chapter deals with the reactions of difluoromethane.
The particular interest in CH2F2 was generated subsequent to similar
work on laser driven methyl halide reactions that were explored in detail
at this laboratory5. The latter were originally chosen for investiga-
tion for their simplicity and thorough knowledge of the kinetic routes
followed by excited species during energy transferring collisions”,

The multiphoton laser induced reactions of the methyl halides
either in the neat or with chlorine generated a number of conclusions
which in turn demanded further exploration in similar yet less symmetric
molecules. It was thus that the reactions of difluoromethane with chlo-
rine and in the neat were chosen for study with a specific focus on the
off resonance behavior, the efficiency in terms of photon utilization to

molecules reacted, the threshold to these reactions and the particular
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mechanism or mechanisms respﬁnsible for product formation.

The oxidation reaction of CHZF2 was also studied, It was found
the reaction to be an explosive one under appropriate conditions. This
chain reaction induced by an infrared laser is particularly interesting
in comparison with the conventional thermal process, for potential uses
in industrial processes. That is so since the ratio of the photon uti-
lized to the molecules dissociated is very high as the result of almost
complete decomposition of CH2F2 with a single laser pulse, In addition,
the product formation of this reaction showed a different distribution
depending on the sizes of the reaction cell used. The products of the
decomposition (CZFU)’ primary oxidation(COFé) and further oxidation(cO
and COZ) were found to parallel the thermal oxidation of C2F4 in oxygen

from low to high temperatures7—8.

7.2 Experimental

The laser apparatus was the same as described in Chapter 4.
Glass cells with three different sizes, 18 cm3 small cell, 94 cm3 square
cell and 500 cm3 large cell fitted with NaCl windows have been used in
these experiments., The laser beam was eilther used directly or focussed
so as to fix the focal point at the center of the cells, Gases were
Matheson research grade and used without further purification save for
freeze thaw cycles.

Product analysis was carried out utilizing Perkin-Elmer Model
267 infrared spectrometer and Varian CH7 mass spectrometer. Pr§duct and

reactant pealks were compared prior to and subsequent to laser excltation
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of CH2F2 for a preset number of laser pulses at predetermined freguencies

and power levels,

7.3 Results

7.3.1 Reactions of CH in the neat

T2

The reactions of CH2F2 in the neat were investigated over the
pressure range of 300 mtorr to 20 torr under the conditions of varying
laser energies, laser frequencies and the number of laser pulses. The
results are shown in Table 1. At the pressure of 300 mitorr no product
is detectable with the highest attainable power level of perhaps 200-300
MW/cm2 and an unusually large number of laser pulses when R(18)9.6p co,
laser line (107?cm—1) was used. Such a large number of laser pulses
for reaction in the large cell, which contains more reactant molecules
proportional to the volume ratio to the small cell, is necessary for
comparison since the ratio of irradiation volume to the cell volume for
the large cell is far less than that for the small cell, However, even
with such a large number of laser pulses, there was no detectable pro-
duct. This indicates that the reaction would not proceed as a  colli-

sionless unimolecular decomposition. This may be due to the fact that the

CHZF2 molecule has low absorption efficiency at this laser freguency and

posesses a lowdensity of energy levels at higher total energies. At higher pres-
sures, the reaction was not induced with an unfocussed laser beam, corre-
sponding to the power level of ~3 Mw/cmz, either in the small or large

cells, Therefore, in addition to the collislional excitation, a threshold



_TABLE 1

The results of laser induced reactions of CH.F. in the neat under various conditions

22
Bxcitation Pressure Laser Products Conditions
source (torr) pulses '
R(18)9.6u 3 4000 Not detectable Focussed, large cell
3 4000 Not detectable Unfocussed, Large cell
3 L4000 C2F4, SlFu, CZHZ Focussed, lLarge cell
3 1200 Not detectable Unfocussed, Small cell
3 100 CZFh, SiFh Focussed, Small cell
3 600 C,F),» SiF, CZHZ Focussed, Small cell
3 1200 CZFQ’ SlFu, 02H2 Focussed, Small cell
¢ i ] .
R(34)9.6n 3 1200 C,F,, SiF,, C,H, Focussed, Small cell
P(20)9.6u 3 1200 C,F),» SiF,, C,H, Focussed, Small cell
20 5 Particulates, CZFM’ SiFu Focussed, Small cell
20 100 Particulates, G.F, , SiF Focussed, Small cell
CZHZ’ fluorinated olefins
20 2000 SiF4 Focussed, Small cell
P(20)10.6n 10 1000 Not detectable Focussed, Small cell
20 50 Particulates, CZF ’ Focussed, Small cell
Sim,, C.H

Lhr 7272

6
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power level is needed to induce the reaction.

At the pressures above 3 torr the reaction was induced with a
focussed beam. Weak fluorescence on each laser pulse could be observed
due to the relaxation of the electronically excited fragments. The
ma jor product was 02F4 accompanied by a significant amount of SiF‘LL from
the reaction of the produced fluorinated radicals with the glass cell,
C2H2 also became detectable with increased number of laser pulses., At
pressures higher than 10 torr, some fluorinated olefins and particulates
were also formed in addition to C2F4’ SiFu and CZHZ' The well-shaped
orange fluorescence was produced during a laser pulse and dark brown
particulates depoéited all over the cell wall. The particulates were
identified as carbon,

Fig.l presents a reproduction of the infrared spectrum of pure
CHZF'2 at 10 torr in the small cell as a function of laser pulses at the
resonance frequency of the R(18)9.6n 002 laser line, It shows clearly

the production of C F4 which peaks at approximately 200 pulses, Subse-

2
quently the disappearance of the GZFLP and the parent peaks, the predomi- .
nance of SiFa is very clear at 2000 pulses. Therefore, SiF4 becomes the
only product that survives in the gas phase. It should be noted that
no formation of C2H4 or the mixed fluorine hydrogen dimer czﬁuFé were
> diradical

was strongly implied as evidenced by the coplous formation of CZFM'

detected while CZFh dominated. Thus, the existence of the CF

This was further substantiated by scavenging with oxygen with a conse-
quent formation of COF2 as the major product as will be shown later.
The formation of CF2 diradical during the laser pulse can be attributed

to the reactions
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nhy, *
CH,F, == CHF, +H (1)
GHF." —> CF." +H (2)
2 2
The formation of C?H2 and particulates at high pressure was expected

since both the 02 and CH species have been traditionally detected in the
decomposition and oxidation reactions of hydrocarbons at high tempera-

9

ture’. However, the excitation mechanisms responsible for the formation
of 02 and CH are still not totally understoodlz.

Products were also observable when the laser was tuned away
from the resonance line by 10 em™ to the R(34)9.6u line (1087cm-1) as
well as 30 en™t to the P(20)9.6), transition (1047cm—1), No strong de-
pendence of product concentration or nature on the laser frequency within
the boundaries listed above was detected. However, a 130 cm_1 offset
resulted in no reaction under the threshold pressure to the occurrence
of dielectric breakdown., The threshold pressure at the laser power of
3J.is approximately 20 torr for breakdown, The identified products were

identical to those found with on resonance multiphoton absorption experi-

ments.

with C1

7.3.2 Reactions of CHZ_F_2 2

As this investigation closely paralleled the methyl halide work
mentioned previously, experimental conditions were chosen so as to com-
pare both sets of data in the interest of establishing similar or dig-

similar trends., A concise review of the methyl halide-chlorine reac-~
tions is thus included below to facilitate comparison.

The direct excitation of the C-F stretching mode in CHBF with
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the P(20)9.6u €O, laser line resulted in reactions depicted schema~-
tically below.
K3
+ +
CHBF 012 —> CHZClF HC1
It was shown that the mechanism was not a radical mechanism but rather

followed one or two preferred paths

¥
(i) CH,F + Cl, — CH,JF + 2Cl.

3 2 3
cl., + CHBF —> CH,FCL + H.
or
R *
(i1) CHBF‘ + 01, —> Cl, + GH,F. + H.
Cl, +H. —> HCL +Cl.
- Cl.  + CHF. —> CHyFCL

The reaction product was limited to CH2

ratio was held at 1:1 and successive chlorination occurred as the ratio

FC1 when the CHBF/Clz

increased in favor of chlorine. Off resonant pumping up to + 50 cm"1 of

the known absorption in CH.I yielded significant and identical products.

3
Pinally it was shown that no product formation was detectable when the
laser power level was less than 100 MW/cmz. At this and higher powers
conversion efficiency was at best 20% of initial reactants. No dimeriza-
tion reaction of the neat CHBF (or other halides) were observed and pro-
ducts were identical at pressures ranging from 200 mtorr to 60 torr of
CHBF and 012 in the bimolecular case. The speculation then regarding

the nature of the operating mechanism was that either (i) or (ii) or both
were operative and that the large off resonance behavior was due to the
very high level density generated by the very high electric field (275
KV/cm) of the high power laser.

Thus a prior set of hypotheses existed before the investi-
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gations of CH,F, began. It was conjectured that the reaction (3a) will

22
predominate over (3b) as it did in the CH3F case despite the fact that
the C~F vibration
—> CHFCL + HOL  pH = -27 Keal /ote (3a)
CHpFp * Cl, Keal
—> CH,FCL + FC1  AH = +32 /mole (3b)

was laser driven in both cases.
Off resonant behaviour was anticipated to be somewhat more re-

strictive since no first order mixing was possible with the C_,_ symmetry

2v
of the difluoromethane. Additionally, the threshold power for initia-

tion was expected to be lower since the addition of a fluorine weakens
the carbon hydrogen bond significantly (~23 Kca1)13. The experimental
results presented below essentially follow all the anticipated trends.
Table 2 shows the data taken with samples of ranging from 2 torr to 12
torr at different ratios of reactants. BExcitation was provided on the

resonant R(18)9.6u CO, laser line and products were analysed for by mass

2

and infrared spectroscopy and the listings of products are from left to
right in order of decreasing abundance.

The results obtained from the reactions of CH2F2 in the neat, as

shown in the above section, show C F‘LL was the major product. In the

2

presence of Cl,, however, the dimerization depends on the scavenger

21

ratio in the mixture. At 1:4 ratios high in Gl., no dimerization was

2
observed at all., No formation of SiF‘4 was detected either. In high
CHZFZ ratios, product formation_showed no dependence on the number of
the laser pulses, only the singly chlorinated zpecies CHF201 was detect-
ed along with the products detected in the neat reaction, At a 1:1 ra-

tio, no product was detected when an unfocussed beam was used. Note



TABLE 2

The product distribution of reactions of CH,F, with Cl, at various
pressures of different reactants ratio obtaIned by irradiation

with R(18)9.6u CO2 laser line at power energy of 1J

Total CH2F2 Cl Laser Products Conditions
pressure ratIo pulses
(torr)
6 5:1 300 C,F),, CHF,C1, SiF, Focussed, Small cell
5:1 1200 CZFQ’ CHFZCl, SiFu Focussed, Small cell
L1 600 CZF4’ CHF2C1, SiFa Focussed, Small cell
3 2:1 1200 C2F4' CHFZCI, SiFa Focussed, Small cell
6 1:1 1200 Not detectable Unfocussed, Small cell
1:1 1200 CZFM' CHFZCI, SiFQ Focussed, Small cell
2 1:4 1350 CHFZCI Focussed, Large cell
10 1:4 1200 CHF201, 02F4C12, CF2C§12 Focussed, Large cell
1:4 6200 CHF,C1, CF,Cl,, G,F,Cl, Focussed, large cell
1:4 1200 CZFQCIZ' CF2C12, CHF201 Focussed, Small cell
i2 1:5 5 CHFZCl Focussed, Small cell
1:5 100 CHFéCl, CF2012, CZF4012 Focussed, Small cell
1:5 4500 c,FC1,, CF Clz, CHF C1 Focussed, Small cell

24772 T2 2

96



TABLE 2 (continued)

Total CH.F./C1l Laser Products Conditions
ratfo 2 ul
pressure o] pulses
(torr)
1:5 1200 CHFZCl Unfocussed, Small cell
1:5 1200 CHFZCI, CF2C12, CZFL],CIZ Unfocussed, Large cell
4500 CHF_Cl1, CFC1l,, CzFL;,Clz Unfocussed, lLarge cell

2 2772

46



98

that in experiments with high chlorine ratio, the reaction to form CHF_C1

2
is clearly very efficient as product formation is very obvious after 5
laser pulses. No geometric power threshold is obvious since the reac-
tion is driven in the unfocussed geometry towards the single product.
It was attempted to drive the reaction with a lower power Q-switch laser,
however, no product formation was detectable at power levels of 10KW,

It was also found that multiple chlorination proceeds as a func-
tilon of laser pulses. The doubly chlorinated species along with 02F4C12
were detected after 100 laser pulses. However, no triply or totally
chlorinated species were observed., New product, CZFhCIZ' appears at 100
pulses at low concentration and dominatesat a high number of pulses,

The implication being that the initial product CHF?Cl rereacts subse-

quently to its formation via either direct laser excitation or via col-

lisions with collisionally excited CH2F2 molecules ( one of the vibra-
tional frequencies of CHF201 is nearly matched with that of CH2F2 and
is very close to the R(18)9.6u CO. laser lineiu ). The existence of a

2
CFZCl- radical is certainly suggestible at this point since its dimer

becomes a major product at long excitation times,

7.3.3 Reactions of CH

I'__with O
&

2 2

The laser induced oxidation reaction of CHZF2 driven at three
different frequencies of infrared photons was also studied., Under ap-
propriate conditions, this oxidation reaction was found to be explosive,

Since no such a thermal reaction was reported previously, the result was

particularly interesting, since two distinet electronic emission bands
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were observed as cell conditions were varied, This may imply that two
different mechanistic routes were involved in this chain reaction each
depending on the dominant propagators produced by branching chains.,

The results at various conditions of excitation sources, reactants’ ra-
tio, total pressure, size of the reaction cell and conditions of the
reaction cell are shown in Table 3.

As pointed out previously, there is no difference in product
formation utilizing either the R(18) or P(20) 9.6. CO, laser lines as
excitation sources under the same conditions. The threshold pressure
nust be increased when the laser frequency was further tuned away to
P(20)10.6y laser line from the resonant frequency of theCH2F2 molecule.
This is expected since nelther the oxygen molecule, similar to the chlorine
molecule described in the last section, nor the CH2F2 molecule shows
resonant absorption at this frequency. Therefore, more reactant mole-
cules are needed to interact with photons and/or to have more collisions
between reactant molecules so as to induce the reaction at limited energy
thresholds., It was also shown that products containing CH bond were not

observed at all. However, C Fh was still observed both at a 1:1 ratio

2
under the threshold pressure of the explosion limit and at the ratios
high in CHZFZ' The former information indicates that the processes of
assoclation of radicals which is responsible for the formation of 02H2
in the neat reaction can not be important in the presence of oxygen.
The latter result is further evidence of the large abundance of CF2

diradicals in the neat reactions.

According to the reactants' ratio, the results are outlined as

follows



TABLE 3

The results of the reactions of CH,F, with 0, obtained by irradiation

with a focussed 002 laser beam. 22 2
m 1 3 g
Excitation CHZ‘Z/OZ Total laser Products ® Conditions?
source ratio pressure pulses )
(torr)
R(18)9.6u 1:10 22 200 COF, Small cell
1:9 60 200 COF2 Small cell
41 25 200 COFZ, C2F4 Small cell
1:1 12 200 COFZ, CZF4 Small cell
20 100 COF2 Small cell
20 1 COF2 Conditioned small cell,
Orange explosion
3:1 20 200 COF‘2 Large cell
5:1 9 500 COF2 Large cell
1.1 20 1 co, CO2 Large cell, Green explosion
20 1 co, CO2 Conditioned large cell,
Orange explosion
20 1 co, COZ’ COF2 Laxge cell with surface

tripled, Green explosion

00T



Excitation  CH F2/0 Total Laser

TABLE 3 (continued)

a sas b
source r%tlo pressure pulses Products Conditions
(torr)
P(20)9.61 1:1 20 100 COF,, Small cell
20 1 co, CO2 Conditioned Large cell,
orange explosion
P(20)10.6u 1:1 60 100 Not detectable Small cell
Lo 1 co, CO2 Large cell, Green explosion
(a) SiF) was the common product for all reactions. Particulates (fine crystals)

(b)

were also found on the Wall,Of reaction cell after explosion.
The output power of laser beam was 1.5 J for R(18) 9.6u line and 2.5 J for

P(20) of either the 9.6u or the 10.6u lines.

10T
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(A) High 0,: CH,F, ratio : [xperiments were only performed in the small

cell., The results shown in Table 3 point out that COF, was the only

2

product even at pressure as high as 60 torr. This exclusive production

of COF, strongly indicates that the reaction pathways follow equations

2
(4) and (5)
CHF." + 0, —> COF, + OH (1)
1 \
2 T 9% 2+ 0
'X‘
CF, + 0, —> COF, +0 (5)
The process
CHF," + 0, —> COF, + H,0 (6)
22 T Oz 2 ¥ 1
is not favorable since O2 molecule would act as an efficient quenching
agent racher than a reacting species to form COF2 due to the fact that

the process requires two bonds to be ruptured,consequently,other products

such as CHFO would be observed. The process of recombination of CF2

diradicals becomes statistically unfavorable at high ratios of O2 to

CHZF2 pressures, hHowever, the complete oxidation products namely CO and

CO2 were not found, Therefore, the cell wall may be functioning as an

effective deactivator to quench further oxidation reactions.

(B) High in CHZF2 ratio : Reactions were studied both in the small and

large cells. The product formation and nature was found to be different
in these two cases although both were identical in the neat reaction.
In the small cell there exists a competition between the recombination

of CF2 diradicals and oxidation, therefore, both C2F4 and COF‘2 were ob-

served, In the large cell, due to the relative overabundance of oxygen

to the produced CF2 and CHF, radicals (both large and small cells have

2

the same irradiated volume), the final product was solely COF How-

o
were still not detected in either cell geometry. This

ever, CO and 002



103

information further implies that CH radicals can not be formed at any
reasonable concentrations since the oxidation of such CH radicals would
produce CO(and/or COZ)' The failure to observe any CH and CHO bond
containing compounds, thus, is in agreement with the products of the
neat reaction of CH2F2 in the sense of production ofﬂthe same primary
radicals as summarized in eguations (1) and (2).

In the study on the pyrolysis of polytetrafluoroethyleng in
oxygen, Kupel et a17 have demonstrated that below 49000 carbonyl fluo-
ride was the major product, and at higher temperatures further oxidation
to CO, and CF4 occurred. Mercury-Photo sensitized experiments8 with

2

CZFQ—OZ mixtures have also been found to produce COF, as the primary

2

product and concluded that at room temperature CF2 diradicals were unre-
active toward oxygen., Therefore, from the observed products i.e., 02F4
and COF2 in the small cell and COF‘2 in the large cell, the processes
seem to be controlled by physical configuration and composition of the
reaction vessel instead of the temperature. The quenching effect in the
high temperature reaction, which probably leads to different intermediate
products, 1s then in essence controlled by diffusion of the excited
species from reaction center to the cell wall.

(C) At a threshold pressure of 20 torr and a 1:1 ratio : The reactions
were explosive. Explosions were found to be dependent on the reactants'’
ratio, pressure and the size and conditions of the reaction cell, The
results are summarized below: (i) Explosions occurredat a 1:1 ratio of
CH,F, with 0, mixture. No explosion was observed in the mixtrues of

2°2 2

either CHZFz—rich or Oz—rich as (A) and (B) at the pressure ranges stud-

ied. (ii) At the total pressure of 20 torr, explosions were triggered by
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the R(18)9.6u laser line in a square celi (diameter, 4 cm; ratio of sur-
face to volume, 0.83:1) as well as in a large cell (diameter, 10 cm;
ratio of surface to volume, 0.60:1)., In both cases green chemilumines-
cence was abundant, Under the same conditions, however, explosion was
not triggerable in the small cell (diameter, 1.4 cm; ratio of surface to
volume, 3.3:1). The results clearly indicate a non-thermal explosion
limit with typical wall effects as the first explosion limit as is ob-
served in the reaction of O2 with H2 at temperature around 5500015.

This effect of the size of the reaction cell is characteristic of chain
termination gt the wall since the time required for the chain propagators
to diffuse to the wall increases with increasing diameter of the reaction
cell, An additional experiment was performed in the square cell in which
glass beads were added so as to change the area to volume ratio from
0.83:1 to 3:1, 1In this experiment the explosion was observed but with

a different product distribution. Due to the physical situation of the
glass beads, i.e., the bottom of the cell, the increase in the surface
area does not effectively quench the explosion, however, it does show

the wall effect on the product formation and results in a production of
co, co‘2 and COF,. (iii) If the wall of the small cell was conditioned by
using the old cell repeatedly without cleaning before each new experiment,
the orange dominated emission of the explosion was also observed. In

this case the wall could not effectively participate in terminating the
chain since the glass was fluorinated as well as coated with fine carbon
particulates left from the previous experiment. The observation of dif-

ferent emissions, corresponding to the different propagators that domi-

nate the processes, does not change however the final product formation,.
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Identical results were found in the larger cell., (iv) Product formation

was found to be dependent on the size of the reaction cell. GOFZ was

» Were in the square cell and all

three products were in evidence in the square cell after tripling its

obsexrved in the small cell, CO and CO

surface area with glass beads, Again, product formation was controlled
by the size of the reaction cell., It must be pointed out that, in addi-
tion to the formation of SiFn in all cases, finely divided solid parti-
culates were also observed in every explosion, No analysis was performed
on the particulates although they are rather obviously carbon polymers.
(v) A threshold pressure of 20 torr was required to induce an explosion
when either the R(18)9.6u or P(20)9.6u laser lines were used as excitation
sources, When the P(20)10.6u line was used, the threshold pressure for the
reaction to proceed identically must be increased to 40 torr in the
square cell, however, no reactlon at all was observed in the small cell
even at 60 torr (i.e., 30 torr each). Since dielectric breakdown occurs
at 25 torr (at 2J laser power) of pure CH,F, in the small cell at

this frequency, this unique observation might be explained by noting that
there exists a high reaction cross-section of 0_ with thermal electrons.

2

7.4 Discussion

The energy transfer behavior of CH,F_, has been studied previously

22
under low power excitation with the R(18)9.6ép laser line6. Qualitatively

the V-V energy transfer scheme is very similar to CH_.I''s behavior in that

3

the C-F stretching vibrations are excited within 1 or 2 gas kinetic

collisions at least to the v23 of that ladder. Subseguently the excita-
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tion transfers to the C-H stretching vibration at a lower rate in approxi-
mately 100 collisions. The V-T/R relaxation rate of the total manifold
follows substantially slower at a rate of 45 msec_ltorr_l. While this
information is gquite useful for the basic understanding of relaxation
kinetics it becomes clear that a photon flux of some 1019 presents quite
a different situation in terms of both the absorption efficiency and the
subsequent inter and intramolecular V-V energy transfer rates. The low
pover excitation model would, for example, predict that the C-F vibra-
tional ladder will be at a much higher vibrational temperature than the
C-H ladder within the time regime of the laser pulse (.5 - 2usec).
Therefore one could legitimately doubt that reactlons along the C-H
coordinate would be catalyzed or induced at all, Yet, in the series of
methyl halide reactions as well as in this work, essentially all products
were uniquely those that proceeded along the C-H channel, The self
consistency of the experimental results within this set of reactions as
well as the increased efficiency of H atom removal to form radicals such
as CHF2 and GF2 point toward a much more rapid excess energy deposition
within the entire manifold and particularly in the c-H bond .

It is worth mentioning that a number of polyatomic dissociation
reactions that have been studied previously all bear out the experimental
observation that, when the molecular level density is high enough and
the photon flux sufficiently high, unimolecular dissociation
occurs in a time shorter than the laser pulse. Unfortunately little
polyatomic energy transfer work whether V-V, E-V, or V-E has been re-
ported on recently and yet it is precisely these data that are all im-

portant in predicting and understanding specific laser driven chemical
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reactlions.

The lack of such data does not however detract from the experi-
mental observations that point clearly towards exceedingly rapid V-V
equilibration times. Specifically we point out that in all methyl hal-
ides reactions and this work the major products formed invariably were
those that were thermodynamically favored. In spite of the mode specific
excitation, bond stability and thermodynamic considerations seem to domi-~
nate the chemistry that occurs subsequent to the laser pulse in these
polyatomic species. Thus the mechanisms discussed below presuppose
substantial V-V equilibration and possibly even V-E transfer and thus
conform to the experimental observations.

Pyrolysis of CH has been studied by a jet method in the tem-

22
perature range ?50-10500011. It was suggested that decomposition of

CH2F2 in the first stage into CHF and HF is responsible forthe product for-

mation of CH?CF2 and HF, However, CHZCF2 was not observed in this study

as would be expected from such radical recombination, instead the copious
formation of Cth implies the presence of the CF2 radical., This diffexr-
ence would be attributed to the different reaction times inherent to
these studies since product formation in the high temperature reaction
strongly depends on the quenching rate. In addition, high pressure of
N2 which was added to dilute the reactant in a Jjet method can participate
in the reaction since 02, CH and CN are the most easily recognizable
species can be found in the high temperature regctioniz.

Since 02F4 was not the only product formed in this reaction,
processes other than the formation of GFZ radicals must also exist. For

example, production of CZHZ may be anticipated due to recombination of
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such radicals as CZ' CH and H. Such recombination are likely to occur
directly at the focal point of the entering beam since it represents the
highest electron temperature. However, neither C2F4 nor 02}{2 would be
regarded as true final products of this reaction under the conditions
used., Both CZF4 and 02H2 can be regarded as the intermediate products
at fixed reaction times (order of 10-6 sec reaction time on each laser
pulse for a preset number of laser pulses) and quenching rates (automatic
gquenching by the cell wall in a time period of excited species diffusion).
Both intermediate products can be further decomposed during prolonged
residence in the reaction zone (by increasing the number of laser pulses).
Fig. 1 shows the results of this effect very clearly. (note: HZO was
not detectable due to adsorption by the NaCl windows, carbon was depos-
ited over the whole wall area).

In the previous discussion the implication was made that two

mechanisms operate in the two different pressure regimes and that CF2

and CHF, radicals were present, The following mechanisms are suggested:

2
(a) CH,F, + n(hv) > 'CHF,, + *H High pressure
regime »1 torr
. + .
CHF‘2 012 - CHFZCl + *Cl
‘H+ +C1l > HCL
(v) CH,F, + n(hv) - CHZFZ* Low pressure
« regime 41 torr
CH2F2 + 012 i CH2F2 + 201
CH2F2 + «Cl » CHFZCl + +H

‘H + *Cl -» HC1
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The latter mechanism is consistent with the observation that at
low pressures the chlorine dependence is very critical. No dimerization
reactions were discerned at pressures below one torr and therefore either

mechanism (b) or the alternate (c) must predominate over the unimolecular

F. + n(hv) » CHF.
B S A L)

*
CH2F2 + 012-* 012 + 'CHF2 + H*

012 + H* > HC1 + Cl1°

+C1 + -CHF2-§ CHF201

(¢) cH

decompositlion of CH at low pressures,

2F2
At pressures larger than one torr dimerization predominated in
mixtures high in difluoromethane, Chlorine begins to compete efficiently
at 1:1 ratios at pressures higher than 5 torr in large vessels (500 c.c.).
In the smaller 18 c.c. cells chlorine begins to compete efficiently at
ratios of 4:1 and total mixture pressures of 10 torr. The observed prod-
ucts however are, as was noted earlier, independent of reactant pressures.
Thus mechanism (a) in which either CH

F2 or Cl, compete for the created

2 2
radical is definitely favored. The reduced stability of the C-H bond
relative to CH3F argues favorably for this mechanism as well.

As in all free radical reactions, dependence 1s noted on cell
wall proximity and relative size. Smaller cells (i.e., closer walls)
favor the dimerizatlon reactions and higher ylelds of SiFu while larger
cells yleld lesser dimers and higher concentrations of the chlorinated
species (CHF201 or CF2012). This behavior is of course confined to the

higher pressure regime., No such dependence was noted at pressures below
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one torr where only the chlorinated product predominated.

In the reactions of CH2F2 with Cl2 it was found that the final
products were the di-chlorinated specles. No trichlorinated or totally
chlorinated products were detected as the result in the thermodynamically
favorable in C~F bond over C~Cl bond. In the oxidation reaction of
CH2F2, the fully oxidized products were also found presumably due to the
same effect namely that the C=0 bond is favored over the C-F bond in
glass systems, However, this substitution was controlled by the size of
the reaction cells. As shown in Table 3, neither 002 nor CO were observ~
ed in the small cell even at high ratios of oxygen, formation of C2F4

still competes with that of COF, at a 1:1 ratio at low pressure in the

2
small cell. On the other hand, C2F4 was not found in the large cell even

at high ratios of CHZF Therefore, the size of the cell was the deter-

2.
mining factor for the final product formation. Since the irradlation

volume was maintained constant, the only difference between the reaction
proceeding in the large cell (CHZF‘Z:O2 = 5:1, at 9 torr) and in the small

cell (CH,F,:0 = 1:1, at 12 torr) was the distance between the reaction

2F2
center to the cell wall (4,9 cm and 0.7 cm,respectively). The excited
specles experiences many more collisions before reachling the wall in the
large cell. Thus, formation of 02F4 is clearly ailded by wall recombina-
“tive processes and is clearly quenched by increased number of collisilons,
The wall effects are even more obvious in the explosive reaction. The
cell walls are effective for deactivation and especlally so for removing
the excess released energy by the recombination process. If the walls

are new, they do not contribute appreciably to recombination. However,

if the walls are "dirty", the recombination process often occurs with
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very high rates. Both observations relating to the explosive reactions
are thus acceptable on these grounds: the formation of pélymers and the
ease of explosive ignition in small "dirty" cells.

The explosions only occur at a 1l:1 rato of CHzFé to 02 with a
total threshold pressure of 20 torr in either a clean large cell or a
coated small cell, when either R(18)9.6u or P(20) 9,60 were used as ex-
citation sources. If P(20)10.6u laser line was used the threshold pres-
sure had to be increased significantly in order to obtain the same prod-
uct., From the product formation, COF,_, found in the small cell and CO

2

and CO, found in the large one, i1t is clear that the laser sexrved only

2
as an initiator for the explosive reaction and the chemistry following
the explsoion was independent of the excitation source., No detailed
measurements on the threshold laser power were made, but, as the power
was reduced, it was found that the explosion could be triggered after a
few tens of laser pulses. This may be due to the necessity of "pre-
paring" the walls to induce the explosion at such a low laser power.

The electronic emission following the explosion showed different colors
from the one occurred in a clean cell., The difference of the colors,
green in a clean walls and orange in a coated walls, is attributed to
the different concentration of propagators produced during the course of
the explosion due to the degree of participation from the walls.

It was attempted to ignite the explosive reaction of H2 with O2
at 2:1 ratio at 40 torr (the threshold presoure for explosive reaction
of CH2F2 with O2 when irradiated off-resonantly), however, no explosion
occurred. At 150 torr of total and 2:1 ratio the orange explosionwas

observed in the reaction of H2 with O2 but the explosive power was much
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lower than that of observed with CH2F2 and 02. At 100 torr, the explo-

sion of the CH2F2-02 mixtures prepelled the NaCl windows of the lrradia-
tion cell, a few meters away and particles of the polymer (teflon) were
clearly observed all over the cell wall,

The mechanism for this CH_F, reaction with and without presence

22
of O2 is suggested whichaccounts for all of these observatlons:
CH,F, nhy, CHF,, + K (1)
CHF, —> CF, +H (2)
CHF, + 0, —+ COF, + OH (&)
GF,  +CF, wall C P, (7)
oF, +0, Bl cor, + 0 (5)
H +0,—> OH +0 (8)
COF, +0 — CO, +F, (ox CO + OF2) (9)
H + OH — H0 (10)
0 + OH Y24l 0H (11)

Equatious (1), (2) and (7?) are responsible for the formation of C,F), in

the neat reaction of CHZFZ' For the reactions in excess of 02 equations

(4) and (5) are important and equation (7) is negligible. In the CH,F,-

rich reactions, however, equations (4), (5) and (7) are equally impor-

tant so that there were existed both COF’2 and CZFU' In the large cell,

a further oxidation of COF2 occurred such that equation (9) proceeded

towards formation of CO and 002. In an explosive chain reaction, H pro-
duced from both equations (1) and (2) is considered to be an initial
propagator. The propagation progress includes equations (4), (5) and (8)
in which only step (8) involves chain branching. The termination steps
are (7), (9), (10) and (11). The large rate increase during the branch-

ed explosion can easlly account for the polymerization of CF2 and the
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observation of a powerful shock wave as discussed earlier.
7.5 Conclusions

The observation summarized in this chapter are consistent with
previous work both performed in our laboratory and eleswhere. pAlthough
low power energy transfer information "predicts" a more highly reactive
C-F channel the C-H channel is favored almost exclusively as the products
are thermodynamically preferred. The existence of a unimolecular mecha-

nism for decomposition of CH prior to its reaction with Cl2 at pres-

"2
sures above one torr 1s shown as is a collisionally controlled mechanism
at lower pressures., The reaction efficiency is quite high and at higher
pressure proceeds appreciably with one laser shot of a 1 Joule energy
content. The products, however, unless removed continue to react alded
by elther existing laser overlaps or via collislonal transfer from high
lying states in CHZFZ'

Explosion was ignited for a reaction of a 1l:1 reatio of CHZF2 to

0, at threshold pressure of 20 torr by a CO TEA laser. The electronic

2 2
emission following the explosion displayed different colors correspond-
ing to the predominance of different chaln propagators. Products of
this reactlon can be controlled by using different size cells. With a
small cell, the reactive species experience less collisions. In a larger
cell (500 cm3 volume) many more collisions are experienced by the re-
active fragments before wall quenching is effective, Thus it would be
expected that in the smaller cell the primary oxldatlion product, COF

2
should predominate while the final oxidation products CO and CO2 should
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be in greater abundance in the larger cell. Experimental results verifi-
ed these expectations thus pointing out the importance of gas-solid
quenching ratée in laser induced reactions. An additional piece of evi-
dence supporting wall participation is the experimental findings of
polymeric material uniformly distributed over the cell walls, In sig-
nificant concentrations, such as in the large volume cell, these polymers

are easily identifiable by eye.
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Flgzure 1 Caption

Successive infrared spectra of CHze taken at 10 torr pressurelu. Arrow
denotes location of 02F4 peaklé. SiFu peak’s growth is evident at 1030
cm-l. All other peaks are parent peaks of CHZFZ' In the five spectra

the number of laser shots is indicated on the left.
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Chapter 8

REACTIONS OF FLUOROMETHANES INDUCED BY INFRA-RED LASER BREAKDOWN

8.1 Introduction

A chemical reaction can be induced by an intense infrared laser
radiation either through multiphoton absorption processes or gas break-
down, By multiphoton absorption processes the investigated molecules
have to possess a particular vibrational frequency. Molecules which have
no vibrational frequency between 9.2 to 11 U are thus not available for
study by this method, However, these molecules can be studied by the
process of laser induced gas breakdown. This process normally attrib-
utable to the very high AC electric field generated by the intense infra-
red radiation is usually circumvented in isotope separation experiments
by carefully varying gas pressures and irradiation intensities. The
reaction that proceeds under plasma (spark) conditions by means of di~
electric breakdown is thus related to conventional high temperature
chemical studies.

There are a number of obvious merits to the use of such a process
to induce chemical reactions. Undoubtedly, the potential use of this
high efficient - method 1s to combine it with the selective multiphoton
absorption technique as a hybrid system which would be expected to be
able to benfit from both strong points while circumventing each defi-
ciency to some extent., It is a very clean system as opposed to convén-:

tional high temperature reaction. It is not necessary to have high
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pressure of carrier gas since reactions can be induced at pressures from

a few torr and up depending on the characteristics of sample molecules
under particular laser conditions. With higher laser fluence the thresh-
o0ld pressure can further be reduced. Therefore, no perturbation of the
system from foreign gases needs to be accounted for. Reactions under high
temperature conditions usually require quenching partners however the laser
induced reaction is automatically quenched at pulse termination and
scavenging is not necessary. Since the reaction times using this method
are very short, generally within a few microsecond the cell wall servs

as an automatic quenching system, the rate can be controlled by vary-
ing the distance between the reaction center and cell wall(due to the
diffusion of the excited species onto the wall). By choosing the cell .
materials, the cell can become a scavenger and inhibit recombination steps.
The temperature generated in this method is high from 1 to 10 eV in

various gases1 and in fact electrons generated from inside core of the
plasma were found carried the energy as high as 10 KeV.2
F, CH,F, and CHF

3 2°2 3
were studied using the LIDB technigue. Of importance were the compara-

The series of possible reactions in CHu, CH

tive homologous results for threshold pressure, efficiency and product
distribution. Thses results are discussed and compared with available
3

pyrolysis data” on the same series.

8.2 Experimental

The laser apparatus was essentially the same as that used in Chapter

5. Regular infrared gas glass cells with a volume of 18 cm3 were used.
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A 5 inch focal length ZnSe lens was used to increase the fluence of
the laser by as much as 100-fold. Laser conditions were preset and
carefully matched for all experiments. The laser frequency was set at
P(20) 10.6¢ line guaranteeing that none of the studied gases show a
matched vibrational frequency and a possible absorption. This precau-
tion was taken so as to avoid multiphoton absorption processes for all
measurements. The laser output was carefully maintained at 2J and the
results were analyzed by infrared spectroscopy after 50 laser pulses.
Gas pressure was carefully varied until consecutive 50 plasma sparks
were observed for 50 input pulses. This pressure then corresponds to
the true threshold pressure of the measured gas. The repetition rate
was fixed at 50 pulses per minute, i.e., one experiment was finished in
one minute. The low number of laser pulses is inherent to the LIDB
technique's efficiency. As can be seen from Table 1, CH2F2 showed 50%
decomposition in 50 pulses., With a low number of laser pulses, the
products were easily measurable and further decomposition of the prod-
ucts can thus be avoided.

Sample gases of CH@' CHBF and CH2F2 were Matheson research grade
and used without further purification save for freeze thaw cycles.
Fluoroform obtained from prof. Ishida's laboratory was laboratory grade
with minimum purity of 98%., No further purification was made, however,
since no impurities were found from preexperimental infrared spectra.

The percent decomposition of parent molecules and C produc-

2t
tion were calculated by monitoring the reduction of parent peaks and

the formation of C H2 peaks of infrared spectra prior to and subsequent

2
to the laser radiation., Infared spectra were taken at slow scan rate



TABLE 1

Results obtained from nonresonant laser induced breakdown

Reactant Threshold % decomposition Quantum yield Products C H2
pressure after 50 pulses (molcules decomposed) proguced
(torr) per photon used (torr)
CH 60 8.3 56x10'LF C.H 2.5
L * * 22 ‘
_3 .
CH3F 50 24, 1.3 x 10 Carbon, Csz, S:LFQ 5.0
GH,F,, 25 48. 1.3 x 1075 Carbon, C,H,, SiF, 1.0
C,F 2
24
CHF u5 22, 1.1 x 1070 Carbon, SiF),, C,F
C,F)» CF), 301«‘2 (érace)

et
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with a perkin-Elmer Model 267. The products were identified by compari-
son of infrared spectra with the standard charts.. Since all products and
reactants have very distinct absorption peaks in infrared spectra, iden-
tification of products is easily accomplished, The characteristic peaks
of products in cm—1 are: C2H2’ 3310 and 730; SiFa, 1030; CZFM' 1332 and
1342; CF,, 1283; CzFé, 1250 and 1117; COFZ, 1926, 1942 and 1957.

To calculate the number of photons and sample molecules, the
ideal gas law was used without correction. One joule of laser energy at
9l .15 c:zm-1 calculates out as equal to 5.3 x 1019 photons and one torr

of sample in a 18 cm3 cell equals to 5.8 x 101?

molecules. The quantum
yield is defined as the number of molecules deconposed per photon used.

The results are shown in Table 1.
8.3 Results

Table 1 shows the threshold pressure, percent decomposition,

pressure of C H2 produced, quantum yield and product formation for all

2
four gases. The threshold pressure for different gases at identical
laser conditions is expected to show a dependence on the nature of gases
in this experimental process. In order to correlate the results with
the molecular properties of the studied gases, a list of thermodynamic
data is shown in Table 2,

To induce a breakdown at a fixed laser condition, it 1s expected
intuitively that threshold pressure should increase with increasing
ionization potential and with decreasing dipole moment and polarizability

in a strong electric field., However, gas breakdown induced by a CO2



Thermodynamic properties of fluorinated methanes

TABLE 2

Molecule Dissociation Energya Ionization potentialb Dipolec' Polarizability% Inducedf

(Keal/mole) to remove H atom moment it @ 3 dipole
c-H C-F (ev) (Debye) &) moment, OE

(Debye)

cH, 104.0 S 14.3 0 2.62 0.048
CHBF 103.1 108.6 14,0 1.85 2.62 0.048
CH,F, 101.0 121.9 13.1 1.97 2,72° 0.050
CHF3 106.2 125.8 14,0 1.65 2.81 0.051

R.J. Blint, T. B. McMahon and J.L. Beauchamp, J. Am. Chem. Soc. 96, 1269 (1974).

National Bureau of Standards, NSRDS-NBS 26, issued 1969.

ibid, NSRDS-NBS 10, issued 1967.

J. Applequist, J. R. Carl and K.K. Fung, J. Am. Chem. Soc. 94, 2952 (19?2).

Bstimated.

E=5.5% 106 V/cm

€et
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laser favors avalanche ionization, as mentioned in Chapter 4, so that
production of electrons and ions are the primary processes. Therefore,
only the lonization potential of gases would be the direct parameter
to affect this process. The induced dipole moment, the product of
polarizability and field intensity, is usually much smaller than the
permanent dipole moment as shown in the Table 2. There appears to be
no obvious correlation between threshold pressure and induced dipole
or permanent dipole or both. This would be the case if the threshold
pressure is determined by the early stages of breakdown where production
of either initial or free electrons is the most important factor. Thus
ionization potential is the only important parameter directly related to
this stage. There also appears no obvious linkage to the bond strength
of molecules,i.,e.,, radical formation in the early stages of breakdown.
Fig. 1 shows the plot of threshold pressure against ionization potential
of all four gases. The results show that the threshold pressure is
proportional to the ionization potential of the gases. The higher the
lonization potential of the gas, the higher the threshold pressure of
the gas.

The results in percent decomposition show that CH_F, is the

2°2

highest in this series, CH3F and CHF3 about the same and CH4 is the

lowest. The quantum yields show that CH,F, CH,F_ and CHF

3 22 3
mately the same value whereas CH4 is only half as large. The following

have approxi-

considerations expand somewhat of the implications of these observations.
The laser energy appllied to the system is charaterized by plasma forma-
tion, Chemical processes on the other hand occur mostly outside the

plasma. Due to the very similar values of the weakest C-H bond strengths,
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the moleoules' decomposition seems to depend only on the available
energy, i.e., the available number of photons., For example, the original

numbers of CHZF2 molecules are the lowest among all four gases so that

the percent decomposition is the highest, The fact that CH4 showed a
reduced quantum yield is most likely due to efficient radicals recombina-

tion of H + CH, to reform CH@' Further evidence of this recombination

3

is failure to observe solid carbon particulates during the reaction
(our experimental conditions can detect over a minimum size of 60 R).
The glass cells also affect the difference of quantum yields between
fluorinated methanes and methane, Glass functions as an efficient
scavenger for fluorinated species due to formation of the stable com~

pounds SiFu and H,0, thus recombination processes in CHBF, CH2F2 and

2

CHF‘3 have only very low probability of occurrence.

LHF + Si0 (glass) —> SiF) + 2H,0

The failure to observe CZHZ in the case of CHF., dissociation supports

3
this hypothesis rather well.

The only product observed in the decomposition of methane is
CZHZ' This is the only high temperature species that is also found
at ambient temperature. From thermodynamic data, the free energy of
formation shows that only the paraffinic hydrocarbons are thermodynami-
cally stable below 500°K; olefins and acetylenes are all unstable.
Especlally, acetylene is unusual in having a free energy of formation
that decreases with increasing temperature. The data also show that
acetylene is the most stable compound above 1500°K4. At ~1400°K both
CHu and C,H, have equally thermodynamic stability and below this temper-

2°2

ature CH4 is more stable than C2H2' Since CZHZ becomes relatively
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unstable the reaction core is cooled it follows that in order to obtain
a high yleld of acetylene a rapid method of quenching has to be provided.
Based on the experimental observations of 02, CH species as dominant in
high temperature reactions of C/H containing compounds (in addition to
large abundant of H atom) the following reactions may well account for

the product formation observed here and in other studies:

c, +H — CH

2 2
+
CH CH — CZHZ
CZH +H —> CZHZ

The C2 and C in the vapor phase do not aggregate to form solid pacticu-

lates since a high excess of atomic hydrogen(Formation of carbon with
size smaller than 60 £ can not be observed here).
Since the foi%ation of acetylene is favored by increasing the

C/H ratio at constant temperature, the increased amounts of CZHZ found

in the CH3F raction as opposed to the GHZF2 3H are clearly aided

by the glass wall scavenging of F and HF fragments., The lower concentra-

and CF

tion of hydrogen atoms in this reaction also led to deposit of carbon
particulates since the latter aggregate more easily from the vapor phase,

In the reaction of CH_F, the formation of CF, and possibly C,F

22 2 22
which competed with 02 and CH resulted in the reduction of CZHZ and
increasing in the formatlon of 02F4 (The C2F2 is never found at room tem-

perature if it were formed during the reaction the final products should

be either C,F) or carbon).
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GZHZ was not observed in the reaction of CHF3 thus ruling pro-

duction of the CH radical formation as unlikely. The formation of CF3'
CF2 and 02F2 radicals can account for the formation of all the obsexrved

products. A large amount of SiFn formation may also lead to the

observable quantity of COFZ. The reactions may be summarized as follow-

ing

20F2 —> 02F4

2CF, —> C,Fg
CF, + 2F —> C,F),

CFy + F —> CF,

F + 510, (glass) —> S1iF), + 20
CF, + 0 — COF,

Cz(g) —> 2¢(s)

8.4 Discussion

The properties of a molecule most affected by a strong oscillating
AC field are the dipole moment and induced dipole moment which together
constitute the total polarization. Depending on the frequency, the total
polarization can be described as orientation, atomic and electronic

13 sect (laser frequency) the most

polarization. At a frequency of 10
significant part of the total polarization is the atomic polarization,
i.e., the distortion between positive and negative atoms, Therefore,

the ilonization potential of removing an atom and an electron from the
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parent molecule is thought to be the most closely related parameter to
the threshold pressure. This can be seen from the proposed mechanism of
avalanche ionization for inducing an optical breakdown in a laser field.
A chain production of electrons and lons determines this process. To
determine this relationship of ionization potential to other factors
responsible for breakdown, however, for one gas in not possible since the
ionization potential is a fixed constant as shown in Chapter 4 equation
(3).

From Chapter 4 equation (3), the power density required for

breakdown is given as

2 mg € cIp v2 1n(ng/ng)
(/) = -

e“ Ve T

One can rearrange this eguation

2mg e ¢ Ip v2 1n(ng/ny)

ez (/)

Vo =

For a fixed laser power density, the electron-molecule collision fre-
quency V, becomes the threshold condition to induce a breakdown. Since
V%, 1s directly proportional to the pressure of the molecule, this equa-

tion can be rewritten as

P = kv = k'Ip
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where k and k' are the proportionality constants. This is to say that,
for a fixed laser power density, the threshold pressure is directly
proportional to the ionization potential of the molecule. This relation
is readily applicable to study the correlation between the threshold
pressures for different molecules, which have different ionization
potentials, and identical laser fluenée conditions, Indeed, as shown
in Fig, 1, this correlation is fairly good in this series of molecules,

Laser induced chemical reactions under plasma conditions belong
to the high temperature category and thus thermodynamically controlled.
The plasma can be differentiated into two regions, the small dense core
dominated by ionic species and the less dense reglon dominated by free
radicals and atoms, Ions have very short life times so that chemical
processes occurring in this region could be ignored. For the high
pressures used throughout this study, most chemistry would be expected
to proceed outside this dense core and may well include the cell wall
as part of a gas-solid reaction. This is supported by the results
obtained from the reaction of CH2F2 which had the highest percent de-
composition with the lowest initial reactlion pressure,

The cold gas molecules surrounding the outside of the plasma
are not only behaving as quenching agents but also prevent the free
movement of the highly excited species produced inside the plasma and
gaining the energy either from collisions or from the released energy
due to assoclation of the radicals. These processes operate so rapidly,
efficiently and result in 1ittle if any translational temperature
changes in the bulk. The exclusive and high product yield of C_H, in

272

the reactions of CHM and CH,I' provide evidence in support of exceedingly

3
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high quenching rate,

It is perhaps worthwhile to mention at this point that laser
induced chemical reactions of almost any hydrocarbons always show Csz
as a major product and eventually the exclusive product as the irradi-
ation continues. As mentioned previously, this result is attributed to
the conditions of the high temperature and fast quenching rate., This
indicates that the characteristics of the laser induced chemical reac-
tions through gas breakdown is short reaction time, high temperature
and rapid, automatic quenching.

A general scheme for the pyrolysis of the fluoromethanes was
proposed subsequent to a study involving the jet method in the tempera-

ture range 750-1050°C.2 The scheme is as follows

RHF — R + HF
RHF + R —> BR=R + HF
R=R + R ——>» addition products
R + R —— 3 R-R
=R ——3 decomposition products

where R= CHZ’ CHF or CF However, this scheme can not be used to

o
interprete the product formation obtained from this study. Although,
experiments by both methods were at high temperature and show thermody-
namically controlled production, there exist intrinsic differences in
the experimental methods themselves as discussed in Chapter 7. The

proposed mechanisms above were mainly attributed to the decomposition

of the reactant molecules, however, at high temperature only atomic
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species and fragments which have the lowest free energy are stable and
product formation is mostly due to the recombination of fragments and
atoms under the influence of the quenching rate,

Finally, one point has to be emphasized that the product
formation of laser induced reactions either by multiphoton absorption
processes or via gas breakdown always show the same results, So far
reactions of SF6, CHZFZ’ CHBF, Cr02012 and 0OCS with or without
scavengers such as H2, O2 and 012 have been examined here., Additionally,
at least twenty other systems were studied elsewhere. To explain
both processes via the same mechanism is attractive since some very
suggestive clues imply that the multiphoton absorption process is also
probably a high temperature, thermodynamically controlled mechanism.
Clues such as (i) Existence of C_, and CH were identified from laser

2

induced luminescence through multiphoton absorption process5. (11) NH2

radical was observed after NH3 was irradiated with 60 different laser
lines either on or off resonanceé. (111) The statistical thermodynamic
rate equation can be applied to the incoherent region in the collision-
less multiphoton dissociation processes?. The incoherent region is
quasi-continuum states far below the dissociation limit. (iv) The fact
that identical final products have been observed in a very large number

of studies of on and off resonant excitation is by far the most sugges-

tive. These are summarized in the conclusions to follow.
8.5 Conclusions

Laser induced gas breakdown was applied to the series CHQ' CHF
]

3
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CH2F2 and CHF3' The threshold pressures of individual gases in this

series were found to be directly proportional to the ionization poten-
tials of the respective gases, The applicability to the equation
proposed by avalanche ionization mechanism provides evidence that a

moderate power CO, laser with pulse duration of ~1 us favors the

2
mechanism for LIDB (laser induced dielectric breakdown)., The highest

percent decomposition of the CH2F2 reaction with its lowest initial
pressure implies that the major chemical processes occur outside the
small dense core and essentially isotropically throughout the whole

reaction cell, The same quantum yield obtained for CH_ I, CH.F, and CHF

3 22 3
implies that plasma formation is only a primary step and that the
controlling chemistry occurs as a secondary process that depends on the

total avallable energy., The peculiarity of producing C as a major

2H2
product in laser induced reactions of hydrocarbons and of molecules with
higher numbers of C and H atoms through breakdown suggests that the

characteristics of the reactions agree well with the model predicted

on short reaction time, high temperature and rapid, automatic quenching.
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Figure 1 Caption

The dependence of the threshold pressure on the ionization potential of

a series of molecules CHM" CH,F, CH,F, and CHF.,, The laser conditions

3 22 3
used in this study were at the power energy of 2J and the pulse duration

of ~1 us,
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