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ABSTRACT
5 -

The work described in this thesis concerns the investigation .
of the absorption properties of SF6 in the 10.4 um band of CO2 lasers.
Although SF6 has been used frequently as a séturabTe absorber in COQ
laser §§stems, the complex dynamical behaviour of its absorption was
not understood prior to our work. A model is developed which allows
for the mqui]eve]‘nature of the absorption précesses. This model treats
all the SF6 vibrational and rotational levels as belonging to a bath of

levels characterized by a single vibrational temperature and a single

-~ -

rotational température. Egergy absorbed from a léser pu]se’is rapidly
distributed throughout this bath, establishing a new vibrational popula-
tion distribution characteristic of the higher vibrational temperature.

The vibrational equilibrium is reaéi]y maintained at high SF6
pressures. It +4s demonstrated that in this case t%e mode1 successfully
predicts the,traq;mission and‘pu]se shap%ng of high power CO2 laser
pulses. In particular, the rapid decrease in absorption at high incideht
intensities is shown to'be due to vibrational heating and not to any
intensity saturation process. Dissociation which occurs as a result
of sufficient vibrational.heating is discussed. The effectlof dissocia-
tion on singie pulse transmission is determined through simple modifica~-,
tions of the modef.

The model is also shown to have application to low SF6 pressures.

Previous investigations concerning vibrational relaxation rates in SF6
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would indicate that vibrational equilibrium cannot be maintained in

such a situation. More recent results show that in fact sufficiently
rapid vibrational energy exchange can occur. The final portion of this
thesis diseusses the dependence of these rates on the vibrational energy
of the molecules. An approximate, but conéeptua]]y simple, method o%
incorporating these effects into the model is described. In conclusion,

e )
it is shown that the model is capable of determining the SF6 absorption

behaviour for a wide range of SF6 pressures and CO2 laser wavelengths

when both intensity saturation and vibrational heating effects are

included:
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CHAPTER 1
INTRODUCTION

1.1 SF6 as a Saturable Absorber ©

) A saturable absorber is a material whose absorption is reduced
‘when the incident 1ight intensity is increased beyond a certain level.

~

The simplest description of this can be given in terms of a transition
occurring between twb energy levels. Intensit; saturation occurs when
the apsorption rate approaches the rate at which the absorber popula-
tion can return to equilibrium. Saturable absorbers have been used
exfepsivé]y to produce trains of short duration laser pulses by the
technique of bassive mode-locking [1]. Mode-locking of a cw CO2 laser
using 5?6 as a saturable absorber was first reported in y9§8 by Wood
and Schwarz [2]. In 1970, Beaulieu [3] reported laser action from a
transversely-excited, atmospheric préssure (TEA) CO2 1§ser. Very high
pulsed power outputs can be obtained because of the high pressures aﬁd
large volumes émp]oyed. Fortin et al. [4] produced ~1.5 ns duration
bu15es'through SFé mode-locking of TEA CO, lasers. ,
' Saturable absorbers are also frequently used as éptica] 1sé1ators

in high power laser amplifier systems. Parasitic oscillations arising

from noise fluctuations can cause substantial depletion of the gain

., > ) : : Co
prior to arrival of the actual signal pulse. A saturable absorber

inserted into the beam path can prevent amplification of these low /
intensity fluctuations and yet permit high transmission of high

., intensity pulses. Large,'hibh—power amplification systems'are generally
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associated with laser induced thermonuclear fusion research. An

example is the 100 KJ C02 laser fusion system currently under construc-
tion at the Los Alamos Scientific Laboratories. Considerable research
is presently underway to determine the suitability of low pressure SF6-
based gas mixtures to serve as isolators in such systems [5,6].

Another saturable absorber used with CO2 lasers is p-type Ge
[5,7]. The chief advantage of Ge over SFg as a CO2 mode-locker is in the
production, of extreme]y'short laser pulses by Ge due to the very fast
relaxation rates present [8]. 1In addition, Ge can be used in multi-
line and multi-band application; the resonant nature of SF6 absorp-
tion restricts it to essentially single-line operation. This difficulty
can be overcome through the use of gas ﬁixtures.

A major advantage of gaseous saturable absorbers is their high

.damage threshold, limitations actually being determined by the absorp-

tion cell windows. For NaCl.the threshold is »5 J/cn® [9]. Recently,
Delichatsios et al. [10] reported a high pressure gas isolator technique
in which the gas mixture is flowed across the beam path. This eliminates
the need for cell windows altogether.‘ Many other polyatomic moﬁecu]es,
such as BC1, (11, N2F4 (111, CC14F [12], and ;CHF [13], have been
employed as saturable absorbers for co, ]asers§ﬂ§h

the one most commonly used, not only because of its very large absorp-
tion, but also because it is non-caustic, non-toxic, non-flammable,
essentially non-reactive, relatively inexpensive, and readily available.
Therefore, it is important to understand the absorption properties of
SF6 over a wide range of operating conditions. Furthermore, the

behaviour of SF. is indicative of the response of the other large

owever, SF6 remains® Kv
[
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polyétomic molecules that interact with CO2 laser radiation.

Laser induced, multiphoton dissociation of polyatomic molecules
(such as SF6) is of cpnsiderab]e present interest [14,15], especially
since it has been demonstrated that the process is isotopically selective
[16]. However the means by which this dissociation occurs remains un-
clear. Studies of the saturation behaviour of SFé provide information

concerning the vibrational relaxation rates which are essential to

any explanation of the multiphoton procéss.

L]

1.2 Qutline of the Contents of the Thesis

The emphasis of this work is on the development of a model
which is able to describe the absorption properties of SF6 over a wide
range of CQZKJaser wavelengths and SF6 gas pressures. The model,
referred to throughout Ehis work as the vibrational bath model, incorp-
orates the multilevel nature of the absorption processes present in
polyatomic molecules such as SF6.

Chapter 2 describes the development of the basic model and its
asility to predict SF6 absorption as a function of vibrational tempera-
ture. The model is found to be applicable even at low pressures, which
provides evi@ence for the existence of very rapid vibrational energy
‘exchange rates in SF6. In Chapter 3 it is shown that the-vibrationa1
bath model can accurately predict the trans;ission and pulse shaping
of single pulses propagating through'h%gh pressure SF6. In addition,
it is demonstrated that the disappearance of absorption at large input
intensities occurs because of vibrational heating ana is not due to any

intensity saturation process.
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Chapter 4 considers the dissociation which occurs due to this
vibrational heating. The model is modified.to predict the magnitude
of the dissociation observed and to account for the effect of this
on single pulse transmission. In Chapter 5 experimental evidence is
reported which demonstrates the dependence of the vibrational relaxation
rates on the degree of vibrational excitation. The bath model is modi-

fied to account for the essential features of the saturation behaviour

observed at Tow SF6 pressures.

¢
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CHAPTER 2
THE VIBRATIONAL BATH*MODEL

2.1 Introduction

The intergstinn between an atomic or molecular system and electro-
magnetic radiation can often be described in terms of a simple 2 or 4-leve)
model. This cannot be done with large polyatomic molecules as can be
seen from the inability of these models to describe adequately the dymanics
of SFg abéorption [17,18]. Early experiments showed that substantial
absorption can occur from levels o;her than thosé at or near the ground
state. Recently, work in the area of multiphoton dissociation of poly-
atomic molecules such as SF6 has demonstrated that absorption can occur
even from regions of very high vibrational excitation, which can ext€n
beyond the dissociation limit. t;:j>

Theré is much current interest in understanding the processes in
which vibrational energy can be redistributed within a molecule as the
energy is being absorbed fro; a 1asér pulse. At Tow pressures there is
evidence that the absorbed energy js transferred to a large number o%
vibrational levels via very rapid intramolecular, radiationless, colli-
sionless, vibration-to-vibration (V-V) processes [19]. At progressively
higher gas pressures collision-dependent intermolecular processes dom-
innte in V-V energy exchanges [20]. These energy exchange processes
are sufficiently fast, in comparison with the duration of a Q-switched
CO2 laser pulse, to allow cons;ruction of an ab;orption model for SEG

in which the many vibrational and rotational levels are considered as

belonging to a population dist}ibution characterized by vibrational

5



and rotational temperatures, TV and TR’ respectively. Energy from
an incident laser pulse is absofbed into the complex multilevel system
and heats the entire viBrationa] mode, resulting in a new higher effective
bath temperature. The absérption ébpropr%ate to this new tempe}ature
can be calculated fqr\?]l the 602 P-1ines once the SF6 gas cell thick-
ness, the gas pressure,'lhe transmitted pulse intensity, and the inbut
pulse duration are known. Provided that equilibrium conditions for the
vibrational levels are met, the model can predict the ‘time dependence
of the absorpfion on all Co, P-]knes'(except the  input pulse) during
the input pulse duration. It iS shown in Chapter 3 that, at high SF
pressures, fhe model can correétlyvpredict the entire transmission anq
pulse shaping behaviour of the input pulse itse]f from low transmittances
to very high éransmi&tances‘ ‘The model is particu1ar1y app]icab1e at -
high pressures since at these pressures (typically >200 Torr) the
increase in pulse transmission due to yibrational heating dominatés
over the contribution by tru;jﬁ\tensity saturation processes. The

* \

situation at low pressures is sorgwhat more complicated and is discussed

in Chapter 5.

2.2 Development of the Vibrational Bath Model

SF6 is an octahedré]-molecu]e having 15 vibrational degrees of

- freedom distﬁfﬁh&gd‘iﬁBng 6 fundamental modes of vibration. . Figure‘Z-i | .
. shows a portion of %he vibrational energy 1eve1rdia§ram for SF.. Absorp-

-tion from the ground state~te the V3 fundamental (948 cm—]) is indicated

by the solid arrow. The subsequent relaxation processes, V-V_(vibration— |




Fig. 2-1

Energy level diagram for
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to-vibration), V-T.{vibration-to-translation) and R-T (rotation-to-trans-
lation) are tndicated by Qavy lines. Note that the density of states
begins .to increase rapidly beyond 1000 cm‘]. The intenﬁit& of an absorp-
tion from any one of these vibrational states % to an upper étate u can

be expressed as [21] '

8ﬂ3v2u 2 ' _hvlu é
ke, (V) = = I<tlulwe| 700 - exp(—R-T;—)]NQf(J,TR) , (2-

where NQ refers to the population of the tower stafe. Here the quantity

f(J,TR) involves the rotational dependence and has the form [22]

_ » -1 -BJ(J + 1)hc ' )
f(JaTR) = AJ,\JgJQJ eXp(, KTR ) ’ (2 2)

1

where QJ is the rotatiomal partition function, 9 the degeneracy of the

rotational level, and AJ v the transition amplitude, which for octahedral

’

molecules has the value 23]

~N

(=
1

—

AJ,v A ] P-branch
.t
AJ,v =7 Q-branch
20+ 3 )
. AJ ,V - 2J + -‘ R'branCh

The contribution of all the rotational lines that can absorb within a

" 1inewidth av is included by means of a scale factor Av/IAvJI, where av,

g

N

is the spacing between adjacent rotational lines in the neighbourhood '.‘,f//j

[ B



114

-
of a given J. The product of this scale factor and f(J,TR) can be con-

sidered as an effective rotational cross-section. For the case of SF6

it is found to be a slowly varying function of rotational temperature

as is discussed in the next section.

-

Be regarding the va mode as an independent harmonic oscillator,

it can be shown that'

v .
g, C(2-3) .

h
— (1 +
dQ3 . o

2
8n Cvzu

|<e]ulus]? =

&Sy

. [
where V3 is the number of v3 quanta present in the lower level. The
factor 1/3 accounts for the 3-fold degeneracy of the vs mode.

' Using the value of du/dQ, given in Ref. 24] and.éstting Vo

equal to the v3 fundamental, results in
|<g|ulw] = (1.50 £ 0.15) x 107 (esu-cm)?

Substituting in the standard Boltzmann expression for NQ and summing
the contributions from the vibrationa]_(Ev) and rotational (J) levels
involved, as given by Eq. (2-1), yields the total gbsorption coefficient

-

v
a(v)av = (1.91 £ 0.20) | [1 - exp(- %—)](1 * T3)9(E\,)Qv'1

Ey v (2-4)

- . + -
x exp(- _v_) EQJAJ L0+ ])ZI%\\Z—IEXD[' BJ (J KT] hey

Sk oy
» -

|l m

in units of cm'] Torr™!. The summation is to be evaluated for all J

~

Ve
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values at each value of Ev.

The values of J to be summed over at any vibrational level can

-~
]

be obtained in the fo]]owiﬁg manner. The frequency of a V3 transition
from a particular vibrational level represented by a set of quantum

*
‘numbers {Vi}’ is [22]

: i#3
where Vo is the ground state transition frequency and the X31 the
anharmonicity coefficients.

The }ransition frequencies for the various branches are then

<

obtained from ! )
L
_ ‘ . 2
v(P) = viv.) - (By + B, - 2Bry)d + (B, - BO)J ,
v(Q) = v(v, M (By - B_)J(3 + 1), and (2-6)
V(R) = wiv} + (B + B, ~ 2B5;) (0 + 1) + (By - B)(J + 1)

SFe has a very small rotational constant B. Thereforé, the
separation of rotational-levels is such that, within the 1imits of
the model, J can be considered as a continuous Variable\i Hencerthe
summation over J in Eq. (2-4) is over a]1 the positive regl solutions
of Eq. (2-6) when the frequency for the particular branch is set egua]
to that of the laser qine. |

The exacts summation “over all the levels of the vibrational
béth is a formidable task due to the high,density of states in SF6.

-
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To simplify calculations, all vibrational levels above 2000 cm-]

are represented by a grid of single 'levels having a constant separation

of 20 cm'].

The "degeneracy"/p%(each vel in this grid is the total
number of vibrational states within the '20 cm_] interval. The Whitten-
Rabinovitch method for evaluating the sums and densities of molecular.
states [25] has been” successful in obtaining both this degeneracy and
also the average values of the quantum numbers in those levels. Deiai]s
of the Whitten-Rabinovitch method are outlined in the Appendix. The .
vibrational levels are considered discrete uﬁ to 2000 cm"] as the number
of states in this region is still sufficiently low for practical cal-
culation of the absorption coefficient as given by Eq. (2-4).*

It is apparent from Eqs. (2-5) and (2-6) that, for a given
frequency v, the effect of the anharmonicities becomes'so great that
it is not possible to maintain a resonance by rotational compensation
in the R-branch. There then exists a point in the bath above which
the effective cross-section should vanish. Recently, it has been shown
that a finite cross-section, indpendent of the CO2 laser frequency,
does exist for regions high up in the vibrational: bath [26]. This
cross-section has been attributed to the very high density of states
octurring in this quasi-continuum region, and.is estimated Po be

~.0 x 10719

cm2 [27] (~50 times smaller than typical crosst?ections
for near resonant levels 1owe} in the bath). This value is used in the
model for all levels above that point in the vibrational bath for which

rotational compensatidn for anharmonicity can no longer maintain a

* >

Jensen et al. [28] have recently calculated the anharmonic
splittings of SFg. Including such splittings in the bath model might
give a small improvement in the accuracy of the model, but at the cost
of considerably increased calculational complexity.

1

e



resonance.

34

. The model also includes the contribution of the S Fe isotope

to the absorption spectrum. The V3 band contour is assumed to be

32

identical to that of S F6’ but is shifted to a lower frequency by ‘

17.4 cm'] [24]. The contribution becomes significant for CO2 lines

- e

beyond P(28).

The summation in Eq. (2-4) can now be evaluated over the entire
vibrational bath to obtain the total absorption coefficient at a given
frequency. In addition, a partial sum can be evaluated for any parti-

cular region to determine the absorption occurring there.

Y
2.3 Calculation of Small Signal Absorption

Values for all the spectroscopic constants required were
obtained from Ref. [24]. The anharmonicity coefficients were varied
within their experimental uncertainties until the bes; overall fit to
the 300 K absorption spectrum of SF6 was obtained for the wavelength
region containing the P(14) to P(32) CO2 laser lines. The final values
employed in the calculations are (in cm']) X3y = -2.1, Xgp = -1.4,

g ™ 715 Xgg = <15 and Xg= 1.0, Similarly, a value
of 1.91 for the constant in qu (2-4) was found to give the best fit to

X33 = —2-6, X

the experimental data over the range specified above. These adjusted
coefficients, and all other spéltroscopic constants, were not aliowed
to vary for all the remaining comparisons. Table 2-1 compargs the cal-
culated small signal absorption coefficfents, at a temperature of 300 K
with the experimental values obtained from Refs. [20] and [29].

~—figure 2-2 displays the predicted absorption coefficient for

. s 0 0 s 4 -



Table 2-1

SFg small signal absorption coefficients in units of cm”!

Torr .

Co; Calculated Measured ‘
laser line Ref. [20] Ref. [29]
(10.6 um band)
P(12) 0.22 0.24 0.24
P(14) 0.45 0.44 0.42
P(16) 1.06 0.97 0.96
P(18) 0.60 0.65 0.58
P(20) 0.55 0.54 0.52
P(22) 0.37 0.37 0.33
P(24) 0.20 0.20 0.19
P(26) 0.098 0.097 0.108
pleg) = 0.040 0.045 0.046

13
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Fig. 2-2

Absorption coefficient as a functidn of vibrational temperature for

selected C02 rotational lines..
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various CO2 P-lines é@ainst vibrational temperature. The decrease in
absorption coefficient at the shorter wavelength Tines and the initial
increase at longer wave]engths is simply due to the sh1ft in the vibra-
tional population d1str1but1on to levels farther removed from the ground

state, and to regiops where anharmonicities,favour the longer wavelength

< sy me —

CO2 Tines. This is demonstrated in Fig. 2+3 which shows the calcu]ated:
energy above the ground state for which the effective absorption cross- .
section *(defined in Section 2.2) is a maximum for a given €O, P value.
This figure indicates the shift in the podition for maximum cross-section
to hjgher vibrational levels with prbgreSSively longer CO2 wave]engthsa
Furthermore, it shows that there are two, and sometimes three maxima,
for a given 602 P-1ine which are dpproximate]y separa;ed in energy by
the energy of a 10.4 um photon, which correspond to P, Q and R branch
rotational transitions. The widths of the P, Q and R cross -section
maxima are quite large and can extend for many hundreds of cm ]. These
curves demonstrate the pessibility of climbing thg vibrational energy
ladder employihg multiple photon absdrption processes. This is possible
through a compensation for dnharﬁonicities by proceeding through P to
Q to R-branch rotational transitions, This mechanism has been discussed
in Ref. [30]. it is evident that the P(16) CO2 lTine should be able to
reach E,ib ~2000 cm”] by a 2-photon process, i.e., d Q-branch .followed
by an R-branch transition. Lines with P number greater than P(18) .
ﬁhat have P, Q and R branchesléllow for. the dossibi]ity of 3-photon
absprption‘prdcesses.

34

Also shown in Fig. 2-3 are similar P, Q and R curves for S F6

molecules. There is an interesting change in the number of'mUItip]e

SV )



Fig. 2-3

Vibrational energy (abaove the ground state) for P, Q and R cross-sec-

tion maxima as a function of CO2 wavenumber.
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absorption steps possible for a P(30) compared to a P(32) €0, rotational

line. The model-based absorption spectrum for the P(30) line at 300 K

34
Fe

motecules and that most of the absorption (~70%) occurs from P-branch
R,

indicates that there is only a 10% absorption contributiom from S

N . - . A
S F6 transitions originating at ~2000 cm 1 above the ground state.

Therefore, for P(30) a possible multiple photen process would consist

1 4643000 cn™', followed by

32

of a P-branch transition from ~2000 cm”
the P to Q to R seduence of t}ansitions suggested by the S F6 curves.
The second P-branch transition is possible dfe to the large width of
the P;branéh cross-section maximﬁm. This mechanism for the P(30)

multiple bhotbn absorption appears more appropriate than that proposed N

in Ref. [31].

N

For the P(32) line, however, 90% of the absorption at 300 K

34

is due to S F6 molecules in states <1000 cm!. ‘Presumably, the 2132)

a

absorption process can only consist of an R-branch transition which

~J)

cannot coﬁnect with the region whgre th;ée is significant P-branch g
53256 cross-sectiiii‘ This is true even when SF6’pressures are high 7
'enough‘to ai]ow efifective collisional interaction between the two
isotopic species. However, multiphoton transitions involving step- }
_ ping from excited SSF, to $3F should be possible’ if the gas is
vibrationally heated so that most of the S34F6 absorption occurs ’ W
around 3000 pm']. This argument indicates. the importancé of consider- T
ing vibratibna]‘heating effects whén one specuiates on my]tiphoton
absorption processes for different 002 lines.

Iflis important to note that the rotational -temperature was

maintained at 300 K for all calcu]atioﬁsvas these calculations, are

/



found to be relatively independent of the rotational temperature.

This occurs f&r the %o]]owing-reasons: Although direct vibration-to-
rotation (V-R) energy transfer prdcesses are e¥pected to be slow [32],
heating of the rotational degrees of fréedom may occur via V-T-R -
processes, but only at sufficiently high SF6 pressures and at large
absorbed energies. Under these conditions the V-T relaxation time
become§ comparable to the typical ~200 ns input pulse duration. How-
ever, even in these circumstances the 002 absorptions at a éiven vibra-
tional temperature are independent (to within 15%) of the rotational
temperature chosen . This somewhat sdrprising prediction results from
the fgct that many vib;ation and rotatian levels participate in éhe
absorption at each CO2 laser line. Raisjﬂg Tp increases thé rotational
poppTation for .transitions which involve J-states with J above Jmax'
(at 300 K, gmax m48)'b%t at the expenée of the population involving

* {
Tow J vailues. £

2.4 Comparison of the Model with Experiment

Previous studies of the absorption properties of SF6 as a func-
tion of temperature considéred the case in which all the SF, degrees
of freedom were in thermal equilibrium, characterized b& a single

temperatuée [29]. Hence, the rates at which.the energy is exchanged

* .

Exceptions to this rule are the shorter wavelength CO ]inesmax
for which the J numbers of absorbing states .are predominantly gbove J
at 300 K. However, even in this case the absorption coefficient changes
only by a factor of 5 at Tp = 1000 K with respect to the Tgp = 300 K
absorption, while a corresponding change in Ty produces a change of over
a factor of 350. These lines are generally not of great interest due to
their small low-signal absorptions at 300 K, which are reduced even further
by vibrational heating. The result is that the variation in the level
populations with temperature are basically determined by the vibrational
Boltzmann distribution only. '



between th? different mo]ecu]ar~degrees of freedom was of no importance.
The apb1icatign of a model such as the vibrational bath to describe
the response of SF6 to a pulse of ;adiation is not. generally possible
if the pulse is gufficient]y short and/or .intense that the vibrational,
rotational and translational degrees of fréedom can no longer reach
thermal edui]ibrium at d’sipg]e temperature. For pressures under a
few hundred Torr, typical CO2 laser pulses of ~200 ns FWHM are much
shorter than the V-T re]axatfon time (150 ps-Torr [33]). Consequently,
on the time scale of such pulses, equilibrium between vibrational and
translational degrees of freedom is prevented. The laser\pu?se energy
is therefore absorbed solely <into the v}Ega&ig?al degrees of freedom,
thereby increasing the amount of energy stored in the vibrational modes.
The rapidity with which this ene;gy is redistributed determines whether
thermal equilibrium ig maintained within the vibrational bath for the
durataon of the pu]se C]ear]y, the vibrational tempenature w111 not
be the same as the trans1at1ona1 -rotational temperature of the gas
Var1ous doub]e-resonance experiments were performed to study
the génera] app]icabi]ity of the vibrational bafh model in deterﬁining
the absorpt10n of v1brat1ona11y heated SF6 Jn these experiments a hidh
power CO2 laser pump pulse is pdrtially absorbed by the SF6 and then- a |
much 1ower power QQZ 1aser probe is ‘used to determ1ne the absorption
coefficient, for ¥é§ious frequencies, at the new vibraﬁiona] temperature.
The following da?a is taken from Taylor et al. [20] where a more complete
description of the double-resonance experiments is given.
Figure 2-4 igows the transmission measurement.data obtained from

v

a double-resonance experinment performed at 50 Torr of SF6, at a cell




<3 .
Fig. 2-4

Abéorption as a function of CO2 wavenumber. The open circles represent
300 K small-signal experimetal data. The remaining data was obtained
from dodb]e-résdnance experiments using a P(26) pump pulse (~220 ns FWHM)
at 50 Torr of SF6, at a cell thifkness of 0.16 cm andlwith pump input

2y

8), 1.2 x 10° W/en® (x), and 3.8 x 10°

intensities of 3.8 x 104 W/cm
N/cm2 (o): The solid curves represent the Bafh model predictions at

300 K, together with those at the spatially-averaged temperatures of 470 K,
800 K and 1250 K. -
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5

5 1.2 x 10°,

thickness of 0.16 cm and with input intensities of 3.8 x 10
and 3.8 x_]O4 W/cmzﬂ using a P(26) CO2 laser pump pulse of ~220 ns dura-
tion (FWHM). The experimental absorption coefficients were obtained
from the transmission data from the doubie—resonance experiments just

after the laser pulse has passed through the absorber. Fig. 2-4

includes the 300 K SF6 experimental smalf—signa] absorption coeffic-

1

ients measured using a Tow intensity TE CO2 laser. Also shown in this
figure (as solid lines) are the absorption predictions of the bath
mode]-for,rhe four vibrational sp;tiaTﬁy-averaged témperatures* which
gavé/ihe best fit to the experimental data. In every case these temp-
eratures were within 15% of the temperatures calculated using the experi-
mental pump pulse transmissions, cell thickness, input intensity, pulse
duration, ;nd SF6 gas pressure. The generally good agreement between

the experimental data and the model predictions support; the assump-
tions made in the model. Good agreemeht was also found in the high
temperature casé (1250 -K) for the P(56) CO2 rotational 1ine at 907.8

! Torr"]. Such

cmT], where both absorption coefficients are ~0.1 cm”
agreementiat a wavelength so far removed from‘the band center strongly
supports theagenérai applicability of the model.

Similar experiments were performed to determine the applica-

bility qf’the model to interpreting the dynamics of the absorption.

In these experiments, the change in absorption was monitored at the

* . .
Account was taken of the temperature gradient produced in
the SFg gas cell by the pump pulse in determining the theoretical
" probe transmission. These temperatures-were within 15% of the
temperatures determined from the experiméntal measurements.




probe frequency at the same time as energy was being absorbed from

the pump. Figure 2-5 compares P(26) pump experimental d;Lb1e-resonance
curves,'obtained with 10 Torr of SF6 and a cell thickness of 0.25 cm,
with curves generated from the absorption against temperature data of
F;;. 2-2.at a temperature of 700 K. The model temperature of 700K
represents the fina} vibrational temperature after the puhp pulse has
left the gas cell, and is within 25% of the temperature calculated
using pump transmission data, input intensity, pulse duration, cell
thickness, and SF6 pre§sure.*

. The theoretical doublg-resonance curves were generatea by
calculating the energy absorbed and the temperature change for each
pump-pulse increment, and then obtaining a transmission for all the COZ
probe lines from the curves of Fig. 2-2. The P(26) curve exhibits a
fast rise in transmission, followed by a steady fall to a %ina] trans-
mission level lower tham that at 300 K. The portion of the tﬁqnsj
mission rise not accounted for by the model is attributed to intensity
saturation effects of the pump on vibrational and rotational levels
common oﬁ]y to the P(26) absorption. In these experiments the trans-
mitted pump pulse shape was consistent with the observed double-reson-
ance signal at that 1ine. Note that there is very good agreement on
the shapes of these curves and also that there is‘quite good agreement

in the actual transmission values and positions of the input pump peak

with respect to the double-resonance signals. The agreement is

x —— -

The temperature agreement to within 25% rather than the 15% °
mentioned earlier represents a decrease in the accuracy of obtaining
the amount of energy absorbed in the SFg gas cell. This is due to the
fact that the fraction of the pump energy absorbed in this case was ~20%
(compared to the ~70% previously). Consequently, fluctuations in the
transmission measurements (+5%) can produce a 25% error in the estimated’
energy absorbed compared with a 15% error in the previous calculations.

b e iaa -



Fig. 2-5

7'\

A comparison of experimental P(26) pump double-resonance curves at various

CO2 rotational lines with those predicted by the heating model. The gas

pressure was 10 Torr, the cell thickness 0.25 cm, the input intensity
1.9 x ]05 W/cmz, and the pump transmission was 80%. The arrows indicate

the position of the peak of the pump pulse.
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remarkable when one considers that there were no adjustable parameters
used in the model predictions and that the small-signal absorptjons
were not adjusted to agree with the experimental probe laser absorp-
tions in the\absence of the pump beam. A similar experiment at 10
Torr of SFé but with a P(16) pump,* also gave good agreement with

the calculated transmissions and double-resonance signal shaped.
Double=-resonance patterns have also been observed at 1 Torr of SF6.
However, no attempt was made to obtain quanéitative double-resonance

data due te the small changes in transmission at this pressure.

2.5 Summary -
This chapter has dealt with the development of the vibrational

bath model End its application to SF6 absorption near 10.6 um. In
'particu]ar, it has been shown thatnthe model can also predict the
"dynamics of the absorption processes. This is especially significant
for, at low pressures, the collisional relaxation times become long
compared fo the duratién of ‘the laser pulses. However, in the model
it 35 assumed ‘that all the vibrational énd rotational levels reach
equilibrium in a time short compared to the input pu]sé duration

and that they can be characterized by a Boltzmann temperature distri-
bufion The successful app]ic&tion of the vibrational bath model to
these cases is due to the very rap1d coll1s1on1ess, V-V re]axat1on

processes that exist in large po]yatom1c moTecu]es such as SFe (19].

“Most of the absorption on the P(16) Tine comes from the ground
state wh?reas for P(26) the absorption occurs mainly at or greater than
1000 cm~' above the grpund state.

ross



These very rapid energy exchange processes are due primarily to the
large density of states that exist in such molecules and the subsequent
coupling between tﬁem. The general applicability of the vibrationa],
bath model-te this low pressure regime is discussed in greater detail

in Chapter 5.

" e
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CHAPTER 3
HIGH PRESSURE SF6 PULSE TRANSMISSION NEAR 10.4 um

3.1 Introduction
The SF6 transmission characteristics obtained using a pulsed CO2
laser operating in the 10.4 um pand have been described in detail by
Garside et al. [34]. In that paper the intensity dependence of the SF6
" absorption on three CO2 rotational lines, P(14); P(20), and P(26), (which
characterize the absorption saturation behaviour of the entire 10:4 um
band), was reported for more than an order of magnitude variation in the
SF6 pressure. The saturation behaviour at thesg C02 lines was interpreted
in terms of a 4-level, nén—steady—state model. :It was noted that good
agreement was obtained between the model and the observed trénsmission
characteristics for tﬁe P(14) line. The P(20) transmission curves could
ﬁlso_be predicted over a large SF6 pressure range. Howevéh,'at increased
'SF6 pressures, there was a small range of input intensities for which the
"observed transmitted pulse shape progressively broadened to duratibns beyond
that of the input pulse. This behaviour cod]d not be accounted for by the
4-level model. The deviation between theory and experiment becomes pro-
ressively worse at longer COz_wavelengths (increased # vaiues). For
example, the 4-level analysis for the P(26) CO, line could not fully re-
qpraduce the pulse broadening observed at the transmission minima of Fig.
3-1, or the unusual shape of the 10 Torr trapsmission curve "in that figure.

It was therefore suggested that a model which incorporated the multilevel

26
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nature of the SF. absorption, such as the vibrational bath méde] described

in the previous chapter, was necessary to describe fully the transmission

properties of all C0, Tines [34]. The double-resonance experiments,

referred to in the previous chapter, verified that the model could account

for the pump-induced SF6 absorption dynamics over a wide range of CO2 wave-

lengths and SF6 pressures, when the pump and. probe wavelengths were different. ;
Here it is demonstrated that, at high SF6 pressures (typically > 200 Torr),

the transmission behaviour of the pump pulse itself can be entirely :

accounted for by the vibrational bath ﬁode] withou£ requiring the inclusion

of intensity saturation effects. It is also demonstrated that at high SF6
pressures a train of short pulses exhibits transmission behaviour consistent
with the vibrational heating model. At 1owgr SF6 pressure;,'a combinatién
of intensity saturation processes and increased pulse transmission due

to vibrational heating are necessary to describe fully the absorption satur-

ation behaviour of SF6. This will be discussed in Chapter 5.

e e

3.2 Application of the Model

The model assumes that all vibrétionp] and ¥oﬁationa1 ]evé}é of SF6 . i
reach equilibrium in a time sho}t compared to the input pulse duration, '
and that these levels can Be characterized by a Boltzmann tempefature distri-
bution. As shown: in Chapter 2 and Ref. [20], the reéu]ts of doub]e-resonancé
expériments indicate thé£ these are very reasonable asspmbtion; ?Er a wide

ra?ge of SF6 pressure§ and lase(?pulse durations. A]sb discussed in Chapter -

‘ 2 is that the absorption behaviour is re]ative]y independeﬁt of the rotational

. temperature, which is therefore.kept constant at 300 K. The.vibrational

-

Boltzmann témperature, however,.is allowed to increase from 300 K. The
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increase depends on the amount of energy that is absorbed from‘the laser
-pulse for ; given SF6 pressure and gas cell thickness.

The tyansmissibn behaviour hﬁ a given CQé‘]ing>c§n be calculated
as follows. Tﬁe input laser pulse is divided up into many small time
increments (at) and each increment is fed into an absorber which is ‘ .
divided into spatial increments (Az)}.* As energy is absorbed from the i
laser pulge, there is an increase in the vibrational temperatﬁre of each
segment. An aBsorption coefficient appropriate to this new temperature
is obtained from the absorption versus vibrational temperature curves given
in Chapter 2. The above process is repeated for each successive‘increment
.unti] the entirglpulse has passed throudgh the absorber. This procedure
'a1lows calculation of bofh thé_shape and 1nten§%ty of tHe transmit}ed pulse.

The value of the temperéture increase can be calculated from the expression

which relates the energy (Q) added to n moles of an ideal gas in order to.

increase the temperature AT degrees at constant gas volume:

et = qmeitm) | . (3-1)

where CSOt(T) is the total harmonic oscillator heat capacity at constant

volume.** Deviations from the harmonic oscillator heat capacities can . . ‘
b :

* Az was chosen such that the product of Az and the small signal
absorption coefficient aq was sufficiently small to ensure an optically
thin absorbing medium. Typically Azag ~ 0.2.

) -4

\ ~
** The total heat capacity is the dum of the vibrational, rotational
and translational components. At a vfibrational gas temperature of 300K, the ,
total heat capacity is 21 cal deg-l. le-1, of which the vibrational contri- :
bution is- 15 cal deg~! mole-!. The total heat capacity must be used in Eq.
3-1 at very high SFg pressures (3400 Torr), where the vibration-to-translation
(V-T) relaxation time becomes comparabie to the 200 ns input pulse durdtion.

———
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occur at vibrational temperatures >1300 K because of anharmonicities [22]

and the onset of dissociation processes [35]. A full descriptﬁon of the effect

of the latter on single pulse transmission is given in the next chapter.

3.3 Resultsyand Discussion

The solid curves in Fig. 3-1 show the predicted P(26) transmission
obtained qsing either the vibrational heat capacity or the total heat
capacity in Eq. (3-1). Note that there is very little difference between
the two curves since at large températureg the vibrational pontribution
to the heat capacity is much ]arggr than the rotational and trans]ationél
contributions.

Good agreement is obtained between the transmission predicted by
the modéi and the 20Q Torr gxperimenta1 data obtained from Garside et al.
.t34] The error in the experimenta] transmission measurements is ~7%. The
.1nput 1ntens1t1es are known to better than 10% at low, va]ues and to within
15% at high values. The agreement is qu1te remarkab]e when it is considered
that the only parameters used ;n the mode1 were the input pulse shape, the
peak pu]se intensity, the celf th1ckness, d the gas pressure. These
were all obtained from experimental méggz;zgénts and no adjustable para-

] heters were employed for the theoretical predict%ons.

The agreeﬁent bétween theory énd_exﬁériment also extends to ghe
shape of the trapsmitted bu]sé, as indicated in Fig. 3-2. For example,
the approfimafe doubling of the input pulse duration shqu in Fig. 3—2‘,
(d) (a result which could not be Eredictéd by‘the.4-1eve1 treatment) is
well accounted for by the vibrational bath mode}l Furthermore, an analysis

employing this model for the P(20) ¢, line predicted both the magn%tude,

- e v




-Transmissioq,of SF6 as.a function of input intensity‘at the P(26) COZ Tine.

"The dashed curves represent'the experimental data obtained from Garside et
Cal. [ 34] at*10 and §Oefor} of Sés. The solid ciré]es (p) denote‘ZOO Torr
data obtained from the same reference. Solid curves 17and 2 represent the

theoretical calculations employing the vibrational and -total heat capacities,

respectively.
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* Fig. 3-2

¥
Co]dﬁns I and 11 are the theoretical and experimental transmitted pulse
shapes for the input pulse shape shown in Row {a). Rows (b) to (e)

correspond to the intensity. regions shown in Fig. 1. The dashed vertical

_ Tines indicate the peak of the input pglf?;_,,,f”////r
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of the broadening observeq expérimenta]]y at high SF6 preésures and the
approximate input intensity at which pulse broadening occurred.

The model is most suitable for predicting the entire pulse trans-
mission characteristics ét high SF6 pressures. At reduced pressures the
lower coupling rate between levels allows for easier saturation of the
absorption. At higher SF6 pressures the effective level recovery times
decrease, consequeng]y making intensity saturation more difficult. However,
at these‘higher pressures, substantial amounts of energy are coupled into
the'bath of levels, which can heat a11'the vibrational modes sufficiently
to change the bath population distribution in such a manner as to change
the absorption on a givén €O, Tine. For the P(12)-P(18) €0, wavedengths,
the therma]~change in popu]étion at the absorbing levels results in a | -
decrease in absorption with increasing vibrational bath temperature. At
the P(24)-P(30) éOZ wavé]ength; the absorption increases up to a certain
vibrational temperature, reaches a magimum, and then decreases with
increasing temperature.* The absorption maxima predicted fér these rota-
tional lines are sﬁifted to higher vib;ationa1 températures for increasing
wavelengths. This results from anharmonicities which cause the shift of
absorption cross-section ma;imé to progressively higher energy levels at
Tonger wavé]engths. A maximum in thé absorption occurs when the vibrationg]
bath popu]afion distribution, which is also shifted to higher levels with
increased vibrational temperature, is centered at the levels corresponding
to the cross-section maximal It is just tﬁe paséage of the batg population

distribution through regions where the P{26) line experiences a maximum

* The P(20) and P(22) lines have behaviour which 1ies somewhere
in between the other two sets of lines and display very 1ittle change in the
absorption for the first 100 K temperature rise.
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absorption cross-section which accounts for the observed transmission
minima in Fig. 3-1, and the observed pulse shaping on this line (Fig. 3-2).
Note that even at Tlow SF6~pressures heating e%fects can'subsﬁantié]]y
contéibute to the overall transmission behaviour. This is evidenced by the
presence of an absorption minimum in the 10 Torr P(26) transmission curve
similar to that observed for high SF6 pressures. The pulse sh;ping at 10
Torr is also very sim{lar to that depictLd in Fig. 3-2 for 200 Torr of SF6.
‘ At sufficiently high SF6 pressures, the entire experimental. trans-
mission curves and those predicted by the model should be very similar.
This is dramatica11§ illustrated in Figs. 3-3 and 3-4 for the P(14) and
P(20)"CO2 Tines, respectively. The;]OO Torr data in these figures shows
that the agreemént between the indfvidual transmission curves (for a fixed
pressure) exists for pressures greater than 100 Torr.

Pulseshaping effects can also occur when energy is absorbed from
a train of ~4.5 ns (FWHM) mode-1locked pulses. Fig. 3-§ illustrates the
- strong asymmetric narrowing of the P(26) pulse train envelope after passage
éhrough 10 Torr of SFG' This pulseshaping is similar to that observed in
Fig.'3-2 (b) for a ~200 ns non-mode-locked input pulse. Fig. 3-6 i1lus-
trates'the transmission behaviour of mode-locked pulse trains at the P(201
CO2 line passing through 250 Torr and 20 Torr of SFg. The gas cell thick-
ness for 250 Torr of SF6 was_?eauced so0 .as to give the same small signal

transmission as in the 20.Torr case (calculated to be ~2 x 10']2).

A time
delay between the input and tfénsmitted pu1se train peaks can be observed
at 256 Torr of SF6. Furthermore, there is very ljttle narrowing of inqu'
vidual modé-]ocked pulses (<10% of the FWHM). Similar results were obtained
at low SF6 pressures (10-20 Torr) .and approximately 1 atm of air. On the

'
‘Y




Fig. 3-3

Transmittance at the P(M)»CO2 line through a path length L in SFe» as a
functiog of input intensity. Experimental data, denoted by (x), (o), and
(o), was obtained at SF6 pres;;;;; of 100 Torr, 400 Torr and 760 Torr,
respectively. The calculated small-signal transmittance at 760 Torr is

~8. The dashed line represents the 100 Torr experimental data; the solid

curves are the theoretical transmissions calculated using CSOt(T).
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. Fig. 3-4

»

Transmittance at the P(20) CO, line, through a path length L of SF,, as
a function of input intensity. Experimental data, denoted by (x), (o),
and (o), was obtaiﬁed at SEs p;essures of 100 Torr, 400 Torr and 760
Torr, respectively. The calculated small-signal transmittance at 760

Torr is ~70. The dashed 1ine represents the 100 Torr experimental data;

" the solid curves are the theoretical transmissions calculated using CSOt(T).
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Fig. 3-5

The top curve shows a mode-Jocked pu]ée train (at the P(26) CO2 line) trans-
mitted through an empty gas cell. The bottom curve represents the pulse

‘train transmitted through the cell filled with 10 Torr of SF6 (path length

L=2.5cm). (From Ref. [38].)
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Fig. 3-6

The top curve shows the sode-locked pulse train (at the P(20) CO, Tine)
.transmitted through an empty gas cell. The maximum individual pulse inten-
sity at the cell was NS‘Mw/cmZ. The middle and bottom curves show the
transmission of the above pulse train through the cell containing SFe

at 250 and 20 Torr, respectively. The iow-signa] trpnsmissidn; calculated

using e_“QL, was 2 X ]0—]2 for both 250 and 20 Torr. The transmissions
for input pulse intensities shown jn this figure were measured to be 2%
(referred to the peaks of the pulse trains) for both pressures. (From

Ref, [381.)
7

)

IR TN




37

-

g M e L ety T

P S




other hand, so tiﬁe.deTay’was observed for the 20 Torr SF6 daté, ahd sub-
stantial pulse narrowing {4.5 ns to 2 ns in the FWHM) did occpr.* Similar
pulse narrowing at Tow Sf6 pressures has been observed recently by Nowak
et al. [36]. It has also been observed that adding up to 400 Torr of He to
a. 10W\pressure of SF¢ (25 Torr) narrows the mode-locked pu]ses (from 5 ns
to m2.ns, FWHM) [ 4]. Further add1t13n of He fails to narrow the pulse-
width. Similar’ results were observed in Ref.'[37] when using-high §F6 |
pressures for mode-locking a CO2 laser. An exp]gnation for both these
obseﬁgétions is thétt at htgh55F§ and He pressures, heating effects, |
rather than intensity saturation effects, determine the transmission
behaviour of the absorbsr. When this occurs the contribution of intensity
saturation processes to pulse narrbwing are suppressed relative to the
pulse shaping effects due to vibrational heating. This latter process
tends to enhance:the transmission on the pulse tail and prevents pulse .
narrow1ng from occurring across the mode-locked pulse train.

Atsuff1c1ent]y high 1nput intensities, v1brat1ona] anharmon1c1t1es
can be compensated for by power broadening allowing multiple photon absorp-

tions to occur.up the v3'vibrationa1 Tadder [30]. Such an absorption process

could be important in predicting the exact transmission behaviour of very

highﬁintensity (above a MW/cmz).mode-locked pulses through SF6._’Furthermore,‘

the onset of such a process may account for the discrepancy observed between
the experimehtal transmissions at high input intensities (shown in Figs. 3-3

and 3-4) and those predicted by the vibrational bath model.

" .
The 2 ns may represent an upper limit since the instrumentation
risetime limited the minimum detectable pulsewidth, to ~2 ns [38].
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3.4 Summary ¢

It has beeﬁ demonstrated that the vibrational bath model, which
takesvinfo account the complex multi-level absorption spectrum of SF6,
can predict the entire transmission behav%our of 002 laser pulses through
high pressure'SFe.""It is particularly important to note that, alfhough
the absorption isLstrong1y "saturated" at high intensity, no genuine
intensity-dependent saturation process is ipvo]ved. For high P-value COé
rotational lines, clear evidence is found for the pérsiétence of vibrational
hgating_effects down to Tow SF6 preséurés; This is 6qnsﬁstent with the
infereﬁee made in Chapter 2, that for vfbrationa] levels more than 1000 cm-]
above the ground state, very rapid vibrational energy exchange ocbdrs‘

even at low pressures. These exchange processes, and their effect on SF6

pulse transmission, are discussed in greater detail in'Chapter 5. .



CHAPTER 4

Effect of Dissociation on SF6 Absorption

4.1 Introduction

The transmission behaviour of C0, laser pulses through high

pressure SF6 has been discussed in the previdus chapter. In particular,.

it was shown that the reduction of absorption for high jnput intensities
was due to v%brationa] heating of the SFG. For short wavelength COZ'
laser lines, such as P(14), the maximum vibrational tempeéature attajned
was ~1400. K. For C02‘]aser.1ines such as P(26) however, vibrational
temperatures in excess of 1800 K are predicted.‘ Shock-tube studies
have determined that the dissociation threshold for SF6 is ~1600 K [39].
Thus some dissociation is expected to occur for the longer wavelength
CO2 laser lines. It must be em;hasized that the dissociation occurring
here.is distinct from the iaser induced, coherent multiphoton dissoc-
jation observed in Tlow pressure SF6; _This'is presenny an area of con-
. siderable interest and details of this process can be found in several
recent.review articles [40,41] and the references therein. - |
Experiments were performed tp directly measure the amount of
dissociation that occdrs for the SF6 pressures and input pu]sé energies’
used in the transmission measurements.. In these experiments, a fixed.
Qolume of SF6 was 1rr§diated and_sm?11.signa1 absprption measurements.

were used to determine the fraction of molecules dissociated. It has

been demonstrated that SFg dissociation occurs via'the process [42]
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*% -* )
SF6 + nhv » SF6 -+ SF5 + F (4-1)

The SFS* can then further di;sociate into SF,. The asterisks 1ndica£;
that the molecules are in excited states. It had been previously repOﬁted
in the literature that SF6 qissociation was an irreversible process [43].
Tal et al. [44] have(}ecenf]y demonstrﬁted that the process is in fact
reversible, and a scavenger gas must be used to correctly ascertain

the amount of dissociation. The action of’the scavenger is to prevent
the‘reverse reaction from occurriﬁg by chemica]]y_reacting with ét least
one of the dissociation éroducts. H2 and 02 were tested here as

possible scavenger gases and Hz‘yas found to be.the_most effective, in
agreement with the resﬁ1ts of Dupré et a].'[45]. Quick and Wittig [46]

have shown that the operation of the H2 scavenger is by the reaction

Hy + F > HF + H A (4-2)

and not by processes directly‘invo1ving the excited SF6 molecule, such
as

* *
'SF6 +-H2 -+ HF + products . : - (4-3)

Therefore, measurements performed employing SF6- H2 mixtures provide an
accurate determination of the dissociation that would occur if pure SF6

had been Trradiated under similar conditions.

4.2 Experimental ) : (
- The double-discharge CO2 laser used in these experiments is

described in detail in Ref. [37]. A grating was used to select the

k2

R il



particular CO2 rotational line. An apeture inserted into the laser cavity
cavity ensured operation in the TEMoo mode. ‘}he 1§ser was operated

at atmosphéric pressure and low N2 concentration. The latter reduced

the Tong pulse tails characteristic of bperation at higher N2 concentra-
tion. Typical laser output pulses had a duration of ~125 ns FWHM at

2

a peak intensity of ~0.5 MW/cm™ and a beam diameter of ~8 mm. Larger

-
hra® ARTE/ T PR gl

intensities were obtained using a 10 in. focal length, anti-reflection
coated, Ge lens. The SF¢ gas cell path length was less than a few
millimeters in all cases. Consequently the beam size did not vary
significantly over the cell'length. The gas cell used initially had

a path length of ~1.5 mm and employed NaCl windows cemented to the
'cell body. During these initial experiments at the P(26.) C0, laser
line, the salt windows acquired an opaque coating on their inner sur-
faces. ATdiscussion of this is given in the next section. Therefore
it became necessary.to consﬁrdct a gas ce]];xas shown in Fig. 4-1, -for

which the windows could be readily removed for cleaning. In this cell,

[ ——

the salt windows were held in place by an aluminim clamping ring:

-—

0-rings are used tb'achieve a good vacuuim seal. A perspex insert
betweeﬁ the windows and the c1amp%ng rings was used to prevent window
damage. Note that the valve is attached directly to.the cell body;
this aids in accurately @eteﬁmining the total volume of gas contained

in-the cell. This was necessary sifce each measurement of the dissoc-

i
[
!
i
!

iation yield corresponded to irradiation of the entire gas volume once.

High purity SF6 and H, were used (obta{ned from Matheson) in the

2
ratio of 1:2 and at a total pressure of 600 Torr. It was determined

experimentally that no change occurred ineither the dissociation yield

\




Fig. 4-1

Photograph of the gas cell used in the dissociation experiments. The path

length in the cell is 3.8 mm and the total valume is 4.8 cm
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or the products formed upbn addition of more H2. The number of SF6
molecules present befqfe and after i}radiaiion of the cell was determined

from small signal absorption measurements-bmp1oying low-power pulses

from q)pin—type helical CO2 laser [47]. Infrared spectra of the products
formed as a result of the dissociation were obtained using an IR

spectrometer (Perkin Elmer 283) having a spéctra] resolution ranging
from 2-7 cm'1. These spectra were taken imhediate]y after irradiation
by the CO2 laser pulses. No change was observed when the measurements

were repeated on tbe\iife samples after a 24 hour period.

4.3 Results and Discussion

Figure 4-2 shows the fractional dissociation of SF6 observed
for various input energies on the P(28) CO2 laser line. The P(28)

transmission curves are very similar to those for P(26) (Fig. 3-1)

. except for a shift to slightly higher input intensities. The larger

values of the input ene%gy fluxes in Fig. 4-2 correspond to the region
where heating effects cause the absorption to be greatly reduced.
(~100 % transmission at an input gnergy of 9.5 J/cmz), Figure 4-3

illustrates the fractional dissociation observed as a function o% the

average number of photons absorbed by each molecule of SF6. To wi
experimental error, the results indicate that the dissociation yie is
dependent only on the energy that is absorbed and does not depend (on the

CO2 laser -wavelength used.” This is quite different from the strong

_‘frequency dependence observed in the coherent multiphoton disépciation

of SFB at low pressures [48). The slight shift of the P(26) data points

2

e -

-




Fig. 4-2
Fraction of SF, molecules dissociated as a function of input énergy at
.the R(28) CO2 laser line. Pulse durations were ~125 ns FWHM.' The

initial SF6 pressure was 200 Torr, corresponding to a small signal

transmission of ~3%.
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Fig. 4-3
Fraction of SF6 molecules dissociated as a function of the average number
of bhotons absorbed per molecule of SF6. Results for both the P(28) (x), .
and P(26) (e), C0, laser lines are"shown, ‘
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is attributed to the increasing amount of deposits on the gas cell

window. In Section 4.4 it is shéwn that the fractional dissociation
opse}ved is in goo; agreement with the p%gd%ctions of the vibrational
bath model.

Figure 4-4 shows a comparison of the IR ;pectrum of ﬁure SF6
with the spectrum obtained when the same amount of SF6 is ﬁixed with
H2 and irradiated by high power CO2 laser pulses. It was obéerved
experimentally that when pure SF6 was 1rradiated; absorption peaks
corresponding to the following subé;ances occurred:

SF, at 728, 867 and 889 cm™| [49],

3
S,F1g at 819, 880 and 930 cm™' {49], and

5,F, at 745 and 810 em™ ! [49].

However, Fig. 4-4(b) indicates that for SF6- H2 mixturgs only those
due to 32F2 remain. This suggests that the.SZF]O and SF4 produced
react with the H2 molecules. A more important process in such mixtures
is the formation of HF, qf which the ijranch absﬁrption spectrup is
observed near 4000 cﬁ—].' Previous studies have feported visible lumine-
scence, in the form of a pale blue 1ight, that is associated-witp the
infrared photodissociation of po]yatqmic mo1ecu1e§ such as SF6 [50,51].
This is readily observed in the exberimeﬁts.performed here as well.

The mo;t not§b1e features- of* the spectrum shown in Fig. 4-4(b)

are the broad peaks occurring between 1200 and 2200 cm'].

These were
due"to.NaHf-:2 formed by HF molecules attacking the NaCl windows [52].
The resulting Tight érey substance was noted in’a]]_e*periments per-
formed with the SF6—-}‘12 mixtures. The window attack was not localized

to the exact irradiation region\of,tﬁe cell, but covered a much larger

~




Fig. 4-4
A~
Infrared spectra illustrating the products formed in the dissociation of
high pressure SFg. Figure 4-4(a) corresponds to 200 Torr of SFe at a
path length of 3.8 mn. Figure 4-4(b) shows the results of irradiating
the same amount of SF, in the presence of 400 Torr of Hé,'with p(28) co,

laser pulses of ~4.5 Joules/cmz. The transmission of the pulses is ~80%.
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area (having a diameter 3-4 times the beam diameter). The displaced
ch]orin; atoms react to form HCl, as can be seen from its distinctive
rotational spectra at 28§0 cm'1 [53]. Dupré et al. [45] have reported
reactiong,between quartz cell walls and the dissociation products of
SF6 to produce S1‘F4 and SOFZ. The formatioh of NaHF2 and HC1 in SF6
laser induced aissociation experiments, however, has not been previously
ré%orted. The reason for this is the entirely different nature of the -
present experiments. In multiphoton d1ssociat1on exper1ments low

gas pressures (typically <1 Torr) are cpnta1ned in long absorption

ce]is. Consequently, only a small fraction of the molecules are able

to react-with the salt windows at either end. In the present experi-
ments the gas cells had very small path lengths, and thus’a Jérge .
percentage of'the total exposed surface area consisted of the NaCl
windows . A]SO work on other po]yatom1c mo1ecu1es has shown that the
'part1cu1ar dissociation products formed can be, very dependent upon

the cleanliness of the w1ndows [54], Th1s again 111ustrate§ the adyant-
ages of a gas cell design which permits eésy removal and cleaning of the

windows. - - (

4.4 Efféct of Dissociation on Single Pulse Transmission

. A]though it has been shown that the vibrational bath mode]l
can successful]y predict the transm1551on of CO laser pulses through
SFg, some inconsistencies remain. For P(26) pulse transmlss1qn.(F1g.
3-1),.the absorption of the high intensity pd]ses can produce vibra-
piqna].temperéturés in excess of 2500 K if-harmonic oscillator heat.

capacities are used. However, the thermal dissociation threshold of

o
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SFg is 1600 K'[39]. Frie [35] ca]cu1ated corrections to the harmonic
osci]]atér heat capacities to allow for the onset of dissociation.
Values for these corrections were {ncorporated into the model anq
provided a reduction in the vibrational temperatures. However, no
proper estimate could be made of the amount'of dissociation that
occurs. Experimenps deséribed earlier in the chapter have demonstrated
that the onset of dissociation occurs when the number of photons
absorbed‘pgr molecule, <n>, exceeds ~7. . Substantial dissociation was
observed for <n> = 18. Recent work on multiphoton dissociation has
provided considerable information on the processes that occur. The
effects of these processes on single .pulse transmission.cén be predicted
by the vibrational bath model,

1

The dissociation limit for SFg occurs at ~26,000 cm. (~28 C0

2

laser photons) [55]. Furthermore, Grant et al. [42J have shown

that the rate of dissociation has a sharp dependence on the.degree of
vibrational excitation. When more. than 8;9 photons in éxcess of" the
dissociat%on limit are_absorbed, the Tifetime of the excited SFe

mplecule becomes less than 1 ns. For calculational simplicity, %t can

be qssumgd that all $F6 m51ecu1es,with vibrational -energies in excess

"of 34,000 ch—] dissociate in a time sﬁqnt compared to the duration of
a.CO2 laser pulse. Thus, for any vibrational temperature produced .
durind the absorption of such a laser bu1se, dissociation of the éFﬁ .
continues until the vibrational temperature is reduced and 66 significanf
fraction éf molecules remain above the 34,600'cm_1 limit. This decrease
in the vibrational temperature is due to tﬁe disso&ﬁating moTécu]es

removing energy (the equivalent of 36 photons) in excess of the * .



average amount of vibrational energy per molecule.

Figure 4-5 shows the'rgsu]t; of incorporating the effect of
dissociation into the vibrational bath model. The dashed curve
represents the previous calculation described in Section 3.2. large
aﬁounts of dissociation have minimal effect on the transmission curve
because most of this dissociation occurs on the pulse tail. For
example, at é MW/cmZ, less than 5% of the molecules dissociate
before the pulse peak, yet ~30% are dissociated over the entire pulse.
However, in situations for which substantial absorption can occur at
high vibrationa]_tempe;atures (such as the high J-value CO2 laser
1ines - see F{g. 2-2), considerable di;sociation.cén occur in the
early portions of the pulse; this will greatly effect trénsmissioﬁ
f the remainder of.the pulse. In the P(26) -case the pulse shaping
only slightly affected by the onset of dissociation. Even 6nﬁthe
of the pu]sé, the decrease in the number of SF6 molecules is off-
set|by the reduction in vibrational temperatures and the corresponding
increase in ébsorption.

The calculated vibrational temperatures rarely exceed 1800 K
for all of the input intensities studied. After the entire pulse had
passed the final temperature was ~1500 K. This is certainly more
rea]ist%c than the very high’vibrétiona] temperatures predicted.if
only the harmonic ogcillator heat capacities are-used without allowing
for dissociation. . . -

The vibrational bqth mpdel‘afso gives an estimaté of the
fractional dissociation occurring., For a'va]ué <n> = 18, which

‘ corresponds to an average vibrﬁtiona] temperature of ~1700 K, the-mode]_

b
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Fig. 4-5

Transmission- of SFG'as a function of'input intensity at.the P(26) CO2
faser”1ine. The data is taken from Ba]ljk et al. [38]. The dashed
curve fepﬁesents the vibrational bath model calculations described in
Chdpter 3. The solid curve corresponds to similar calculations in

which the effect of dissociation has been explicitly included.
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predicts that +35% of the SF6 molecules dissociate. This is in
reasonable agreement with thegﬁeasurements depicted in Fig. 4-3,
especially when it is considered that the model does not ingﬁbde
dissociation that occurs after he laser pulse has passed. The model
predictions for both the fractionat~dissociation and the effect on
the transmission Grves are oﬁiy;yégkly dependent upon the exact values
Sused for thé dissociation limit, and for the number of excess photoni

absorbed beyond this. This is again due to the opposing effects of

," the amount of dissociation occurring and the corresponding reduction
in vibrational temperaturéé The best agreement between the model, the
transmission data of Fig. 4:5, and the fractional dissociation of Fig.

4-3, does in fact occur when ~34,000 cm'.l of vibrational ene}gy are

required for an SF¢ molecule to dissociate on a sub-ns timescale.
i

{
4.5 Summary J

<

It is demonstrated that dissociation effects can be observed

in the interaction of high pressure SF6 with high power CO2 laser
pulses. The fractional dissociation can become significagx once the
average number of photons absorbed per molecule of Sf6 exceeds mlé,
corresponding to vibrational iemperatures of ~1700 K. The dissociation
observed can be accounted for by .incorporating into the vibrational

‘ bath model the dependence of dissqciatioﬁ rates upon thé degree of"
vibrational excitation. It is shpwn that even'subgtantial dissociation
can have minimal effect on the transmission Qf.COZ 1asgr pulses through
high pressure SF¢ if most of the dissociation occurs 6n the pulse

tail.
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CHAPTER 5

LOW PRESSURE SF6 PULSE TRANSMISSION

5.1 Introduction (

In Chapter 3 it is shown that the vibrational bath model can
predict the transmission behaviour of CO2 pulses throUgh high pressure
SF6. In this high pres§ure regime there are-no saturation effects and

the absorption properties can be described completely in terms of vibra-
Y

. tional heating. It has been reported by Garside et al. [34] that, at

Tow pressure, true intensity saturation is plainly evident. The pressures
at which these saturation effects become dominant is faund to have a
marked dependence on the CO2 wavelength. Changes in absorption due to
vibrational heating effects a}e observed even at pressures as low as 10
Torr for long wavelength CO2 lines such as P(26). This accounts for

the inability of early models, based solely on intensity saturation
effects, to predict the transmission behaviour observed in such cases.

Due to vibrational heating, the levels from wﬁich absorption occurs
Gﬁgngés dramatically with the amount of energy absorbed; there is a -
corresponding change in the absorption cross-sections and relaxation
rates.. The changes in the cross-sections are discussed in Section 2.3. ////,///’f/)

The .emphasis in this chapter is on the investigation of the dependence

of relaxation rates on the vibrational energy. . g

5.2 'Vipration—to—Vibrd%ion Relaxation Rates

A wide range of vibration-to-vibration (V-V) energy exchange . i

times for SF. have been reported in the literature and are summarized in

54
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"‘i’TED%e 5-1. Taylor et al. [20] suggesfed that the principle reason for

C these variations is that ditferent’tegiOns in the vibrational bath
have very different V-V relaxation rates. For exa%b]e, Bates et al. [33]
indicate that their observed V-V rates may be controlled by the energy
transfer processes between the v = f,-v3 (948 cm_l)‘and v = 11 Ve (346
cm“‘)-vibrationa] leve1s. . However, only a small percentage ot the
absorption (at only a few short wavelength 602 1ines) occurs in this
regien as can be keen from Fig. 2-3. Hence the V-V relaxation rates
of Bates et a] L33] may simply be inappropriate fo;\descr1b1ng the
Eransfer tlmes hetween the levels that absorb co, radiation. Further
experimente1?ev§denee-of the vibrational energy depepdence of the V-V

" rates is leEB\py Taylor et al. [20], as shown 1n)Tab1e 5-1. The V-V

re]axat1on times (<20 ns-Torr) of the P(24) P(30) Tines- (absorption
predominant]y from leyels above 1500 cm ]) are very " different from the
150 ns-Totr-reiaxation time of Tines such as P(14) and P(lG)l(apsorption,

)

predomiﬁant]y from vibrational levels below 1500 cm']). "The reason for

-1

this may be the high density of states above 1500 cm ' and the subsequent

coup11ng that ex1sts between these states Recent work on coherent -
xtremely

multiphoton dissociation has suggested ‘that this can lead to

rapid, co]1isien]ess, energy exchange processes in high]j excited

moleculest [55]. . . 7
The depen&ence of the V-V relaxatiop rates on the tibrqtional &

energy 1is consistent with the low pressdre transmissioh results at

the P(26) CO 1aser line, as shown in Fig. 3 ] At a presstre of

10 Torr, intensity saturat1on is dominant for moderate 1nput 1ntensit1es

‘ (ﬁhe ascending portion of the transmission curve) However, even small

o |
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TABLE 5-1

. Vibration~to-vibration (V-V) relaxation times observed in SF6.

4

150, P(14) - P(16).'

<20, P(24) - P(30)
*
3000

. Observed V-V ~ Method . ' Reference
relaxation time .
(ns-Torr)
1100 16 um ‘Fluorescence Bates et al. [33]
. measurements
'300 IR double-resonance Steinfeld et al. [56] .
0.3 " Frankel [19]

Taylor et al. [20]

"o ' Deutsch and Brueck [57]

* "
collisionless relaxation only

®
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amounts of vibrational heating (e.g., QTV = 100 K) can shift populations
to regions higher in the bath, where faster V-V re]axatioﬁ rates a}e
encountered. Hence intensity saturation becomes increasingly more
. difficult.. Upon further vibrational heating, these changes in the
v~y relaxation_rateé become so great that the transﬁission s reduced
and eventually reaches fhe limit where only heating effects occur.- This
is evidenced by thé similar high transmissions achieved for large input
intepsities at all thg,SFﬁ pressures employéd.

The dependence of the vibrat}onal relaxation rates on the -
vibrational energy was investigated by transmission measurements of
Tow pressure SF6 in a heated gas cell. Subsequent modifications were
made to the vibrational bath model to'%nc1ude the saturation processes.
These modifications, and the application of the model to low pressure

- single pulse transmission, are discussed in Section 5.5.

5.3 Expefimenta1‘ : ' . ‘

A hel%ca] TE CO2 laser was used as a probe pecause 6f'its
excellent -short and long term pu1§e—to-pu1Se reproductibility [47]. Thé
" Jaser was operated with high He qéntept and with a total gas pressure

of 400 Torr. Typical output pulse durations were ~200.ns FWHM. A
grating was employed to select the desired rotatianal line. An
‘aperture, placed inside’ the resonator, ensured operation in the TEM00
mode. The incident intensity could be varied over 5 decades by the
buse of attenuators 1po]yethy1ene sheets:and partially transmitting
mirrors) and long focal length (10 in. and 20 in.) Ge lenses.i Absolute

intensities were ﬁeasured with a calibrated photon-drag detector. A

portion of the incident bea@ was sp]it-off by a NaCl flat inserted . Z{
t
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into the beam path and focussed onto an Au:Ge detectqr. The resulting
signal was used to trigger the detection system.

Figure 5-1 shows. the gas’ cell used in these eXperiments. _The
outer cell body is fitted with two moveap}e.inner components which
allow adjustment of fhe path length. The adjustable cell makes it
possible to mainta{n a constant small-signal transmission. The move-
able combonenté are fitted with NaCl windows held in b]qﬁe with teflon
support rjngs. Viton 0-rings prdvjde a vacuum seal.

Commercial heating tape-(not shown in Fig. 5 JAs employed

"to heat the gas cell. Temperature measurements are made using an
iron-constantan thermocoup]e inserted into .the cell. After.the,ceTl
temperature was allowed to eqdilibrate, the temperature remained
constant in time to better than 5'K. ‘It was determined experimentally
that neitﬁer important temperature differences nor significant thermal

gradients existed within the cell.

H%gh purity grade SF, was empioyed (obtained from Matheson) and

no further purif{cation was attempted.

5.4 Results and Discussion
' figure'S—Z shows the results of transm+§§}on~measureménts, taken
at different temperatures, for ‘the P(]d) p02_1;§er line. The P(14)
absorptions occur from low 1ying'yibrdtional Tevels for all vibrational
. temperatures encountered here. The differences in the saiura{jon behav-
jour can be 6ccoqnted for by. the increase in the collisional V-V relaxa-
,.tion‘rateg.. As the %Fﬁ is heated, at constant yo1ume, there is a chanée

©in the V-V.relaxatioﬁ rates due to the increase in pressure. It has

o

N e e Aweme

b AL AR

T AR e APy o g e e
: P
.

ey

B A A S b S8 S s e v o



4

Fig. 5-1 | - ’
’ . . . * *\ .
Photograph of the .gas cell. The moveable inner components allow the path )

iength to be adjusted from 1.5 cm to 8 cm.
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Fig.l5-2

Transmission of SF6 as-a function of 1nput intensity at the‘P(14) CO2

line. The SF6 pressure at 300 K is 5 Torr., The data corresponds to

initial temperatures of 300 K (x), 350 K'(s), and 400 K (A). The,dashfd

“curve represents the predictions of the bath model, in the absence of

saturation,Aat ﬁOO K.

s s & h




(%) NOISSTWS NV H-L

g
! © (GW/M) ALISN3LNI LNdNI ,
Nel O T ol + gOf . el
TTr 11 J RS i s | ? 7 A 0
- .lT..ON...r
L2 - Hov
+ 409
-/ {08
/
|3 N e | _ 1 1. ___;l_ 1 1 ] ] | _L. P I | 1 ___._ 1.1 | 1 \ OO—



N

61

recently been shown that the collisonal-cross-sections for SF6
molecules increase with the degree of vibrational excitation [57].

It has been pointed out above that the vibrational bath ﬁode1 predicts
that there is no significant P(14) absorption occurring from levels

above 1500 cm™'. This is the region in which collisionless V-V’ rates

become important. Cantrell and Galbraith [58] have calculated that anharm-

onic splittings of the vibrational levels allow coherent multiphoton

absorption up the vibrational "ladder" for lines_such as P(14). The
contributions to the total absorption from reeions of rapid energy
transfer would Tead eo an increase in the overall vibratiopa} relaxa-
tioﬁ rate. The dashed curve in Fig. 5-2 represents the vibrational
bath ﬁwdel predictions, in the absence of intensity saturation, for a

temperature of 400 K. Although the degree of saturation can be reduced

‘ by heating of the SFG, it is evident that significant saturation persists.

Figure 5-3 gives the results of similar experiments performed
at the P(2§) CO2 laser line. The effecfs of heating. on SFG absorptien
are much‘more distiect and can be readily interpretee in terms of shifts
in the vibrational_ﬁbpu]ations to regions. where fhe density of statee

is much higher. Consequenf]y, there is more rapid energy exchange.

At 300 K, ~45% of the P(24) absgrption occurs from.levéls under 1000 cm”!

-1

and less than 20% from above 1500 cm At 350K, approximately one

“third of the absorption occurs from each region. The sharp reduction'

in the saturat1on at 400 K is due to reduced absorption from be]ow 1000

1. At 450

] {~20%) and.increased absorption (50%) from above 1500 cm
K, the contr1but1ons from these region§ become 15% and 60%, respectively.

The shift 1n the transmission curves to lower intensities w1th increasing
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Transmission of SFg as a function of input intensity at the P(24)-C02

line. The SF6 pressure at 300 K is 5‘Tq%r. The data corresponds to

. initial temperatures of 300 K (x), 350 K (o), 400 X (4) and 450 K (o).
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temperature corresponds to less additional vibrational heating being
required to achieve the temperatures for which-the absorption begins
/ to decrease rapidly. ’ ‘

The bath model is able tp predict the pulse shaping observed
throughout these experiments. For example, the dependence of gbsorp—
tion on temperature is such that the effect of vibrational heating
for P(24) at 450 K is similar to that for P(20) at 300 K. ‘This s

shown by the pulse broadening which is observed in both-cases for

moderate transmissions 51m11ar1y, the 300 K P(24) case is very \

similar to that of P(26) at 350 K. The most apparent effect is the

disappearance of pulse break-up (Fig. 3-2(d)) whjch would occur just

before the rapid rise to high transmittances. {ie disappearance
éesultsofrom vibratisna] temperatures, established just prior to the

pulse peak, being very close to Fhosewat which maximum absorption

occurs. Upon further heating, the increase in absorption is insuffic-
ient to cause a'djp to occur-at the pu]sé‘peak. The result is a
transmitted pulse which is prgadened to twice the input pulse dura-
tion. The modeljis also able to successfully predict the ph]se shaping
reported by Garside-et al. [34] for a wi&e range of pressures and at

. temperature 0%-300 K. For both that case and for the results of the
present experiments, the model is able-to aécoust-fOr the pulse .shaping
observed even though strony intensity saturation processes result in
transmission curves which are generally quite d{fferent froﬁ.those'
involving only vibrational heating. | o {

Perhaps the most significant result of the P(24) experiments

is that the absorpt1on behaviour at 450 K is very close "to that pre-

dicted by the model in which only vibrational heating.is considered.

-
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This is shown in Fig. 5-4. The solid curve repreéents the predictions
of the vibrational bath model. The small initial s&furation quickly |
vanishes/gs more than 75% of, absorption begins to occur from above .
1500 cm-]. This absence of saturation, at a pressure which shows strong
saturation at 3OQ K, carinot be explained by the small changes in. the
collisional rates which accounted for the P(14) results. Rather, it

supports the contention that the V-V relaxation rates are strongly
: P ) ,

dependent upon the location of the absorping levels in the vibrational bath.

5.5 Saturation Modelling

The results of the p}evious section suggest that the vibrational
bath model can be used to predict SF6 single pulse transmission even
in the inéensity saturation regime. A means of incorporating the vibra-
tional energy dependence of the relaxation rates into the vibrational
bath model is described below. Consider any two vibrational levels
invo]ved%jn an absorption a% baing sepérate from the remainder of the |
bath: The contribution of these levels to the total assorption can be
obtained by solving the 2-level rate equations under steady-state condi-
‘tions [59]. The absarption'by these levels is a function of the input«]

\

intensity I, and can be expressed as

03 ' - : :
o (1) = —F— - (5-1)
1+ 1,

1

where %o is the contribution to the small signal absorption coefficient.

The intensity saturation parameter is defined by

I = h“Avvi/°i . _ . A ' (5-2) -

N Te aa e Salhaas N -
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Fig. 5-4
Transmission of SFE as a function of input intensity at the P(24) co,
line,.and at 450 K. The SF, pressure at 300 K is 5 Torr. The solid

curve represents the bath model predictions in the absence of satyration.
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where bi is .the absorption s-section (deg€ribed in Section 2:2).
The term AVvi represents the to i onal equilibration rate
between these levels. It is not necessarily equal to the more -
commonly quoted V-V rq]axatioﬁ rate, but.rather represents the rate
at which both the upper and lower levels couple into the bath. An

explicit ‘expression for AVV. is

Avv1 = Ac(P) + Ay (E)) . | ' (5-3)

The first term here is a collisional rate. For simplicity, it is
chosen to. depend only on the pressure, P, and not on the degree of

s

vibratianal excitation, hence

A(P) =GP . o _ (5-4)

.P is the S%G pressuge (in Torr) and C] a consﬁant to be determined.

" The second térm in Eq. (5-3) represents a collisionless exchange rate.
It is assumed to\ be dependeyt’gn]y on the density of states, N(Evj,
‘which jtself is a rapid1y<§ncreasing'%unc%ion of vibrational energy EV.

Therefore, ' ‘ . -,

| /
ANc gva/ C [N(EV)JY , ' _ (5-5)

where C2 and*¥-are_twd/other q\nstants to be determined. No significance
is given to the functional form here. It is chosen solely as a conven-
jent way to describe the strong dependence df the collisionless relaxa-
tign rates on.the density of stateé and. hence, on’the vibrational energy.
The total absorption can now be determined by summing the contri-

butions, a, (I) from each level in the vibrational bath. The parameter

. /”;:>




C] is obtained by fitting the model predictions .to the transmission
measurements on'the P(14) line, as described by Garside et al. [34].

The saturation behaviour shows no dependence on the non-collissional

term since the P(14) absorption occurs from levels below 1500 cm'],

a region in which the density of states is retatively small. After

obtaining C] in this manner, measUrements were performed at the P(26)
CO2 line at 300 K and values of C] and y were obtained by fitting the

bath model predictions to these results. The final values were

5 ! ], C, = 5x 10 (for Ey in en”) and o, in
1

cmz), and y = 4.% Fﬁgure 5-5 shows the model predictions for the data

Cy = 1.0 x 10° 'sec” ' Torr~

of Garside et a1. [34] on the P(14) C02 laser line. The solid curves
represent the bath mgdel predictions. Figure 5-6 illustrates similar
results for the P(26) line. It can be seen that the essential features
of the saturation behaviour can be accounted for; most notable are the
reasonab]e‘predictions of the unusual shapes of the P(26) transmission
curves. Although the agreement between theory and experiment is not

as good as for the high pressure case described in Chapter 3, no model
previously reported is abp]icab]e over such a wide range of‘SF6 pressures
and bOZ‘wave]engths. The results further support the strong dependence
of the vibrational relaxation rates on the vibrational energy. Future:

experimental work on the saturation behaviour, particularly that related

to very short pulses, is necessary to determine a more accurate expression

*

The bath model predictions for the P(14) case are found to be
quite sensitive to the value of 'C,; a change of 20% gives substantially
different results. The ca]cu]ati&ns are much Tess sensitive to the value
values of C2 and .
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Fig. 5-5
Transmission of SF¢ % 2 function of input intensity at the P(14) co,
Jine, and at 300 K. The data (from Garside et al. [34]) corresponds
to SF, gas pressures of 10 Torr (x), 25 Torr (A), 50 Torr (0) and 100

Torr (o). The solid curves represent the bath model predictions with

the inclusion of saturation effects.
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Fig. 5-6

Transmission of SF6 as a function of input intensity, at the P(26) CO2

line, and at 300 K. The data corresponds to SF6 gas pressures of 10 Torr
(o), 30 Torr -(4), and 50 Torr (x). The solid curves represent the bath

gnde] predictions with the inclusion of saturation effects.
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for the non-collisional rate. Such refinements would certainly improve
g & . ’
the success of the model when applied to situations involving strong

intensity saturation.

s

5.6 Summary

This chapter has dealt with the extension of the vibrational
bath model to the regions in which saturation effects become sign}ficant.

w

Experiments with SF6 at different initial temperatures determine the
oLera]] dependence ;f vibrational relaxation rates on the vibrational
energy. The strong dependence of these rates on the dégree of excita-
tion is ‘consistent with recently observed collisionless relaxation
processes in SF, [57]. By re]gting this dependence to the density of
states, a simple model can be constructed which predicts the essential
features of single pulse tfansmission over a wide range 6f 902 wave-

.

lengths and SF6 pressures. Further work is necessary to determine

-

the exact dependence of these rates on the vibrational energy.

[l
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CHAPTER 6
CONCLUSYONS

The vibrational bath model developed in this thesis is able to
predict the absorption behayiour of SF6 at the 10.6 um band of C02.

This chapter summarizes the general features of the model and outlines
the important conclusions resulting from the research. The applicability
of the model to mode-locking and optical isolator design is discussed.

The introductioﬁ describes the importance of SF6 as a saturable
absorber for CO2 laser systems. Yet despite the extensive use of SFG’
the actual absorption processes of the molecule are'not‘completely
understood. In particular, previous investigations have been‘unab1e to
explain fully the strong dependence‘Bf the absorption on SF6 pressure
and CO2 laser wavelength, The present model takes into consideration the
multitude of vibrational and rotational levels that participate in the
SF6 absorption process. Furthermoré, it does not require the use of
numerous adjustable parameters characteristic of much of the previous
work. The remarkable success achieved in the iﬁitia] applications of
the vibrational bath_model provides strong support for its ovérall
validity.

Chapter 2 describes the‘deve]opment of the basic model. The
major assumption made is that a vibrational equilibrium can be frlaintained
for a typical CO2 ]asér pulse. It is ghown that the basic ﬁode1 pfov{dQ§
the proper dependence of the absorption on the vibrational temperature

71 ’
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and can also account for the dynamics of the absorption. Previously
reported V-V relaxation rates {as summarized in Chapter 5) would suggest

that vibrational equilibrium cannot be maintained at low SF6 pressures.

Hence, the guccessfu] application of the model to these pressures is
particularly significant.

Chapter 3 demon§trates the ability of the model to predict
the transmission behavibur of CO2 laser pulses through high pressure
SF6. The reduction in‘the absorption at high input intensities, which
has the appearance of being intensity saturation, is in fact due to
vibrational heating. ‘Since this heating is a result of energy being
absorbed from the laser pufse,\these effects are energy rather than
intensity dependent. Thus, the exact béhaviour will débeng;ga‘xhe laser
pulse durations. However, the range of pulse durations for which the
vigrationa1 bath model is expected to apply is very large due to the
rapid relaxation processes observed in SF6.

The effects of dissociation on SF6 absorption are.discussed in
Chapter 4. The amount of vibration®& heating which occurs is Timited
by the\maximum energy that Zn SF6 m:}2§u1e can possess before undergoing
rapid dissociation. By incoporating this inE/tﬁé bath modeﬁ it can
successfully predict the observed dissociation and the corresponding
effect on the transmission of 002 laser pulses through SF6.

Chapter 5 discusses the.extension oF the vibrational bath model
to the intensity saturation regime. Experimental evidence supports

the strong dependencq of the vibrational relaxation rates on the positio

=

in the bath of the particular states involved in the absorption. The

rapid rates account for the persistence of heating effects even in




'/'turés. For exémp]e, the model indicates that the onset of vibrational \
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situations where strong intensity saturation is plainly evident. An.
approximate but effective means is described for incorporating these
effects into the vibrational bath model. It is then shown that the «”(i“—
model can predict the basic features of the observed saturation behaviour.

It is clearly evident that two different mechanisms are respons-
ible for the absorption behaviour of SF6. The first is intensity satura-
tion, which occurs at low SF6 pressures, and is more apparent for the -
lower J-value CO2 laser lines. The second mechanism is vibrational

heating which is more prevalent at high SF6 pressures and high J-value

CO2 lines. It has been shown that both processes can lead to a sharp

reduction in absorption. However, the time required for the absorption

to recover is the crucial difference between the two. For intensity

saturation, the recovery time, which is of the order of the V-V relaxa-
tion times discussed in §éction 5.1, is relatively fast. Absorption that
has been reduced by vibrational heating can only recover when the vibra-
tional temperature decreases. This occurs through V-T relaxation

whjch requires a considerably longer time than the V-V processes.
Hence,it is imperative that absorbers used in applications which

require rapid recgvery of the absorption operate in the intensity

saturation regime.

The uses of SF. as an optical isolator and in particular as

b

a passive mode-locker are excellent examples of such applications.
2 :

kA .
The vibrational;bath\model greatly improves the understanding of mode-
‘\/ € .

locking of CO2 lasers with SFG’ as demonstréted in Ref. [37]. The bath

model can also assist in selecting the components of gas isolator mix-

heating, and hence the lack of any true intensity saturation, may




|
/
seriously hinder the eff?ttiveness of SF6 in high pressure gas isolator

mixtures. /

In conc]usion,,Zhis thesis describes the development and
expérimenfﬁT\VBJidaﬁjoﬁ of a model which can determine the absorption
behaviour of SFﬁzdﬁra variety of app]icatiqqs, and over a wide range
of operating géhditions. In addition, the m58e1_i§ applicable to
many of thg/éther large polyatomic molecules which interact with high

powered COZ laser radiation. Consequently it is hoped that the research

described in this thesis will be of considerable value to the design

éf‘COZ laser systems which employ large polyatomic molecules as sai::;ﬂ7

\
able'absorbers.
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APPENDIX -

s

i

Application of the Whitten-Rabinovitch Approximation

The Whitten-Rabinovitch approximation {25] is a method used to
determine the density of states of large polyatomic molecules. The
™~
expression for w(EV), the total number of vibrational states below an

ol

energy Ev, is

(E, + aE,)®
oV z
HE) = TR (A-1)
i Yy
and the corresponding expression for the density of states, N(E,). at
a vibrational energy EV is '

(E, + aE,)®"!
NEy) = o7y gi o, - (A-2)

Parameter s is the total number of degrees of freedom (15 for SFG) and

the vy are the fundamental vibrational frequencies. EZ, the total zero

point vibrational energy of all s modes, is given by
s
z hv, , (A-3)

and is equal to 4677 cm—] for SF.. Factor a is an empirical parameter

given by

a=1-gWEY ,‘ (A-4)
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where

Lo _ (A-5)

. . 2 ’ .
In this expression, <v™> and <v> are the mean square and mean frequencies

of the molecule. The empirical function W(E') is expressed by

. 0.50 _
W= (5.00 E" +2.73 F' +3.51)7 (0.1 <E < 1.0)
AN g
d A-6
an — (A-6)
. 0.25 / \

W= exp(-2.419 E' ) , (E' > 1.0)

where
£
' = V/EZ (A-7)

is the reduced energy.

Whitten and Rabinovitch have demonstrated that negligible errors
occur at energies abéve E' =1 [60}. For SF6, the errors become quite
small above E! = 0.5 (~2000 cm_]). Thérefore the Whitten-Rabinovitch

approximation was employed for vibrational energies aﬁgve 2000 cm_].

AN

" The degeqeracies (defined in Section 2.2) at these enérgies\tan be
calculated using either Eq. (A-1) or Eq. (A-2). It was suggested by
Nowak and Lgman [29] that the average values of the vibrational quantum
numbers can also be obtained by the same approximation methods. For
example, Fhe éverage value of the quantum number Vys in an energy level

Ey» can be calculated by defining a factor

Y
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N(EV - Vau3, 8 = 12)

f (v,, E,) =
3V N(E,, s = 15) ;

which is the fraction of molecules of vibrational energy EV having

v3 quantum of v,. The denominator in Eq. (A-8) is simply the density

of states at energy EV‘ The numerator refers to the density of states
at the energy (EV - v3v3) for which the v, mode has been "frozen out"

(i.e., s = 12). The average number of v, quanta in the level E is

V3=

<|-—‘

3 Ly FUV3. By By, (A-9)
3

The summation is evaluated oveY all values of v5 for which Vg ¢ EV.

The vibrational frequencies (Vi’ i =1,6) are obtained from
Ref. [24] and are (in cm™'), 773.6 (1), 642.1 (2), 947.97 (3), 615.0 (3),
522.9 (3) and 346 (3). The numbers in brackets are the degeneracies of
the modes. Values for the degeneracy g(EV) and the quantum numbers
{Vi} can now be assigned to all levels in the vibrational bath and then
these in turn used to calculate the SF6 absorption, as is described in

Section 2.2. . %
/

- 4
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